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FART's independent Review of WIPP PA Activities tor EM-342 Executive Summary

EXECUTIVE SUMMARY

This report presents the findings of the Performance Assessment Review Team (PART).
convened in 1992 to perform a limited. independent review of the Performance Assessment (PA)
Program at the Department of Energy's (DOE's) Waste Isolation Pilot Plant (WIPP). The six-member
team was mandated by the Environmental Restoration and Waste Management WIPP Project
Management Division (EM-342) of DOE to assess the adequacy of the WIPP PA program for
meeting relevant regulatory standards for the disposal of radioactive and hazardous wastes, to identify
any deficiencies in the program, and to make recommendations for improvements. In preparing its
report, the PART reviewed the pertinent PA documents and activities, toured the WIPP site, and
interviewed members of the project staff. The review team finds that the work on WIPP has generally
been perceptive, incisive, and fundamentally sound. However, for compliance with current standards
and regulations, substantial progress and improvements will be necessary in certain areas where
additional investigations and documentation may be required; the PA department is fully aware of
most of them. These areas include PA documentation, parameter evaluation, conceptual model
justification, time-dependent behavior of natural and engineered barriers to fluid migration from the
coupled disposal system, and a total system model.

The 10,250-acre WIPP site, located in the Permian age salt beds east of Carisbad, New Mexico,
was authorized by Congress (in Public Law 96-164) in 1979. The PART report begins with a history
of the site selection and development and a summary of background information, focusing
particuiarly on the facility’s mission to investigate methods for the safe and permanent disposal of
mixed transuranic (TRU) wastes in salt rock. Because of sait's impermeability, strength, and ability to
"creep” and self-heal over time, waste emplaced in rooms mined from salt and backfilled and scaled
with crushed salt will eventually be encapsulated and become part of the stable rock formation. If
approved, the current WIPP plan would provide for the emplacement of 6.2 million ft3 of waste in
storage areas laid out in eight panels, each consisting of seven rooms.

The ultimate decision to license WIPP as a pemiant repository and allow it to proceed with
full-scale operations will depend on the ability of the POE demonstration that the site is likely to
satisfy the requirements of the various Federal and state regulations and address concerns of the
oversight bodies (e.g., the National Environmental Policy Act (NEPA), the Resource Conservation
and Recovery Act (RCRA), and the State of New Mexico's Environmental Evaluation Group {EEG)).
In particular, the PART focused on the WIPP PA activities which address the long-term criteria in two
key regulations:

* 40 CFR 191-This regulation details the Environmental Protection Agency's (EPA's)
standards for the Management and Disposal of Spent Nuclear Fuel, High Level and
Transuranic Radioactive Waste. Disposal systems are required to provide "a reasonable
expectation” of adherence 10 specified limits on cumulative releases to the accessible
environment, dose to the public, and groundwater contamination for 10,000 years. 40
CFR 191 Subpart B further decrees the use of specific methods for the containment and
isolation of wastes (e.g., multiple barriers, both natural and engineered) and an evaluation
of the possibility of inadvertent human intrusion into the disposal site. Sandia National
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Laboratories (SNL) has the primary responsibility for performing the PA regarding 40
CFR 191 at WIPP.

* 40 CFR 268.6-This RCRA regulation states that facilities planning to emplace untreated
hazardous waste must obtain a No-Migration Determination (NMD) by demonstrating “to
a reasonable degree of certainty” that there will be no migration of wastes for “"as long as
the wastes remain hazardous” (interpreted in this instance as 10,000 years). In 1990,
WIPP was granted a ten-year conditional NMD for the Test Phase, and it is part of the
duty of Westinghouse Waste Isolation Division (WID), which has responsibility for PA
activities pertaining to 40 CFR 268.6, to supply the required annual reports to the EPA.

Differences or conflicts between the two regulations were reconciled by DOE in the draft
Regulatory Criteria Document (RCD) in 1992. This set of integrated criteria was used by PART as
the basis for its review, which examines the PA approaches of SNL and WID in terms of such issues as
scenario selection and evaluation, conceptual modeling, performance measures, sensitivity and
uncertainty analyses, and probabilistic approaches. '

PART finds that the current PA documentation provides neither the framework nor history
required for demonstrating reasonable expectation of compliance. The WIPP PA issues need to be
tracked and documented from the time they are identified through their evaluation and eventual
resolution. Of particular importance is the need to Clearly document conceptual models of the
disposal system and its components including the underlying assumptions, supporting information
and any unresolved issues and their importance. From a performance measure standpoint, simple
bounding calculations would be useful for building confidence and understanding of complex
system models. Combined, these efforts would eventually lead to a well-documented, complete
system model that will more clearly demonstrate whether the WIPP site complies with applicable
regulations,

A substantial portion of the PART report is devoted to a review of the investigations of the
stratigraphy, hydrology, structural state and chemistry of the host rock formations and the likely
interactions between the disposal system and its nawral surroundings. Despite considerable work on
a constitutive relation for WIPP salt creep, which still requires improved understanding of the transient
component, the relation has not yet been incorporated into models of repository closure. The effects
of brine inflow and gas generation on room closure and sealing are beginning to be considered
realistically in coupled, three-phase flow models but these models are not yet fully developed. Apart
from uncertainties in the far-field hydraulic properties of the Salado Formation, the nature and
projected behavior of the disturbed rock zone (DRZ) surrounding the excavation have not been well-
characterized. The DRZ provides the primary potential pathway through time for the migration of
gas and brine from disposal rooms to the accessible environment. Therefore, the representation of
the DRZ is crucial in system performance models.

In conjunction with the natural barrier system, engineered barriers are designed to minimize
releases to the accessible environment. Engineered barriers include repository design features, shaft
and panel seals and plugs, and backfill; these components have not yet been incorporated into system
performance models. The PART found that while substantial progress is being made towards
characterizing natural barriers, more work will be required on engineered barriers before compliance

&
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can be demonstrated. ras
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The final section of the investigation addresses undisturbed and disturbed repository
scenarios considered by the PA. The undisturbed or base-case scenario assumes only naturally-
occurring events and processes and modeling shows that lateral brine and gas releases in 10.000 years
are very limited, as are vertical releases if shaft seals behave as expected. Disturbed repository
scenarios investigated focus on future disruption by exploratory drilling for resources and consider
probabilities and consequences of both direct and indirect releases to the accessible environment. For
all three summary scenarios modeled, including a physically unreasonable and conservative one,
releases estimated are well below the EPA regulatory limit. However, for both undisturbed and
disturbed scenarios, only 2-D simulations using incomplete system models have been carried out,
again emphasizing the need for complete systems performance modeling. Sensitivity analyses based
on component models will not necessarily identify the most important variables and parameters for
reducing uncertainty about the performance of the entire system.

The review team concludes that, although WIPP's work is generally solid, the current PA does
not provide enough information or documentation on the underlying assumptions, controversial
issues, and evolution of understanding to provide the confidence on the part of regulators and the
public to support licensing of the WIPP facility. In addition to making specific suggestions regarding
technical issues and uncertainties still in need of investigation and resolution, the necessity for
including engineered barriers in future PAs, and the relative merit of more and less complex
modeling efforts, the PART emphasizes the overall need for an integrating PA process which clearly
relates ongoing WIPP activities to compliance-based objectives.
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1.0 INTRODUCTION

The Waste Isolation Pilot Plant (WIPP) of the United States Department of Energy (DOE).
located near Carlsbad, New Mexico (Figure 1-1), was created as a research and development facility
to demonstrate the safe disposal of the transuranic (TRU) wastes generated by national defense
programs. Performance assessment is a key element in the ongoing development and potential
certification of the facility. This repori contains the findings and conclusions of the Performance
Assessment Review Team (PART), which was formad by the Environmental Restoration and Waste
Management WIPP Project Management Division (EM-342) of DOE to perform an independent
review of the WIPP Performance Assessment (PA) Program.

1.1 . ANOVERVIEW OF "PART'S INDEPENDENT REVIEW OF WIPP PA ACTIVITIES FOR EM-
342 [1]

EM-342 has oversight responsibility for the entire WIPP Project, including performance
assessment activities. The objectives of the PART review were to assess the adequacy of the WIPP PA
Program for meeting regulatory requirements, to identify any deficiencies in the program, and to
make recommendations for program improvement.

The PART performed a limited review of relevant PA activities and documents and conducted
interviews and discussions with WIPP Project staff, including the WIPP Project Integration Office
(WPIO), Westinghouse Waste Isolation Division (WID), and Sandia National Laboratories (SNL)
Performance Assessment Department. The review included an examination of the conceptual models
used to represent the significant processes associated with a repository system at WIPP, the parameters
defining the components of these models, and the activities for characterizing the site and reducing
uncertainty in the long-term performance of the repository system. The results of these activities are
summarized in this report.

Section 1 provides background information about the selection of WIPP as a disposal site for
TRU waste, the history of its development, an overview of the regulations that govern the disposal of
radioactive and hazardous waste in geologic repositories, and a summary of the general content of the
PART review. Section 2 provides an overview of the PA requirements specified in the two Federal
regulations governing geologic disposal of radioactive and hazardous waste. Section 2 also discusses
similarities and differences in the current approaches taken for demonstrating compliance with these
regulations. |

Information about the WIPP site and the repository disposal system are provided in Sections
3, 4, and 5. Section 3 describes some of the conceptual models of key features and processes
associated with the WIPP site and disposal system, including those aspects that were present before the
WIPP facility was constructed and those that may be important in the distant future (i.e., during the
next 10,000 years). Section 4 provides hydrologic and geologic data about the host rock and the
formations above and below the repository. Emphasis is given to undisturbed properties to provide
the basis for describing perturbations that occur or may occur as a result of repository construction
and waste disposal. The possible impact of these activities on the long-term performance of the
disposal system is discussed in Section 5.
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Location of WIPP in Southeastern New Mexico (after Rechard, 1989,

Figure 1.2).
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Section 6 contains an overview of the proposed engineered barrier system at WIPP. the
associated standards in the regulations, and the relevant analyses and testing that have been
performed. The section also identifies several issues concerning the treatment of the engineered
barriers in the WIPP PA.

Scenarios of possible future events and processes at WIPP are presented in Section 7. The
base case scenario for WIPP is presented in Subsection 7.1. This scenario ignores the possibility of
human intrusion by mining or exploratory drilling and concentrates on expected changes in the
natural system over the next 10,000 years. Inadvertent human intrusion scenarios are discussed in
Subsection 7.2.

Section 8 discusses the major issues identified as part of the review that may affect the ability
of DOE 1o demonstrate regulatory compliance. Observations are made concerning the difficulty of
identifying all the sources of information relevant for the review and the reporting process, and
recommended changes are provided. Areas of significant uncertainty and possible importance
* related to the natural and engineered components of the repository system are also discussed in
Section 8. The significance of these findings cannot be assessed until a more comprehensive PA
model is available.

12 BACKGROUND

This section provides background information on the WIPP project. It describes the history
of its physical and regulatory development, 2s well as the nature and character of the wastes it is
designed to handle. Numerous oversight and regulatory groups are also described in this section.
Because the PART review examined the adequacy of the current PA program at WIPP for addressing
the long term regulations, these regulations are described and their differences noted. The PART
organization, the base set of information it used, the WIPP Project organizations that participated in
the review, the meetings, the interviews and the tour that provided valuable inputs to PART, and the
final report development are all described in this section. ‘

Defense nuclear waste generation began in the 1940s. By the end of 1991, there were
approximately 65,000 m3 (2.3 million ft3) of defense-related TRU wastes produced and/or
temporarily stored at the various DOE facilities around the couniry (Figure 1-1). Projections indicate
that by 2018 there will be 133,000 m3 (4.7 million ft3) of such wastes (DOE/RW-0006, Rev. 8,
DOE/WIPP 89-011, Rev 1).

These wastes, containing less than 1% free liquids, consist of various items that must be
discarded because they have become contaminated with long-lived radioactive elements like
plutonium-239 (with a 24,000-year half-life), that are heavier than uranium (i.e., having an atomic
number greater than 92). These items typically include rags, rubber gloves, shoe covers, discarded
glass/metalware, plastic bags, pumps, motors, hand and machine tools, sludges and so forth. A
significant portion of the TRU-contaminated waste, which can emit increasingly penetrating alpha,
beta, and gamma radiation, also includes materials that are themselves designated as hazardous wastes
by the Environmental Protection Agency (EPA)—e.g., volatile organic compounds (VOCs) such as
carbon tetrachloride and metals such as lead (DOE/WIPP 89-011, Rev. 1).

Most TRU wastes (97%) are categorized as contact-handled (CH) TRU (less than 200
millirem/hr). Safe handling and storage are provided by packaging them in 55-gallon drums or
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boxes which will be stacked for disposal in the WIPP underground. as shown in Figure 1-2. The
metallic drums or boxes provide sufficient shielding from the less penetrating alpha and beta
radiation emitted by these wastes, and no additional shielding is required. The remaining small
volume of TRYU wastes (3%) is designated as remote-handled {(RH)} TRU waste. The RH TRU wastes
emit sufficient quantities of gamma radiation (greater than 200 millirem/hr but less than 1000 remv/hr,
with no more than 5% of the total greater than 100 remv/hr), and additional special shielding is
required to protect workers and the public from radiation exposure during the transportation and
emplacement of these wastes. Foliowing a decision to store TRU wastes permanently at WIPP, TRU
waste from the ten DOE facilities (Figure 1-1) that temporarily store and/or generate it, will be
transported by truck to WIPP in NRC-certified Type B stuppmg containers (e.g., TRUPACT-II
containers for CH-TRU, as illustrated in Figure 1-3).

The time sequence of events shown in Figure 1-4 illustrates the complex intermingling of the
events and periods of activity at WIPP with the times of passage of applicable public laws. Following
the beginning of waste generation in the 1940's, the National Academy of Sciences (NAS) began
* investigating the feasibility of geslogical disposal of defense generated nuclear waste in the early
1950's. The NAS investigation resulted in the recommendation in 1957 (NAS-NRC 1957) of salt
deposits as a promising medium for disposal of radioactive wastes for the following reasons:

e Salt is virtually impervious and has a narural "plastic-like"” quality that enables it to flow or

creep and self-heal over time under the effects of heat and stress found at proposed
repository depths. As a result, waste emplaced in mined rooms within the salt deposits

and backfilled with salt will eventually be encapsulated and become part of the stable rock
formation .

* Circulating groundwaters are historically absent within salt formations (as shown by the
existence of salt deposits), and the composition of inter- and intra-granular brines is
consistent with connate water from the 225-million-year-old Permian Sea.

* Vast salt deposits are found in relatively stable geological areas with little earthquake
activity.

e Salt is relatively easy to mine, and is as strong as ordinary concrete in the short term, but
weak and ductile in the long-term

Following the NAS recommendation, the United States Geological Survey (USGS) identified
the salt beds of the Permian Basin of the southwestern U.S. (Figure 1-5) as 2 workable location for a
repository in 1962. Subsequently, the Oak Ridge National Laboratory, following USGS
recommendations, studied various potential repository locations in the Permian Basin and conducted
extensive testing of sites in Kansas and New Mexico which included large-scale field experiments
near L.yons, Kansas. The search ended and the WIPP site investigation period began in 1974, when a
portion of the Northern Delaware Basin east of Carlsbad, New Mexico was chosen as the most
promising location for a TRU waste repository. '

In 1979, Public Law 96-164 established WIPP as a first-of-a-kind project to meet the national
need for a long-term, safe method for disposal of TRU wastes from the nation's defense programs.
WIPP's research and development mission was to study the characteristics of salt rock and how it
interacts with, and can safely contain, TRU wastes; and to implement a three-to-seven-year
production-scale test program to determine if TRU wastes can be safely disposed in a deep,
underground, bedded salt formation.
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If the tests prove successful, and a decision is made to store mixed TRU wastes permanently at
WIPP, the facility will operate as a repository for approximately twenty years before closure.

Between the site selection period and 1975, when the WIPP site was authorized by Congress.
important events occurred that impacted WIPP significantly. The National Environmental Policy Act
(NEPA) became iaw, and stricter policies for the management of TRU wastes were enacted by
Congress in 1970. The Resource Conservation and Recovery Act (RCRA) was enacted (1976), NEPA
was amended (1978), and the Environmental Evaluation Group (EEG) was established to provide a
comprehensive overview of soon-to-be-authorized WIPP Project activities.

1.2.1 Development and Construction of WIPP

Before construction of the facilities could begin, the following three reports were prepared to
develop the facility design and establish technical adequacy:

* Final Environmental Impact Statement (FEIS), issued in 1980 to implement NEPA,
e Safery Analysis Report (SAR), also issued in 1980, and
e Site and Preliminary Design Validation (SPDV) report, initiated in 1981.

While construction started at WIPP in 1981 with the SPDV Program, full construction of all
facilities did not begin until 1983; construction of surface facilities was completed in 1989.

Figure 1-6 illustrates a 1991 northwest-looking aerial view of the WIPP surface facilities, and
Figure 1-7 shows a northeast-looking isometric view of the layout of WIPP's surface and the
underground footprint. The plan view diagram of the WIPP underground shown in Figure 1-8
differentiates between completed and proposed excavations. As indicated in these figures, WIPP
consists of both underground facilities and surface facilities that house site personnel and equipment
for operational and research activities. Underground facilities include a series of horizontal storage

‘rooms, alcoves, and tunnels, and four vertical shafts (i.e., salt handling, waste, exhaust, and air intake
shafts). Figure 1-8 illustrates the basic dimensions of the underground workings and shows that they
consist of a waste storage area and an active experimental area. Current design provides for
emplacement of 175,564 m3 (6.2 million ft3) of TRU waste in storage areas to be laid out in ten
panels. These ten panels include eight main panels and two equivalent panels to be developed in the
access tunnels during the last stages of disposal (i.e., a northern and a southern panel), as illustrated in
Figure 1-8. The main panels consist of seven rooms (dimensions 4.0 m high, 10.0 m wide, 914 m
long {13 ft high, 33 ft wide, 300 ft long}) and the connecting passages. By 1990, approximately 16
km (10 mi) of underground structure had been excavated. This required the removal of 800,000
tons of rock salt or about 50% of the estimated 1.6 million tons to be removed if a decision to
dispose is reached. In addition to the 16 km (10 linear mi) of tunnels more than 16 km (10 vertical
mi) of drill holes have been compieted to characterize the site.

Figure 1-9 shows the WIPP-area stratigraphic column and am idealized geologic profile
illustrating the surface buildings and four shafts going down to the repository level 655 m (2,150 ft)
below the surface. The underground facility is roughly centered in the sequence of evaporite
deposits that make up the Salado Formation. The 914 m (3,000 ft) thick Permian-age salt beds at
WIPP are some of the thickest in the United States. These 245- to 285-million-year-old Permian
Basin salt deposits, which underlie a large portion of eastern New Mexico, have remained stable and
unaffected by folding, faulting, or earthquake activity since the time of their deposition.
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1.2.2 WIPP Experimeatal Programs

Scientific studies and experiments, ongoing at WIPP since 1983, include:

e Thermal/structural interactions (TSI) studies to determine: (1) the stability of the
excavated rooms during waste emplacement and possible retrieval, and (2) the long-term
deformation of the disposal room and the room's ability to encapsulate the waste (see
Section §);
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* Repository plugging and sealing studies designed to develop and test seal materials for
the boreholes. shafts, and underground openings (see Section 6);

» Studies to determine important characteristics (e.g.. permeability, pore pressures,
chemistry of formation fluids) that control transport in the Rustler and Salado Formations
(see Section 3);

« Waste package and materials studies to test the safety and performance of waste drums
that would hold CH-TRU wastes;

* Brine inflow studies 1o increase understanding of this phenomenon, since migration of the
small amounts of naturatly occurring moisture in salt (1 wi % water) 10 excavated surfaces
is important for evaluating the potenmtial for waste container corrosion and waste
decomposition (see Sections 5 and 6); and

*  Gas generation studies to evaluate type, volumes, and maximum rates of gases generated e |
by corrosion, biodegradation, and radiolysis (see Section 5}. e

ﬂf“!“m_
P

23 A“.f-':A
.

1.2.3 Applicable Regulations and Laws T

Details regarding the applicable laws and regulations as they relate to the various phases of
the WIPP Project in general (i.e., during both the operational and long-term phases), and to this
review effort specifically, will be discussed in Subsection 1.3. In this subsection, applicable laws and
regulations are discussed from a historical perspective. Following are the important public laws and
associated regulations for the WIPP Project. :

* The Atomic Energy Act of 1954, as amended by Reorganization Plan No. 3 of 1970 and
the Nuclear Waste Policy Act of 1982, This amended law was the basis for the 40 CFR
Part 191 regulations promulgated by EPA in 1985 that deal with the environmental
radiation protection standards for the management and disposal of spent nuclear fuel, and
high-level and TRU wastes. 40 CFR Part 191 deals with both the operational and the
long-term disposal phases of radioactive waste handling, as well as final disposal.

However, it is the WIPP Project activities for addressing the disposal phase that are the
focus of this review and that resuited in the first, second, and third comparisons with the
long-term requirements of 40 CFR 191, Subpan B.

e Public Law 91-190, or the National Environmental Policy Act, which was passed in 1970
with regulations issued by EPA in 1978, This law requires that the full environmental
impact of proposed projects be evaluated openly with public comment. The regulations
for enforcement of NEPA were subsequently promulgated by the Council on
Environmental Quality (CEQ). EPA’'s responsibility for reviewing and publicly
commenting on the potential environmental impacts of major Federal action resulted in
the 1980 FEIS and the suppiement in 1990 (Figure 1-5).

* The Solid Waste Disposal Act (SWDA), as amended by Public law 94-580, the Resource
Conservation and Recovery Act, in 1976, and the subsequent Hazardous and Solid Waste
Amendments (HSWA) to RCRA (1984). Regulations implementing RCRA were
promulgated by EPA and provide for the management of the hazardous waste
components of the mixed wastes proposed for disposal at WIPP. 40 CFR 264, Subpart X,
applies to the operational phases of the WIPP Project, and land disposal regulations, such
as 40 CFR 268, that apply to the testing and disposal phases of the WIPP Project.

e Public Law 96-164, passed by Congress in 1979, authorized WIPP as a US DOE project
and defined its research and development mission.
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e,

permanently withdraws the 41.44 sq. km (16 sq. mi) of Federal (i.e.. Bureau of Land
Management) Lands associated with the WIPP Project (Figure 1-10) from the public
domain. The law addresses a broad range of WIPP Project issues, such as the WIPP Test
Phase, disposal operations, environmental laws and regulations, waste retrievability. mine
safety, transportation, access to information, economic assistance, and miscellaneous
payments 1o the State of New Mexico (DOE/WIPP 85-011, 1993).

% [ * Public Law 102-579. the WIPP Land Withdrawal Act of 1992 (LWA) This law

The statutory and regulatory requirements for WIPP have changed significantly at the same
time as WIPP program work was underway. As illustrated in Figure 14, the primary long-term
disposal regulations (40 CFR Pant 191 and 40 CFR Part 268) applicable to the WIPP Project were
passed midway through the construction effort (1983-1989). All this happened after the 1980 FEIS
and SAR, and subsequent to the initial design documentation (i.e., the 1981 SPDV) and some of the
initial WIPP testing and characterization efforts.

The two sets of regulations (40 CFR 191 and 40 CFR 268) associated with the geologic
disposal of mixed wastes have created some uncertainty as to how to proceed in some areas. Several
of the requirements that deal with similar topics often suggest different approaches. For example, 40
CFR 268 requires deterministic calculations, whereas 40 CFR 191B is more focused on probabilistic
models for achieving confidence in long-term predictions. To reconcile differences in these
regulations, DOE has developed a draft Regulatory Criteria Document (RCD 1992) to facilitate
disposal and post-disposal decisions for any defense-generated TRU repository. The RCD provides
integrated criteria for a common interpretation and approach to the various regulations. DOE plans
to use the integrated criteria in the RCD to provide the basis for developing a WIPP-specific
regulatory compliance strategy that will guide the planning and conduct of activities at WIPP.

1.2.4 WIPP Performance Assesstnent

WIPP PAs of the WIPP disposal system will be used to demonstrate compliance with the long-
term performance requirements of both 40 CFR 191 and 40 CFR 268.6. It should be noted that PA
has specific meanings defined within the context of each of these standards. Long-term PA analyses
must be performed and compliance satisfactorily demonstrated before any TRU and TRU mixed
wastes can be disposed at WIPP. Furthermore, Section 6 of the LWA requires DOE to publish
biennial PA reports that document the long-term performance of WIPP once the test phase at WIPP
begins. While additional PAs are needed to demonstrate compliance with the short-term requirement
of these regulations and other regulations (e.g., 40 CFR 264, Subpart X), it is the long-term PAs and
the approach to their preparation that are the focus of this PART swdy.

Sandia National Laboratories has been preparing for and conducting preliminary assessments
for comparison with the long-term regulatory requirements of 40 CFR 191, Subpart B, since the mid
1980s. The first draft PA forecast was issued in 1989 by Bertram-Howery et al. (SAND88-1452);
subsequently first, second, and third comparisons with 40 CFR 191, Subpart B, have been released
(Bertram-Howery et al., SAND90-2347, 1990; SNL-SAND91-0893/1,2,3, 1991; SNL-SANDS2-
0700/1,2,3, 1992). Each of the assessments in the series incorporated new understanding and
information gained from the ongoing experimental, site characterization, and PA activities at WIPP.
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WIPP Site Relative to the WIPP Underground Workings.
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The Westinghouse Waste Isolation Division (WID) is responsible for performing the PA that
documents compliance with the other long-term regulations applicable to the WIPP Project (i.e.. those
of 40 CFR 268). These land-disposal restrictions prohibit disposal of any hazardous wastes not
meeting treatment standards specified by EPA unless, as provided for by 40 CFR 268.6. it can be
demonstrated to a reasonable degree of certainty that there will be no migration beyond the disposal
unit boundary for as long as the wastes remain hazardous. Because of the nature of the TRU and
TRU mixed wastes being considered for the disposal at WIPP, DOE is not currently planning to treat
these wastes to meet any of EPA's specified standards, and, as a resuit, DOE must petition EPA for a
no-migration determination (NMD) for the disposal phase. Preliminary sensitivity analyses were
undertaken for the WIPP Project Integration Office (WPIO) by Sandia (SNL-SAND92-1933, 1992)
10 provide project guidance, while the strategy for complying with 40 CFR 268.6 is being developed
by WID. Although the specific PA requirements of 40 CFR 268.6 are somewhat different from those
of 40 CFR 191, a similar methodology and common data set are envisioned (DOE/WIPP 89-011,
1993).

DOE petitioned EPA (under the provisions of 40 CFR 268.6) in March, 1990, for an NMD,
and EPA granted a limited determination for the WIPP test phase (up to 10 years) in November,
1990. This determination permits the emplacement of a limited amount of untreated mixed wastes
for testing purposes, but it imposes various conditions that include the issuance of annuai NMD
reports (DOE/WIPP 91-059, 1991; DOE/WIPP 92-057, 1992), along with the requirement that any
emplaced wastes be removed if DOE cannot demonstrate the long-term acceptability of the disposal
site by the end of the test period.

1.2.5 WIPP Project Experimental Program

Public Law 96-164 that established the WIPP Project in 1979 authorized th~ scientific and
engineering activities that have been ongoing at WIPP since the FEIS was issued in 1980. This law
defined a test phase for the WIPP Project that was to consist of two primary programs (i.e., a PA
program and an operations demonstration program) to collect the additional technical data and
information necessary for determining whether or not 10 proceed to the disposal phase of the project.
The test phase and the PA program were to investigate the behavior of the salt rock and its
interactions with emplaced TRU waste in order to evaluate the long-term performance of the waste
-disposal system. The operations demonstration program was to demonstrate the safe and efficient
handling, transportation, and emplacement of TRU waste in an actual facility.

The test phase at WIPP actually began in 1990, when EPA granted the NMD discussed in the
previous section. However, the LWA (Public Law 102-579) defined the test phase as beginning when
the first shipment of CH-TRU waste was actually received at WIPP for testing. The LWA required
DOE to submit a test phase plan and a waste retrieval plan to EPA within seven months of its
enactment and specifically prohibited the transport and emplacement of RH-TRU waste during the
test phase. These carlier testing activities at WIPP have since been classified as "pre-test phase”
activities and were authorized as discussed in the previous paragraph (DOE/WIPP 89-011, 1993). On
October 21, 1993, the Department announced its decision not to conduct tests with radioactive waste
at the WIPP facility. Instead, the Department would conduct an enhanced laboratory program to
collect the data that was to have been provided by the radioactive waste tests at WIPP. Thus, the test
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phase, as defined by the WIPP Land Withdrawal Act, will not be conducted. In place of the test phase.
the Department will undertake an experimental program. The overall purpose of the experimental
program is to develop pertinent information and assess whether disposal of TRU waste and TRU
mixed waste in the planned WIPP repository can be conducted in compliance with the environmental
standards for disposal. The experimental program to be conducted prior to the disposal phase
encompasses (1) performance assessment conducted to evaluate compliance with the applicable EPA
regulations; (2) studies designed to provide the scientific basis or enhance confidence in performance
assessments; and (3) the process by which the decision will be made as to whether TRU waste can be
emplaced in the repository for permanent disposal.

1.2.6 Other WIPP Project Phases

The WIPP Project has been developed in distinct phases.
o Siting Phase. The earliest, or siting, phase of the project was protracted. As illustrated in
+ - Figure 14, it began with feasibility studies initiated in the early 1950s and identified salt
“4 + as a medium for permanent disposal in 1956. The Permian Basin was identified in 1962;
" investigations of the WIPP area began in 1974; and finally, the WIPP site was formally
selected in 1979 with the passage of Public Law 96-164. The siting phase officially
ended in 1980 with the publication of the FEIS.

. Desxgn (or SPDV) Phase. The site and preliminary design validation program that began
in 1981 followed from the DOE Record of Decision (DOE, 1981). This SPDV program
involved some initial construction and development at the WIPP site, starting in 1981.
Two shafts were sunk to excavate an underground testing area and at that time various
geologic, hydrologic, and geotechnical studies were initiated.

e Construction Phase. Full-scale construction began at the site in 1983 and was completed
in 1989. This phase formally ended with publication of the Final Supplemental
Environmental Impact Statement (FFSEIS) and the Final Safety Analysis Report (FSAR) in
1990.

» Predisposal Phase. This phase encompasses the time frame during which experimental
activities gathering information needed t0 support the compliance application through
performance assessment calculations will be completed. These calculations .are an integral
part of compliance with 40 CFR Part 191 and 40 CFR Part 268.6. This time frame aiso
includes the preparation of the compliance documents, establishment of the administrative
record, submission of required documents and applications to EPA, and appropriate
rulemaking by EPA. During this period, other key WIPP program activities required to
support a WIPP disposal decision must also be completed.

e Disposal Phase. This phase would follow the WIPP test phase if a decision to dispose is
reached by DOE after demonstration of compliance with applicable laws, regulations, and
other requirements. This phase is expected to last approximately twenty years and would
begin with the first emplacement of the waste and end with the emplacement of the last
panel seal that contacts the waste.

« Decommissioning Phase. This phase, expected to take approximately ten years, includes
the time from the emplacement of the last panel seal that contacts the waste through the
emplacement of the last shaft seal.

¢ Post-Decommissioning Phase. This final phase is the 10,000-year period following the
decommissioning phase.
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1.2.7 WIPP Oversight/Regulatory Groups and Review

Since 1979, the WIPP Project has received independent technical review from the
Environmental Evaluation Group (EEG). This oversight function was established by Congress
(Public Law 100-456) with funding provided by DOE. The EEG has conducted and published
review comments on all major WIPP Project activities and produced more than fifty reports and more
than rwenty papers on all aspects of the Project (i.e., the site, design and operation. transportation, and
long-term integrity). The EEG also conducts independent environmental surveillance on- and off-
site by obtaining their own samples of water, soil, biota, and air (e.g., EEG's air sampling equipment is
located next to DOE's) or using sampies obtained by the WIPP Regulatory and Environmental
Programs. EEG is expected to continue to function during the test phase and is given specific
authority by the LWA (e.g., 1o review and comment on the biennial PA during the test phase).

In 1981, DOE and the State of New Mexico entered into an agreement for consultation and
cooperation (DOE and State of New Mexico, 1981) that was amended in 1984, 1987, and 1988. This
agreement includes provisions for State involvement in oversight and consultation, imposes
requirements on DOE with regard to development and operation of WIPP (e.g., waste retrievabitity),
and specifies provisions for involvement of the State in the WIPP Project { DOE/WIPP 89-011, 1993}).
The State of New Mexico exercises its oversight, consultation, regulatory, and monitoring functions
through various state agencies. (1) The New Mexico Environmental Department (NMED) regulates
WIPP activities under the New Mexico Hazardous Waste Act, the New Mexico Water Quality Act, and
the New Mexico Air Control Act. NMED reviews and controls various activities at WIPP for the State
and also for the EPA under RCRA, based on authority provided by EPA. During the test phase,
NMED wilt review and comment on the biennial PA developed by DOE and will annually review
DOE's basis for retrievability,. The New Mexico Bureau of Mines is responsible for inspection of
WIPP mining activities, and the New Mexico Highway and Transportation Department is responsible
for highway routing. .

A variety of other external groups and agencies, besides the EEG and the State of New
Mexico, have provided independent oversight and review of various aspects of the WIPP Project. For
example, the NAS has a standing panel on WIPP which has repeatedly reviewed the project. The
panel consists of scientists and technical experts from various relevant fields. NAS has been involved
in site selection and characterization. The NAS WIPP Panel provides gquarterly reviews that have
covered repository PA, pre-operational test activities, geotechnical issues, and hydrologic issues. The
NAS WIPP Panel reports to the NAS Board on Radioactive Waste Management that, in turn, makes
recommendations to DOE and Congress. The NAS Panel also provides comments to Congress.
NAS has continuing authority under the LWA to provide oversight and review of the WIPP Project.
Some of these are required by the LWA, which assigned specific regulatory and oversight
responsibilities to various groups including State and Federal agencies. For example, the EPA is
assigned as the certifying agency by the LWA. The EPA must (1) certify compliance with the 40
CFR 191; (2) determine compliance with the RCRA/No-Migration Determination; (3) approve by
rule the Test Phase Plan; and (4) approve by rule the Retrieval Plan.

This PART review further illustrates DOE's routine use of outside technical expertise to
examine various aspects of the WIPP Project. -

e -

1-19 \\\ - February 1994




PART's independent Review of WIPP PA Aclivities or EM-342 1.0 introduchon

Following are various other WIPP oversight and review groups, along with a brief description
of their function.

» The Defense Nuclear Facility Safety Board (DNFSB) was established by Congress in 1988
to review and evaluate the content and implementation of DOE standards relating to the
design, construction, operation, and decommissioning of defense nuclear facilities. The
DNFSB provides DOE oversight in the form of operational safety reviews.

» The Occupational Safety and Health Administration (OSHA) has specific regulatory and
oversight responsibility with regard to emergency response training by the LWA.

» The National Institute of Occupational Safety and Health (NIOSH) also has specific
regulatory and oversight responsibility with regard to emergency response training by the
LWA

« The Mine Safety and Health Administration has specific regulatory and oversight
responsibility with regard to underground room stability and mine safety by the LWA,

e The Nuclear Regulatory Commission (NRC) is assigned specific regulatory and oversight
responsibility with regard to qansportation casks by the LWA_

¢ The Bureau of Mines has specific regulatory and oversight responsibility with regard to
underground safety by the LWA.

e The Bureau of Land Management provides DOE with consultation and oversight on lands
issues. - :

e The Blue Ribbon Panel (disbanded in November 1991), provided review/guidance on
waste characterization, the Waste Acceptance Criteria Certification Committee, the test
phase program, the test phase plan, and long-term safety.

e The Advisory Committee on Nuclear Facility Safety (also disbanded in November of .
1991) provided guidance on operational and long-term safety.

1.3 REGULATIONS CONSIDERED IN PART REVIEW

Figure 1-11 is a time-line that illustrates the relationships between the key regulations
applicable to the WIPP Project during -the various project phases and identifies plausible dates and
regulatory time periods; (the actual dates are for reference purposes only and do not reflect any
established schedule). The PART review examined the adequacy of the current PA program at WIPP
for addressing the two long-term regulatory requirements. These specific regulations are shaded in
Figure 1-11 to illustrate the applicable time periods and the phases of repository development to
which they apply. ,

o The long-term regulation that applies to the radioactive components of the proposed

waste ~ 40 CFR 191 Subpart B, Environmental Radiation Protection Standards for the

Management and Disposal of Spemt Nuclear Fuel, High Level and Transuranic
Radioactive Waste, applies to the post-decommissioning phase of repository development,

* The long-term regulation that applies to the hazardous constituents of the proposed waste
- 40 CFR 268.6, Land Disposal Restrictions of the RCRA—applies to the disposal,
decommissioning, and post-decommissioning phases of repository development.

At the time that the PART teview was conducted, SNL had the primary responsibility for
supporting the WIPP testing program and performing the PA for DOE with regard to evaluating
compliance of the WIPP with 40 CFR 191 Subpart B. External technical review of these SNL
activities is provided by a special panel from the National Research Council/National Academy of
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Sciences. SNL also supports DOE in these same activities with regard to RCRA 40 CFR 268.6
regulations. WID is responsible for supporting the WIPP activities with respect to evaluating
compliance with both the short- and long-term needs of the 40 CFR 268.6 regulations and, as
mentioned earlier, prepares the annual Test Phase NMD report to the EPA. As the managing and
operating contractor, WID is also responsible for preparing the no-migration variance petition
(NMVP) required for the disposal, decommissioning, and post-decommissioning phases. WID is thus
responsible for performing the PA 1o evaluate whether the WIPP is expected to comply with the
regulations during these additional phases of repository development; if so, WID must prepare the
NMVP used to demonstrate compliance with this RCRA regulation (40 CFR 268.6). The PART has
" reviewed SNL and WID activities relative to the PA needs of both of these sets of regulations.

This subsection contrasts the differences in approach and specific requirements of the two
long-term regulations as they relate to WIPP. Ambiguities and differences between 40 CFR 191 and

RCRA regulations were reconciled by DOE into integrated criteria in the draft RCD in December, . .-

1992. These draft integrated criteria have been examined by PART to determine the applical ::

subset, given the specific purpose of the PART review (Appendix A lists this subset). v
| ‘ L

N .

1.3.1 40 CFR Part 268.6 Approach

The RCRA land disposal restrictions of 40 CFR Part 268.6 that apply to the hazardous
constituents of the mixed wastes proposed for disposal at WIPP are very detailed. The regulation
depends on process knowledge and control of the waste form to ensure disposal safety. It requires
characterization of the waste so that specific treatment methods can be selected and carried out prior
to emplacement of the treated waste in or on the land. To emplace any untreated waste, as is planned
at WIPP, DOE must petition for and be granted an exemption under 40 CFR 268.6. This petition
must demonstrate, "to a reasonable degree of certainty, that there will be no migration of hazardous
constituents from the disposal unit or injection zone for as long as the wastes remain hazardous.”
This allowance for a petition for “"no-migration” or the "no-migration determination” (NMD),
recognizes the need for flexibility in applying the concept of proper waste treatment before land
disposal.

1.3.2 Specific Requirements of 40 CFR 268.6

The petition to allow disposal of prohibited (i.e., untreated) waste under 40 CFR 268.6
requires a demonstration of no migration, as discussed above. The important requirements for this
demonstration include the following:

» Identification of the specific disposal unit and the specific waste;

* Chemical and physical characterization of waste to be disposed and a comprehensive
characterization of the disposal unit's chemical and physical parameters and current
environmental conditions, using approved methods for sampling, testing, and estimation
that are as accurate and reproducible as possibie;

¢ Simulation models for the site and waste that have been calibrated and verified for
accuracy through comparisons with measurements for demonstrating compliance with the
no migration provision;
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Analyses that identify and quantify the uncertainty in the various aspects of this
demonstrauon, including evaluation of the consequences of predictable furure events
(e.g., earthquakes, floods, other natural phenomena);

A detailed monitoring plan for detection of migration at the earliest possible time; and
Quality assurance and a quality control pian for all aspects of demonstration.

The current regulation (40 CFR 268.6) is not specific with regard to what constitutes no-
migration, the disposal unit, the time period (i.e., "as tong as the waste remains hazardous"), or
reasonable degree of certainty. Additionally, there is no approved guidance with regard to the
modeling and preparation of the no-migration variance petition and no specific discussion as to
whether the consequences of human intrusion must be addressed as a possible future event and
system state as part of the no-migration demonstration. Some of these issues were and are in the
process of being resolved as a result of the following:

The conditional NMD for the activities of the test phase period at WIPP that DOE was
granted in 1990 (EPA, 1990; Federal Register Vol. 55 No. 220, 47,700-47,721);

EPA's recently published draft of a guidance manual for petitioners seeking no-migration
variances (EPA, 1992; EPA 530-R-92-023), by providing EPA's interpretations and
suggested procedures for compliance with 40 CFR 268.6 (DOE/WIPP 89-001. 1993);
{however, PART has not yet completed formal review of the guidance); and

Proposed rulemaking for the revisions to the no-migration standard published in the
Federal Register, August 11, 1992,

Following are current definitions or interpretations by DOE of the important issues:

Disposal unit. The 40 CFR 268.6 disposal unit boundary for WIPP has been interpreted to
extend vertcally from the top to the bottom of the host rock (the Salado Formation) and
laterally where the 6.44 km x 6.44 km (4 mi x 4 mi) land withdrawal boundary cuts
through the host rock, as shown in Figure 1-12.

As long as the waste remains hazardous., The demonstration of no-migration for a period
of 10,000 years has been interpreted to be sufficiently long.

No-migration. No-migration is concentration- and not detection-based; (i.e., no-
migration means no movement of concentrations above health-based levels beyond
disposal unit boundaries).

Reasonable degree of certainty, 40 CFR 268.6(a) A reasonable degree of certainty will
be delineated through discussions between DOE and EPA and through technical and pu-
blic review and comment on a proposed NMD. The delineation will pertain primarily to
the adequacy and completeness of information provided to the regulatory by DOE, which
will be the basis for an EPA determination. The adequacy and appropriateness of simu-
lation modeling and associated assumptions and uncertainties are key to this definition.
Uncertainties will be systematically evaluated. Since uncertainty will always exist in any
analysis of events occurring in a 10,000-year time frame, it is important that the implica-
tions of the uncertainties in regard to repository performance evaluations be understood.
Modeling and analysis. The regulation (40 CFR 268.6) is not specific with regard to
whether a deterministic or a probabilistic modeling approach is required. However, the
wording of the regulation—"Simulation models must be calibrated for the specific waste
and site conditions, and verified for accuracy by comparison with actual measurements"——
implies that a deterministic approach is expected. The regulation also clearly indicates
that a sensitivity and uncertainty analysis is required to identify and quantify any aspects
of the demonstration that contribute significantly to uncertainty” for current and
predictable future conditions.
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e Human intrusion. The regulation requires that "This analysis must include an evaluation
of the consequences of predictable future events. including, but not limited 1o.
earthquakes, floods, severe storm events, droughts, or other natural phenomena.” This
language seems to exclude an examination of the conseguences of human intrusion
(unless inadvertent human jntrusion is considered 10 be a predictable future event or
natural phenomenon). This interpretation is also supported by the guidance (EPA. 1992;
EPA 530-R-92-023) for preparing the no-migration petition. The guidance does not
require inadvertent human intrusion to be considered in the demonstation.

1.3.3 40 CFR 191 Subpart B Approach

In contrast to 40 CFR 268.6 regulations, the environmental radiation protection standards of
40 CFR 191 through Subpart B define environmental standards for geologic disposal that are more
general in that they do not place specific reswictions on the type of radioactive materials that can be
disposed or how they can be disposed. Instead, this regulation requires the "disposal system” (i.e..
any combination of engineered and natural barriers that isolate the waste) to comply with the four
different requirements of 40 CFR 191 Subpart B, shown graphically in Figure 1-13. The
containment requirements (§191.13) and the two protection requirements (individual, §191.15, and
ground water, §191.16) are quantitative and begin as follows: "Disposal systems for spent nuclear fuel -
or high-level or transuranic radioactive wastes shall be designed to provide a reasonable expectation.”

SubPart B
Disposal

individual
Protection
Limits Doses

Containment
Limits Cumulative

to Public
for 1,000 Years Relaases for
10,000 Years
Undisturbed Pradicted
Performance

Figure 1-13. Graphical Representation of the Four Requirements of Subpart B of 40 CFR
Part 191 (after Sandia 1993; SAND92-0700/1) IMlustrating the Overlapping
of the containment Requirements Will Be Met Containment and Assurance
Requirements to Increase Confidence that the C.
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They then go on to describe what different numerical criteria must be met to satisfy each of the

different sections:

limited cumulative releases. limited doses., and limited concentrations. The

assurance requirement (§191.14), through its provisions for design (e.g., multiple barriers,
recoverability), for monitoring, for the use of active and passive institutional controis, and for
evaluating adverse factors related to site selection (e.g., natural resources and exploration potential),
was developed to provide additional confidence that the long-term compliance (10,000 years) with
the containment requirements of §191.13 can be met.

1.3.4 Specific Requirements of 40 CFR 191 Subpart B

Following are the important requirements for this regulation.

The Federal Government is committed to permanent ownership of the disposal site.

Active institutional control of the disposal site will be maintained for as long as

practicable; (PA must assume loss of active control after 100 years).

Passive institutional control of disposal sites will be maintained through permanent
markering, records, and other means “to indicate dangers of wastes and their location.”

Disposal site selection must avoid places "where there is a reasonable expectation of
exploration for scarce or easily accessible resources” unless this exploration potential is

compensated for by the site's favorabie characteristics.

Disposal system designs must include multipie engineered and natural barriers to isolate
wastes, and the des:gn must not preclude removal for a reasonable period of time after

disposal.

The disposal system must be monitored after disposal "to detect substantial and
detrimental deviations from expected performance” in ways "that do not jeopardize

isolation of the wastes” until any significant concerns are addressed.

Performance modeling must be provided to show compliance with the numerical
requirements of §191.13, §191.15, and §191.16. A probabilistic modeling approach that
evaluates long-term (decommissioning to 10,000 years) predictions of disposal system
performance is specified as well as implied. This evaluation of performance must identify
all the significant processes and events (probability greater than one chance in 10,000 of
occurring in 10,000 years) that could affect the disposal system. The evaluation must
account for the associated uncertainties (of determining the likelihood of events, of
understanding the various processes, of developing conceptual models, and of
determining the parameters) and examine the effects that these uncertainties have on
predicted performance of the total disposal system; (all portions, both natural and

engineered, should be considered even if the performance is uncertain).

Compliance with the oumerical containment requirements (§191.13) is to be through a
single "complementary cumulative distribution function" (CCDF) that considers both
disturbed and undisturbed conditions. Compliance with the individual and groundwater
protection requirements (§191.15 & 191.16) will be based upon "best estimate”
predictions (i.e., the mean or median of the appropriate distribution, whichever is higher)
for "undisturbed conditions” (i.e., not disrupted by human intrusion or unlikely natural
events). It should be noted that the probability cutoff for unlikely events is not

specifically defined.

Inadvertent human intrusion must be considered. Inadvertent human intrusion into the
repository by exploratory drilling (no greater than 30 boreholes per square km per
10,000 years in sedimentary geologic formations and 3 boreholes per square kilometer
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per 10.000 years in other geologic formations). which is soon realized by the intruders. is
the most severe inrusion scenario that needs to be assumed.

It should be noted that unlike the applicable RCRA regulation (40 CFR 268.6), 40 CFR 191
Subpart B does not call for specific quality assurance or a quality control plan. (The significance of
this is discussed in Section 8.)

In contrast to the RCRA no-migration regulation (40 CFR 268.6), the wording of 40 CFR 191
Subpart B (§191.13-16), its definitions (§191.12), and the wording in the guidance for its
implementation (Appendix B of the regulation) are generally much more specific regarding the
issues that were of concern in the RCRA no-migration regulation: compliance boundary, time
periods of concern, reasonable expectation, modeling-analysis approach, and human intrusion.
Following are current interpretations of these equivalent issues for 40 CFR 191 Subpart B.

* Compliance boundary. The maximum allowable compliance boundary under §191.13
and §191.15 is defined as the accessible environment, which is the atmosphere, land
surfaces, surface-water, oceans, and all the lithosphere beyond the controlled area. The
controlled area is all the subsurface underlying a surface location that must be identified
by passive institutional controls, encompassing no more than 100 square km and
extending no more that 5 km (3 mi) beyond the outer boundary of any emplaced wastes.
For WIPP this maximum allowable extent boundary is as shown in Figure 1.10. However,
for WIPP only the 6.44 km x 6.44 km (4 mi x 4 mi) land withdrawal boundary will be
marked by passive institutional controls, and so the accessible environment (or
compliance boundary) becomes the entire land surface and atmosphere and all of the rest
of the environment beyond this land withdrawal boundary. Figure 1-12 is a cutaway
isometric view of the WIPP site, showing the subsurface stratigraphy drawn approximately
to scale according to the interpretations of the ERDA-9 borehole. The drawing, which is
also approximately to scale, shows the WIPP completed and proposed subsurface
excavations, as well as the location where the 6.44 km x 6.44 km (4 mi x 4 mi) land
withdrawal boundary cuts through the subsurface to form the lateral limits of the non-
accessible environment, which forms the vertical compliance boundary with the accessible
environment. The land surface within the 6.44 km x 6.44 km (4 mi x 4 mi) land
withdrawal boundary forms the upper compliance boundary that separates the non-
accessibie subsurface environment from the accessible environment above.

* Reasonable expectation. There is no explicit interpretation or guidance regarding the
meaning of this phrase. However, the wording of both Part B of the containment
requirement (§191.13) and the guidance for implementation of the regulation (Appendix
B) clearly indicates that EPA requires a reasonable expectation, on the basis of the record
before the implementing agency, that compiiance with §191.13(a) will be achieved. The
guidance for this regulation indicates that the implementing agency is expected to use
prevalent expert judgment in making the various numerical predictions and that "the
implementing agency may choose to supplement such predictions with qualitative
judgments as well."

e Modeling-analysis approach. As discussed gbove, a probabilistic modeling approach is
specified for the containment requirement (§191.13) and implied by the wording for the
individual (§191.15) and groundwater (§191.16) protection requirements.

e Human intrusion. Inadvertent human intrusion must be specifically addressed, as
discussed above. ,
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1.3.5 Concerns Related to the Regulations

DOE and EPA will be reading on new regulatory ground as the WIPP project moves forward.
Furthermore, there are basic differences in these regulations that have yet to be resolved. Some of the
concerns include the foliowing:

e the question of whether there is a need to evaluate the consequences of inadvertent human
intrusion as part of the no-migration demonstration for 40 CFR 268.6;

» the need to get precise definitions and interpretations for important regulatory and
guidance terms (e.g., "likely”, "unlikely”) and concepts (e.g., calibration and verification
for accuracy through comparisons with measurements, when such long time periods are
invoived);

« the lack of specified Quality Assurance (QA) requirements for 40 CFR 191 Subpart B
(should be contained in 40 CFR 194, which is currentiy being developed by EPA);

e the need for identification of the specific waste with a chemical and physical
characterization as part of the demonstration for 40 CFR 268.6 when a good fraction of
the waste has not been generated; s

+ possible conflict between the requirement for a detailed monitoring plan for detection of {”
migration at the earliest possible time for 40 CFR 268.6 and the long-term disposali Y -
concerns that monitoring can jeopardize the isolation of the wastes; and \\

 the need to develop Tonsensus on the meaning of “reasonable expectation” and ™l ..

"reasonable degree of certainty.”

1.4 PART APPROACH

This subsection discusses the organization of the PART, what was reviewed, and the process
used to perform the review. It also briefly discusses the role of the Golder simplified PA modeling
approach and the planned assessments.

The PART effort consists of periodic briefings to WIPP Project Division, Office of EM-342,
and this final report issued to the Director, EM-342. To prepare the report, PART members have:
* Performed a limited review of relevant PA and PA-related literature and on-going PA

efforts, including discussions with WPIO, WID compliance staff, and the SNL PA staff,
their principal investigators, and their contractors;

e Evaluated the conceptual models and input parameters used in the PA analyses that

describe the site conditions for the repository system and the processes involved;

« Evaluated the level of confidence associated with the performance predictions that the

repository system will meet 10,000-year performance requirements; and

» Begun development and use of a simplified PA model for verifying SNL PA analysis, and

evaluated the effect of alternative conceptual models, parameter distributions, etc., that
were identified during the review.

[The results of the PART effort will be issued as two separate reports so that PART
recommendations can be considered for 1994 PA activities.] This first report documents the PART
evaluation of the adequacy of the current PA program for meeting 40 CFR 191 and 40 CFR 268.6
requirements, and contains PART recommendations for improving the PA program. The second
report will document the results of the verification analysis and describe the simplified PA models
and methodology used, results of the verification analysis, and significant discrepancies, alternative
models, etc., identified by the PART.
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1.4.1 PART Organization

The Director of EM-342 and the PART Chairperson selected the PART members on the basis
of their knowledge of components and processes associated with salt repository and their
independence from the WIPP Project. More specific criteria included (1) familiarity with geologic
repositories, especially salt; (2) PA expertise or knowledge of risk assessment techniques; (3)
knowledge of RCRA and/or 40 CFR 191 requirements. and (4) no direct association with any of the
PA activities for the WIPP,

PART members, their assignment, affiliation, and area of expertise are as follows:

DUTY & Name AFFILIATION AREA OF EXPERTISE
Chairperson
Bryan Bower S Department of Energy Site Oparations, Test Programs, and PA
Deputy Chairperson
Charies Voss Golder Associates Inc. Engineered Barriers /',*“”ﬂ ~
Members: < -
James Russell - Texas A&M University Creep and Room Closure | ; )
Neville Carnter Texas A&M University Brine Migration \ o
Pamela Doctor Pacific Northwest Laboratory ~ PA Methodology T
Charles Cole Pacific Northwest Laboratory  Flow and Transport

1.4.2 WIPP Participation

The following WIPP Project organizations participated in this review:
e« EM-342. The Director, EM-342 authorized the PART review and report for management
purposes. .

e WPIQ. The WIPP Project Integration Office provided administrative support in
assembling reference material from SNI1. and WID, scheduled the interviews with the SNL
Performance Assessment staff, and coordinated the WPIO, the WIPP Project Site Office
(WPSO) and SNL review of the draft PART Report.

« WPSO. The WIPP Project Site Office provided administrative support by scheduling
interviews with the WID compliance staff and coordinating the WPSO and WID review of
the draft PART Report.

e« SNL. Sandia National Laboratories provided the reference material required to support
the independent review, made members of its staff available for interviews by the PART,
clarified written documentation, answered specific questions, and coordinated the review
of the draft PART Report by their staff as directed by WPIO.

e« WID. Westinghouse Waste Isolation Division provided the réference material required to
support the independent review, made members of its staff available for interviews by the
PART, clarified written documentation, answered specific questions, and coordinated the
review of the draft PART Report by their staff as directed by WPIO.

1.4.3 Basis of the Review

Members of the PART have used, to the extent possible, the latest information available to
carry out this limited review of the WIPP PA Program. Sources of information include (1) the base
(or minimal) set of documents listed below; (2) a WIPP site tour; (3) a series of interviews with various
SNL, WPIO, WID, and EEG staff; and (4) any other relevant documents or reference material that the
PART identified as relevant in the course of their review. The EM-342 PA Manager coordinated the
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assembly and distribution of the reference material required for the review with the appropriate WPIO
managers.

PART members, at a minimum, have had access to the following base set of information:
SAND92-0700/1-3 Preliminary Comparison with 40 CFR 191, Subpart B for the Waste Isolation Pilot
Plant, December 1992, Volumes 1-3; SAND91-0893/1-4 Preliminary Comparison with 40 CFR 191,
Subpart B for the Waste Isolation Pilot Plant, December 1991, Volumes 1-4; WIPP Waste
Characterization Program Plan; WIPP Waste Analysis Plan; WIPP Test Phase Plan; Technical Needs
Assessment Document; Regulatory Criteria Document for the Disposal of Defense Transuranic Mixed
Waste in a Geologic Repository; the 1991 No-Migration Determination Annual Report 1o EPA; EPA
comments on the 1991 Annual Report; the 1992 No-Migration Determinations Annual Report to
EPA; and EEG comments on SAND91-0893.

A one-day tour of the WIPP site was. conducted early in the review process 1o acquaint the
PART members with the specifics of the site. The full-day tour was conducted by Tom Schultheis
(SNL) and Ken Aragon (WID). The underground portion of the tour included Panel 1, Room Q,
Room H, Site and Preliminary Design Validation (SPDV), as well as the Construction and Salt

Handling and the Waste shaft areas. The surface tour concentrated on the Waste Handling Building, 7 o
particularly the CH bay. The tour concluded with a question and answer session wnthf%

%x %

Tom Schultheis. _

1.43.1 PART Meetings and Interviews

After an initial meeting in Germantown, Maryland (December 11, 1992), the PART members
studied review material made available to them and began a series of interview meetings following the
tour of the WIPP facility. The purpose of these interviews was to gather additional information not
available in the base documentation listed above and other references. PART interviews were
coordinated by the PART Chairperson with WPIO, WPSO, SNL, WID and EEG and included
interviews with the WPIO Technical Support Group (TSG), the WID compliance staff, the SNL PA
staff and principal investigators, as well as the EEG staff.

The first PART meeting was held on January 15, 1993, following the WIPP site tour on
January 14, 1993. PART members met with John Arthur, Mark Matthews, and Pat Higgins of WPIO,
as well as members of the WPIO TSG, who discussed current and planned activities with regard to PA.
A considerable amount of time was spent discussing a QA database for critical PA parameters. The
second PART meeting was held on February 4-5, 1993, in Albuquerque, New Mexico. The purpose
of the meeting was to conduct interviews with the SNL PA staff. In addition to Rip Anderson, PART
interviewed Mel Marietta, Fred Mendenhall, Rick Beauheim, Joe Tiilerson, Palmer Vaughn and Jon
Helton. On March 11-12, 1993, the PART again met in Albuquerque, New Mexico, this time to
interview the WID compliance staff and the SNL principal investigators. The PART had discussions
with Bob Kehrman, Rohit Jain and Elaine Gorham.

The next meeting of PART was in Seattle, Washington, on April 5-6, 1993, at the office of
Golder Associates, Inc. PART was briefed by Lokesh Chaturvedi and William Lee of the EEG on
EEG's concerns regarding WIPP PA testing activities. Major concerns expressed by the EEG were
related to scenario definition, solicitation of expert judgment for the rate of inadvertent human
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intrusion. gas generation and fracturing, the use of data versus judgment, the lack of information on
source terms. and the incomplete documentation of computer codes.

In May, PART held two meetings: one in Germantown, Maryland, on May 6-7, 1993. and one
in Albuquerque. New Mexico, on May 27, 1993. The meeting on May 6-7, 1993, was to update
Mark Frei and Steve Schneider on the status of PART activities. The meeting on May 27, 1993, was
an interview with Dori Ellis and Wendell Weart to discuss SNL. management's role in PA decision
making. Additional meetings were held by the PART in June in Seattle, Washington. and conference
calls were conducted in July and August 10 discuss report preparation.

As noted in Subsection 1.3, the PART has identified a subset of the integrated requirements
from the draft RCD (DOE, 1992} as a partial basis for evaluation of the WIPP PA program. This
subset and the relationship to the RCD requirements are given in Appendix A. These requirements
are summarized in this subsection; they provide the basis for the development of the partial issue tree
and the conceptual model because the objectives of modeling/analysis should drive the needs of the
conceptual and numerical modeling and other analysis efforts (Simmons and Cole, 1985).

Summarizing from the specific draft RCD requirements that form part of the basis for this
review, the SNL PA staff (WID compliance staff) * must undertake two major efforts.

1.0  The staff must evaluate compliance of the total WIPP geologic disposal sysiem with
the regulations of 40 CFR 191 Subpart B (40 CFR 268.6) through the use of compliance analyses
consisting of both quantitative PA modeling and qualitative analyses. The modeling and analyses
shall consider the likelihood and consequences of natural processes and events that may disturb the
disposal system (PC1.004, PC1.012, and PC1.014 a) from the time of emplacement of the wastes.
The likelihood and consequences of human intrusion wiil also be evaluated through the use of
compliance analyses consisting of both guantitative PA modeling and qualitative analyses.
Additionally, an evaluation to determine whether there are special sources of groundwater within or
less than 5 km (3 mi) beyond the controlled area (the dashed boundary line in Figure 1-13) must
also be conducted (PC2.001 a-b).

1.1 These evaluations and compliance analyses must consider the contributions of all
components of the geologic disposal system (i.e., the natural and engineered barriers as
well as the radionuclide and hazardous constituent content and characteristics of the
emplaced waste), except those components that can be demonstrated to make a
pegligible contribution (PC1.009 a-b, and PC1.008 a). This evaluation must also

demonstrate the disposal system's ability to control, minimize, or eliminate waste release

T (PC1.008 b) for the likely natural processes and events; others can be ignored

(PC1.0013 a-e). Likely processes and events are those having an estimated probability

of occurrence greater than 1 in 10,000 over 10,000 years.

1.2 The evaluations and analyses must address all pathways for release (groundwater,
surface water, soil, and air) at the boundary of the control area (st the top and bottom of
the disposal unit boundary or its lateral extent as defined by the intersection with the
vertical boundary of the control area) as illustrated in Figure 1-13 (PC1.003 a-b,
PC2.001 a, and PC2.002 a-¢).

2 [ general, there is little difference in the RCD requirements for the WID compliance staff and the SNL PA staff.
However, when they are different, the requirements for the WID compliance have been placed in parentheses and
italicized.
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1.3 The compliance analyses and evaluations must be supported by laboratory and field
studies. as weill as by expert judgment (PC1.003 a-b and PC1.004).

~= 1.4 The models used in the SNL compliance analyses for 40 CFR 191 Subpart B and the
T WID compliance analyses 40 CFR 268.6 must have the following atiributes:

. 1.4.1 These models must use identical physical descriptions of the disposal system
S o (PC1.019);
% "/ 1.4.2 The pathways considered by these models must be consistemt (PC1.011);
e 1.4.3 These compliance analyses must use comparable conceptual models as the basis
for their mathematical and computational models (PC1.020);

1.4.4 These models must simulate the expected behavior of the disposal system
(PC1.018) and predict any resulting releases of hazardous or radioactive
constituents from the time of waste emplacement until 10,000 years following
closure (PC1.021 a);

1.4.5 These compliance models must be evaluated (PC1.025).
1.5. Specific engineered barrier system design and evaluation constraints and the
requirements important to these compliance analyses include the following:
1.5.1 The design must be physically and chemically compatible with the natural
barrier system (PC6.001 a-b); and
1.5.2 Design of engineered barriers, as well as the analyses that assess their
adequacy, must be supported by analytical data (PC6.002 a-c).
1.6. An assessment must be camried out with these compliance models that excludes
consideration of water wells within the controlled area and that estimates the annual

dose equivalent from the undisturbed disposal system to any member of the public for
1,000 years after disposal (PC1.024 a-b-c). :

1.7. An evaluation of the likelihood and consequences of human intrusion must be carried
out with these compliance models under the following constraints:

1.7.1 The likelihood of human intrusion must consider the controls imposed to make
it less likely, and furthermore, the evaluation of likelihood will be primarily
based on the effectiveness of these primary markers (PC1.015 a-d); and

1.7.2 In evaluating the consequences of human intrusion, only single isolated one-time
intruder events that are n¢ more severe than inadvertent and intermittent human
intrusion by exploratory drilling for resources (other than the waste) will be
considered. It must be assumed that sysiematic or persistent exploration within
the controlled area does not occur (PC1.016 a-d). ‘

1.8. Sensitivity and uncertainty analysis of the compliance modeling must be performed that
includes the following: '

1.8.1 the uncertainty in processes and events (PC1.027 a);

1.8.2 the likelihood and consequences of alternative conceptual models (PC1.027 b);

1.8.3 representation of model parameters (PC1.027 c);

1.8.4 sensitivity studies of the models (PC1.027 d); and

1.8.5 an assessment of the accuracy of the model that includes modei verification
results (PC1.027 e).

2.0 The staff must develop a demonstration based on these compliance analyses (1.0
above) and document the basis for this demonstration (PC1.005 and PC1.006).

2.1. This demonstration must establish whether there is a reasonable expectation that the
WIPP geologic disposal system will comply with the quantitative radionuclide limits
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2.2.

specified in 40 CFR 19]1 Subpart B (the quantitative health based ha:zardous
constituents limits of 40 CFR 268.6) for all the expected processes and events (PC1.002
a-b, PC1.013 ¢, PC1.014 b, and PC1.021 b-c). Further specifics for this demonstration
include the following:

2.1.1 This demonstration must be routinely updated (along with the PA modeling and
analyses) with the latest new and relevant information until the time of repository
closure (PC1.007);

2.1.2 In this demonstration the PA results for 40 CFR 191 Subpart B §191.13
compliance comparisons must be presented as a single complementary
cumulative distribution function (CCDF) that indicates the probability of
exceeding the cumulative release standard (PC1.022 a-b);

2.1.3 The demonstration must show that waste migration prediction models were
calibrated to specific site conditions, physical features, and emplaced wastes
(PC1.026 ¢);

2.1.4 The demonstration must show that modeling resuits are consistent with actual
field measurements and representative of the actual physical system (PC1.026 d).

General requirements are that the documentation must include discussions of the
records of guantitative and qualitative evidence used to develop the PA models as well
as any supplementary information such as natural analogs, evidence that supports the
process models, parameter ranges, geometric conceptual models, hypotheses, and any
simplifying assumptions used (PC1.006). Specifics for this documentation are as
folows. -

2.2.1 The documentation must describe boundaries of the control area and disposal
unit (PC2.001 b).

2.2.2 The documentation must include discussions regarding the consequences of the
human intrusion events evaluated and a description of these analyses (PC1.016
d).

2.2.3 The documentation must include justification for the selection or generation of
the single CCDF for comparison with 40 CFR 191 Subpart B standards
(PC1.023).

2.2.4 The compliance models and their evaluation must be documented (PC1.025),

2.2.5 The documentation must present discussions of the model results, including:

2.2.5.1 simplifying assumptions in the conceptual, mathematical, and
computational models (PC1.026a);
2.2.5.2 rationale for selection of the waste components modeled (PC1.026 b);

2,2.5.3 calibration of waste migration prediction models (see 1.1.4 above)
and the comparisons that show modeling results are consistem with
actual field measurements and the comparisons that show that the
models are representative of the actual physical system based on the
consistency of model results with the actual field measurements
(PC1.026 c-d); and

2.2.5.4 comparison of model results with observations and an explanation
of any differences (PC1.026 e).

2.2.6 The documentation must include a comprehensive, detailed description of the
natural system. This documentation of the natural system must describe the
geology as well as the surface and groundwater hydrology of the repository site
and serting (PC4.001 b), and must also provide an analysis of the geochemistry
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of the system relevant to waste migration and including a characterization of the
rock, soil, air, and water chemistry (PC4.001 a).

1.4.4 PART Report Development and Preparation

— T

Reviews of the base set of documents (Subsection 1.4.3) and other requested reference fﬂf

material, along with participation in interviews, and discussions among the PART members
themselves, formed the basis for their evaluations of the technical adequacy of the WIPP PA program
and the formulation of their recommendations for program changes. PART members did not ‘

i1

A
“\»

necessarily perform a complete review of the base set of documents or the supplementary e

documentation requested during the course of the review. The members were free to select the scope
and depth of review performed on each document. In general, each member conducted a review
within his or her own area of expertise.

The predecisional draft report was issued to PART members only. Members had the
opportunity to comment on the entire report and the Chairperson attempted to resolve any conflicts
among PART members. The findings in the report reflect the consensus of the PART. Conflicts not
satisfactorily resolved were documented as an appendix to the main report and provided to the EM-
342 Director. Once the final draft report was accepted by PART, it was concurrently issued to the
EM-342 Director, WPIO, WPSO, WID, and SNL for review and comment. After the comments were
resolved, the final report was signed by PART members and sent to the Director, EM-342. Receipt of
the firal report by the EM-342 Director completed the PA independent review.

1.4 VERIFICATION CALCULATIONS

This portion of the review involves the performance of independent PA caicuiations to verify
and perform sensitivity assessments for the calculations done by SNL. This work is ongoing, and will
be published separately at a later date.

The work uses Golder Associates' Repository Integration Program (RIP) PA model, which is a
high-level model designed for rapid, simplified PA calculations. The work is being conducted in two
phases: (1) the verification phase, in which RIP is used with the same conceptual models and data sets
as SNL's published studies, in order to verify the SNL results, and (2) the sensitivity phase, in which
RIP is used with alternative conceptual models developed by the review team, in order 1o evaluate
their potential significance for repository safety. It is expected that the significance of alternative
potential pathways, and of alternative modeling of disruptive events, will be key areas to be inves-
~ tigated.

1.5 ToOPICS EXCLUDED BY PART

As outlined in the Performance Assessment Independent Review Management Plan, PART
focused on a review of those PA activities which were directly related to a determination of
compliance with the applicable regulations. However, certain aspects of the PA program were, or are,
being reviewed by other organizations within DOE which have those functional authorities. For
example, PART did not review the validity of data or the data collection techniques or the guality
control of the data. This activity was part of a separate review being conducted jointly by WPIO and
EM-342. The PART assumed that all data presented in the SNL reports were accurate. —
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The PART also restricted its review to the priorities assigned to PA activities. Activities
associated with repository operation, environmental safety and health, safeguards and security. and
budget and scheduling were specifically excluded from the review. However, PART did investigate
how decisions were made and schedules were developed in support of PA .

The PART concentrated on PA activities for the demonstration of compliance with the long-
term disposal standards contained in 40 CFR 191 Subparts B and C (proposed) and 40 CFR 268.6.
This review specifically excluded those activities and regulations that would apply to the operation of
the facility for the disposal phase.

1-35 February 1994



PART's Independen Raview of WiPF PA Advmies tor EM-342 2.0 Periormancs Assassment Methodology

2.0 PERFORMANCE ASSESSMENT METHODOLOGY

This section summarizes the approaches being taken by WIPP, through Sandia National
Laboratories and Westinghouse Waste Isolation Division, 10 address the long-term performance
standards in 40 CFR Part 191 Subpart B and 40 CFR Part 268.6, respectively. It is these regulations
which determine the PA methodology to be used. Subsection 2.1 describes the requirements of 40
CFR Pant 191 Subpant B in detail. Subsection 2.2 discusses the SNL approach 1o addressing the
requirements of §191.12(q) (quantitative PA modeling) and §191.13(a) (probabilistic assessment of
cumulative releases). This discussion includes a description of the scenarios, including the scenario
selection and evaluation process, the performance measure, the modeling approach, and the sensitivity
and uncertainty anatyses. The subsection concludes with a brief discussion of the application of the
probabilistic approach and the complementary cumulative distribution function (CCDF). Following
the same format as Subsection 2.2, Subsection 2.3 considers the WID approach to addressing the
requirements of 40 CFR Part 268.6, looking at scenarios, performance measure, modeling approach,
sensitivity and uncertainty analysis, and probabilistic approach and the CCDF. The WID approach is
different from that of SNL because the long-term performance standards of 40 CFR 268.6 are not as
detailed or prescriptive from a methodological standpoint as those of 40 CFR 191, Subpan B.

2.1 40 CFR PART 191 SUBPART B

'I"he provisions of 40 CFR Part 191 Subpart B state that the repository must meet certain
performance standards in order to be licensed. These regulations mandate a quantitative assessment

of the performance of the disposal system, and describe specific performance measures in terms of

1) radioactive material releases to the accessible environment (§141.13),
2) radiation doses received by the public (§191.14), and

3) radioactive contamination of certain sources of groundwater in the vicinity of the disposal
system (§191.16).

The performance measures for the containment requirement are, as stated in §191.13(a), that
"... the cumulative releases of radionuclides to the accessible environment for 10,000 years after
disposal from all significant processes and events that may affect the disposal system shall:

1)} have a likelihood of less than one chance in teh of exceeding the quantities calculated

according to Table 1 (Appendix A); and

2) have a likelihood of less than one chance in 1,000 of exceeding ten times the quantities

calculated according to Table 1 (Appendix A)."

Table 1 in Appendix A of 40 CFR 191 gives limits for cumulative releases over 10,000 years
for twelve specific radionuclides and any other alpha-emitting or non-alpha-emitting radionuclide
(with a half-life of over twenty years) in curies per unit of waste. The estimaied cumulative release
for a particular radionuclide is divided by the corresponding limit in Table 1 to produce a
normalized cumulative release. If the ratio is less than one, then compliance is determined for both
requirements (1) and (2). If more than one radionuclide is present in the disposal system, then the
sum of the ratios for the individual radionuclides should be less than one 10 demonstrate compliance
for both requirements (1) and (2).
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The quantitative standards of §191.13(a) are stated in terms of likelihoods (i.e.. probabilities)
because it is recognized that there are uncentainties in the predictions of cumulative releases over
10.000 years. The uncertainty in the cumuiative release prediction can be expressed by presenting
the result in terms of a probability density function (PDF), illustrated in Figure 2.1a. This is simply
a plot of the probability of the various possibie cumulative release results. Hence. to obtain the
probability of the result falling between the value A and the value B (see figure), one need only to
integrate under the PDF between these two values.

An alternative manner of presenting the same information is the cumulative distribution
function (CDF). This is developed by integrating over the entire PDF, and is illustrated in
Figure 2-1b. By definition, integrating over the PDF from the lower limit of its range to the upper
limit of its range yields a value of 1.0, and the CDF therefore ranges from 0.0 to 1.0. As shown in
the figure, a particular point (e.g., [r; p1]) on the CDF is interpreted as follows: p; is equal to the
probability that the result (the cumulative release) is less than or equal to 1;.

A third way of presenting this information is the complementary cumulative distribution
function (CCDF). The CCDF is illustrated schematically in Figure 2-1c. As shown in the figuse, a
particular point (e.g., {r;p]) on the CCDF is interpreted as follows: p; is equal to the probability that
the result (the cumulative release) is greater tham r; (i.e,, py is equal to the probability of
exceeding r;}. As indicated by its name, the CCDF is the complement of the CDF. That is, py = 1-p;.

Note that the containment requirements of §191.13(a) are stated in terms of compiementary
cumulative probabilities (i.e., probabilities of exceedence). Therefore, release predictions can be
directly compared to the standard if they are presented in terms of a CCDF. Because the two
complementary cumulative probabilities of §191.13(a) differ by two orders of magnitude (0.1 and
0.001), it is most effective to present the CCDF on 2 log-log scale. In such a plot, the horizontal axis
represents the logarithm of the normalized release over 10,000 years, and the vertical axis represents
the logarithm of the probability of the magnitude of such a release. Figure 2-2 shows an example of
a log-log CCDF with the 191.13(a) containment standards supcnmposed In this particular example,
the predicted release does not exceed the standards.

If the repository is simulated in terms of various mutually-exclusive scenarios (each of which
is described by disjoint subsets of uncertain parameters), a separate CCDF will be produced for each
scenario. In order to compare such results to the containment standards, it is necessary to combine
the results of the scenarios in an appropriate manner. This is accomplished by multiplying the
probability axis of each curve by a8 weighting factor and adding them together. The weighting factor
for each curve is simply the probability of that particular scenario. (The total "weight" for all
scenarios must add to ope.) An example of how CCDFs for two scenarios (having probabilities of
0.99 and 0.01) are combined is shown in Figure 2-3, The character of this combined CCDF is
representative of resuits of the analysis in Sandia PA documents.

The process of developing a CCDF appears to be objective and straight-forward. However,
uncertainties in the development of the conceptual model of the components of the repository system
and assumptions required for mathematical modeling are difficult to capture in the CCDF. For
example, unless all components of a repository system are represented in the numerical model, the
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results in terms of a caiculated CCDF do not describe the true uncentainty in cumulative release. This
issue is discussed in more detail in Subsection 2.2.4. The acknowledgment of remaining uncertainty
is further developed in §191.13(b): "Performance assessments need not provide complete assurance
that the requirements of §191.13(a) will be met. Because of the long time period involved and the
nature of the events and processes of interest. there will inevitably be substantial uncenainties in
projecting disposal system performance. Proof of the future performance of a disposal system is not
to be had in the ordinary sense of the word in situations that deal with much shorter time frames.
Instead, what is required is a reasonable expectation (emphasis added) on the basis of the record
before the implementing agency, that compliance with §191.13(a) will be achieved.”

It is the role of DOE to decide when the description of the current state of the repository
system is sufficiently detailed and when the processes potentially acting upon it are sufficiently
understood that the likely performance of the repository can be es-'mated. The other sections of this
report address the sufficiency issue of whether the record being developed that includes PA will be
able to satisfy the "reasonable expectation” requirement. ‘

The provisions of §191.14 require active institutional controls for 100 years after closure,
monitoring for the period of active institutional control, and the use of engineered, as well as natural,
barriers to contain the waste. It also states that areas that have experienced mining for resources
should be avoided as locations of a repository, "unless the favorable characteristics of such places
compensate for their greater likelihood of being disturbed in the future.” Impacts of resource
extraction will be discussed in Subsection 3.2.2.2.

The provisions of §191.15 mandate specific quantitative limits for annual exposures (25
millirem whole body and 75 millirem to any critical organ) to the public up to 1,000 years after
disposal, assuming undisturbed performance of the repository. All exposure pathways have to be
considered, but this article specifically requires that the drinking water pathway be analyzed assuming
2 liters/day from any significant source of ground-water outside the controlled area surrounding the
repository. These requirements are not stated in probabilistic terms, and therefore, presumably do
not require the calculation of a CCDF.

The groundwater protection requirements of §191.16 set quantitative limits on the
permissible concentrations of specific radionuclides and a cap on the annual dose equivalent from all
radionuclides combined to 4 millirem from 2 liters/day consumption of groundwater.

2.2 SNL APPROACH FOR 46 CFR PART 191 SUBPART B

The SNL PA approach is being developed within the requirements of §191.12(q)
(quantitative PA modeling) and §191.13(a) (probabilistic assessment of cumulative releases). The
major steps in the PA process, as defined in Marietta et al. (1989), are the following:

1) characterize disposal system and site;

2) develop scenario; ' L
3) analyze scenario consequences; ! . 2
4) perform sensitivity and uncertainty analyses; and A
5) assess compliance with regulations.
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Each of these five steps represents many activities, in which there are major feedback loops
and interconnections. The following discussion of the SNL PA approach will touch briefly on the
following issues, which are subsets of the five steps listed above:

»  General description of conceptual model and scenarios (Steps 1 and 2);
* Performance measure (Step 3);

* Modeling approach (Step 3);

e Uncertainty and sensitivity analyses (Step 4); and

« Probabilistic approach and CCDF (Step 5).

The SNL approach for addressing the requirements of 40 CFR191 Subpart B has been to
develop most of the needed computer codes in house. However, the availability of documentation on
these codes has lagged behind the reporting of the results of analyses in the annual performance
assessment summaries. The lack of formal documentation can be problematic from a compliance
_standpoint because the codes will not be familiar to regulators, nor will they have undergone
independent peer review. This lack of formal documentation may make it more difficult to
demonstrate a reasonable expectation of compliance.

2.2.1 General Description of Scenarias

In order to demonstrate compliance with the performance requirements of 40 CFR 191, the
DOE must consider the undiswurbed performance and the possible eveats that may disrupt the
repository system (§191.12(p)). Undisturbed performance refers to the behavior of the repository
system assuming natural structural, hydrogeologic and chemical processes. The conceptual model
for the WIPP repository system includes salt creep; brine inflow; gas generation from anoxic
corrosion, microbial action, and radiolysis; brine and gas outflow into interbeds in the Salado
Formation and also to the accessible aquifer (the Culebra Dolomite Member of the Rustler
Formation) above the Salado Formation by way of backfilled and sealed shifts; and engineered
barriers.

The WIPP Performance Assessment Department used a scenario selection and evaluation
process similar to that described in Cranwell et al. (1982a and reissued in 1990), which systematically
defines the events and processes that could affect the integrity of the repository system, evaluates the
probability of an event occurring, and assesses its potential for leading to a release of radioactive
constituents to the accessible environment. The methodology is described conceptually in
Figure 2-4. The sample space S represents all possible 10,000-year time histories of the disposal
system at the WIPP. The scenarios are screened on the basis of the likelihood of their occurrence and
their potential consequence. Subset Sp comains all time histories that fall within the bounds of
reasonably anticipated occurrences of natural processes (greater than 1 in 10,000 in 10,000 years)
acting on the disposal system over 10,000 years, which represent undisturbed performance. Subsets
Sm. Si. and Sg are associated with disruptive events, such as volcanism. Subset Sp, contains time
histories that include disruptive events that may occur with probability greater than 1 in 10,000 in
10,000 years, but the consequences do not compromise repository performance. Subset Sp
represents time histories that can be reasonably screened out of consideration because they include
disruptive events that are of sufficiently low probability of occurrence (less than 1 in 10,000 in
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10.000 years). Time histories that can be excluded by regulatory criteria are contained in subset Sg
These three subsets are not mutually exclusive, and the shaded area represents the overlap. Finaily.
Subset S contains all of the ime histories that include distuptive events that are left after the scenario
screening process. The §; in the cross-hatched area within S, represents sets of parameters which give
rise to specific time histories containing disruptive events that can significantly affect repository
performance.

— 3, = anticipated base case S = excinded by regulatory criteria
Sy = disruptive eveants, little consequence S = remainder

S = low probability events
Figure 2-4. Conceptual Description of the SNL Scenario Selection Process.

According to the methodology, subsets of the time histories that have to be analyzed by
performance assessment are the ones that fall within subsets Sg, S, or Sp. In practice, the
methodology is not followed rigorously, because it is not possible to enumerate and evaluate all
possible time histories of all possible combinations of natural processes, subjected to all possible
sequences of disruptive events that can significantly compromise repository performance. Guzowski
(1990) amended the methodology to make use of earlier scenario analyses efforts to develop a set of
scenarios for WIPP that is more practical (o evaluate.

The amended scenario seiection process screened some 49 natwral and human-induced events
and processes. Seven of the processes—erosion, sedimentation, climate change, seismic activity,
Rustler-Salado contact dissolution, shaft and borehole seal degradation, excavation-induced fractures,
and gas generation (WIPP PA 1992, Volume 2, Table 4.2)—are expected to occur over the 10,000
years. Therefore, these processes are considered non-disruptive and have been retained for the
undisturbed case, Subset Sg, also called the base case.
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For analysis purposes, the base case subset (Sg) and the subset containing disruptive events of
no consequences (Sy) are considered to consist entirely of no-release scenarios over the 10,000-year
simulation period. Subset Sp. containing events considered to be not credible by the WIPP
performance assessment staff (e.g.. tectonic activities) are excluded from consideration due 10 low
probabilities. Since subset Sg is excluded based on regulatory considerations, only subset Sg remains
to be considered for analysis. That is, only time histories resulting from parameter sets within Sp are
assumed to result in any kind of release.

Within Sp. a set of mutually-exclusive scenarios was defined (starting with the base case)
based on a logic-diagram type of analysis that developed sequences of disruptive events that could
potentially lead to the escape of radionuclides from the repository and migration to the accessible
environment. The mutually-exclusive scenarios resulting from this process are defined by their
different model and code configuration require_mems for the performance assessment analysis.

According to the scenario selection process described in Guzowski and Helton (1991), three
possibie types of events that may distupt the repository stem from human intrusive activity; they are:

* potash mining in the WIPP vicinity and associated surface subsidence,

¢ one or more borcholes passing through a waste panel and penetrating a brine pocket, and

* one or more boreholes passing through a waste panel without penetrating a brine pocket.

.The 1992 PA, Volume 1, lists seven scenarios representing all possible combinations of these
three events and a base case, which corresponds 1o undisturbed performance, that are to be carried
forward for the performance assessment.

2.2.2 Performance Measure

Most of the performance assessment effort to date has gone into assessing whether the WIPP
repository performance will comply with the containment requirements of §191.13(a). Therefore, the
measure that the performance assessments concentrate on is the normalized release of radionuclides
to the accessible environment. The analyses used to assess this performance measure provide the
necessary intermediate calculations to address the individual and groundwater protection
performance measures of §191.15 and §191.16, respectively.

Part of the rationale given for not conducting analyses to address §191.15 and §191.16 is
that, according to the results of the performance assessment modeling for the undisturbed or base
case, there are no reieases to the biosphere. However, since the modeling done to date assumes
perfect seal performance, the conclusion that there are no releases to the biosphere in the undisturbed
case is suspect. Performance assessments done to date do not specifically address individual and
groundwater protection requirements.

2,2.3 Modeling Approach

The WIPP Performance Assessment Department developed an assessment logic and structure,
shown in Figure 2.5 (Figure 2-5 of Marietta et al., 1989) that describes the assumed physical and
environmental processes and disruptive events that must be considered in order to address the
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compliance requirements of §191.13(a). The figure shows that, at the present time, the performance
assessments are focused on the containment requirements (§191.13), angd that the individual
protection requirements (§191.15), which require biosphere transport and human dose modeling. are
being deferred to a later time. The figure also shows the iterative nature of the PA process; however,
discussions with principal investigators suggest that the feedback is not as extensive as implied by the
figure. This is discussed in more detail in Section 8.

The execution of even a single PA analysis for a single scenario requires the assimilation of
qualitative and quantitative information and the sequential calculation of many different interim
quantities. The WIPP Performance Assessment Department has developed a computer system to
manage the flow of information throughout the PA and to provide a structure to maintain quality
assurance records. An overview schematic diagram that shows the sequence of calculations and the
flow of information through a PA analysis is provided in Figure 2-6 (Figure 2-8 in Marietta et al.,
1989). This figure shows the complexity of the information needs and calculations required to
demonstrate compliance with §191.13.

The modules that are used by the PA systems include finite element, finite difference and
analytical model codes. The models used in the 1992 PA analyses and their functions are listed in
Table 2-1. The constitutive relationships and input parameter requirements of these models for
simulating the described processes is discussed in the other sections. Figure 2-7 (Figure 1-1, Volume
2, of the 1992 PA analyses) shows the fiow of information among the models described in the 1992
PA analyses. Not all of the system is automated since GRASP-INV, SANCHO, and CUTTINGS are
run outside the CAMCON system, and manual data transfers are used for the analyses.

Table 2-1. Computer Codes Used in the 1992 WIPP Performance Assessment
(after Table 3-1 in Volume 2 of 1992 PA)

FUNCTION

BRAGFLO Multphase flow of gas and brine through porous heterogeneous
reservoir

CCDFPERM Probabilities for human intrusion drilling

CUTTINGS Quantity of radioactive material brought to suriace in cuttings and
cavings generated by drilling

GRASP-INV Simulation of transmissivity fields calibrated from measurements and
pressure fields

PANEL Rate of, and cumulative discharge of radionuclides from repository
panel through an intrusion borehole

SANCHO Porosity of waste as function of time and moles of gas generated

SECO2D Single-phase Darcy fiow for ground water in two dimensions

SECOTP Fluid flow and transport of radionuclides in fractured porcus madia
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2.2.4 Sensitivity and Uncertainty Analyses

The probabilistic nature of the containment performance standard detailed in §191.13
requires that a quantitative estimate be made of the uncertainty in the value of the performance
measure in order to assess the probability of exceeding the standard. Because of the complexity of
the models, the sequential nature of the calculation and the number of input parameters involved,
error propagation methods of estimating uncertainty are not appropriate. The uncertainty analysis
approach used by the WIPP Performance Assessment Department is Monte Carlo simulation (Marietta
et al., 1989).

In a Monte Carlo simulation, the values of the input parameters are assumed 10 be uncertain.
These parameters are therefore represented using probability distributions which are sampled to
produce an empirical probability distribution (and a CCDF) of the vaiues of the output performance
measure. The Monte Carlo approach to uncertainty analysis, although it directly leads to the desired
CCDF, can be computationally intensive if the number of input parameters is large and the models
are complex. This is certainly the case for the SNL performance assessments, despite the fact that the
PA models are somewhat simplified. McKay et al., (1979) and Iman and Conover (1982) developed
a statistical sampling scheme for Monte Carlo simulations, called Latin Hypercube Sampling, that
reduces the number of model runs but still achieves high precision in the estimate of the CCDF. The
WIPP Performance Assessment Department is using this methodology.

The timing of an intrusive event has a large impact on the potential for radioactive material
being released into the environment, and the importance of timing has a large impact on the
computational resources of the WIPP Performance Assessment Department. The probability of a
drilling event is estimated by the Poisson model (WIPP Performance Assessment Department, 1992,
Volume 2). However, because of the computational demands of coupling random drilling with the
parameter uncertainty discussed in the previous section, simplifying assumptions, in terms of fixed
times for drilling at 1,000, 3,000, 5,000, 7,000, and 9,000 years, were made for the 1991 PA
calculations. The 1992 caiculations assumed drilling intrusions take place at 125, 175, 250, 1,000,
3,000, and 7,250 years.

The side benefit of a Monte Carlo uncertainty analysis is that it provides a set of input
parameters and their associated performance measure values that allows further analyses, such as
statistical sensitivity analyses (Helton et al., 1991) to determine which parameters are the most
important in determining the value of the performance measure. Sensitivity analyses help focus
scientific and site investigations by providing information that will ultimately be used for the
performance assessments.

The primary focus of the SNL sensitivity and uncertainty -analyses to date has been on the
parameters within the models. However, this approach cannot adequately deal with uncertainties in
the choice of the conceptual modeis of the physical processes that affect repository performance.
The issues related to the choice of the constitutive relationships that are embodied in a performance
assessment code are often more important in determining the adequacy of the performance
assessment than the effects of parameter uncertainty. That information can be obtained by
comparing results of the principal investigators' constinntive models with those of the performance
assessment models. This is particularly important, since the performance assessment models tend to
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be chosen for computational efficiency for the Monte Carlo computing environment. More formal
sensitivity studies that compare the results of the constitutive and performance assessment models will
help 10 establish the appropriateness and adequacy of the PA models.

2.2.5 Probabilistic Approach and the CCDF

The probabilistic requirements of the §191.13 standard are partially met by the Monte Carlo
uncertainty analysis methods described in the previous section; a CCDF can be computed easily from
the results of a Monte Carlo analysis. The Monte Carlo methods work well when dealing with the
parameter uncertainty within a specific scenario. However, the need to evaluate the results of multiple

scenarios, such as disruptive events, and combine them into a single CCDF requires estimates of the
probabilities of occurrence of the scenarios. Figure 2-8 illustrates how the consequences (cS;) of the

individual scenarios S; are combined into the overall CCDF using the weighting factors pS;, which are
the probability of occurrence of the scenarios. :

»".‘!"‘V‘
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% .
g
0001 1~ Pt
] [
<
3 },.._
Mgyl 1 [I ] | 1
° 8001 l n.T 0.1 10 10 wo . 1000
cBy. CBu 8 hch - cher e o8
x: EPA Normaitzed Relsase

Figure 2-8. Construction of a CCDF for Comparison with the EPA Release Limits.
(Note that the location of cSB at the lower left of the plot is correct for the
WIPP-where no releases are predicted from the undisturbed base case-but is
not a generic requirement for all sites.
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As discussed previously, Monte Carlo techniques are used to characterize the uncertanty in
the results by repeatedly sampling the uncertain parameters. Such an analysis produces a family of
CCDFs. The variability within the family of CCDFs obtained from the sampling can be represented
by the mean. median, and 10% and 90% quantile CCDFs in Figure 2-9.
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Figere 2-9. Example Summary Curves Derived from an Estimated Distribution of CCDFs.
Curves were obtained by calculating the mean and indicated percentiles for
each consequence value (PA, 1992, 2, Figure 3.3).

The SNL PA department (1992 PA, Volume 2) recognizes that the CCDFs cannot describe
conceptual model uncertainty because, by their construction, they are conditional on the assumptions
of the analysis. To ‘evaluate conceptuai model uncertainty, the complete Monte Carlo analysis is
repeated for alternative conceptual models by changing only those portions of the analysis specific to
the alternative models. The shift in the location of the CCDF relative to the others gives an indication
of the uncertainty introduced by alternative conceptual models; it is also an indication of the
sensitivity of the conceptual model itself in terms of affecting disposal system performance.
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Although these conceptual model sensitivity and uncertainty analyses provide valuable
information, they cannot address differences in the conceprual model that cannot be described by the
existing PA models. These analyses may not necessarily adequately address the different conceptual
models represenied by the more detailed constitutive models of the principal investigators as
discussed in the previous section.

2.3 40 CFR PART 268.6

The long-term performance requirements of 40 CFR 268.6 are not as detailed or prescriptive
from a methodological standpoint as those of 40 CFR 191. The regulation requires demonstration
“to a reasonable degree of certainty, that there will be no migration of hazardous constituents from
the disposal unit . . . for as long as the wastes remain hazardous” (40 CFR 268.6(a), U.S. EPA,
1986).

The EPA's draft guidance manual for 40 CFR 268.6 describes general requirements for what
must be addressed in a no-migration determination petition. Examples of the requirements are that
the relevant physical processes must be addressed, some type of quantitative modeling is desirable,
and formal quality assurance/quality control measures must be applied to the computer codes.
Specific technical details are 10 be worked out in negotiations with the EPA.

S 2.4 WESTINGHOUSE APPROACH TO 40 CFR PART 268.6

The basis of the PART's review of the Westinghouse approach to compliance with 40 CFR
Part 268.6 was a presentation by Westinghouse Waste Isolation Division staff and their contractors.
To facilitate comparison of the SNL and WID approaches to performance assessment, the outline of
the discussion foliows the same format as used in Subsection 2.2.

In contrast to the SNI. approach to PA modeling, which uses code for which published
documentation is not publicly available, the WID PA approach uses numerical models that are
reiatively simple to use and preferably "off the sheilf," so that they can be easily transferred to EPA
for execution and evaluation.

2.4.1 General Description of Scenarios

The 40 CFR Part 268.6 regulations do not specifically require that human intrusion be
addressed to demonstrate long-term performance. As implied by the presentation by WID and its
contractor staff, the scenarios that are being addressed pertain to expected repository conditions and
are based on the description of the mode! selection phase. It has been stated in the two No-Migration
Determination Annual Reports (DOE/WIPP 91-059 and DOE/WIPP 92-057) and in the presentation
that the WID PA conceptual model is consistent with the SNL PA conceptual model for 40 CFR Pan
191 Subpart B. In fact, the results for PA that are reported in these two documents are those reported
in the annual performance assessments for 40 CFR 191, although they are results for radionuclides,
and 40 CFR 268.6 pertains to hazardous constituents.
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2.4.2 Performance Measure

The performance measure is not defined specifically in the regulations as it is for the
containment requirements in §191.13 and the individual and groundwater protection in §191.15. and
§191.16, respectively. Under 40 CFR 268.6 there is only what might be construed as an overall
system performance requirement — i.e., no migration beyond the disposal unit boundary for as long
as the wastes remain hazardous {Subsection 1.3.1).

2.4.3 Modeling - pproach

The WID modeling approach is divided into near- and far-field categories. The near-field
model requires a site-specific description of the repository engineered barrier system in order to
assess the ability of the system to prevent the transport of hazardous components (i.e., volatile organic
compounds, non-volatile organics and heavy metals) in the waste to the unit boundary. The Design
Analysis Model (DAM), which was used to analyze the options for waste treatment for the Engineered
Alternatives Study (DOE/WIPP 91-007), is proposed for this analysis. The PA models used by SNL
for comparison with 40 CFR 191 Subpart B requirements do not describe the performance of the
engineered barrier of candidate room, panel and shaft seals.

The WID approach to PA accepts the physical processes that the SNL Performance
Assessment Department has determined to be important for far-field performance. The WID model
selection process focuses on deterministic models that are considered readily available. Using criteria
that had to do with availability of documentation and published verification exercises, WID seiected
the TOUGH2 code. The desired capabilities for the WID far-field model are given in Table 2-2.

Table 2-2. Desired Capability for WID Far-Field
Performance Assessment Modeling

Two-phase flow Thermal effects
Muiti-phase, multi-component Transport processes
 transport
Advection
Transient effects Dispersion
High dimensionality _ Diffusion
Material properties Chemical interactions
Anisotropy Sorption
Heterogeneity Decay
Dissolution/precipitation
lon Exchange
Leaching

2.4.4 Sensitivity and Uncertainty Analyses

WID has chosen to utilize the same methodology for sensitivity and uncertainty analyses that
are used by the Sandia Performance Assessment Departument for 40 CFR Part 191 Subpart B. This
includes a Monte Carlo approach to a deterministic model, using Latin Hypercube Sampling of the
model input, and rank correlation techniques to induce known dependencies among the input
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variables. The current plans are to do uncertainty and sensitivity analyses separately for the DAM
and TOUGH2 models. No analyses have been completed to date.

2.4.5 Probabilistic Approach and the CCDF

The language of 40 CFR Part 268.6 does not specify a probabilistic approach to
demonstrating compliance. From a regulatory standpoint, it is not required in the performance
assessment methodology to include the calculation of the CCDF driven by §191.13(a).
Demonstrating compliance with a deterministic standard and addressing uncertainty by means of
' quantitative and qualitative analyses may be easier than using a probabilistic standard. From a
methodological standpoint, estimating small exceedance probabilities, such as those used in the
§191.13(a) standard, requires estimating the size of the tails of a CDF. Estimates of the tails are
subject to more uncertainty than estimates of the mean or median of a CDF.
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3.0 WIPP CONCEPTUAL MODELS AND IDENTIFICATION OF ISSUES

In the preceding section, the Sandia National Laboratory (SNL), Westinghouse, and PART
approaches to performance assessment methodology were discussed. Constructing the total system PAs
of the WIPP repository involves developing appropriate conceptual model(s) of the WIPP site and
disposal system, both for now and for future time periods (10,000 years). This is extremely important to
system PA and the planning of data acquisition as well as to laboratory and field scale experimental
programs (as described in Subsection 3.1). Section 3 describes two types of conceptual models: Pre-
WIPP Facility Conceptual Models and Post-Decommissioning Conceptual Modets. The Pre-WIPP
Conceptual Models are discussed in Subsection 3.2 in terms of the pathways that existed before
construction of the WIPP facility from the proposed location of the waste panels to the compliance
boundaries, and in terms of significant driving forces and processes that govern the movement of fluids or
the transport of dissolved chemical species contained in these fluids. Subsection 3.3 addresses Posi-
Decommissioning Conceptual Models at an outline level, and describes the pathways, driving forces, and
processes that could be expected to result through time from interactions between the components of the
natural system, the waste, and any of the eagineered emplacements Or components of the disposal system.

31 BASIC WIPP DISPOSAL SYSTEM CONCEPTS AND HIGH LEVEL ISSUES

The basic WIPP disposal concept is rooted in the promising features of salt deposits identified by
NAS in the early 1950s (see Subsection 2.2). The WIPP site is part of a vast Permian age salt deposit
located in a relatively stable geological area with little earthquake activity (Figures 3-1 and 3-2). Waste
emplaced in the mined rooms of the disposal panels (Figure 3-3) will eventually be encapsulated and
become part of the stable rock of the Salado Formation, as a resuit of the natural "plastic-like” quality of
salt that enables it to flow or creep under the effects of heat and stress found at the 655 m (2,150 ft)
proposed repository depth. Isolation of the radiocactive waste from the accessible environment and
retention of the hazardous waste within the boundaries of the disposal unit for the required regulatory
periods is expected because of the waste encapsulation, the virally impervious nature of the undisturbed
Salado Formation salt deposits at repository depths (permeabilities near 10-22 m?), and the absence of
flowing groundwaters within the formation for the transport of any leached wastes. The various issues
that must be addressed are a result of trying 10 provide a credible basis for the different assumptions in
this basic design concept; (e.g., could gas generation prevent encapsulation and sealing of the wastes in
the rooms and seals? or are there natural processes such as dissolution or breccia pipes that could breach
the Salado?). The great difficulties are mainly associated with the various uncertainties that arise because
of the long time frames for which repository performance must be demonstrated.

3.1.1 High Level Regulatory Related Issues

The highest level regulatory issue is related to the differences in approach between the regulations
applicable to the hazardous wastes and the regulations applicable to the radioactive wastes as summarized
below.

» Disposal of radioactive wastes under 40 CFR 191, recognizing the uncertainties in predicting

behavior over the long time periods that radioactive wastes remain hazardous, is based on the
concept of a waste isolation systemn within a 5 km (3 mi) controlied zone (Figure 3-4). This
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zone defines the boundary of the isolation system. which consists of multiple narural and
engineered barriers (including the waste itself) to control. minimize. or eliminate waste
release and account for these uncertainties through the redundancy of multiple independent
barriers (Subsections 1.3.2 and 1.3.3).

~« Disposal of hazardous wastes under 40 CFR 268 requires having detailed knowledge of the
waste form so that appropriate treatment can be prescribed for assurance of disposal safety
{Subsection 1.3.2). Co-disposal of untreated hazardous wastes that are radioactive or
contaminated with radioactivity, as proposed by the DOE, is through the exemption provision
(40 CFR 268.6) that requires a demonstration of no migration beyond the disposal unit or
injection zone (Subsection 1.3.2).
Some of the difficulties created by these differences have already been resolved, but others remain.

For 40 CFR 191, the disposal system design must be shown to meet three numerical
requirements: isolation, individual protection, and groundwater protection. The repository design is also
constrained through the assurance requirement to use multiple natural and engineered barriers (which can
include the waste itself) within a controlled volume excluded from the accessible eavironment, to
incorporate recoverability, 10 provide for monitoring, to use active and passive institutional controls, and
to evaluate adverse factors refated to site selection.

Under 40 CFR 268, any design requirements are actually for the waste form itself, which must
meet very specific treatment requirements based on careful characterization of the waste. ‘There is also no
specified concept of a disposal system with design requirements and constraints embodied in 40 CFR 268
as there is in 40 CFR 191. DOE expects to petition for an exemption to allow the land disposal of
untreated, prohibited, hazardous wastes through preparation of a demonstration of no migration, as
provided for under 40 CFR 268.6. Under 40 CFR 268.6, there is only what might be construed as an
overal} system performance requirement - i.e., no migration beyond the disposal unit boundary for as long
as the wastes remain hazardous (Subsection 2.3.2). Issues have been raised regarding what is meant by
the following phrases from 40 CFR 268.6 with respect to the WIPP. These have been resolved as follows.

» "No-migration.” Resolution - above health-based limits (55 FR 220, pg. 47704). The issue is

whether the possible movement of even one molecule outside the disposal unit boundary, or
the taking of one reading above a detection limit, constitutes a violation of no-migration. The
resolution of the issue is to adopt a position that no-migration requires that the measured or
predicted concentration at or beyond the disposal unit boundary be below health-based
concentration limits.

« "Disposal unit boundary.” Resolution - top and bottnm of the Salado Formation and lateraily
where the vertical extension of the land withdrawal boundary intersects with the Salado
Formation (Figure 2.11, 55 FR 220 pg. 47704).

» "As long as the waste remains hazardous." Resolution - 10,000 years "No migration
variances to the hazardous waste land disposal prohibitions: A Guidance Manual for
Petitioners." draft July 1992, U.S. EPA, Office of Solid Waste, Washington, D.C.

A potential issue that arises related to "n0 migration,” now being defined as dependent on heaith-
based release limits, is that the treatment and/or removal of hazardous wastes from any part of the
proposed waste streams could reduce the quantity of hazardous waste potentially available for release, and
thus reduce migration.
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3.1.2 WIPP Design Objectives/Constraints

The two disposal system concepts of 40 CFR 191 and 40 CFR 268, with their different design
objectives/constraints, can be viewed as a single waste disposal system concept, in which the disposal
system, the basic design requirements, and constraints for the full disposal system are as defined for 40
CFR 191. However, the requirements of 40 CFR 268.6 impose an additional performance objective for
the disposal unit component of the 40 CFR 191 disposal system (i.e., for the Salado Formation and all
components of the disposal system within it). This additional requirement is that there be no migration of
hazardous wastes above health-based limits beyond the disposal unit boundary (Figure 3-3) for the next
10,000 years.

3.1.3 WIPP Compliance and Other Boundaries

The regulations define the maximum extent limits for a controlled area (Subsections 2.3.1.4 and
Figure 3-4) that can be identified by passive institutional controls in order to define the lateral limits of
the controlled volume of the subsurface that is excluded from the accessible environment. This boundary
between the controlled zone of the subsurface (i.e. the geologic disposal system) and the accessible.
environment forms the compliance boundary. The LWA established the subsurface below the 4-mile-by-
4 mile 1and withdrawal boundary (i.e., subsurface below Sections 16-22 and Sections 27-34 R31E, T22S)
as the controlled volume whose outer boundary forms the compliance boundary for 40 CFR 191, as
discussed in Subsection 1.3.3. The dashed line around the land withdrawal boundary in Figure 3-4
illustrates the regulatory area of concern for special sources of groundwater.

32 CONCEPTUAL MODEL, THE ASSUMPTIONS AND ISSUES

The information discussed in this subsection is needed to develop the various issues that the
PART review team has identified and considered in evaluating the adequacy of WIPP PA, measurement,
and experimental activities, as well as the decision making process that relates to these activities.

Constructing the total system PAs of the WIPP repository involves developing appropriate
conceptual model(s) of the WIPP site and disposal system (Subsection 3.2.2) both for now and for future
time periods (at least 10, 000 years). The conceptual model(s) must describe

« the current state of the WIPP site;

e the various projected likely, as well as unlikely, future states of the WIPP site and disposal
system components, so that estimates of the disposal system performance (i.e., projected
release and movement of both hazardous and radioactive waste beyond 40 CFR 191
compliance and 40 CFR 268 disposal unit boundaries) can be made for various plausible
future scenarios or states that couid result from the disposal system emplacement as a result
of interactions between the wastes and other components of the disposal system;

¢ plausible and likely natural processes and events; and
¢ human intrusion events of severity no greater than mandated by the regulations (Subsections
2.3and 3.1).
Conceptual modeling is extremely important to system PA and the planning of data acquisition,
as well as to laboratory and field scale experimental programs. The need for subjective judgments in the

3-7 February 1994



PART's iIndependent Review of WIPP PA Activitias for EM-342 3.0 WIPP Concaptual Models and idertication of lasugs

development of conceptual models arises as a result of the uncertainty associated with geologic systems,
due to their complexity and variability, and the limjted number of observations in both space and time.
Plausible alternative conceptual models, based on available information and understanding and of
appropriate complexity to address the objectives of the effort, must be established. Only then can
appropriate system response and parameter measurements be identified, with the correct spatial and
temporal frequencies to reveal the true nature of the system being observed.

A conceptual model, no matter how technically complex, will always be a simplified picture of
the real system. Current understanding, data-gathering capabilities, and computer technology simply do
not allow a geologic disposal system to be described in every detail. Conceptual model .: -velopment,
therefore, invoives forming a sufficiently representative simplified picture of those aspects of the system
which are important in demonstrating compliance (Subsection 3.1). Development of plausible conceptual
models requires identification of (1) the relevant and interacting proceéses that control the important
attributes of disposal system behavior; (2) appropriate ways to parameterize the system, and (3) the
appropriate way to exirapolate knowledge of these processes, measurements, and observation into the
spatial and sometimes temporal distributions of parameters and response that are required to model the
current and future likely states of the system. Various technical issues considered and addressed, the
decisions, the supporting reasoning, and the parameters and observations used to form this sufficiently
representative simplified picture (i.e., the conceptual model) must be clearly identified and documented
(Subsection 3.1.2). Technical issues are simply questions about what constitutes the best way to describe
the system 1o be modeled in terms of relevant pathways, processes, parameterization, and numerical
models. The issues stem from limitations in current physical and chemical understanding, data gathering
capabilities, and computer modeling capabilities. In many cases, these technical issues cannos-be
absolutely resolved. { &

o

32.1 High Level Description of the WIPP Disposal System Conceptual Models N

This subsection contains a high level discussion limited to identifying the major issues and
assumptions that must be resolved and justified to provide the required support for the various conceptual
models that form the basis of both the mathematical and the numerical models used for compliance
analyses (Subsection 3.1). Clear identification and documentation of these important conceptual model
issues and assumptions and the way they were resolved and justified (including the laboratory and field
measurements and other experimental evidence, expert panel findings, or numerical studies) are key to
attaining a reasonable expectation (or degree of certainty) with regard to the results from these
compliance models (substeps 2.1.3,2.1.4, 2.2.5.1 and 2.2.5.3 of Subsection 1.4.3.1).

Compliance analysis models, for the various compliance time frames of interest (Subsections
1.3.1 and 1.3.3), must be adie to predict short- and long-term behavior as a result of the changing states of
the various components of the WIPP disposal system (e.g., the rooms, drifts, various panel, shaft, and drift
seals discussed in Subsection 3.2.2), as well as the integrated behavior of the overall WIPP disposal
system in response to both natural processes and events and human intrusion events of limited severity, as
specified in the regulations (Subsections 3.1, 1.3.2, and 1.3.3). Expressing this in terms of Kaplan and
Garrick's (1981) risk triplet, which is the basis of the WIPP PA methodology and which is discussed in
the 1992 WIPP PA (SAND92-0700/1), these compliance models must predict, "the consequences of these
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things (scenarios) happening” as a result of "What can happen? (scenarios),” and these various possible
consequences can be weighted by "how likely are things to happen? (probabilities of scenarios).”

While, as discussed by Guzowski (SANDE9-7149, 1990), the termt "scenario” is not defined and
does not appear in the actual regulations (and only once in Appendix B of 40 CFR 191). scenarios are
commonly taken to be those combinations of continucus processes {e.g., long-term slowly acting agents
such as dissolutioning and climate change) and events (e.g., short time frame changes such as
emplacement of the WIPP repository, human intrusion through exploratory drilling, or faulting in
response to an earthquake) that result in a significant change in the state of the disposal system or its
components. Therefore, the consideration of the following kinds of changes in important conceptual
model factors is required:

e emergence of new or previously ignorable pathways or interconnections of previously
isolated components, or cessation of existing pathways or interconnections;

. emergence of new or previously ignorable driving forces, significant changes in their values,
or their cessation;

* emergence of new or previously ignorable mechanisms, or their cessation;

» significant changes in parameter values, the applicable parameters, and/or the spatial and/or
temporal scales of the parameters;

» changes to other important concepiual model factors.

As a result, conceptual modeling cannot be carried out in isolation from the scenario analysis
(which identifies these states and their likelihood) and vice versa. This is because the conceptual models
must reflect these various scenarios (i.e., system states) and the scenario analysis must reflect any
subsequent change in system state that might result from the long-term effects of the pathways, processes,
and interactions identified through the conceptual modeling (e.g., development of a new pathway related
1o dissolutioning, fracturing due to gas pressure build-up).

In some sense, the separate steps of scenario analysis and conceptual modeling are more related
to a limitarion in current system modeling capability. Most of the component models used in the disposat
system model assume fixed states for fixed spatial and time scales and for a fixed set of processes.
Therefore, they cannot easily deal with temporal changes in model geometry, model scale, parameters,
model processes considered, and other factors required for stochastically modeling the likely pathways
through future disposal system state space as a result of the associated uncertainties in disposal system
characterization and understanding. To overcome these difficulties, there is a need to identify these likely
discrete disposal system state sequences, so that time can be divided into the appropriate periods and the
appropriate fixed state models can be selected, interconnected and applied to determine consequence. To
deveiop the overall disposal system conceptual and PA model, as well as the various disposal system
component conceptual and PA models, approaches (SAND92-0700/2, 1992; SAND91-0893/1, 1991;
SANDB89-7149, 1990; and Cranwell et al., SAND80-1429, 1990} are required for selecting and screening
these sequences of future disposal system states and for determining the probability of occurrence of each
sequence. During the PART discussions with EEG, an issue arose regarding scenarios which really
applies 10 many aspects of the PA process. Are the scenario selection and the scenario implementation
processes ever revisited? Of concern to the EEG group was the implementation of the cuttings scenario.
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Perhaps a formal documented method for dealing with issue identification and resolution would prowde

the means to deal with these types of concerns. : I/»
322 Components of the WIPP Disposal System (\ x‘ .

The WIPP disposal system is composed of both natural and engineered components.

1) The natural barriers within the compliance boundary (or non-accessible environment, as
described in Subsection 2.1.3.3) include the following primary and secondary natural barriers.

a) The Salado Formation forms the primary natural barrier. It consists of that portion of the
Salado Formation within the limits of the land withdrawal boundary (Figure 2.13). This
primary barrier is also classified as the disposal unit under 40 CFR 268.6.

b) The geological formations above the Salado Formation and below the land surface within
the limits of the land withdrawal boundary (i.e., Rustler, Dewey Lake Redbeds, and oth-
ers shown in Figure 3-2) form one group of secondary natural barriers, should pathways
and the necessary driving forces develop that connect the waste storage panels in the
Salado to these units and the accessible environment beyond the compliance boundary.

¢) The various geological formations below the Salado Formation within the limits of the
land withdrawal boundary (i.e., Castile, Bell Canyon, Cherry Canyon, and others as
shown in Figure 3-2) form an additional group of secondary natural barriers between the
waste storage panels in the Salado and the accessible environment beyond the compliance
boundary, should pathways and the necessary driving forces develop.

2) The current reference design for the repository and the various engineered components was
developed by Bechtel in 1986 (SAND92-0700-3). The attributes of this reference design and
the associated engineered barriers are described below.

a) The waste itself (Figures 1-2 and 1-3) and the waste containers can be considered
engineered components if their properties are such that non-negligible credit can be taken
for their ability to control, minimize, or eliminate release of hazardous or radioactive
components that they contain.

b) The ten equivalent waste storage panels of the reference repository design, shown in plan
view in Figure 3-5, provide for the disposal of the projected 6.2 million cubic feet of
TRU waste (97% CH-TRU, 3% RH-TRU) (Subsection 1.2.1). Waste is to be stacked in
drums (three high) or standard waste boxes (SWBs) (Figure 3-5) in the 10.0-m-wide-by-
3.96-m-high (33-ft-wide-by-13-ft-high) waste disposal rooms, as illustrated in the biowup
of Figure 3-3 and then each of the rooms and drifts are to be backfilled with tamped sait
(60% theoretical density), leaving a 0.71 m (2.3 ft) air gap. The design capacity of each
waste room is 6,804 drums or their equivalent in SWBs. It should be noted, however,
that there is some uncertainty regarding the actual capacity, since final plans for the
stacking of SWBs are uncertain (SAND92-0700-3).

¢) The 847 horizontal RH canister holes in each waste panel are to be 4.6 m (15 ft) deep and
emplaced 2.4 m (8 ft) apart along the walls of the disposal rooms of the disposal panels,
as illustrated in the biowup portion of Figure 3-5. This provides storage for the other 3%
of the waste that is expected to be of higher activity and classified as RH-TRU waste
(Subsection 1.2.1). It should be noted that there is some uncertainty regarding the actual
capamty provided by the current design, since the proposed spacing provides for only
6000 m3 of RH-TRU waste per panel, while intended reference design capacity is 7,080
m3 (SAND92-0700-3).
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Figure 3-5. Plan View of WIPP Compieted and Propased Excavations.

The disposal system design also provides for the drifts of the operations area, the
experimental area, and the test alcoves of the disposat area (Figure 3-5). The drifts of
these areas will be sealed off from the disposal area and backfilled with crushed tamped
salt during the disposal phase.

Access to and operation of the experimental region and the disposal system are provided

for by the system of four access shafts (Figure 3-6 and 3-3).

The reference design sealing strategy for the Salado Formation (SAND92-700/3) makes

the following assumptions.

« All openings in the waste storage area will be backfilled with tamped crushed salt (to
at Jeast 60% Salado halite density) that is presumed to reconsolidate eventually to
pearly pre-emplacement density (95%) and permeabilities, as a result of creep closure
of the openings; '
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Figures 3-6. . Isometric View of the WIPP Surface and Underground Footprint Looking to the Northeast.
(Solid lines represent actual underground openings and bollow lines represent proposed
waste panels.)

» Redundant, accelerated (i.e., within approximately 100 years after installation), high
quality sealing is to be provided for by fitting the specific portions of the access
shafts and the waste disposal and operational area drifts indicated in Figure 3-5 and
Figure 3-7 with combinations of short- and long-term engineered seal components
(Figure 3-7). The short-term components of the engineered seals, typically concrete
and clays specifically developed for WIPP, are expected to provide initial sealing
until the long-term components, typically preconsolidated salts emplaced at 80% of
the Salado halite density (e.g., in a manner similar to the experimental seal shown in
Figure 3-8) become fully functional. Sealing of the four access shafts/penetrations of
the Salado Formation is to be with a combination of lower shaft concrete plugs and
preconsolidated crushed salt, as illustrated in Figure 3-7. The waste panel seals and
the operational drift area seals are to be constructed as shown schematically in Figure
3-7 and located as iHlustrated in Figures 3-5 and 3-3. :

g) The reference .design sealing strategy for the water bearing units above the Salado
Formation penetrated by the four access shafts (Figure 3-3) makes use of muiti-
component plugs constructed and located as itlustrated in Figure 3-7 (SAND92-700/3).
The discussion of conceptual models tha: follows is divided into two parts: (1) Pre-WIPP Facility
Conceptual Models; and (2) Post-Decommissioning Conceptual Models.
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3.2.2.1 Pre-WIPP Facility Conceptual Model

The pathways that existed before construction of the WIPP facility from the proposed location of
the waste panels to the compliance boundaries (Subsection 3.1.3 and Figure 3-3), as well as the
significant driving forces and processes that govern the movement of fluids or the transport of dissolved
chemicals species contained in these fluids, are discussed in this subsection. All effects of the waste and
its emplacement in the repository are ignored.

Connective disruptions, such as might be caused by human intrusion into the waste disposal area
of the Salado by exploratory drilling, have the potential for interconnecting the waste disposal area to the
significant water bearing formations above (the Rustier) and beiow (the Bell Canyon) the Salado
Formation, and thus providing a transport path from the disposal rooms of the waste disposal area (Figure
3-3) to the accessible environment compliance boundary (40 CFR 191) illustrated in Figure 3-3 by three
possible routes. These include transport through the Rustler, the Salado, and the Bell Canyon. The
Castile Formation is not considered for transport since it is neither transmissive nor rechargeable, and it
contains only isolated brine pockets. It is important to model the pre-WIPP undisturbed state, since this
provides a way to demonstrate understanding of the geohydrologic system and setting, and it may provide
the only chance to compare model results with data on such a large spatial scale and within such a long
time frame. Discussions with SNL Department 6119 indicated that the Pls are currently undertaking this
kind of regional modeling effort. The results from these initial efforts appear to be providing a better
understanding of the temporal relationships between the five transmissive units of the Rustler
(Figure 3-9) and their sources of and responses to recharge changes resulting from climate variations, as
well as the potential for inter-communication between these units.

The Salado Formation (the most important natural barrier of the WIPP disposal system) is part of
a thick (up to 4,000 m (13,000 ft)) sequence of marine sediments deposited in a structural depression
known as the Delaware Basin that formed approximately 300 to 245 million years ago during the Late
Pennsylvanian and Permian periods (SAND92-0700/2, 1992), and the WIPP site is located close to the
northern boundary of the basin (Figure 3-10). A Guadalupian reef complex, consisting of the Capitan
Limestone and equivalent carbonate units, forms the basin margins (Figure 3-10) and deep water shale,
sandstones, and limestone of the Guadalupian Delaware Mountain Group (Figure 3-2), deposited during
the initial period of rapid basin subsidence, form the basin floor for the Ochoan Series of evaporitic rocks
(i.e., Dewey Lake, Rustler, Salado and Castile Formations) that eventually filled the basin during Permian
time. In response to waning subsidence in the Late Permian time, the thick halite of the Salado extended
across this Guadalupian reef complex, as illustrated in Flgure 3-11 (Mercer, 1983, SAND92.0700/2,
1992)

The Bell Canyon Formation, which is the uppermost member of this Guadalupian Delaware
Mountain Group, is the first transmissive and rechargeable water bearing unit (total dissolved solids of
180,000 to 270,000 mg/1) below the Salado. Its upper units contain the most porous sandstones of the
entire Delaware Mountain Group and are targets for hydrocarbon exploration (Mercer, 1983; SAND92-
070072, 1992). The structure contours for the Lamar Shale, (the uppermost member of the Bell Canyon
Formation { Figure 3-12}), illustrate the gentle dip to the east (approximately 1 degree) common to all the
Permian units in the basin (Mercer, 1983). Figure 3-13 shows the interpreted potentiometric surface for
the upper part of the Bell Canyon. Mercer (1983) concludes that regional flow begins with waters entering
in the Delaware and Guadalupe Mountains to the west and then, restricted by intervening siltstones,
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Figure 3-10. Geperalized Geology of the Delaware Basin, Showing the Location of the Capitan Reef and
the Erosion Limits of the Basinal Formation (from SAND92-0700/2, 1992, after

Lappin, 1988).\
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slowly moving to the northeast, nearly paralleling the regional structural trend under gradients of 0.005 1o

0.008.

It is postulated (SANDS2-0700/2, 1992) that responses to regional tectonic adjustments. which
gave rise 1o decreases in the supply of clastic sediments and intermittent connection with the open ocean.
resulted in the thick evaporitic sequence of the Ochoan series that covered the Bell Canyon of the
Guadalupian series. The Ochoan series are described in order of deposition.

The Castile Formation consists of thick anhydrite beds with thin interbeds of salt and is of
importance to WIPP because it is the first layer below the Salado and contains isolated
pockets of pressurized brine and hydrogen sulfide gas in fractured anhydrite beds that have
thus far only been found 10 be associated with structural features. Mercer concludes that
these isolated pockets are discontinuous and form no regional flow system within the basin
(although localized systems have developed within outcrop areas). He further concludes that
the unit acts as a confining layer for water moving in the Bell Canyon below it. The isolated

. pressurized pockets of brine and gas are of concern because they supply a limited source and

driving force for liquids and gas for potential human intrusion scenarios associated with

exploratory drilling. This unit has also been of much concern in the past under the "breccia

pipe” theory of Anderson (1978, 1981) which postulates development of vertical circulating_
flow paths in the fractures of this unit that would allow the waters of the Beil Canyon 1o rise

under a density gradient and fall as saturated brines after dissolving the halites of the Salado

(Mercer, 1983).

The Salado Formation has been divided into three stratigraphic units — an Upper Member,
the McNutt Potash Zone, and a L.ower Member (Figure 3-9) — near WIPP by Jones (1975),
in describing the potash resources of the area. It can be differentiated from the Castile
because it principally consists of halite in thick interbeds that have been interpreted to be part
of repeated multiple bedded sequences (generally on the scale of 0.1 to 1.0 m). These
sequences are assumed to be part of a rhythmic fundamental evaporite sedimentation cycle,
interpreted by Jones (1973) as an evaporite cyclothem. The cycle starts with deposition of
¢lastic at the base and grades upward through sulfate, halite, and a mixed halite-clastic and
then repeats. These beds are generally laterally persistent over large areas, as evidenced by
the 45 numbered, anhydrite marker beds 100 through 144 (SAND89-0462, 1989), that are
used for stratigraphic control within the vicinity of WIPP by the potash industry. (The 45
numbered interbeds are inconsistent with the 44 in SAND92-0700/2, 1992.)

While small pockets of brine have been encountered in mining and drilling operations and
pockets of nonflammable gases and air have been encountered during the drilling of
stratigraphic test holes that have caused blowouts of the drilling fluid, there has been no
evidence of flowing water found during the drilling of test holes or during investigations for
potash mining. Mercer (1983) indicates that no or very slow natural groundwater flow is
suspected 10 occur in the intact, undisturbed portions of the Salado Formation because there is
no evidence of flowing waters and because the slow plastic flow (creep) of the principal
formation component (halite) is thought to prevent the maintenance of primary intergranular
porosity, solution channels, or open fractures. However, this does not imply that the
formation is dry. Brine does seep into the WIPP excavations (brine production rates of 0.01
Vday/m-of-excavation-length have been estimated, as discussed in SAND92-0700/2, 1992).

Inconsistencies, such as far-field pore pressure measurements that are not in equilibrium
(Section 4.2) and which imply flow from the more permeable anhydrites to the less
permeable Salado may have led Guzowski (1990) to conclude that sufficient data are not
currently available to determine the natural pattern of groundwater flow in the Salado, if it
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does exist (SAND92- 0700/2). Gathering sufficient information to resolve some of these
inconsistencies completely is complicated by what might be described as the nemesis of
geologic disposal (i.e., the "best natural systems" for containment and slow release are the
"most difficult to characterize”).

Measurement generally requires emplacing probes to measure responses o a disturbance
propagated over the spatial measurement scale of interest (e.g., by injecting a fluid) and then
observing the response of the system as it returns to equilibnium. However, the long time
required for perturbations to propagate in low permeability formations (generally considered
the best for waste isolation) restricts such measurements 1 a small spatial scale with
questionable relevance to repository performance. Additionally, when measurements are
made at these small scales, the volumes of rock disturbed by emplacement of measurement
probes and perturbation (e.g., injection) holes, and the volumes and properties of the probes
become significant relative to the volume of undisturbed rock, thus increasing the uncertainty
and biasing of the measurement,

An additional issue and source of uncerntainty is related to the validity of the assumption that
Darcy's law governs the flow of fluids in the halites of the Salado, (as is discussed in more
detail in Subsection 4.2). It is apparent that full resolution of the above issues (e.g., removal
of all measurement bias, reduction of measurement uncertainty, determination of exactly the
conditions for transition from Darcy to non-Darcy flow) is neither possible nor necessary to
demonstrate that there is a reasonable expectation of compliance. Since determining what
can and needs to be done to demonstrate compliance can be a difficult and controversial
process, it would seem that a more formal method is required that attempts to assess
realistically what can be achieved in an appropriate titne frame and for an appropriate cost;
(see Section 3.2). .

The Rustler Formation (discussed in more detail in Subsection 4.3) is described by Mercer
(1983) as the youngest of the Ochoan evaporite sequence containing the most transmissive
units above the Salado, as illustrated in the hydrostratigraphic column in Figure 3-14. The
Magenta and Culebra are dolomites, and the others (unnamed, Tamarisk, and Forty-Niner)
consist of differing amounts of anhydrite, siltstone, claystone, and halite (SAND89-0462,
1989). Of these, the Culebra dolomite is the most laterally continuous and productive unit in
the vicinity of WIPP; however its waters, which vary from saline to briny, are of little use
because of the marginal quality and variability in the yields (Mercer, 1983). The conceptual
model for regional flow in these units is dependent on other regional setting factors and is
discussed in subsequent paragraphs.

The Dewey Lake Redbeds (discussed in more detail in Subsection 4.4) are the uppermost unit
of the Ochoan Series and the last of the Permian System rocks. They consist largely of
siltstones and claystones that serve to buffer recharge from above because of their low
permeability (SAND89-0462, 1989).

The Culebra dolomite of the Rustler Formation (a secondary natural barrier at WIPP) is an

important part of the hydrologic system that exists in the supra-Salado sediments (above the Salado) in
the vicinity of WIPP. In addition to the Culebra dolomite, the other more permeable and areally extensive
units of this hydrologic system (Figure 3-14) include the Magenta dolomite, which has nearly the same
areal extent as the Culebra, and the "brine agquifer,” which is of limited extent and is located in the
dissolution residuum of the Rustler-Salado contact zone in Nash Draw (Figure 3-15). The influence of
near-surface dissolution of the evaporites is apparent in the topography of the area (Figures 3-16 and
3-17), which gently rises to the topographic high of the "caprock™ of the Llano Estacado along Mescalero
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Figure 3-15. Approximate Extent of the "Brine Aquifer” Near WIPP (from Mercer, 1983).
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Ridge (Figure 3-15) as one proceeds 1o the east and north from the Pecos River to the south. and the
depressions associated with the three nearest karst dissolution features: the Balmorhea-Loving Trough to
the south of WIPP, Nash Draw to the west , and Clayton Basin to the northwest (Mercer. 1983;
Chaturvedi and Channell, 1985; SANDS2-0700/2). The topography also gently rises as one proceeds to
the west and north from the Pecos River, Nash Draw, and the Clayton Basin (Figures 3-16 and 3-17). The
area is covered with sand dunes (which can enhance infiltration and thus recharge) and is vegetated with
mesquite, scrub oak, and other typical northern Chihuahuan desert plants that exist with the 28-34 cm/yr
of precipitation (which is dominated by a late summer monsoon) and the 17.1°C average annual
temperature that gives rise to a surface water or pan evaporation of 280 cm/yr (Mercer, 1983; SAND92-
0700/2).

Development of a conceptual model for flow in this supra-Salado hydrologic system is
complicated by a variety of interpretational issues.

e There is a potential for the various members of the Salado and supra-Salado Formations
(Bachman, 1980 and 1985; Snyder, 1985; Chaturvedi and Channell, 1985; Lowenstein, 1987;
Holt and Powers, 1988) to

— dissolve (e.g., the halites, dolomites, and gypsum) ‘and form solution cavities and
channels/conduits {e.g., WIPP 33, Figure 3-17) or to give rise to more rapid removal of
unit as retated to their average proximity to recharge sources from the surface through
time (Figures 3-18 and 3-19),

— subsequently slump and fracture harder units (e.g., the anhydrites and dolomites), and

— convert anhydrite to gypsum (with the associated expansion, fracturing, and sealing
capabilities) which itself eventually dissolves as a result of the movement of circulating
groundwaters (Figure 3-20).

In the words of Snyder (1985), there is a potential for a member unit to "feed upon itself” and
alter its own geohydrologic and geochemical properties in response to fresh (or low TDS)
water circulating from recharge sources to discharge locations.

e There is the associated difficulty and debate (Bachman, 1980 and 1985; Snyder, 1985;
Chaturvedi and Channell, 1985; Lowenstein, 1987; Holt and Powers, 1988; SAND92-0700/2)
surrounding conclusive determination of the origin, timing, and locations of syndepositional
versus post-burial dissolution zones, and the current status of any dissolutioning or alteration
that has taken (or is taking) place within the Rustler.

« It is not possible to relate observations of hydrochemical facies (Figure 3-21) to current flow
patterns inferred from adjusted potentiometric contours in these variable fluid density
geohydrologic systems because these systems may be in a transient state that is out of
equilibrium with both current and past climatic/recharge conditions. (Figures 3-22, 3-23, and
3-24 are the adjusted potentiometric contours for the Rustler-Salado contact zone, Culebra
dolomite, and Magenta dolomite respectively.)

e There are difficulties associated with characterizing low permeability and heterogeneous
geohydrologic systems because the support volume associated with any of the measurements
is very small (the nemesis of geologic disposal discussed earlier).

The limited review of the data and abundant literature on the supra-Salado geohydrologic system in the
vicinity of WIPP suggests the possibility of using a Toth type of local topographic-driven conceptual
model for the periods of more humid climate during Gatuna time (Figure 3-25; SAND92-0700, 1992),
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when surface streams (Figure 3-26) were postulated to exist in the vicinity of WIPP (Bachman. 1985),
and a change to larger intermediate or more regional circulation during the dry periods. During periods of
greater precipitation, higher and more uniformly distributed recharge moved through the supra-Rustler
sediments (e.g., the 108 mys hydraulic conductivity of the Dewey Lake Redbeds could aliow up to 30
cm/yt to infiltrate under unit gradient conditions of unsaturated flow) and a higher water table, whose
contours would probably have mimicked some subdued version of the local topography. Recharge would
move vertically downward and then laterally, where it would discharge to both local and more regional
surface water drainages. Hydrologic systems, during these humid times, circulate more and fresher (i.e.,
lower TDS) groundwaters. As 2 result, most of the post-burial {and not syndepositional) dissolutioning
and alteration of the Rustier (Figure 3-18 and 3-20) took place during these times, since observed patterns
of halite removal and hydrochemical facies dissolution (Figures 3-18 and 3-21) are more consistent with
directions of flow inferred from a subdued version of the topography. These periods of more humid
climate may have been followed by dryer climate periods (Figure 3-25) that would result in very low or
potentially spotty recharge through the supra-Rustler sediment, such as proposed by Mercer, (1983) for
the Dewey Lake, or through the runoff to closed depressions (Figure 3-17), and subsequent deep
infiltration as proposed by Chaturvedi and Channell (1985). Under this model, the low flows of the dry
periods would cause the flow directions of the higher permeability units (e.g., the Culebra) to change
more rapidly in response to the change in recharge locations and quantities, as proposed by Siegel and
~ Lambert (1991) and discussed in SAND92-0700/2 (1992).

The reasonableness of local recharge can be demonstrated by simple hand calculations of flow
through the Culebra, since it probably carries the majority of the flow. These calculations of flow and
recharge are based on the following:

gradient =  (0.003 (from 932 m and 914 m contour along cast side of WIPP, Figure 3.23);

mean thickness = 7m(SAND92-0700/2);

width = 20 km (distance from southeastern corner of WIPP site 1o eastern edge of
Figure 3-23);

K ‘ = 104 mvs to 2x10-10 m/s (hydranic conductivity, SAND92-0700/2)

flow estimate = 04 m3/s to 8x10°7 m3/s (compare this to the 0.91 m3/s estimated to

recharge the Pecos River from stream gage data, SAND92-0700/2, 1992).

The calculations transiate to a uniformly distributed recharge equivalent (if presumed to all take place in
the 20-km-by-20-km (12-mi-by-12-mi) area in the upper left corner of Figure 3-24) that ranges from a
minimum of 7x10-6 cm/yr to a maximum of 3 cm/yr {i.e., 0.42x3.15x107x100/(20,000x20,000)}. 1t
should be noted that the high estimate is still only 0.1 of annual rainfall and that even this maximum
recharge estimate would only require a saturated hydraulic conductivity of approximately 10~ nv/s under
unit gradient conditions. To support this conceptual mode! further, hand calculations could be carried out
to estimate the potential volume of halite that could have been dissolved, and deterministic modeling
could be undertaken to test various aspects of this conceptual modet that would lead to the selection of the
appropriate model for compliance calculations.

These discussions of a Toth-type conceptual model for the supra-Rustler hydrologic sysiem were
presented to raise several issues, discussed below, that PART believes are important to the WIPP
development of a PA document and documentation trail adequate for licensing decisions.

* Conceptual Model Documentation and Assumption Justification. The current PA
(SAND92-0700/1-3, 1992) provides no coherent presentation of the plausible conceptual

3-36 February 1994



PART s indepandert Revaw of WIPP PA Adtrvites tor EM-342 3.0 WiPP Concaptual Modeis and idenimcation of issues

n RIIE n3et
RIOE R3E ll!_.“_ 33

arlks GX ot A r e
CLAYTON '.':4-; %

T208 Teos

4 pes
".
i 9 s . o
3w “’b‘°~ Ly
o —— T, ww
T8

T228 T228

T238
T233 2

uh nw

Figure 3-26. Distribution of Gatuna Formation in the Vicinity of WIPP (stippled) and Probable Course of
Streams During Gatuna Time (arrows) (reproduced from Bachman, 1985).
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model(s) for the supra-Salado hydrologic system in the vicinity of WIPP, This is a significant
issue because the interpretation of measurements and observations, as well as the selection of
an appropriate way to model the Culebra, is dependent on an understanding of the supra-
Salado hydrologic system ¢onceptual model. The PA must contain a coherent discussion of
the(se) model(s) in order to address the major interpretational issues discussed above and to
properly discuss and document the Culebra conceprual model and justify the various
associated assumptions. The Culebra conceptual model and major assumptions are discussed
in some detail within the current PA, although evidence is not generally presented to
justify/support them; (see Subsection 4.3 for PART's detailed discussions of the Culebra).

For exampie the PA discusses pressure measurements at four weils that indicate upward flow
from the Magenta and the claystone unit of the Forty-Niner and concludes: "This observation
offers no insight into the possibility of infiltration reaching the Forty-Niner Member, but it
rules out the possibility of infiltration reaching the Magenta dolomite or any deeper units at
these locations.” The context (i.c., the supra-Salado hydrologic system conceptual model
assumptions) for this interpretation is not discussed, and the reader wonders how this low
permeability clay unit came to be under-pressurized when the logic offered for the lowered
pressure in the Culebra (relative to the pressure in the lower conductivity Magenta) was that
faster drainage occurred because of its higher conductivity. The reader wonders what zero
recharge means. Are these formations so tight that recharge through them is zero and yet the
halite disappears? Or, does this conceptual model require the Holt and Powers (1988)
assumption of syndepositionat distribution of halite?

This same evidence (i.e., Magenta 10 claystone pressure comparisons at four wells - DOE-2,
H-3, H-14, and H-16 - which actuaily showed upward gradieats, with one highly uncertain
downward gradient at DOE-2, Beauheim, 1987) would be interpreted quite differently based
on the hypothetical Toth-type conceptial model for the supra-Salado hydrologic system
discussed above. First, only spotty recharge zones would be expected and these would be
jocated in places where enhanced infiltration is more likely (e.g., closed contours like those at
WIPP-33, where surface runoff from high intensity storms could accumulate, and near sand
dunes where recharge is at a maximum even in arid environments),

Second, these lower permeability water bearing units of the Rustler (Figure 3-14) could be
expected to be out of equilibrium with the higher permeability water bearing units (e.g..
Magenta and Culebra), as previously discussed, and yet these higher permeability water
bearing units could still be in vertical communication with each other through these spotty
recharge windows.

Lappin (1989) discusses some modeling efforts (Haug et al. 1987; Davies, 1989) that suggest
that this current PA modeling assumption of no vertical communication needs to be
investigated, and it now seems, as discussed earlier in this section, that SNL PIs are
investigating a regional hydrologic model of WIPP that examines vertical recharge from the
surface through time and includes the various members of the supra-Salado hydrologic

system.

Finally, as with all the issues, there is the problem of determining what is sufficient for
closure from a oombliance-based petspective. ' What level of realism must be achieved in
developing and demonstrating the credibility of the supra-Salado hydrologic system
conceptual model and its basic assumptions?

Hand Calculations and Supportive Modeling. As discussed and simply demonstrated for
the hypothetical Toth conceptual model, hand calculations can be used to demonstrate the
reasonableness of assumptions and should be presented in the PA. The PART performed
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many hand calculations as part of this review. A progression of simpie deterministic or
stochastic models is typically investigated as part of the process of examining and justifying
the various conceprual model assumptions, and additional modeling analysis is performed to
determine the appropriate level of model for compliance analysis. This progression needs to
be clearly documented as part of the PA.

These hand calculations, along with brief documentation of the results of this progression of
simpler modeling efforts used to justify assumptions, will clearly help achieve those
qualitative features of "reasonable degree of certainty” and "reasonable expectation.” It is
also important to justify and document the analyses that lead to the model selected for
compliance, especially when it appears to leave out important processes (see Subsection
5.1.5).

» Documentation of Issues (Especially Resolved Past Issues). During the PART review
efforts, a variety of imporiant past issues were encountered in the literature. From the
chronology of the documents in the literature, it seems as if they were resolved; (e.g., many
documents appear regarding an issue, and then no more articles appear). However, the status
and resolution of most of these issues were never discovered in the course of this limited
PART review. Furthermore, many of these were never alluded to in the current PA
documents, and it is likely that future reviewers will encounter the same difficulties uniess
some methodical way to docurment these issues and their resolution stats is provided. These
issues may have been adequately resolved, but there is less credibility when both the issue
and its resolution, or lack thereof, are not ransparent. An important example is the whole
series of issues and controversies regarding the regional dissolution in the Rustler Formation,
many of which are summarized in LaVenue et al. (1990). Relevant issues that arose in the
course of this review include the following:

— Why are there no estimates of the rate of advance from west to east of the Rustler
dissolution front?

-~ How important is a good understanding of the regional dissolution process(es) to the
interpretation of the current groundwater flow system and the predicted possible state(s)
over the next 10,000 years? Is it necessary t0 resolve the controversy regarding
syndepositional versus post-depositional dissolution of the halites?

In order to achieve those qualities of "reasonable degree of certainty” and "reasonable
expectation,” there is a peed 10 document these issues and their status of resolution through a
series of issue resolution documents to aid both the licensing reviewers and any other
interested parties. The PA should contain a brief summary of the major resolved and
unresolved issues and provide a reference to these issue resolution documents. These
documents need to identify and define the issue; identify and summarize the chronology of
literature, workshops, and important meetings; summarize the method of resolution; and
document the consensus and any dissent. These documents should be prepared under strict
QA, with appropriate documented external review by qualified experts.

e Compliance-Based Issue Resolution. What must be known and resolved in order to reach
compliance is an overriding and difficult issue. Without clearly understanding each issue,
getting agreement on its definition, and determining what needs to be known and how well,
DOE cannot proceed to the next steps. These involve determining
- what can be done to demonstrate compliance and how well;

— what needs to be done; ad, finally,
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- how closure or resolution (successful or otherwise) will be determined or judged (e.g..
what kind of evidence is needed and what kind of consensus is required).

3222 Post-Decommissioning Conceptual Models

This section discusses pathways, driving forces, and processes that may result from interactions
between the natural system, the creation of underground openings, the waste, and the sealing of the WIPP
facility. These topics are discussed in greater detail in Sections 5 and 6. Independent system PA
calculations are being performed using the Golder Associates’ RIP PA model and will be documented
separately as part of this PART effort, as discussed in Subsection 1.4.5. This subsection only discusses

* the primary natural barrier (i.e., the Salado), since the imporant interactions between the wastes and

engineered barriers/components are all expected to be with Salado Formation rocks.

Figure 3-27 illustrates a modified version of an initial pathways flow chart that separates the 40
CFR 191 and 40 CFR 268.6 pathways. The plain boxes represent the possibie component modets, the
labeled arrows indicate the possible paths (coupling) between the components, and the label along the
path indicates both the fluid that would be transporting the waste or interacting with the next component
and the driving force or imporntant governing process. There are several pathways for transport of waste
from the shadowed box in the center to the two compliance boundaries the shadowed boxes at the top.

The only additional pathway to the compliance boundary identified in Figure 3-27, beyond what
is considered in the current PA, includes an additional type of borehole intrusion. This pathway considers
a depressurization of the Bell Canyon as a result of oil and gas production outside the land withdrawal
boundary (see the dense drill grid pattern east of the site, Figure 3.28), that could result in contaminated
fluids moving from a disposal room to the Bell Canyon through an exploratory borehole (inadvertent
human intrusion). The fluids may then migrate to the accessible environment (40 CFR 191 compliance
boundary), with the potential exposure pathway being associated with oil/gas production outside the land
withdrawal boundary. The PART also discussed the possible impacts of potash mining, but other than
enhancements of the current pathways in the Rustler, no clear new pathway could be envisioned. The
likely sequence of events includes slumpage of the surface that would lead to the formation of a
catchment for summer high intensity storms, as well as a fracturing of the slumped harder rocks of the
Rustler (e.g., Magenta and Culebra). The net effect would be localized enhancement of both the
permeability of the Culebra and fresh water recharge. The enhanced recharge would in turn lead to
enhanced dissolution of the soluble Rustler rocks.

SNL has not yet implemented a potash mining scenario, although it is one of the events that
survived the scenario screening. The natural resource issue was one of EEG's concerns, presented in their
discussions with the PART. As {llustrated in Figure 3-29 and discussed in Guzowski (1990), there are
no potash resources over most of the waste panel area, but there are economical reserves 1o the north and
northeast. However, EEG indicated that much of the area around the land withdrawal boundary is either
leased, in litigation, or soon to be leased, and that potential impacts should be evaluated. An additional
concern raised by EEG was related o the drilling frequency used in the PA calculations. By their
calculations, the drilling rate has been 340 borehole/km2/10,000 years (63 oil and gas wells in a 2 mile
strip from 1977 to 1992), while the EPA maximum rate for intermittent drilling is 30. While the guidance
to the regulations is very clear on the 30 borehole/km2/10,000 years, and it is obvious that the EEG rate is
a systematic exploitation rate and not a long-term intermitient exploration rate, as discussed in the
guidance, there may be a need to address this issue. Because of the resource potential in the vicinity of
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the WIPP, the PART believes that the natural resource issue as raised in §191.14 (e), must be openly
examined, in order to determine and clearly state DOE's position regarding the oil/gas and potash
resources around the WIPP and address the EEG concerns regarding potash mining and drilling
frequencies. The regulations do not preclude siting disposal systems in areas with natural resources, but
they do require that the pros and cons be evaluated and clearly stated.

An additional geometric scale concern relaies 1o dissolution and collapse fearures at the regional
scale, see Figure 3-30. These sinks may be naturally occurring or may result from water injected in
petroleum recovery processes, as noted by Baumgardner et al. 1982, p. 33: "Although the Wink Sink may
be the result of natural processes, oil field operations in the area may be related to its formation.” Given
the proximity of petroleum operations to the WIPP site, care should be taken to monitor the salinity of
injected and produced water and to monitor the ratio of water in to water out. This failure scenario may
belong to a class of scenarios that have been addressed in the past and dismissed as not being of concern
to the WIPP. Unfortunately, these previously considered and dismissed scenarios are not covered in the
Annual PA Reports and are not currently available in a summary document. Such a summary document
of the history of WIPP is being developed but will not be completed in time for the current review
(Wendell Weart, May 27, 1993, personal communication). :

Although large scale subsidence at the WIPP site appears unlikely, barring solution phenomena
discussed above and given the relatively low extraction ratio, PA personnel, researchers, and designers
should be aware that substantial subsidence has occurred over mine workings in the Carlsbad mining
district. Miller et al. (1958), report on undergroundd movement and subsidence over United States Potash
Company Mine, which is located 22 miles east of the city of Carisbad. These and other presumably
abandoned mine workings may perturb the assumed hydrogeologic field in the repository region.

Beyond the issues related to inadvertent human intrusion, the major technical issues are
associated with performing experiments and modeling to develop a credible characterization and
understanding of the rocks and fluids of the Salado and the interactions of these rocks and fluids with the
wastes and the engineered barriers and their various components, so that the required compliance analyses
can be developed for the post-decommissioning phase. The first step involves understanding and
characterizing the rocks of the Salado prior to the post-decommissioning phase, as this knowledge is
needed to provide the initial conditions for the PA modeling of the post-decommissioning phase.

The technical issues prior to the post-decommissioning phase are associated with understanding
and characterizing
e the initial development of the disturbed rock zone (DRZ), around each disposal room

(Figure 3-31), the access drifts, and the shafts during construction (e.g., size and extent, and
the effect on undisturbed rock properties);

¢ the subsequent evolution (during the various phases of repository development until post-
decommissioning) of the DRZ surrounding the rooms and access drifts as a result of:

a) the plastic flow of the salt due to high stress gradients,

b) any excessive forces or high strain rates that could result in fractures developing as
hypothetically shown in Figure 3-31, and

¢) the drying of the DRZ and surrounding rock mass as a result of drainage of the
intergranular brines from the salt and nearby interbeds due to the altered properties of the
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(Reference 1991 PA)
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DRZ, coupled with the remendous gradients toward the openings and the enormous drying
potential of the mine ventilation system;

 interactions with and effects on the closest interbeds above the drifts (anhydrite B, which is
penetrated by rock bolts and underlain by clay seams, Figure 3-31) as well as the very
heterogeneous marker bed 139 below the drifts, (Figure 3-32).

As illustrated in Figures 3-30 and 3-31, even the "thick halite” sections at the room emplacement
horizon are rarely pure halite, but rather consist of various mixtures of halite, polyhalite, and argillaceous
materials, as well as clay discontinuities.

The technical issues that must be investigated by compliance-based experimentation,
characterization, and observations during the test phase and confirmed during the subsequent disposal
phase are outlined in the following paragraphs. Some of the uncertainty in the following issues can
possibly be addressed by avoidance through design changes (e.g., engineering aimed at preventing
excessive pressure buildup in the disposal rooms) and by DOE planning (e.g., reducing the uncertainty in
gas-generation rates and volumes through waste form requirements for that large fraction of the TRU
wastes that has not yet been generated).

An understanding must be developed regarding how the DRZ and any associated fractures or
other disturbances heal during creep closure of the drifts and shafts as the rock mass in the surrounding
units of the Salado equilibrate with the emplaced wastes and room backfill, drift backfill, and seals, shaft
seals, and any other emplaced engineered components (e.g., rock bolts). Two basically different
conditions must be examined.

1) Closure Under Conditions of Little Gas Generation. Understanding is required for
: those conditions expected to occur (a) around shaft seals where there would only be
o interactions of the DRZ with the highly layered and heterogeneous Salado rocks along the
- vertical shafts (Figure 3-32) and the rather uniform and preconsolidated crushed salt
backfill being considered for the shaft seals, and (b) in the partially backfilled access
drifts and rooms of the operations region and experimental area (Figure 2.8).
In these areas, and under these conditions, there would be few additional driving forces
opposing room or shaft closure and DRZ healing as the entire system returns to pre-
emplacement equilibrium. There is likely to be a small component of gas generation
related to corrosion of the rock bolts and some resistance encountered as a result of
compression of residual atmospheric gases in the void space above the crushed salt
backfill in the drifts of the operational and experimental regions. These gases will
compress and slowly dissipate into the surrounding accessible pore space, and some will
dissolve in the intergranular brines that should move into the region during closure and
healing.

2) Closure Under the Conditions of Gas Generation. Understanding is also required for
those conditions expected to occur in disposal rooms where interactions among the waste,
engineered components, and the Salado rocks and fluids (i.e., intergranular brines) will
generate gases as a result of a variety of processes (¢.8., anoxic corrosion of metals such
as Fe and Al in the proposed containers, the waste, and engineering components like the
rock bolts; microbial degradation of organic wastes such as cellulosics and rubber;
radiolysis of brine and other waste components such as plastics; and volatilization of
radioactive and hazardous VOCS).
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Under these conditions, the behavior is much more difficult to understand fully and thus
to predict with certainty because of the complicated coupling and interactions among the
various processes involved. For ease of discussion, let "disposal room pore space” be
defined as the combined pore space in (a) the wastes in various states of compression and
degradation, (b) any remaining headspace in the disposal room drift (i.e., the air gap
illustrated in Figure 3-31), (c) the backfill located in the disposal room drifts around the
. waste, and (d) the DRZ and any fractures associated with these drifts. While the
Ceel processes and interactions are complex, it is believed that if gas is produced in the
appropriate volumes, transport toward the accessible environment can occur (most likely
through the anhydrite layer B or MB-139, Figure 3-31) as illustrated in the pathways
diagram, Figure 3-27. The increased pressure associated with gas generation provides
the driving force, and the generated gases provide the vehicle for transport of any
hazardous and radioactive wastes that might volatilize into the disposal room pore space.
The various processes expected to be active and their principal effects are outlined below,
borrowing five items from the discussions in DOE/WPI0/001-92, 1992; Chan et al., .

1992; Davies et al., 1991; and Davies, 1991. ‘
- Gas generation processes increase the volume of gas in the disposal room pore space.

It is also important to note that both the rate of generation and the total volume of gas

generated are dependent on the rate of brine inflow. Gas generation rate therefore

can be modulated (i.e., increased or decreased) in response to changes in the brine
inflow rate to the disposal room pore space.

- Mechanical processes of room closure and consolidation of the materials within
result in a reduction of the disposal room pore space and changes in other physical
properties of the materials being consolidated (e.g., lowering of the permeability).
This process is driven by lithostatic forces that can be opposed by the backstress on
the salt provided by fluid pressure buildup in the disposal room pore space.

- Multiphase fluid flow and transport processes control the flow of fluids (i.c., gases
and brine) into and out of the disposal room pore space and the pore space of the
surrounding Salado rocks. Flow is driven by the differences in pressure between the
fluids of the surrounding Salado rocks and the fluids in the disposal room pore space
in a nonlinear way that is highly dependent on the state of connectivity of the wetting
(i.e., brine) and non-wetting (i.e., gases) fluid phases . According to Davies (1991),
large threshold pressures may be required to initiate gas penetration and movement in
the brine-saturated matrix of Salado rocks that is highly dependent on the type and
purity of the Salado evaporites; see Subsection 5.4 for a discussion of threshold
pressures. ‘

- Pore space dilatation can result if excessive pressures build up in the disposal room
pore space, and a phase of disposal room expansion can result. These excessive
pressures can give rise to pressure-sensitive inelastic flow that can result in interface
separation in the bedded salts of the Salado, fracture extension/expansion, and other
forms of damage evolution in crystalline evaporite solids of the Salado.

- Dissolution and exsolution of gases occur when gases in the disposal room pore
space and gases migrating in the interbeds come into and remain in equilibrium with
the gases dissolved in the brines that can coexist in the pore space by moving into and
out of solution, depending on the pressure/solubility relationship.

As discussed in Davies et al. (1991), the above processes are highly couplied. The actual

pressure history in the disposal room pore space is dependent on the volume of disposal

room pore space (mechanical processes of room closure and consolidation; pore space
dilatation) and the difference between the rate of gas generation and the rate that fluids
can leave the disposal room pore space (multiphase fluid flow and transport processes).
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One possible sequence of states is illustrated in Figure 3-31 (a-c) and details will be
discussed in Sections 6 and 7.

The potential for the waste to generate gas requires that any potentially negative responses to gas
generation be evaluated. For example, if sufficient quantities of gas are generated and released to the
nonhalite interbeds, there is a possibility for this generated gas to (a) disrupt the drift and panel sealing
process (depending on how soon the release occurs), and/or (b) transport hazardous gaseous wastes (e.g.,
VOCs) to the compliance boundary (DOE/WPIQ/001-92, 1992). If the disposal rooms or panels seat
sufficiently to form pockets of highly pressured brine and gases, these localized pockets could potentially
_ increase or decrease the effects associated with human intrusion. These effects, and the various possible

methods for dealing with the uncertainties associated with room closure, under conditions of gas
generation, need to be evaluated. Some of the general sources of uncertainty include lack of an
appropriate level of knowledge regarding

» the actual character of the waste;

» the potential amoumanc_!typeofgassmatcanform;

+ the rate of gas generation;

s the potential closure sequences and end closure states; and

» the processes needed to predict the potential closure and consolidation sequences and the end
closure states.
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5, ™,
% A 4.0 WIPP SITE NATURAL SYSTEM

Critcal 10 any PA is the geology of the site where the waste will be emplaced. In this section. the
ndisturbed natural hydroiogic and other properties of the geologic formations at the WIPP site are
described in order to provide a starting condition from which to evaluate subsequent perturbations. The
formations described in this section are the Castile (Subsection 4.1), which begins about 200 m (650 ft)
beneath the repository level; the Salado (Subsection 4.2), which is the host formation; the Rustler
(Subsection 4.3), which is considered to contain the most likely pathway for transport of radionuclides 10
the accessible environment, and the Dewey Lake Redbeds which, although they may not represent a
pathway for the migration of radionuclides, may control the flow of recharge to the underlying units of
the Rustier Formation.

According to Mercer (1983), the majority of geologic studies in the area prior to the beginning of
the WIPP project in 1972 were confined to the Bell Canyon Formation and units below it, although
extensive work has been done by the potash industry in the overlying strata. These units below the Salada
Formation have been heavily studied for more than fifty years because of their oil/gas resource potential.
The first discussions of the geologic units above the Bell Canyon were by Lang in 1937. This geologic
study was followed closely by the first hydrologic study of the area (Robinson and Lang, 1938), which, in
turn, initiated a series of studies continued until at least 1980, on the Malaga Bend salinity problem. The
other significant geologic and hydrologic studies conducted in the area (particularty the Rustler) were
undertaken as part of the Gnome experiment (Figure 3-15) which invoived an underground nuclear test in
salt.

Early WIPP investigations began with a review of the geology and hydrology of the Carlsbad
potash area by Brokaw et al. (1972), according to Mercer (1983). Other early WIPP efforts included
studies by Jones et al. (1973) and by Mercer and Orr (1977) on the Los Medanos area and the regional
hydrology of the WIPP area, respectively and by Powers et al. (1978). Also, as discussed in Mercer
(1983), hydrologic study details are presented in data reports by Mercer and Orr (1979) and Mercer and
Gonzalez (1981).

According to Lappin et al. (1589), the data on the Rustler Formation presented in DOE's 1980
FEIS were derived from testing performed at eight locations, while Mercer indicates that his 1983 study,
data collection and interpretations were based on efforts undertaken and hydrologic datz collected from
tests conducted over seven years, starting in 19785, at thirty-nine wells which were drilled for or converted
to hydrologic test holes. Mercer's 1983 efforts provided estimates for determining potential hydrologic
boundaries (Figure 3-15), potentiometric head distributions (e.g., Figure 3-13), groundwater chemistry,
hydrologic properties from pumping, slug, pressure-puise, and tracer tests, and the location of dissolution
fronts based on halite distribution. The discussions on the Rustler presented by Lappin et al. (1989) were
based on information collected from a total of forty-one well locations.

From the limited number of documents reviewed by the PART, it appears that Mercer's
hydrologic investigation and interpretation form the basis for much of the regional interpretation of the
supra-Salado hydrologic system at WIPP. The 1992 PA discusses a preliminary geohydrologic
conceptual model developed by Brinster (1991), but this report was not reviewed by PART.

Dissolution in the WIPP area is complex and is considered in a series of articles on the Cenozoic
history of the area starting with Bachman in 1973 (Mercer, 1983). Mercer further indicates that additional
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interpretations of dissolution have been prepared by Anderson, 1978 and 1981, and Lambert, 1982. The
whole series of issues and controversies regarding the origin of the regional dissolution in the Rustler
Formation is summarized in LaVenue et al. (1990). Some of the authors and studies reviewed by PART
include Bachman (1980 and 1985); Snyder (1985); Chaturvedi and Channell (1985); Lowenstein (1987);
and Holt and Powers (1988),

The eleven groundwater modeling studies of the Rustler and/or the Culebra through the 1991
modeling by the WIPP PA division are illustrated and summarized in Figure 4-1, taken from LaVenue
and RamaRao (1992). The LaVenue and RamaRao modeling study discusses the use of a completely
automated inverse procedure to develop seventy calibrated conditional simulations for the Culebra
transmissivity field based on the use of steady-state and transient ficld pressure data. These seventy
realizations were the basis for the 1992 PA caiculations. Lappin et al. (1989), as well as Davies (1989)
and LaVenue et a]. (1989), summarize many of these studies through 1990. Davies' study represents the
only variable density modeling (a 2D subhorizontal section model). Current PA models assume the
Culebra to be a totally confined, vertically homogeneous, and laterally isotropic unit with no vertical flux,
even though the Davies (1989) and Haug et al. (1987) studies support the vertical flux concept, (Lappin et
al., 1989),

SAND88-0196 edited by Siegel et al. (1991) is a compendium of six hydrochemical studies of the
Rustler. Their brief interpretation of these studies is that modern flow within the Culebra is largely north
to south; however, as already discussed in Subsection 3.2.2, this flow direction (assumed equilibrium) is
inconsistent with the salinity distributions in the region. Siegel et al. (1991) also postulate that eastward
increasing 234U/238U activity ratios could imply a Pleistocene infiltration zone flowing from the west-
northwest and thus imply a change in flow direction during the last 30,000 to 12,000 years.

4.1 CASTILE FORMATION

The Castile Formation, beginning about 200 m beneath the repository level, consists of about 470
m of interbedded anhydrite and halite resting on the Bell Canyon Formation. The uppermost anhydrite
layer of the Castile contains isolated pockets of pressurized brines that occur in limited reservoirs
characterized by fracture porosity in a very tight matrix (Popielak et al., 1983; Lappin et al., 1989). These
brine pockets have been encountered in thirteen of about 100 wells that have penetrated the Castile
Formation, including the WIPP-12 reservoir 1.6 km (1 mile) north of the center of WIPP (Lappin et al.,
1989, Figure 3-26). Time domain electromagnetic methods (TDEM; Ertech, 1988) measurements
detected the brine occurrence at WIPP-12 and indicate that brines may be present within the Castile
Formation under a portion of the WIPP waste panels (Lappin, 1988).

Popielak et al. (1983), in a characterization of Castile brine occurrences and detailed discussion of
ERDA-6 and WIPP-12 testing, found the reservoirs to be chemically distinct from each other and from
local groundwaters. The ERDA-6 and WIPP-12 halite-saturated brine reservoirs, with estimated volumes
of 1.0 x 10% and 2.7 x 105 m3, respectively, are located in fractured anhydrites above thickened halite.
About 5% of the brine volume is stored in large open fractures; the remainder occurs in low-permeability
microfractures. Median parameter values (PA 1992, 3, pp. 4-10) for permeabilities of the intact and
fractured anhydrite matrix are 1 x 1019 m2 and 1 x 10-13 m2, respectively, an intact porosity of 5 x 103,
fluid pressure of 12.7 MPa (lithostatic and hydrostatic pressures are about 20 and 9 MPa, respectively),
and bulk storativity of about 0.2 m>/Pa (volume of fluid discharged/unit 1in reservoir pressure).

4.2 Febraary 1904
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These brine pockets are of limited extent, have been isolated for long periods of time, and pose no threat
to the overlying repository in the undisturbed state.

4.2 SALADO FORMATION

Bedded salts (Figure 4-2) in general contain appreciably more water (0.1 to 1.0 wt %) than do
domal salts (fess than .01 wt %), not only because of interbedded clays and other hydrous impurities
within the halite layers, but also because of fluid inclusions (Figure 4-3) trapped by rapidly accreting
halite crystal faces. Knauth and Beeunas (1986) studied oxygen (!180) and deuterium isotope
concentrations in brines from fluid inclusions in halite crystals from Salado salt and found that the brine
has a composition consistent with that of connate waters trapped during evaporation of Permian seas.
Intracrystalline brine inclusions in the Salado, however, do not constitute a viable source for brine
because high temperatures and substantial thermal gradients are required for their migration o boundaries
of halite crystals. Intergranular water, that between grains forming the rock salt layers, may be available
for wransport and does exist in the Salado, as evidenced by weeps in the WIPP rooms (e.g. Deal and Case,
1987; Nowak et al., 1988; Tyler et al. 1988; Bredehoeft, 1988; Lappin et al., 1989). However, these
‘mined surfaces and boreholes have been disturbed by the excavations, and at the very low permeability of
undisturbed Salado salt (less than 10-2! m?), even extremely slow flow of brine through the sait is both
guestionable and negligible.

Forty-five anhydrite- and polyhalite-rich interbeds or marker beds (MB) in the Salado Formation
have been identified and numbered; other thinner, but 1aterally persistent, interbeds of clay, anhydrite, and
polyhalite occur throughout the unit Waste disposal panels are excavated between MB 138 and MB 139;
floors of rooms are 1.4 m (4.55 ft) above MB 139 and roofs are 12 m (39 ft) beiow MB .38 These
interbeds, especially MB 139, along with anhydrate layers A (5 m {16.25 ft} above the roofs) and B (2.6 °
m{8.45 ft}above roofs), are regarded as primary potential pathways for migration of brine and gas
because of their higher intrinsic permeability compared to halite layers and their brittle behavior retative
to the ductile or plastic and self-healing behavior of the halite. Borns (1985) described the petrologic
character of the heterogeneous, 1 m-thick (3.3 ft) MB 139 (Figure 3-32). The top of the bed is defined by
a clay layer with intercalated halite, polyhalite, and clay. This thin layer grades downward to a 0.6 m-
thick (1.95 ft) layer first dominated by polyhalitic anhydrite containing patches of relict anhydrite,
followed by a zone of equal proportions of the two rock types. This lower zone, about 0.3 m-thick (0.97
ft), is readily separated along subhorizontal planes (fissile) and contains subhorizontal fractures partially
filled with halite. The base unit of MB 139 consists of .15 m-thick (0.49 ft) interlayered halite and
anhydrite, grading into the lowermost contact zone, an undulating clay layer.

Halite's undisturbed permeabilities, estimated primarily from multipacker test-fluid pulse
withdrawal results, range from too low to measure to 6.8 X 10-22 m2. Anhydrite far-field values range
from 3 X 1020 t0 4.4 x 1020 m2, generally one to two orders of magnitude higher than for the halite
{Gorham et al., 1992, Table 3). Far-field pore pressure in the anhydrite is apparently well-established at
near 12.5 MPa, whereas that in nearby halite is about 3 MPa lower; these values may be compared with
hydrostatic and lithostatic pressures of about 7.0 and 14.8 MPa, respectively (1992 PA, Volume 3, p. 2-
40). Porosity of both halite and anhydrite in the far-field, based on drying experiments, and
elecromagnetic and DC resistivity measurements, ranges from .001 to .03 with a median value of .01, in
accord with grain and bulk density determinations (PA, 1992, Volume 3). The flow properties of the
Salado Formation are very heterogeneous; each tested halite layer and interbed has its own characteristics
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(Howarth et al., 1991). As pointed out by Beauheim et al. (1991), information availabte is stli
insufficient to validate the assumption that brine migration through halite of the Salado Formation occurs
by Darcy flow through a porous medium in response to continuous pore pressure gradients, rather than by
flow initiated through connections of isolated pores following a disturbance (McTigue et al.. 1989).

4.3 RUSTLER FORMATION

The Rustler Formation (Figure 4-4) is considered to contain the most likely pathway for transport
of radionuclides to the accessible environment (SAND92-0700/2, 1992), since it lies directly above the
Salado Formation and contains the most productive hydrostratigraphic units in the WIPP area (Mercer.
1983). Specifically, the Culebra Dolomite Member of the Rustler Formation has been identified in the
scenarios developed for long-term performance assessment as the unit that could provide a path to the
accessible environment in the event of inadvertent human intrusion for petroleum resources (DOE/WIPP
89-011, 1993). Subsection 4.0 discussed the .general stratigraphy, geohydrologic setting, and
geohydrology of the supra-Salado hydrologic system for the area around the WIPP site. This subsection
presents more detaiied information on the Rustier Formation, specifically the Cuiebra Member, and
discusses ongoing and planned activities as they relate to the PA modeling of the Culebra.

43.1 Rustler Formation Stratigraphy, Hydrology, and Chemistry

According to Mercer, the Rustler Formation, which is a key marker of the Permian, was named
by Richardson (1904), and the five-fold division of the Rustler (left side of Figure 4-4) was described by
Vine (1963). Five transmissive Rustler units are now recognized, as illustrated in Figure 4-4 instead of
the three (Culebra, Magenta, and the residuum at the Rustler-Salado contact) recognized at the time of the
FEIS (Lappin et al., 1989). As illustrated in Figure 4-4 a water producing mudstone/halite unit has been
identified within both the Forty-Niner and Tamarisk Members. The variation in the thickness of the
Rustler Formation from 8.5 m (27 ft) west of the site through 95 m (309 ft) at WIPP t0 216 m (712 ft) east
of the site is attributed to thinning by dissolution and erosion (SAND92-0700/2, 1992). This is attested to
by the three breccia and claystone zones (Figure 4-5) that abut their corresponding halite zones within the
Rustler. These zones, interpreted by Chaturvedi and Channell (1985), are referred to as the upper, middle,
and lower dissolution residues. However, the laterally-varying depositional facies model of Holt and
Powers (1988) has considerable merit. As indicated in Snyder (1985), a compiete unaltered thickness of
all members of the Rustler can only be found east of the WIPP site. The lLithology, thickness variation,
and other hydrologic characteristics of the five members of the Rustler Formation are briefly summarized
in the following subsections, starting at the top of the Salado Formation.

4.3.1.1 The Unnamed Lower Member

This member is 36 m (117 ft) thick at the WIPP site (SAND92-0700/2, 1992) and consists of
laminated 1o massive dark-gray silistones and fine grained sandstones overlain by alternating beds of
halite, siltstone, and anhydrite (Snyder, 1985; Lowenstein, 1987). Increasing amounts of halite are
present to the east (Figure 4-5), and a contact residuum (Figure 4-6 ¢) that is quite variable in thickness
(2.4 to 33 m {7.8 o 1.07 ft}) underlies the Rustler in the area of Nash Draw (Mercer, 1983; SAND92-
070072, 1992). The basal unit of this member is the ransmissive hydrologic unit, and its transmissivity
increases 10 the west in Nash Draw due to fracturing of the basal siltstones and sandstones, possibly a
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Figure 4-5 Geologic Cross Section of the Rustler Formation at the WIPP Site (reproduced from
Chaturvedi and Channell,1985),
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Figure 4-6. Core sections from Hydrologic Units of the Rustier and Salado Formations (reproduced
from Mercer, 1983): (a) H-8C, Culebra Dolomite Member; (b) H-8A, Magenta Dolomite
Member; (c¢) H-7C, Rustier-Salado Contact Residoum.
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result of dissolutioning of the Upper Salado Formation and subsequent subsidence (SAND92-0700/2.
1992). The interpreted potentiometric surface for this hydrostratigraphic unit (Figure 3-22) was presented
earlier (Subsection 3.2.2.1).

As discussed in chapter 1 of Siegel et al. (1991), most of the data from the non-Culebra units
overlying the Salado are reported in Mercer (1983) and Beauheim (1987). Mercer (1983) indicates that
waters in the Rustler-Salado contact zone or in the residuum contain the highest concentrations of TDS
(79.800 mg/l at H-7 10 480.000 mg/l at H-1) in the WIPP area. Mercer assumes that large magnesium
concentrations result from brines having had time for extensive interaction with their host rock and thus
represent no or very slow circulation. He observed that these concentrations decrease one to two orders
of magnitude in the area (Figure 4-7) and constructed an isoconcentration line (2000 milliequivalents per
liter of potassium and magnesium combined, Figure 4-7) that approximates a dividing line between the
zones of generally small concentrations to the west and the rapidly increasing concentrations to the east;
[he also indicates that it represents a division of minute eastern transmissivity, 10 mzlday (10‘3

¥/ f12/day), to greater western transmissivity, 10-2 m2/day (10"} ft2/day)]. Given his basic assumption and

the lack of residuum east of this line, he cohciudes that it separates the active circulation zones to the west
from the undeveloped flow system east of this line.

43.12 Culebra Dolomite Member

The Culebra Dolomite Member varies in thickness in the WIPP area from 4 t0 11.6 m (13 to 37.7
© ft) (mean 7 m {22.7 ft}; the PA Departmment uses 7.7 m {25 ft}) and is described as a vuggy
microcrystalline dotomite or dotomitic limestone some of whose solution cavities (vugs) contain halite or
gypsum (Figure 4-6 a), (Mercer, 1983; Snyder, 1985; SAND92-0700/2-3, 1992). This member is
confined over most of the area by the mudstone/halite and anhydrite units of the unnamed lower member
that it overlies and the thick anhydrite unit of the Tamarisk that overlies it (Figure 4-8), (Mercer, 1983).
The structural character of the Culebra, according to Mercer (1983), is directly related to the character of
dissolutioning of underiying umits, and, as noted in SAND92-0700/2 (1992), "there is an apparent
correlation between the absence of halite and increased transmissivity in the Culebra Dolomite Member.”
This is a result of subsidence and subsequent fracturing of the dolomite, as illustrated in Figure 4.9,
which shows the highly fractured Culebra Dolomite resulting from halite removal at outcrop (Mercer,
1983). Discussion in the 1992 PA (SAND92-0700/2) indicates that the majority of the variability in
hydraulic conductivity is believed to be controlled by open fractures (although no measurements of the
density of open fractures is available due to poor recovery) because little variability was observed in the
depositional environment and "primary features” of the unit. These discussions also indicate suspected
correlations between open fracture density and the following features:

e overburden thickness,

« halite in surrounding members of the Rustler Formation,

« dissolution of halite, and

e the distribution of gypsum filling in fractures.

Other evidence of the variable nature of the Culebra structure is illustrated by the variable nature
of the horizontal cores removed from Culebra units 3A and 3B (within 55 ft of each other horizontally

and 5 ft vertically) in the air intake shaft at WIPP (Figure 4-10). These cores will be used in retardation
experiments (to be conducted by Fred Gelbard, SNL, who was interviewed by the PART) that are
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Figure 4-7. Concestrations of Major Chemical Constituents in Water from the Rustler-Salado Contact
Residuum at and Near the WIPP Site (reproduced from Mercer, 1983).
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Figure 4-9. Outcrop of Culebra Dolomite Member of the Rustler Formation Where Remwoval of
g Underlying Halite Has Caused Fracturing (reproduced from Mercer, 1983)
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discussed later. Gelbard, in his presentations (0 the PART, indicated that (as can be seen by inspection of
the cores in Figure 4-10) the nature of the four cores was quite different, as was the capability of the four
coreholes to produce water, (VPX27 produced nearly all the water).

Variability is also verified by the Culebra hydraulic conductivity tests which show a six order of
magnitude variation from east to west (2x1079 m/s at P-18 to 1x10™* my/s in Nash Draw), as is discussed
in SANDS2-0700/2, 1992. Mercer (1983) lists values for transmissivity at twenty wells and eight values
for storage. The twenty-three single-well hydraulic tests conducted at WIPP between 1983 and 1987
(Beauheim, 1987) added fifteen values at new locations and seven retest values (SANDS9-0462, 1989).
Other early testing in the Culebra is discussed in SANDB9-0462, 1989. Hydraulic test information (e.g..
transmissivities, storativity, fluid densities, transient and undisturbed freshwater heads with their
uncertainties) is summarized in the form of tables and plots in Cauffman et al. (1990). The log hydraulic
conductivity variation for the Culebra is shown in Figure 4-11 from the 1992 PA (SAND92-0700/2), and
the available data on transrnissivities presented in Cauffman et al. (1990) is shown in Figure 4-12.

The interpreted potentiometric surface presented in the 1992 PA (SAND92-0700/2) was
discussed in Subsection 3.2.2 (Figure 3-23). Cauffman et al. (1990) interpreted values of freshwater head
(Figure 4-13) based on fluid densities and their estimation of when the pressure data (in the transient
history recorded at the well) was representative of undisturbed conditions (Figure 4-14). LaVenue et al.,
1990, also Cauffman et al. (1990) LaVenue and RamaRao (1992) discuss how hydraulic stresses since the
summer of 1981 related to construction and testing (e.g., drilling and excavating shafts and boreholes,
long running tracer and hydraulic tests such as at H-4) have resulted in the formation of what Haug et al.
(1987) describe as a 7 km (4.2 mi) drawdown cone 33 m (107 ft) deep at the shafts and 12.2 m (39 ft) and
7.1 m (23 ft) at the maximum at H-1 and H-2 respectively. LaVenue et al. (1990), after updating some of
the freshwater head estimates of Cauffman et al. (1990), produced an interpretation of the undisturbed
freshwater head contours (Figure 4-15) that was the basis for initial Culebra dolomite model calibration
efforts as well as for the current WIPP PA (SAND92-0700/2-3) pilot point method of generating seventy
transmissivity realizations (LaVenue and RamaRao {1992}).

As discussed earlier, Siegel et al. (1991) summarize the hydrogeochemical studies of the Rustler
Formation. Hydrochemical facies in the Culebra were discussed and presented earlier (Subsection 3.2.2,
Figure 3-21) as was the fracture filling. The 234U/38U activity ratios that were the basis for the west-
northwest paleoflow system postulated by Siegel et al. (1991) are shown in Figure 4-16.

Conservative tracer tests (e.g., convergent-flow and two-well recirculating) were performed at the
H-2, H-3, H-4, H-6, and H-11 hydropads (i.e., locations where three to four wells are within tens of
meters of each other) during the period from 1983 to 1988 (Jones et al., 1992). The results of preliminary
interpretations of the H-2 hydropad tests and the H-3 and H-4 hydropad tests reported by Hydro Geo
Chem (1986) and Kelly and Pickens (1986), respectively, are summarized and integrated with the
interpretations of all the tracer tests completed in the Culebra to date in the report by Jones et al. (1992).
This study examined various all or nothing (both homogeneous and heterogeneous) conceptualizations of
double-porosity-fracture-matrix transport, single-porosity-fracture-only transport, or single-porosity-
matrix-only transport and found that the best of the three models varied depending on the location.
Results can be summarized as follows:

e double-porosity-fracture-matrix at H-3, H-6, and H-11 under the interpretation of a
heterogeneous system or equally well as a horizontally ams;tr;n_g;ystem,

4-16
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%« homogeneous single-porosity-matrix-only most representative at H-2 and inadequate at H-3.
§ H-6, and H-11, and

* single-porosity-matrix-only through a vertically heterogeneous system the most

— representative at H4 and inadequate at H-3, H-6, and H-11.

Jones et al. (1992) additionally conclude that a double porosity representation seems the most
consistent with the observations (e.g., the large matrix porosities, 0.03 10 0.30) and that, as a result. matrix
diffusion is an important process. They also point out that while observed tracer test behavior has been
successfully simulated with the doubie-porosity-fracture-matrix model, other conceptualizations are
possible and should be assessed. 1t should be pointed out, as discussed in the 1992 PA, that no fracture
porosity measurements have been made. Interpreted values by Kelly and Pickens (1986) from the tracer
test interpretations range from 1 x 1073 to 2 x 10-3 (SAND92-0700/2, 1992).

43.13 Tamarisk Member

The Tamarisk Member of the Rustler Formation varies in thickness between 8 m and 84 m (26 ft
and 273 ft) (36 m {117 ft} at WIPP) and is composed of three distinct layers (SAND92-0700/2, 1992)
whose thickness may reflect lateral variations in deposition or dissolution. In areas unaffected by
dissolutioning (Figure 4-5), the lower anhydrite layer, the thick middle section of halite and minor
siltstone (sometimes polyhalite), and the upper anhydrite layer (Snyder, 1985) act as a confining unit
(Mercer, 1983). In areas that may have been affected by dissolutioning of the evaporites, the Tamarisk
exists in various intermediate states that affect both its volume and its other physical and hydrologic
characteristics; (e.g., in Nash Draw only a few meters of residues of the original Tamarisk remain).
Attempts to measure the permeability of this "water producing” unit at H-14 and H-16 (Figure 3-14),
whose undisturbed hydraulic heads have never been successfully measured (Lappin et al., 1989), were
abandoned when it was concluded that the transmissivity of the unit is 100 low t0 measure on the time
scaie of days (Beauheim, 1987).

4.3.1.4 Magenta Dolomite Member

The Magenta Dolomite Member of the Rustler Formation varies in thickness between 4 m and 8
m (13 ft and 26 ft) (6 m {19.5 ft} at WIPP) and is a distinct purplish-red (magenta) rock contains minor
crossbeds as well as laminae of anhydrite and dolomite (Figure 4-6-b; Snyder 1985). Hydraulic
conductivity (Figure 4-17) ranges over five orders of magnitude from 5.0 x 10°10 t0 5.0 x 105 mss
(SAND92-0700/2, 1992). This variation, according to Mercer (1983) and Snyder (1985), is caused by the
vertical movement of the rocks below the Magenta This movement, as discussed earlier in Subsection
3.2.2.1, is related to either a collapse process, whose magnitude varies with the amount of dissolved
halite, or an expansion process, whose magnitude varies with the amount of hydrated anhydrite.

The interpreted potentiometric surface presented in the 1992 PA (SAND92-0700/2) was
discussed in Subsection 3.2.2.1 (Figure 3-24). While no porosity measurements have been made 0.20 has
been assumed for interpretation of well tests (SAND92-0700/2, 1992). TDS of the Magenta range from
5,460 mg/1 to 270,000 mg/l (Mercer, 1983). Comparisons of the Magenta to the Culebra indicate that

e Magenta generally has lower hydraulic conductivity (approximately two orders of
magnitude), as discussed in SAND92-0700/2, 1992,
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= Magenta generally has higher heads with the differences increasing eastward (LaVenue et al..
1950); and

» TDS in the Magenta is generally lower (Mercer, 1983).

4.3.1.5 Forty-Niner Member

The Forty-Niner Member of the Rustler Formation is a relatively uniform 20 m {65 ft) throughout
the WIPP area (SAND92-0700/2, 1992). It is composed of three distinct layers consisting of a lower
thick, light-to-medium-gray anhydrite bed, a middle reddish-brown silty halite or claystone unit, and an
upper thick, light-to-medium-gray anhydrite bed (Snyder, 1985). Hydraulic conductivity tests at H-14, H-
16, and DOE-2 yielded estimates of 5.0 x 10™ m/s, 5.0 x 1071% mys, and 4.0 x 1071 m/s, respectively for
the medial claystone, (SAND92-0700/2, 1992; LaVenue et al., 1990).

4.3.2 Planned Activities and Issues

As part of the test program, two sets of activities are currently planned for the Non-Salado (as
used here, the rocks that overlie the Salado host rock) portion of the natural barrier (DOE/WIPP 89-011
Revision 1, 1993). These two activities are outlined from Table 5.1 of DOE/WIPP 89-011 Revisicn 1
(1993) below. ‘

= The Non-Salado Hydrologic Properties Activity includes
- Core studies of rock properties (plan in preparation)
- Regional-scale transport and seasitivity studies
- Model development
- Field testing and data interpretation for hydrology (planned)
- Regional geochemical studies
- Data base for field studies
- Validation and international collaboration for model
- Verification of performance-assessment model
- Idemification of potential underground sources of drinking water (in progress)
« The Non-Salado Transport Activity includes:
- Adsorption stdies
- Radiopuclide Solubility and Speciation
- Brine mixing and radionuclide coprecipitation for the Non-Salado
- Empirical sorption studies
- Column experiments '
- Long-core tracer tests (plan in preparation)
- Colloid characterization and transport
- Test design and interpretation
- Data base for performance assessment
- Sorbing/retarding tracer tests
- Data base laboratory studies
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- Non-sorbing tracer tests

Before discussing these activities and their reievance, it is important to review the current Culebra
PA mode! assumptions, outline the basis and issues these activities were designed 1o address, and examine

the issues identified by the PART.

4.3.2.1 Current Culebra PA Model Assumptions

The current Culebra PA mode! (summarized from SAND92-0700/2-3, 1992) assumes perfectly
confined two-dimensional horizontal flow with no recharge from above or 10ss to units below. Note that
this implies it is isolated hydrologically and geochemically and thus unaffected by any of its surrounding
units in the Rustler Formation. Recharge is assumed to occur only to the northwest and north at
presumed outcrop recharge areas. Climate change is accounted for by a transient variation in the Dirichlet
boundary condition along these northwest and northeast boundaries. "The Culebra Dolomite Member is
imagined to be a sheet-like mass of rock having lateral dimensions of the order of tens of kilometers and
uniform thickness of 8 meters” (Figure 4-1, the box labeled 10). This sheet-like rock mass is envisioned
as containing planar fractures that are all parallel to the plane of bedding and run continuously throughout
the rock mass (Figure 4-18). The fractures are partially lined with clay in half of the realizations and are
unlined in the other half. Advective transport is only accounted for in the open fracture space (i.e., no
advective flow in the matrix or clay fracture filling). However, one-dimensional diffusive interaction
with the fracture filling and the rock marrix is assumed. Material properties are assumed to be
heterogeneous or vary from one material region 10 another, but within a given material region the material
properties are assumed constant. Whiie the system is envisioned as fracture flow, it is modeled as an
equivalent porous medium. Hydrodynamic dispersion can be quantified by a Fick's law term. Adsorption
of solutes in the solid phases obeys a linear isotherm, and there is aiways local chemical equilibrium
between solutes and sotid phases.

4.3,2.2 Test Phase Activities Basis and Issues to Be Addressed

The test phase plan (DOE/WIPP 89-011 Revision 1, 1993) indicates that from a compliance
perspective the ability of rocks above the Salado (in particular the Culebra dolomite) to control, minimize,
or eliminate waste release to the accessible environment must be demonstrated. The uncertainties in the
current long-term performance predictions of the Culebra that need to be addressed are identified in the
test phase plan and they are outlined below.

o Conceptual flow model uncertainty related to the appropriateness of the current conceptual

model assumptions over the long term include:
- the applicability of two-dimensional flow,
- whether groundwater flow is in equilibrium with the boundary conditions,
- whether vertical flow with other units of the Rustler Formation can be neglected, and
- the applicability of pump test data over the long-term.
o Pump test data are not fully analyzed.
o The effect of climate change on model boundary conditions are not yet determined.
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Figure 4-18.  Conceptual Hydrologic Model of the Culebra Dolomite Member (reproduced from SAND92-
070072, 1992).
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The confined aguifer model is not consistent with geologic, geochemical, and isotopic
information.

The effects of gas entry into Culebra have not been evaluated.
Heterogeneity in flow properties and the associated scale-up uncertainty are not yet assessed.

Conceptual transport model uncertainty exists, related to the appropriateness of a double

porosity transport model (thought best 10 describe transport in the Culebra) that accounts for

both

- physical retardation by diffusion of radionuclides into the 16% mean porosity dolomite
matrix of the Culebra, and

- chemical retardation.

The test phase plan also indicates that there is a need to address the uncertainty related to whether
“colloids containing radionuclides, if shown to occur, could inhibit both physical and chemical

retardation.”
The issues to be addressed by the activities outlined above are summarized here as a series of
questions from the test phase plan.

1y

2)
3
4)

Is the groundwater system in steady state or in a transient response from the last pluvial
period?

Will groundwater flow rates change in the future?

Are the effects of vertical leakage and variations in groundwater flow negligible?

Can and do boreholes outside WIPP affect groundwater flow at WIPP (Figure 1-11)?

5) Are current conceptual flow models comnsistent with the site charactenzahon data

6)
7)

8)
9
10)

11)
12)
13)

14)
15)
16)

(particularly geochemical data)?

How would projected waste-gas releases associated with various scenarios affect flow in the
Culebra?

What uncertainty would arise in the flow predictions from severe heterogeneity or hidden
features?

Are there potential sources of drinking water in the regulated area of WIPP ?
Over what scale is a double porosity model relevant?

If a double porosity model is not relevant, what model should be included and what are the
long-term transport implications of the other possible models?

Ifadoubleporositymodelisrelevmt. how good is the case for this conceptual model?
What physical retardation can be expected without chemical retardation?

What chemical retardation can be expected with and without physical retardation for each
brine and rock type along the probabie flow path?

Can colloids exist in Culebra brines?
How would colloid formation and transport affect retardation?
How would waste-generated gas affect radionuclide retardation in the Culebra?
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4.3.2.3 Issues Identified by PART

In order to achieve the quality of "reasonable expectation of compliance” there must be
consistency in the way information is used to make interpretations to prove points and justify
assumptions. Based on the PART's limited review of the information presented in the 1992 PA and some
small fragment of the supportive literature on the WIPP site natural system, there appear to be many
apparent inconsistencies that are not fully explained and many questions that arise about how conclusions

_were reached. Consider the following examples.

- In an atempt to explain the 234U/238U activity ratios (Figure 4-16) Siegel et al. (1991),
postulated a paleoflow system flowing from the ocutcrop recharge areas in Nash Draw from
the west-northwest potentially up the topographic gradient, which is usually the driver in a
wet environment, while Bachman (1985) postulates surface streams during Gatuna time
flowing from the northeast, (Figure 3-26) which are consistent with the topographic gradient.

» There are discussions of slumping related to halite removal in underlying units that are
expected 10 cause vertical movement, and thus vertical fracturing of the Culebra dolomite and
swelling related to gypsification of underlying and overlying anhydrites. However, the
modeling only conceptualizes bedding plane fractures (Figure 4-18) without addressing the
vertical fractures, both of which are expected and are evident in the outcrop shown in Figure
4-9,

« Two new "water producing” units have been identified since Mercer (1983), and yet, as
discussed above (Subsection 4.3.1.4), undisturbed heads have never been successfully
measured in one of these units, and attempts to measure the permeability were abandoned
because its permeability is too low. :

e Inmterpretations of tracer tests (Subsection 4.3.1.2) indicate that double-porosity-fracture-
matrix at H-3, H-6, and H-11 is an adequate model under the interpretation of a
heterogeneous system or as a horizontally anisotropic system; a homogeneous single-
porosity-fracture-only mode! is most representative at H-2; and finally a single-porosity-
fracture-only model through a vertically heterogeneous system is most representative at H-4.
However, the 1992 PA states that a dual-porosity transport model provides the most realistic
estimate. The visual examination of the cores from the waste shaft (Figure 4-10) would seem
1o support the tracer test interpretations; (i.e., possibly each of the proposed models applies
somewhere).

* The undisturbed potential map for the Culebra has a drop in head of 18 m (58.5 ft) within the
6.4 kin by 6.4 km (3.84 mi by 3.84 mi) land withdrawal boundary (Figure 3-24), yet in the
same area a 7 km (4.2 mi) drawdown cone (See Subsection 4.3.2.2 and the hydrographs in
Figure 4-14) is projected to be 33 m deep at the shafts in the Culebraand 122 mand 7.1 m
(40 ft and 23 ft) at H-1 and H-2, respectively. These somewhat inconsistent results make
determination of groundwater flow direction tenuous. ‘

e The totally confined no-vertical flux concept for the Culebra modeling is inconsistent with
studies by Davies (1989) and Haug et al. (1987) that support the vertical flux concept .

Based on this limited review and evaluation, there appears (0 be a basic interpretational issue that
needs to be resolved. For example, the middle unit of the Tamarisk Member of the Rustler Formation
(mudstone/halite) is interpreted to be continuous and is described as a "water producing unit." However,
all four attempts to measure the head and permeability of this unit have failed. Does this difficulty arise
simply because of insufficient resources available for permeability measurements or only standard
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geohydrologic interpretations and extrapolation techniques are being applied to interpret a system that has
been affected by a dissolutioning process that varies spatially? Is this an attempt to "cling faithfully ... to
normal interpretations” (page 5 of LeGrand's March 13, 1985, letter to Robert H. Neill of EEG in
Chaturvedi and Channell, 1985)? In the context of a system that may be cyclically exposed to
dissolutioning, there may be no simple classification of an aquifer and aquitard, as the nature of these
units can change related 1o their location in space and the particular stage of evolution in the "stop and go"
flow driven dissolutioning process described by LeGrand.

Neither the 1992 PA (volumes 1-3) nor the supporting literature reviewed contains an overall
integrated picture of the supra-Salado hydrologic system that weaves the available information,
understanding, and efforts together in a way that supports the current Culebra modeling in a manner that
the PART believes is necessary to demonstrate that there is a "reasonable expectation of compliance” to
the decision makers, the regulators, and the public, should the results of the final quantitative comparisons
so indicate. This does not mean or imply that much of the information (data, observations, and supporting
experimental evidence) is not available nor that all outstanding potential issues need to be addressed. It
simply means that there has not been, and there needs to be, a multidisciplinary effort 10 take available
information, competing interpretations, competing conceptual models, and any supportive expérimems
and/or modeling and combine them to explain what is currently known (e.g., regarding current head
distributions and flow directions relative to past conditions, geochemistry, recharge, dissolutioning). The
team could also identify what is known well enough and why, what is not now known well enough, and,
for these areas, what probably cannot be determined and what needs to be determined.

4.3.2.4 Discussion of Planned Activities

As has been discussed, planned experiments and activities should be compliance-based.
Therefore, the emphasis on planned experiments and other activities should be on those activities that are
likely to resolve or significantly reduce the uncertainty surrounding important issues or on those activities
that make a significant contribution toward achieving that qualitative goal of reasonable expectation.

In reviewing the test phase plan (DOE/WIPP 89-011 Revision 1, 1993) and the 1992 PA
(SAND92-0700/1-3, 1992), and as discussed in the previous section, there is no integrated picture of the
supra-Salado hydrologic system presented in either document or in any of the other documents reviewed.
Most of the puzzle parts are there, but they have not been assembied in a way that makes it clearly evident
what pieces are missing (i.c., what remains to be done), In this regard, the PART's examination of the list
of non-Salado hydrologic properties and transport activities outlined at the start of this subsection gave
_rise to many questions. Consider the following:

iy Why is it that colloids and colloid transport are mentioned as an important transport issue for
Culebra only in the test phase plan? Where did this issue first surface? What is the basis
(e.g., were there observations during tracer tests?), rationale, and justification for believing it
# tobe important at all?
"« Where was the compliance-based importance of Culebra gas flow modeling raised other than
in the test phase plan (Section 5.1.1.3 page 5-8 of DOE/WIPP 89-011 Revision 1, 1993) and
how is this relevant when it is not yet clear what the appropriate compliance model should be

for water and solute? How is this more important than a modeling effort that considers
density driven flow and communication between units of the Rustler?
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For most of the non-Salado hydrologic properties and transport activities outlined at the
beginning of this subsection, there is only the brief general description and justification found in chapter 5
of the test phase plan (DOE/WIPP 89-011 Revision 1, 1993). Of these activities, only the four indicated
in this outine are in the actual planning stages. The 1992 PA (SAND92-0700/1-3, 1992) discusses just
three of these activities: the batch and column radionuclide sorption studies and the seven-spot multiple
well tracer tests being planned by Beauheim and Davies (SAND92-0700/1-3, 1992).

None of the draft planning documents were available for the PART review; however, the PART
was briefed on the column retardation experiments being planned by Fred Gelbard (SNL) during one of
the PART interviews, and the PART was able to visit the 1aboratory and examine the apparatus that will
be used in these column experiments. The only other discussion regarding planned non-Salado
experiments arose in the PART's discussion with EEG. Lokesh Chaturvedi expressed concern over the
possibility that DOE might abandon the seven spot multiple well tracer tests for a series of five single
well tracer tests, especially considering the extensive review that the seven spot experiments had received
by the technicai community outside WIPP.

The PART is not able to make detailed comments on any of the proposed experiments since it did
not review them in detail. However, on the basis of the description of the planned column radionuclide
sorption studies outlined by Fred Gelbard and the PART's discussion with EEG on the need to replace
expert judgment data on Kd's with real 1aboratory information, these experiments appear 1o be compliance
based and critical.

44 DEWEY LAKE REDBEDS

The Dewey Lake Redbeds do not represent a pathway for the migration of radionuclides, but
control the flow of recharge to the underlying units of the Rustier Formation (SAND92-0700/2).

As described by Mercer (1983) and Snyder (1985), the Dewey Lake Redbeds conformably
overlie the Rustler Formation. They are the youngest Permian age rocks in southeastern New Mexico and
they mark an abrupt change in the depositional environment of the area from the dominantly evaporitic
Rustler deposits to a deltaic sequence representative of 2 tidal flat or very shallow water deposits. These
deposits consist of alternating, laminated to thin, even beds of reddish-brown siltstones interbedded with
minor claystones and containing lenticular interbeds of fine-grained sandstone. Neariy all siltstones and
claystones contain veins of secondary selenite gypsum, except near the 10p. While most of the veins are
parallel to the horizontal bedding, many veins cut the formation at various angles as noted by occasional
vertical veins observed in cores. The formation thins from east to west as a result of post-Permian erosion
and varies in thickness from 167 m (543 ft) a few miles southeast of the site to 148 m (481 fi) near the
center 10 30 m (97.5 ft) a few miles to the southwest. The formation outcrops in low bluffs along the
north and east of Nash Draw, where it is nearly completely absent except in sinks and collapse features.

Drilling for areal geohydrologic evaluation indicated local zones of permeability but did not
indicate the existence of any continuous zones of saturation, although local minor zones of saturation
were observed at wells H-1, H-2, and H-3 associated with the interbeds of fine-grained sandstone
(SAND92-0700/2, 1992; Mercer, 1983). Mercer (1983) believes that sand units near the top of this
formation become localized perched or semiperched saturated zones dependent on the existence of
favorable local recharge conditions. Several wells at the J.C. Mills Ranch (formerly the James Ranch)
south of the site (T. 23 S., R. 31 E., section 6 and 7) drilled to depth of 94 to 212 ft produce water from
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the Dewey Lake Redbeds (SAND92-0700/2, 1992; Mercer, 1983). Mercer (1983) postulates that ranch
wells are completed in one of these lenticular sand units and, further, that the extensive region of active
sand dunes to the east of this area could be the recharge source for the perched water bearing units.

Mercer (1983) hypothesizes that the Dewey Lake Redbeds act as a protective cover that retards
the dissolution of evaporites of the Rustler by restricting groundwater movement within the Rustler as a
result of the perched character of the water in the lenticular sands. However, he offers no explanation of
just how continuous recharge would not eventually bypass these lenticular units by running off in very
localized areas near a low end of these saturated lenticular units on their way to a continuously saturated
unit like the Rustler in order to proceed t0 a regional discharge area. He does offer support for his
hypothesis by arguing that groundwater percoilating through the Dewey Lake Redbeds and penetrating to
the upper anhydrite of the Rustler at WIPP should cause it to be altered to gypsum but that existing cores
and geophysical logs do not indicate any alteration except where the Dewey Lake is thin or absent.

Hydrologic properties of all the supra-Rustier rocks are poorly understood because of the
difficulty of making measurements and, as a result, have only been estimated based on the description of
fine grained-sandstone and siltstone (SAND92-0700/2, 1992). Saturated hydraulic conductivity is
estimated as 10~ /s and porosity is estimated as 0.2 (SAND92-0700/2, 1992). -
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5.0 IMPACT OF REPOSITORY AND WASTE EMPLACEMENT

In this section, the impact of repository excavation and waste emplacement on the long-term
performance of the disposal sysiem is considered. At first glance, the impact might be considered to
be minimal because of the depth of the repository and the presence of only four man-made pathways
{the shafts). However, the mechanical, hydrogeological, chemical and thermal fields will be disturbed
by repository excavation and the introduction of waste, and changes in one field may cause changes
in another, i.e., coupling. Assessment of the impact of these changes is complicated by questions of
scale, both temporal and geometric. The tme scale required by regulation (10,000 years) is i00 long
for the usual iterative approaches, and the geometric scale is too large for experimental validation of
repository response models. Natural heterogeneity of the rock mass and the influence of brine and
gas generation are additional complicating factors.

The processes expected to occur in the repository following closure, and the PA efforts to
understand and predict these processes are examined in this section. Subsection 5.1 provides
background information on excavation effects and room closure. In Subsection 5.2 the permeability,
pore pressure, and brine inflow in the disturbed rock zone are discussed. Subsections 5.3 and 5.4
examine gas generation and gas flow, and Subsection 5.5 considers the coupled effects of closure and
fluid flow on repository behavior. T

5.1 EXCAVATION EFFECTS AND ROOM CLOSURE

5.1.1 Introduction

Before considering the effects on the repository of excavation and emplacement of waste, this
subsection will briefly review the undisturbed state of the Delaware Basin. There are four primary
fields of interest: mechanical (stress-strain-displacement), hydrogeologic (pressure, regional pressure
gradient, and velocity), chemical (species, concentration gradients, reactions), and thermal
(temperature, temperature gradient, heat flow).

Prior to excavation, the stress field in the Salado is expected t0 be lithostatic and isotropic.
because of the age of the basin and the observation that halite cannot sustain a stress difference
without flowing to alleviate it. The hydrogeologic field is expected to have pore pressures close to
lithostatic (because of the ductile nature of the salt), relatively low horizontal gradients (because of
the location of the WIPP site relative to the edge of the basin), and very low velocity (because of the
smali gradients and the permeability of the halite). Because of the age of the basin and the small
amount of mass transfer into the basin, one would expect that the chemical field would be near
equilibrium with concentration gradients occurring only near the clay seams, anhydrite stringers, etc.
Therefore, chemical reactions would not appear to be likely in this environment. The thermal field is
expected to have a temperature of about 27° C and relatively low thermal gradxent and high heat flow
because of the relatively high thermal conductivity of rock salt.

All four of these fields will be disturbed by the excavation of a repository and the introduc-
tion of waste. The mechanical field will be altered by the excavation of the openings with attendant
stress concentration around the openings, resulting in higher strain rates and displacements that tend
to close the openings. A rather large sink is created in the fluid pressure field which is suddenly
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dropped to approximatety one atmosphere at the periphery of the openings. This results in a rapid
change in the pore-pressure gradient field, with an accompanying change in the velocity field and
flow into the openings. The excavation process and emplacement of waste introduces new chemical
species into the formation, which produces concentration gradients and the potential for reactions,
particutariy in the presence of brine. As the excavation develops, a ventilation system is installed
which transports vapor from incoming brine to the surface. The accompanying temperature changes
near the room surfaces results in a change in the stress field, but it is unlikely that the thermally-
induced strain will be large enough to induce surface fractures in the halite because of the relatively
low initial surface temperature of the rock.

The discussion above implies the coupling of phenomena, i.e., changes in one field may
cause changes in another. For example, the excavation-induced disturbed rock zone (DRZ) is likely
to have both higher porosity and permeability than the far-field rock. Modeling of coupled
phenomena is difficult due to the lack of complete understanding of the coupling and appropriate
data. In PA it is desirable to make bounding calculations using relatively simple, uncoupled models.
However, it appears to be prudent to understand coupled phenomena that may invalidate assumed
bounding models. WIPP PA gencrally avoids making bounding calculations and promotes the
probabilistic approach as required 10 capture and evaluate uncertainty, Beauheim et al (1993).

£
5.1.2 Questions of Scale (:

Some of the most difficult and challenging aspects of designing, licensing, and constructing
nuciear waste repositories revolve around questions of scale. The time scale required by regulation,
10,000 years, is too long for the usual iterative approach of "build and test and redesign” used in
developing common engineered systems. It is not possible to develop a pilot plant and observe its
performance through its life cycle in order to improve future designs. The remaining options
include conservative design, in which driving forces are overestimated and the ability of the
repository to contain waste is underestimated. Even this conservative approach cannot guarantee
adequate performance of the repository because the failure of engineered systems is sometimes
caused by unanticipated loading conditions, for example, the dramatic failure of the Tacoma Narrows
Bridge caused by dynamic wind-structure interactions that were not accounted for in the design. In
the case of repositories, the possibility of overiooking a potentially important failure scenario or
interaction is minimized by careful design and analysis, PA, and the licensing or certification process.

Complementary to the conservative approach outlined above, is the development of
computerized models to simulate the future performance of the repository system. Given the
circumstances, this is the best that can be done. It is necessary, but not sufficient, that these models
reliably simulate observations made during various laboratory field tests at WIPP. Finally the
judgment of experts and probabilistic modeling can be used to assess the performance of the system
relative to the reguiations. These approaches appear to be the best possible, given the time scale and
uncertainty of the problem.

In addition to the time scale, there are geometric scale problems. The geometric scale is too
large for experimental validation of repository response models. Figure 5-1 A and B illustrates
observations made of trough subsidence over mined excavations. In part A, the width of the
excavation is less than the depth, and there is an arching effect present that transfers part of the load
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from the overburden to the undisturbed rock on both sides of the excavation. In this case mine
pillars, which are located in the region marked “"excavation” on the figure, do not need to carry the
entire load of the overburden. This situation is termed subcritical subsidence. Part B illustrates
supercritical subsidence where pillars near the center of the excavation must carry their share of the
overburden load. Field experiments performed at the WIPP site are necessarily in a subcritical state
because of the geometric scale problem, whereas the fully-developed repository will be
approximately at the critical point. Large scale subsidence is not expected at the WIPP due to low
extraction. Rather, this figure is shown to illustrate the problem of scale. Being able to predict room
closure in the experimental area, using the elastic-steady state creep constitutive model with reduced
elastic modulus in the code SANCHO as has been done in PA, may not ensure successful calculation
of room closure in the full repository where the stress field will be different. This topic is further
developed later in this section.

Again, it is necessary 10 rely on the ability to calculate and predict the future performance of
the pillars and the rooms. The validity of these calculations cannot be directly checked because of the
time and geometric scales. However, it is possible to validate the models over the period of
observation and demonstrate that deformation (i.e., the change in size and/or shape of a region of the
continuum) mechanisms in the near field around the rooms are consistent with those observed in salt
naturally deformed over a much longer time. This procedure builds a higher degree of confidence
. in the simulated results, provided that the predicted loading conditions are approximately correct and
a more complete constitutive model (described below) is used.

Work on a constitutive model for WIPP salt creep and room closure has gone on continuously
since the late 1970s (Munson and Dawson, SAND79-1853, 1979; Munson et al., SANDR88-2948,
1989; and Chan et al.,, 1992). This work is well respected in the rock mechanics community
internationally and is representative of the state of the art. The Munson-Dawson (M-D) model has
not yet been incorporated into PA calculations, SAND92-0700/3 DEC92 DRAFT, although plans
exist to incorporate this work in the near future.

5.1.3 Heterogeneity: Natural and Repository Induced

One of the factors that makes modeling of observed phenomena in underground openings
difficult is natural heterogeneity of the rock mass. Many roof falls and floor heaves seen in
underground salt mines can be traced to a plane of weakness such as a clay stringer, anhydrite layer,
or marker bed. These features sometimes exhibit spatial variability in properties and are frequently
discontinuous in nature. Figure 5-2 shows artists’ conceptions of possible interactions between the
closed disposal room and these heterogeneous features. These illustrations indicate interaction
between natural heterogeneous features and the DRZ, which is a repository induced heterogeneity.

The rock bolts shown in Figure 5-2 help to maintain the structural integrity of the roof and,
provided the bolts are tensioned, reduce the effects of the DRZ in the roof. Rock bolts are sometimes
used in the ribs and in the floor to maintain the integrity and longevity of the opening, but not at
WIPP. The effects of rock bolts are difficult to model when using two-dimensional models and are
another example of repository induced heterogeneity.
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Figure 5-2. Diagram [llustrating the Conceptual Evolution of a Disposal Room Within a
WIPP Waste Panel. [Dlustrated in the upper left is the setting for a typical
disposal room relative to the stratigraphy at depth and the progression of
states, starting with (a) an idealized depiction of the disposal room after
closure; (b) the disposal room after creep closure and brine inflow, and (c) the
disposal room after possible gas leakage, room expansion and brine inflow.

{Reference 1991 PA)
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Another example of heterogeneity is the high pressure brine pockets in the Castile formation
below the repository level. These brine reservoirs represent a potential source of brine that could
affect salt deformation (Section 5.3), gas generation, and radionuclide releases, but are likely only if
tapped by boreholes generated by inadvertent human intrusion. Heterogeneity is of crucial
importance in compliance and is receiving needed attention (see DOE/WIPP 89-011, Rev. 1, Test
Phase Plan for the Waste Isolation Pilot Plant, March, 1993).

5.1.4 Repository Environment

The repository environment will affect its subsequent behavior. Significant brine migration
into disposal rooms would, for example, enhance salt flow (i.e., deformation that changes with time,
Section 5.2). Temperature increases due to heat-generating waste are expected to be rather small, but
salt flow is very sensitive to temperature. Gas generation and its timing relative to the creep closure of
the room and the effectiveness of the man-made seals, particulatly in the DRZ, could alter the ex-
pected response of the repository. Gas flowing into microfractures in the DRZ could pi'omote more
brittle behavior in the salt mass by reducing the effective confining pressure. Figure 5-3 from Chan
et al.,, 1992 shows the influence of confining pressure on creep rate for a range of stress differences.

Figure §-3. Calculated Steady State Creep Rates as a Function of Stress Difference for
Various Levels of Confining Pressure Showing a Reduction of Creep Rate
with an Increasing Level of Confining Pressure (Chan et al, 1992).
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5.1.5 Current State of PA Relative to Creep and Room Closure

Creep and room closure PA process modeling is ongoing (Figure 5-4 and Figure 5-5.)
Sandia National Laboratories will soon incorporate the M-D model in PA calculations. Currently PA
is using an elastic-steady state constitutive model for salt in a code called SANCHO (Stone et al..
1985). that is simpler to incorporate and faster to calculate in SANCHO than the preferred M-D
model. The Test Phase Plan for WIPP, March 1993 indicates that the M-D will be used in future
calculations.
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Figure 5-4 Typical Creep Test Showing Transient and Apparent Steady State Response.

The use of the M-D model in the calculations is important because decisions relative to the
importance of certain events depends on when room closure and consolidation of the backfill and
waste occur. Davies et al., 1991 present an overview of strongly coupled chemical, hydrologic, and
simplified structural processes. Figure 5-6 shows the dramatic reduction in cumulative brine inflow,
the rate of brine inflow, and the slope of the curve (which actually reverses sign, indicating that brine
is being displaced out of the room) when the coupling of gas generation and brine inflow to0 a
disposal room is considered in the absence of room closure.
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ROCM CREEPING CLOSED BRITTLE BEHAVIOR

Figure 5.5, Schematic Diagram Illustrating Creep Closure by Ductile and Brittie
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Figure 5-6. Plot Comparing Cumuiative Brine Inflow to a Disposal Room in the Absence
of Gas and Brine Inflow with a Fixed Gas-Generation Rate of 3 Moles per
Drum Per Year. These simulations are based on the model configuration and

parameters illustrated in Figure 7. (Davies et al, 1991),
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If creep closure is considered without gas generation, average tnitial porosity of a backfilled
room of 0.65 drops to 0.3 in 100 years and to about 0.16 in 750 years, Figure 5-7 shows the
porosity history for this case (Davies et al., 1991, Fig. 11). However, if constant gas generation rate
exists in a perfectly sealed room, the decrease in porosity leads to higher pressure, which in this
model leads t0 a reversal in room closure and an expansion of the room, as shown on Figure 5-8.

The results shown by Davies et al., 1991 are from two-dimensional calculations using the
SANCHO code and the elastic-steady-siate constitutive model. The elastic modulus in this simplified
constitutive model was reduced in magnitude until computed room-closures agreed with measured
values. Because the elastic modulus is a fundamental physical property of the salt, it has a measured
value. When the value is changed 10 enhance agreement with measured results, it becomes a fitting
parameter, and the constitutive equation has no fundamental basis. If the deformation in the
repository is very similar to that of the measured results, such 2 model may be adequate to predict
performance. However, it is difficult to have much confidence in the results of calculations using this
mode] until it is shown that the simplified model Iiroduces results in agreement with the more realistic

model. o
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Figure 5.7, Simulation of Average Porosity History of a Disposal Room Filled with TRU
Waste and 70% Salt/30% Bentonite Backflll and no Gas Generation, Adapted
from Butcher et al. in Press A (Davies et al, 1991).

The finite-element mesh used is shown in Figure 5-9 and has several limitations that may
affect the resuits. For example, the model used is two-dimensional and represents one quarter of the
room and pillar system; i.c., two planes of symmetry have been assumed, one vertical and one
horizonta! in a homogeneous salt mass. The horizontal symmetry plane forces the modei to assume
that the room is filled with waste surrounded by crushed salt backfill with no air-gap at the op.
Further, the assumed horizontal symmetry plane makes it impossible to include some heterogeneity.
No inter beds are included in the model. ‘
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Figure 5-9. Modeling Mesh and Boundary Conditions for Calculation of Porosity Surface
with SANCHO (adapted from Mendenball et al., 1991, Figure 3-2).
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This model is valid only if there is a continuing sequence of identical rooms in both
horizontal directions, which there is not. In a repository with a width greater than critical width. see
Figure 5-1, the model represents pillars near the center of the total width of the excavation.

With respect 1o loading on the room-pillar model, the overburden is represented as a fluid that
only applies pressure to the top of the model; i.e., the model neglects the stiffness of the overburden
and its potential effect on room performance. For rooms away from the central area of a repository
of supercritical width, and for repositories of less than critical width, arching may occur in the
overburden and the assumed boundary conditions may not be adequate. The model used also
assumes that the rooms are all excavated and filled simultaneously, which is not the case. The time
sequence of excavation, filling with waste, and backfilling with crushed salt may be important in the
development of the DRZ and the response of the repository rooms.

The salt has been assumed to be homogenous and at a constant temperature; in other words,
the natural thermal gradient, heat generated by the waste, heat removed by ventilation during the
operating period, etc. have all been neglected. Given the known sensitivity of salt deformation rate 1o
temperature, temperature calculations and thermal effects should receive careful consideration in PA.

SNL investigators are aware of the limitations of the model, as currently used. The coupled
system is complicated and increasing the detail in the model will require significant effort; however
the details of the system may be important to PA. It is apparent that further work in this area is
peeded for better understanding of the performance of the coupled system.

If chemical (gas generation), hydraulic, and structural effects are all considered
simultaneously, increased gas pressure is expected to decrease brine inflow, which would limit the gas
pressure generated, and decrease the possibility that the rooms would expand rather than close. If the
gas pressure becomes too high, new fractures will be created that will lower the gas pressure. These
fractures may occur in the DRZ if the gas-generation rate is high. It is apparent that the timing of
each of these phenomena is important in the coupling. Also, the question remains of whether a
disposal room can effectively seal the gas generated. The rate at which the DRZ fractures heal,
relative to the gas pressure generated, appears to be important.

The M-D model and most other models are based on the results of laboratory scale tests in a
dry environment. This may or may not be important, depending on how well the laboratory results
scale up to the repository scale and how much brine actually enters the repository. Salt deformation
may be affected by micro-cracking and gas pressure in the pores (Chan et al., 1992, report on work
in progress to incorporate brittie phenomena into the M-D model). Finally, the M-D model has been
developed using primarily the results of triaxial compression creep tests at various temperatures in the
range expected in the repository. It is questionable whether any model based on simple stress paths
will be able to accurately predict the response of the rock to the potentially more complicated stress
path (possibly including a change from contraction to extension) that may occur in the repository.
This is not a criticism of the M-D model; it is the best currently available and should be used. Ideally,
the M-D model, as modified to include brittle behavior, will account for all of the deformation and
will be adequate for coupled analysis. The Test Phase Plan for WIPP, March 1993, p. 3-27, notes that
in referring to coupled multiphase studies, “these models describe the physical behavior of the
disposal room in greater detail than necessary for the performance assessment. . . . The three-phase
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model may allow the Project to better understand and represent the relationship of room dynamics
and fluid flow for the performance assessment.”

5.2 THE DISTURBED ROCK ZONE

Brine inflow rates into the waste-filled rooms and other repository-level hydraulic properties
of the Salado Formation are being characterized carefully, because brine

* is the principal means by which radionuclides may be ansported out of the repository; far

e strongly influences gas-generation rates and pressures within the repository; and
e  generally affects mechanical properties of salt and salt seals.

Hydraulic conductivity (permeability) and specific storage (porosity, storativity) all increase,
while fluid pore pressure decreases within 1 to 3 meters from the walls of the excavations (Beauheim
et al., 1991). These changes are o be expected because in the course of mine closure, a large stress
gradient is generated from lithostatic pressure within the salt to atmospheric pressure at the excavation
boundary. This leads to rapid transient creep processes, including cracking at grain boundaries in the
salt and fanlting in MB 139 (Figure 5-10 A).

Munson et al. (1989) and Chan et al. (1992) have incorporated a creep damage mode! into
the multi-mechanism deformation mode! proposed by Munson and Dawson (1984) in order to
account for the transient response. Ratigan et al. (1992) have developed a criterion, based upon 45
tests on WIPP salt and 39 tests on Avery Island sait, whereby, at high strain rate and at critical ratios of
shear stress to mean pressure in the salt, <721 1> 0.27 positive volumetric strains occur by
dilatancy. Damage due to dilatancy increases as the ratio NI2Y 0.271 increases above unity and for
values less than unity, zero or negative volumetric strains are accompanied by crack healing. R.L.
Thoms (personal communication, December, 1992), for his model of a solution-mined cavern within
N. Dayton dome, found that the critical value of J2/ i was exceeded only within 3 meters of the
wall at 850 meters depth. At WIPP, Borns and Stormont (1988) found that dilation within the DRZ,
resulting from microcrack porosity, increases with time and is accompanied by increases in gas flow
rate (by 104, Figure 5-10 B), apparent resistivity (by 900 ohm-m) and by decreases in compressional
wave velocities (by 10%). This dilatant volume increase at least partly accounts for closure rates
observed that are three times higher than those calculated prior 10 excavation; (see also Munson et al.,
1989).

§.2.1  Permeability and Pore Pressure

Each year, as a result of new understanding and improving technology, the hydrologic
_ properties of various members of the Salado have been refined (Beauheim et al., 1991; Howarth et al.,

1991; Jensen et al., 1993a,b; PA, 1992). More specifically, estimates of far-field permeability have .

consistently decreased, while those of intrinsic formation pore pressure have increased as it has
become clear that disturbances resulting from the excavation have strongly influenced diffusivities
and hence the results, For far-field hydraulic properties, the most reliable data have come from
fifteen borcholes drilled 23 meters deep in the vicinity of what was to0 become a 110 m-long by 3 m-
diameter (309 ft-long by 11 fi-diameter) experimental tunnel termed Q. Jensen et al. (1993 a, b)
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describe schedules. procedures and data acquisition in detail, and interpretations of pre-excavation
data are given by Howarth et al. (1991) and Gorham et al. (1992). Howarth et al. (1991) used
somewhat different data reduction, fitting. and interpretation procedures than did Beauheim in 199}
and Gorham in 1992, and, in some instances, permeability estimates differ.

Beauheim et al. (1991) discuss details of permeability tests in rooms C2, D, L4, 7. SOPO1 and
SCPO1 (Figure 2-8) and conclude that since all tests except three were within 5.6 meters of the
excavation walls, estimated hydraulic properties are likely to represent values from zones that have
been disturbed or depressurized. Formation pore pressures within 3 meters of the wall range from
0.1 to 0.5 MPa. Pore pressure beyond 3 meters is variable, in the range 2.7 to 9.3 MPa and, beyond
6 meters, apparently is greater in the anhydrite (12.5 MPa) than in the halite; little change in
permeability occurs in this depressurized zone (Beauheim et al., .1991; Gorham et al., 1992).
Hydraulic conductivities within 3 meters of the wall are higher by two to three orders of magnitude
for both halite and anhydrite layers. Peach (1991) also observed a thousand-fold decrease in
permeability of Asse, Germany, salt from the gallery wall to 3 meters into the salt body in a mine
room at the 800 m (2,600 ft) level.

Stormont et al. (1991) document significant increases in both brine and gas permeability in
salt near a 3-foot-diameter "mine-by excavation” drilled into the floor of the WIPP mine, Prior to
excavation, formation pressures and permeabilities were determined using an array of 4.8 cm (1.9-in)
test holes drilled at distances of from 1.24 to 4 radii (r) from the center of the .45 m (1.5-ft) radius
hole to be excavated. During and after excavation, the low pressure and high deviatoric stress near
the wall induced major damage to the pore structure by cracking and dilation; large, transient
pressure drops and increases in permeability were recorded in test holes placed at 1.25 and 1.5 1.
These changes were much less pronounced in test holes at 2, 3, and 4 r, where little to no po;a""‘
structure damage occurred (Stormont et al., 1991).

5.2.2 Brine Inflow

Mechanically, the limited brine in the DRZ may increase transient creep rates by enhancing*'
crack growth rates at the low confining pressures (Brodsky and Munson, 1991). There is no evidence
to suggest that dislocation processes (microplasticity) are enhanced by hydrolytic weakening in alkali
halides, and pressure solution (grain boundary dissolution-diffusion-precipitation) kinetics at 27°C
are such that these processes are not expected to contribute greatly to the creep strain during closure
(Borms, 1987; Carter et al., 1993). However, the presence of water does enhance crack healing rates
(Hickman and Evans, 1991; Brodsky, 1990; Costin et al., 1980) and hence the dilatant state of the
DRZ during creep closure will depend on the balance between crack opening, and healing. Possible
brine sources other than Salado include leaks through shaft seals of Rustler Formation brines (Section
7) and injections from boreholes in Castile Formation pressurized brine pockets; however, the Castile
sources relate only to relatively late ime frame behavior.

Brine inflow rates at WIPP have been monitored extensively in the Brine Sampling and
Evaluation Program (BSEP) (Deal and Case, 1987; Deal et al.,, 1989; Deal and Roggenthen, 1992)
and for rooms D, L4 and the Q access drift (Finley et al., 1992). Figure 5-11 shows the size and
orientations of 17 small-scale brine inflow boreholes relative to the stratigraphy of the waste facility
horizon. Subhorizontal holes DBT 16 and DBT 17, were drilled into a single stratigraphic unit, clean
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Schematic Diagram Showing Small-Scale Brine Inflow Borcholes and the
Stratigraphy Tested in Each (Finley et al., 1991; MB 139 stratigrapby from
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halite map unit 9, in the rib of room D and have shown no brine inflow in 1,350 days. The other two

subhorizontal holes, L4X01 and L4B0O1 were drilled into map unit 0. a 2-m (6.6 ft) thick layer of
argillaceous halite comprising the lower half of the waste facility horizon; these two holes have
produced small amounts of brine over the monitoring period (Figure 5-12). Clay content, which is
directly related to bulk water content (wt % H,O=wt % insol. res./3; Stein and Krumhansl, 1989) is
believed to be one of the controlting factors influencing the brine infiow. Deal et al. {(1989) also find
small inflow rates for horizontal holes of the BSEP program and note that such holes older than 2.5
years are not producing brine.

Brine inflow rates for vertical holes through the repository horizon are generally higher than
for the subhorizontal holes. Rate of inflow for DBT 15 is shown in Figure 5-12 but these values
differ appreciably from those recorded for hole DBT 14, a like-sized (10-cm-diameter) hole, 9
meters away, bored through the same stratigraphy. The cumutiative brine mass for the eight
boreholes in the fioor of room D ranges from 4 to 17 kg as compared to the 1.5 10 2 kg for the two
subhorizontal holes in room L4 (Finley et al., 1992). In accord with the results of Finley et al.
(1992), from 5 to 15 grams/day of brine were collected from the eighteen BSEP holes near the
repository horizon (Deal and Case, 1987).

The five equally-spaced boreholes in the Q access drift were designed to test stratigraphic
units immediately below the waste facility horizon, especially MB 139 (Figure 5-11, lower right
columnar section). Inflow rates from these boreholes have been both the greatest and the most
variable of the three areas sampled, with an average of 14 kg/hole/yr. However, borehole QPB02,
which is located in center of the drift, has produced more than half (63.9 kg) of the 113.4 kg of
cumulative brine inflow (Figure 5-12) in two years and QPBOS has produced nearly one-third. A
fracture was identified in QPB(02 and a salt encrustation—or clay-covered perturbation—was found in
QPBO0S5:; excavation-induced fracturing in MB 139 may explain these variable results and brine influx
histories (Finley et al., 1992, Figure 12; Table 2).

Increasing, decreasing, and fairly steady inflow rates have all been observed in 15 of the 17
boreholes; all three types of behavior frequently occur in the same borehole. Most of the boreholes
showed a high initiai mass flux followed by a monotonic decrease in flux with time. Eleven of the 15
brine-producing boreholes have shown increasing flow rates during the last year (Finley et al., 1992)
a response aiso noted for BSEP holes (Deal et al., 1989). Steady or increasing inflow rates are most
probably the result of ongoing fracture development because, in a confined reservoir, flow rates
would decrease with time, as is observed in the early history of nine of the boreholes.

Nowak et al. (1988) present a WIPP brine flow model that assumes transient Darcy flow in a
porous medium and predicts brine inflow rates for comparison with those observed in the BSEP
program (Deal and Case, 1987). Combined with conservative values for the fluid diffusivity,
viscosity, and the borehole radius, the apparent permeability (k) at hydrostatic fluid pressure for long
times was estimated to be 3.5 x 10-21 m2. This estimate falls within the range 10-20 to 10-2! m?, a
range then believed to be representative of far-field permeabilities on the basis of in situ tests
(Petersen, 1987). -

Expected brine accumulations, using this permeability range and pore pressures from hy-
drostatic to lithostatic, were calculated for a WIPP reference disposal room (4 m x 10 m x 91 m; Total
Surface Area = 2548. m2; Volume = 3645 m®) by means of two-dimensional numerical analyses.
For a room in a panel, expected accumulations afier a 100-year post-closure period range from 4 m3
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for hydrostatic fluid pressure, Py = 6 MPa and k = 10-2! m? t0 43 m3 for lithostatic fluid pressure.
P,= 15 MPa and k = 10-20 m? (Figure 5-13). The increase in fluid pressure at constant permeability
increases cumulative inflow by a factor of two to three whereas a ten-fold increase in permeability at
constant fluid pressure increases inflow by a factor of four to five. Nowak et al. (1988) regard 43 m3
(1.2% of the room volume) as an upper bound on brine flow into disposal rooms. Lappin et al.
(1989, p. 3-14) note also that the estimates of Nowak et al. may be inherently high because of flow
model assumptions and system characterization uncertainties. Bredehoeft (1988) obtained simitar
results for this permeability range in his numerical analysis of brine inflow.

5.3 GAS GENERATION

Preliminary analyses of posi-closure evolution of disposal rooms indicate that significant
quantities of gas may be generated by anoxic corrosion of steel containers and iron-based ailoys in
the waste and by microbial degradation of cellulosics (Lappin et ai., 1989). Brine quantity and
chemistry are important in considerations both of radionuclide solubility and of gas generation rate
(Davies et al., 1992). Gas-generation rates are¢ reduced if the epvironment is humid rather than
inundated and are reduced still further if conditions are oxidizing (Brush, 1992). Under aerobic
conditions, gas is not generated by metal corrosion, and microbial activity produces only CO, and
H,0 (DOE/WPIO, 1992, p. 2-21). However, for the long-term time frame, following creep closure of
the repository, anaerobic conditions should prevail, and sufficient gas may be produced to become a
factor in repository behavior.

Pores in the waste, through time, will be filled with brine and/or gas generated by corrosion
and biodegradation. After interaction with room contents, brine chemistry and availability are
expected to affect gas generation rates during anoxic corrosion by defining the thermodynamic
activity of water in the liquid and vapor states. The absolute humidity of the repository atmosphere
in equilibrium with Salado brines, as a function of variations in chemistry and temperature, may
range from 18 to 27 g/m?> (DOE/WPIO, 1992). On the basis of preliminary experiments (Brush,
1991), inundated gas generation rates from anoxic corrosion are estimated at 1 mole/drum/year,
about the same as those due to microbial activity; radiolysis of brine is expected to produce only 1 x
104 moles/drum/year. Inasmuch as 6,804 drums are placed in each waste disposal room, the annual
(volutee-~of gas generated gluﬁosﬂuﬂ%ne is estimated to be about 1.4 x 104 moles. If
conditions are humid rather than inundated, the rates and annual gas production volumes will be
lower by a factor of approximately ten (Brush, 1991). The total gas production potential per drum is
about 1,600 motes (1,050 - anoxic corrosion, 550 - microbial activity) for a total (equivalent disposal
room) volume of 1.1 x 107 moles (Beraun and Davies, 1991). Depending on room environmental
conditions and the microstructural state of the surrounding rock, this total production potential could
be realized sometime between a few hundred and greater than 10,000 years.

The gas generated must be stored in the available void space in the waste, the backfill and the
air gap within each disposal room. This storage volume decreases with time during creep closure
until the pore pressure exceeds the hydrostatic pressure. Initially, the air gap volume per room is 649
m3 and the waste volume is 1,663 m? (Beraun and Davies, 1991). Variations in porosity of the
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Cumulative Brine Volumes in s Disposal Room as a Function of Time for
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of 6 and 15 MPa. The values were caiculated from a brine transport model
using BSEP data and assuming Darcy transient flow in a porous medium
(Nowak et al., 1988).
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compacting waste as a function of pressure are shown in Figure 5-14 (Butcher, 1990; 1992; Davies et
al., 1991; Beraun and Davies, 1991). Properties of the crushed salt backfill are reasonably well-
=stablished by means of laboratory-scale compaction experiments (e.g. Holcomb and Shields, 1987,
Holcomb and Zeuch, 1990; Pfeiffle and Senseny, 1985; Case et al., 1987): The backfill occupies a
volume of 1,328 m3 and has an initial porosity of about 0.4 (Beraun and Davies, 1991). Thus, the
initial void space will be 649 m3 (gap) plus 1,300 m3 (waste) plus 530 m3 (backfill) or 2,479 m3.
The “final" void volume available following closure will be about 425 m3 (26% of 1.663; Davies et
al., 1991) in the waste, since the air gap disappears and void space in the backfill will be isolated as
the crushed salt becomes relatively impermeable, (Lappin et al., 1989) (Italcomb and Shield, 1987).
At the maximum gas generation rate (1.4 x 10* moles/yr), assuming no leakage, 50 m> of brine, and
ideal gas behavior, 375 m3 of void space would be occupied at 27°C (300 K) and 15 MPa pressure
(lithostatic) in 160 years. Lappin et al. (1989) estimatc 32 minimum final void volume of about 109
m3 (0.03 of initial volume) so that only about sixty years of maximum gas generation are required to
produce a gas pore pressure equal to the lithostatic pressure.

0.0 L 1 L

Figure 5-14. Variation in Porosity (f) of Waste as » Function of Pressure (Davies et al.,
1991).

5.4 GAsS FLOW

Maximum gas pressures calculated above assume, among other simplifications, that gas is
entirely contained within the room. If the surrouading rock is fully saturated with brine, as is assumed
for Salado members in the far-field, then the relative permeability to gas is zero. In order for gas to
flow outward, it must establish interconnected pathways after exceeding resistive capillary forces
(threshold pressure) and existing brine pore pressure in the rock (Davies, 1991). Davies' threshold
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pressure esumates of Salado Formation members are (1) for relatively pure, undeformed hatite, 25 to
greater than 50 MPa; (2) for impure halite, mildly deformed halite and some interbeds. 5 to 25 MPa:
and (3) for interbed units containing pre-existing, partially healed fractures, 0.5 to 2 h{lPa (Figure 5-
15). Therefore, if the far-field pore pressure in halite is 9.5 MPa and the gas pressure within the
reservoir builds to lithostatic (15 MPa}, then lithologic units beyond the depressurized zone with 3
threshold pressure of less than 5.5 MPa may permit gas penetration.
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Figure 5-15. Relative Permeabilities and Threshold Pressures of Salade Formation Units
in the Far-Field and Near-Field (Davies ¢t al., 1991)

Only nonhalite interbeds and, perhaps, some impure halite members are likely to permit gas
outflow under these conditions. For the near-field, several processes involved in creating the
disturbed and depressurized regions will interact to provide a zone of low threshold and pore
pressure. This near-field zone, which may have significant gas storage potential, is likely to provide
partially desaturated pathways for gas to flow to nonhalite interbeds that have relatively high
permeabilities and low threshold pressures (Davies, 1991). Possible hydraulic fracturing of MB 139
would also serve to relieve gas pressure and provide gas storage volume.

5.5 COUPLED EFFECTS OF CLOSURE AND FLUID FLOW ON REPOSITORY BEHAVIOR

On the basis of the foregoing summary of processes expected to occur in the repository
following closure, it is clear that the overall behavior will depend primarily on strongly coupled rates
of creep closure, brine inflow, and gas generation. Davies et al. (1991; 1992) give examples of
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possible effects of coupled brine flow and gas generation on disposal room pressures and volumes
through time. Their two-dimensional model assumes an isolated room in salt (k = 10-2¢ m?) in
hydraulic communication with higher-permeability (k = 10-19 m2) interbeds, an initial pore pressure
of 11 MPa and an intermediate closure state with 1,000 m3 void volume. Brine inflow rate (initially
at 0.48 m3/year) is reduced by increasing gas pressure, so that further gas generation takes place
under partially humid (.003 mole/drum/year) rather than fully inundated (3 moles/drum/year)
conditions. Effects of variable gas generation rates on room pressure t0 1,400 years are shown in

Figure 5-16. In this model, gas pressure does not exceed lithostatic pressure (15 MPa) in the first
1,000 years.
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Figure 5-16. Room Pressure Calculsted for Inundated (dotted curve) and Variable (solid
curve) Gas-Generation Rates (Davies et al., 1992; Figure 10).

Waste and backfill consolidation during creep closure of the rooms causes a significant
reduction in void volume available to store waste-generated gas. Therefore, gas pressure rises in the
room, which, in tum, resists further consolidation and closure. Modeling salt flow as that of a highly
viscous fluid, Davies et al. (1992) coupled brine and gas flow between a disposal room and
surrounding rocks in a three-phase (salt, brine, gas), fully-coupled system. The resulting room
pressure as a function of time is shown by the solid curve in Figure 5-17, in comparison with results
obtained for two-phase (gas and brine) flow in a room of fixed geometry. Results from simulations
shown all assume a gas generation rate of three moles/drum/year and do not allow for coupling with
brine availability. As seen in Figure 5-16, pressure buildup will occur at a much lower rate for
variable gas generation rates.
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Three-Phase System (Davies et sl., 1993; Figure 16).

The microstructural state of salt, which comprises greater than 90% of the DRZ around waste
disposal rooms, is also critical to repository response and must be accounted for in the coupled
approximations. The volume occupied by the DRZ, approximated by assuming that it extends 3
meters into the salt, is from three to four times that of the disposal room, in the initial and fully-closed
state, respectively, and hence its time-dependent physical properties are of paramount importance. If
creep closure to the fully compacted state takes place within 100 years, unimpeded by brine inflow
and gas pressure (Lappin et al., 1989; Marietta et al., 1989; PA, 1992; Davies et al., 1992), then the
DRZ would self-heal to nearly intrinsic far-field permeability, This possibly healed condition is not
accounted for in current PA calculations, Beauheim (1993). Gas generation during this period is
estimated to be 1.4 x 105 moles per room from both microbial decay and anoxic corrosion in a
humid environment (0.2 moles/drum/yr) since only about 50 m3 of brine is available for the process.
Assuming that no gas leakage occurs, the gas would occupy about 350 m3 pore space in fully
compacted waste, giving rise to a gas pressure of 1.0 MPa. Under these conditions, ideally the DRZ
would self-seal, providing an impervious shield greater than 1 m (3.3 ft) thick around the waste whose
only pathway to the accessible environment is migration along thin clay interbeds and gas venting
along rock bolts in the roof to anhydrite layer B. Swift (Beauheim et al., 1993) reports that mining in
some portions of the repository involves excavation to MB 139 followed by backfilling to the
specified grade. He suggests that it is more realistic to assume that MB 139 will always be in contact
with backfill and waste.
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6.0 ENGINEERED BARRIERS

. This section discusses issues related to the engineered barrier system for a WIPP repository.
The discussion is'based on a review of a large number of WIPP documents covering a range of topics
that are diréctl'y or indirectly related 10 engineered barriers. In general, the review attempted to
address the following questions:

« What quantitative and qualitative anatyses have been performed reievant to the engineered
barriers for the repository?

* What laboratory and field experiments have been performeg?

* What is the expert opinion concerning engineered barriers for a salt repository?

» How are the potential pathways and seals being considered in the PA analysis?

* What data are available concerning geochemical compatibility?

e  What criteria have been established to determine the requirements of the barrier system?

e What are the remaining issues related to engineered barriers and how are they (or are they
not) being addressed? )
The performance of engineered barriers at WIPP will depend on several related and often
coupled mechanisms and processes. Seal performance will be determined by the creep closure of the
underground openings, consolidation of crushed salt, the volume of brine inflow during
consolidation, gas-generation rates in the disposal rooms, the extent and healing of the disturbed
zone, the permeability of interbeds, and the ability to seal fracture zones. The following discussion
touches on many of these aspects. More complete coverage of some of these topics is contained in
other sections of this report and the reader is encouraged to refer to them for a more comprehensive
treatment. ‘
Subsectior 6.1 provides background information concerning the purpose of engineered
barriers, applicable parts of the regulatory standards, and a description of the current design concepts.
This is followed by a review of the analyses (Subsection 6.2) and tests (Subsection 6.3) that have been
performed 1o assess the viability and performance of repository seals. A summary of the issues
associated with the sealing of a repository and planned tests and analyses to address them is presented
in Subsection 6.4. '

6.1 BACKGROUND

Engineered barriers are crucial to the successful isolation of TRU and hazardous waste from
the accessible environment. Engineered barriers include repository design features and engineered
components that contribute to the capability of the repository system to meet the radionuclide and
hazardous materials release limits set by applicable regulations. The fundamental role of the
engineered barriers is to act in conjunction with the natural system to minimize the release of
radioactive and hazardous waste from the WIPP repository. Engineered barriers may include

e  drift seals,
¢ shaft seals,
e borehole plugs,
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¢ disturbed rock zone (DRZ) seals, ~

+ interbed seals,

« panel seals,

e backilil,

» waste form, and

e  waste packages.

This discussion and those that follow are restricted to sealing aspects of the engineered barrier
system and do not directly address waste form and waste packaging components. The review assumes
that the current concept for waste form and waste packaging will be employed at WIPP. Obviously,
the requirements for the engineered barrier system, particularly the sealing components, would
change if alternative waste forms and waste packages wefe employed, and the importance of
performance issues may shift. For example, the volume and rate of gas generated in the disposal
panels from corrosion and microbial processes depends on the containers (currently steel) and waste
form (unprocessed waste including large quantities of cellulosic materials). If gas generation was no
longer a concern, the performance requirements of the sealing components would likely be different.

' The regulatory framework for WIPP requires assessment of cumulative release of
radionuclides to the accessible environment under standards promulgated by the US Environmental
Protection Agency (EPA) in 40 CFR 191 and assessment of migration of hazardous chemical
constituents under standards set forth in the RCRA. There is only one reference t0 engineered
barriers in 40 CFR 191 other than the definitions in 40 CFR 191.12. Requirement 191.14(d) states
that "the disposal systems shall use different types of barriers to isolate the waste from the accessible
environment. Both engineered and natural barriers shall be included." Other references to
engineered barriers are contained in Appendix B, Guidance for Implementation of Subpart B.
Consideration of Total Disposal System.

When predicting disposal system performance, the Agency assumes that
reasonable projections of the protection expected from all of the engineered
and natural barriers of a disposal system will be considered. Portions of the
disposal system should not be disregarded, even if projected performance is
uncertain, except for portions of the system that make negligible
contributions to the overall isolation provided by the disposal system. '

Among the standards set forth in RCRA, the Land Disposal Restrictions (40 CFR 268)
regulate disposal of specified non-radioactive hazardous wastes. The standards are applicable to
WIPP because the transuranic wastes include nonradioactive components, such as heavy metais, as weil
as volatile organic compounds (VOCs) and other contaminants covered under 40 CFR 268. The
regulations prohibit the disposal of these wastes unless the owner or operator of the facility petitions
for a variance and demonstrates that there will be no migration of the hazardous constituents (above
heaith-based levels, EPA, 1992) as long as the waste remains hazardous.

In their response to a DOE no-migration variance petition, the EPA has stated that the DOE
must address uncertainties about long-term WIPP performance before the DOE may proceed with
full-scale operations. Among the uncertainties identified by EPA were the extent and effects of gas
generation, effects of brine inflow into the repository, and the influence of the disturbed zone
surrounding the mined repository (US EPA, 1990). Each of these uncertainties will play some role in
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determining the requirements for and the performance of engineered barriers. Gas from the
repository could transport VOCs either horizontally from the repository in the interbeds or vertically
up the shafts. The transport pathways and concentration of the VOCs will be determined. in part, by
the type and performance of engineered barriers used. Similarly, pressurized brine may transport
heavy metals and dissolved VOCs (as well as radionuclides) through the same potential pathways.

The information required to support a demonstration of no-migration in compliance with
268.6(b) includes the results of numerical flow and transport analyses of overall system performance.
Additional data from laboratory and field tests will be required to verify that the engineered barrier
components of the system will perform as designed.

6.1.1. Current Design Concepts

' In the reference design, multicomponent seals will be located in each of the four shafts, in the
entrances to the waste disposal panels, and in selected access drifts. The locations of the various seals
in the WIPP repository are shown in Figure 6-1. The design includes multiple shaft seals and drift
seals at strategic locations. within the repository. Because the purpose and function of the seals vary
with their location, the shaft seals and drift seals will be discussed separately.

The four shafts are the most likely pathways for the transport of mixed waste to the accessible
environment under undisturbed conditions (no human intrusion). The strategy for sealing the shafts
is t0 maximize the amount of consolidated, low permeability salt in the shaft between the top of the
Salado Formation and the repository level (Stormont, 1988a). The current design for shaft seals
includes two types of seals: long-term seals consisting of segments of consolidated crushed salt
(Figure 6-2); and shori-term, composite seals (Figure 6-3) intended to prevent brine from
contacting the crushed salt seals before it can be consolidated to a density close to intact halite.

Creep closure of the shaft opening is expected to consolidate the crushed salt in the lower
portion of the shafts to near-intact (95%) density within 100 years after emplacement (Nowak and
Stormont, 1987; Arguello, 1988; Lappin et al., 1989). To facilitate the consolidation phase,
composite seals will be located above and below the crushed salt seals to prevent brine from saturating
the crushed salt and inhibiting consolidation. Composite seals will be placed at three locations: above
the upper salt seal, below the lower shaft seal, and in between the upper and lower salt seals (see
Figure 6-4). Because the concrete bulkheads in, the composite seals straddle the long-term seal
intervals, they will also serve as reaction frames to restrict vertical movement of the salt during
consolidation.

Fractures in the DRZ surrounding the shafts are expected to heal once the crushed salt
reaches 95% density and resists further creep closure and the field stresses return to hydrostatic
conditions. The permeability of the DRZ adjacent to the concrete bulkheads in the composite seals is
expected to return to near in situ levels shortly after emplacement because they will resist creep
closure. ,

The use of crushed salt as the primary, long-term sealing material for openings in the Salado
Formation obviates any concern about seal longevity. The material is, for all practical purposes,
identical to the surrounding halite and should have similar chemical and hydrologic properties once
the material has consolidated. The concrete bulkheads are expected to degrade with time but remain
functional during the near-term when the crushed salt seal is consolidating.

6-3 February 1964



PART's independsrt Review of WIPP PA Adiihes tor EM-342 , 6.0 Engineered Bamers

gk .,
et

————

Experimental Region

iy

T e TS

t
Air Intake Shatt Salt Handling Shatt
j,, Exhaust Shat
— Curment Excavation " Operations Region
— Planned Excavation Waste
Shatt b~
0 100 200 Seals ' -ERAi:-s (Well)
ves
(meters) 40mLong e
o 7707
Panel 8— JD U —Pane! 1
_JD quivalent Pansl
TR REREER
PR ii"ar—meuz
_ Panel 7—{L i ji Bt LU i ML E Sl
o (-
Region i r’ﬁ‘?""’:"'-ﬁ'r"r— e —'i-'-'ﬁ';.':ﬂ“
Panel 6~} | ii i I i ipanas
bbb JL i Ji ] L] --lg-!—bLh-In—Lb:
]Di Df———-Soumam Equivalent Panel
e P P T Py oy e e = =
Panei5—i| 1 I ICT i | |r| Y ipanei 4
SRR NN
Ll L | gt b S e e )

-

Figure &1. Location of Panel Seals

64 Fabruary 1904



PART's independert Review of WIPP PA Actwities tor EM-342

6.0 Engineered Bamers

Contact Elevations
are Referenced
10 Borehote ERDA-9

1990).

Elevation {m) USGS Ref. Elev.
0— 1035.06 m
— 1023.3
Dewey Lake
Red Beds
:_.—..'—_—-:-
=
— 874.0 = 2
L 858 7 Magenta
‘200 — ™ 8491 Mamber {
Rustler
e 823.4 Culebra ;
e §168.4 M-mber-—<=___,_ Formation
b 779.7 E———
Upper
Maember
400 —— ggg;? vaca Triste MB 2=
MeNutt
Mamber
Salado
Formation
— 5118 MB 126
600 = Lower
.4 Masmber
= %o MB 138
e 3700 Ma 1% J
ars - -+
. \..,.
o N {
Figure 6-2.

7 W

/Cap and Near Surtace Plug

Coliar

© Cement
Plug

Upper Shaft
System

_—

(g

Lower Shatt
System

—_—

Height of
Complete
Consolidation

Repository
Level

Water Bearing
Zone Seal System

Legend

Mudstone and Siitstone
Halite

Dolomite

Anhydrite

Miscalianeous
Backfill

Congrete
Clay

Crushed WIFPP Salt
(Seal Material)

Diagram of Typical Sealed and Backfilled Access Shaft (after Nowak et al.,

6-5

Februnry 1994



PAAT's Independernt Review of WIPP PA Acantties for EM-342 6.0 Engineersd Barmers

Water Bearing Concrete Plug Lower Shatt Concrete Plug

Elevation (m)
567 -

Shatt Backfil

% Magenta Member

Crushed WIPP

. Salt (Tampoa)

fo———— Clay

Crushed WIPP
Salt (Tamped)

v — Grout
by Concrete
224 -
Cuiebra Member
E Crushed WIPP
e - ] Sait (Tampex)
" Shat Backfil

? 5 10 15
All Dimarsns 0 Meters

Figure 6-3. Diagram of Typical Concrete Plugs in Backfllled Shafts Showing
Combination of Different Materials Depending on Location Within the Shaft
(after Nowak et al, 1990).

Crushed WIPP
Salt (Tamped)

L
ARl Dirnomaions in Maters
Block Salt
Tamped Sait
MB139”
ion A Section B
Reconsolidated Sah Concrate
Vares with Dl
Widih and Height

Figure 6-4. Diagram of Preliminary Design for Concrete and Preconsolidated Crushed
Salt Seal for Drifts and Panels (after Nowak et al.). (Vertical dimensions
are exaggersted.)




PART's ingepancert Review of WIPP PA Aciviies for EM-342 6.0 Engineared Bamers

The upper shaft seal system in the Ruster Formation will comprise of a sequence of seals
made up of bentonite clay segments (4 m in length {13 ft}) confined by adjacent concrete
bulkheads. The purpose of the seals is to limit groundwater flow from the formation into the lower
portions of the shaft during the consolidation phase of the crushed salt seals. The bentonite will be
emplaced at an initial density tailored to allow water uptake and swelling pressures that will prevent
groundwater flow down the shaft but within the limits imposed by the strength of the host rock and
concrete bulkheads. The shaft liners will be removed prior 1o constructing the seals, to aliow direct
contact between the bentonite and Rustler Formation. The DRZ surrounding the shafts may be
removed or sealed with grout 10 prevent groundwater from flowing around the plugs and into the
underlying crushed salt seals.

The panel and drift seals are designed to inhipit long-term migration of radionuclide-
contaminated brine through the drifts to the base of the shafts and isolate the panels during the
operational phase of the repository (Sandia National Laboratories, 1992). The seals are similar to the
shaft seals and comprise both long-term and shori-term seals.

The current design for panel seals is shown in Figure 6-4. The seal consists of 20 m (65 ft)
of pre-consolidated crushed salt confined between two 10-m (33 ft) concrete barriers (Nowak,
Tillerson, and Torres, 1992). The panel entryway seals are intended to return intervals within the
repository to hydraulic properties similar to the intrinsic conditions in the undisturbed host rock sait.
In this way, the seals are expected to provide substantial resistance to flow through the repository as
well as separating volumes of waste from one another and from the shafts. The concrete bulkheads
serve 10 confine the crushed salt during consolidation and provide resistance to gas flow during this
period. The time for consolidation is similar to that for the lower shaft seals, i.e., approximately 100
years after installation. '

The DRZ in the salt surrounding the seal locations is expected to heal eventually after the
crushed salt reaches 95% fractional density and resists further creep closure of the opening. The
disturbed zone around the concrete bulkheads is expected to heal much earlier, due to the back
stresses that will be generated. Marker Bed (MB) 139 and the other interbeds adjacent to the
repository may need 10 be sealed above and below each panel and drift seal by grouting, with
crushed-salt-based grout, cementitious material, or bitumen. The DRZ and the interbeds represent
pathways for bypassing the panel seals.

The performance criteria for the seal components must be defined before the seal design can
be finalized. The criteria will be determined, to a large extent, by the results of performance
assessments of the WIPP repository system. The preliminary performance assessment analyses of the
entire repository system have not included all aspects of the natural and engineered barriers that may
influence system performance; therefore, the seal designs and design concepts are preliminary.
Stormont (1988a) has identified the following predominant processes which may impact the

_ performance seals and the repository system:
% e Closure of the excavations in the Salade Formation and the consolidation of the crushed
h ! salt in the long-term seal components;
%'+ Brine inflow into the excavations in the Salado Formation which may inhibit crushed salt
g consolidation, accelerate corrosion of waste packages, and, if present in discrete pockets,
result in pressurized brine;
« (Corrosion of the waste package and metallic waste and the generation of gases;
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» Water inflow from the Rustler Formation and possible dissolution of salt seals, inhibition
of crushed salt consolidation, and creation of pressured brine pockets;

» Creation and long-term behavior of the DRZ around excavations as potential pathways
for the transport of contaminants in brines or gases.

These issues are being addressed in a variety of laboratory and field studies, as well as in
numerical analyses. The programs are discussed in the following Subsections, and their adequacy to
resolve these issues is assessed.

6.2 TESTING ACTIVITIES

The seéling strategy and reference design are supported by numerous laboratory and fieid
tests. These include testing to demonstrate the reiatively rapid consolidation of crushed salt under a
wide range of pressures, in situ empiacement of crushed salt and bentonite blocks in small-scale seal
environments, characterization of the DRZ and interbeds, and in situ testing of prototype grouts and
injection technology. The following discussion provides a summary of these tests and their results.

6.2.1 Consolidation of Crushed Salt

When crushed salt is subjected to sufficient confining pressures, it consolidates and eventually
achieves porosity and permeability values comparable to intact salt (IT Corporation, 1984). The
crushed salt in the shaft, panel, and drift seals will be consolidated as a result of the creep closure of
the adjacent host rock which is a function of depth, the properties of the rock salt formation, the size
and shape of the excavation, and the resistance presented by the crushed salt.

At a given stress, the consolidation behavior of crushed salt is strongly influenced by the
addition of small amounts of water, several percent by weight (Holcomb and Shields, 1987; IT
Corporation, 1984). Stormont (1988a) compared the results of a dry consolidation test by Holcomb
and Hannum (1982) with those of Holcomb and Shields (1987) in which a small amount of water was
added (less than 3% wt), and found that under similar test conditions (stresses) the time required for
the dry crushed salt to experience the same strain as the wet material was five to ten orders of
magnitude greater. The exact mechanism responsible for this dramatic difference is not understood,
aithough pressure soiution is the preferred hypothesis. Because it is desirable for the crushed salt seal
components to reach near-intact properties as soon as possible, the reference design includes the
addition of small amounts of water to be added to the crushed salt in the shaft, drift, and panel seals
{Nowak et al., 1992).

As the crushed salt consolidates, the porosity and permeability will decrease. Figure-6-§
shows the results of permeability versus deasity tests performed by Holcomb and Shields (1987) and
IT Corp (1987). In general, the permeability of the crushed salt drops rapidly between fractional
densities of 85% and 95% (fractional density is defined as the percentage of the intact salt density).
At 95% fractional density, the permeability is expected to be between 3 x 10-20 and 3 x 10°2]1 m?
(Nowak and Stormont, 1987) compared to a permeability range of 10-!? w 10-24 m2 for intact,
undisturbed halite in the Salado Formation (Sandia National Laboratories, 1992c). Therefore, if the
crushed salt portions of the shaft, drift and panel seals are consolidated to 95% relative density, the
excavation will be returned to its undisturbed state. This assumes the DRZ surrounding the excava-
tions also returns to intrinsic conditions. Interactions between the consolidation of the crushed sait
and the creep closure of the excavations and the expected time for consolidation to occur is discussed
in Subsection 6.3. A
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6.2.2 Other Seal Materials

In addition to crushed salt or quarried blocks of sait, there are a number of other seal materi-
als being considered for use in the WIPP facility: bentonite clay, cementitious materials, and asphalt
(Stormont, 1988a). Sandia National Laboratories has performed a series of in situ experiments de-
signed to evaluate the performance of the various candidate seal materials. The tests were performed
in vertical and horizontal boreholes ranging in size from 15 cm to 0.9 m (6 in to 3 ft). Test Series A
and B experiments evaluated the performance of salt-based concrete in vertical and horizontal bore-
holes, while Test Series C evaluated salt block and salt/bentonite block-type barriers.

Bentonite has been used for creating fluid barriers in numerous civil and mining applications
such as dams, liners for municipal and hazardous landfills, and groundwater control in mines.
Bentonite is also an important component in the engineered barrier system for proposed nuclear
waste repositories in crystalline rock (Pusch and Borgesson, 1989). A principal component of
beatonite is montmorillonite, which swells when hydrated, resulting in good contact between the
emplaced material and the surrounding rock. As mentioned in Subsection 6.1, bentonite plugs are
being considered as part of the sealing system for the shafts to prevent groundwater from entering the
shaft and contacting the crushed salt portion of the system. In the Rustler Formation, the bentonite-
based seals will be used to reestablish the natural low permeability of certain portions of the
formation (Stormont, 1988a). Within the Salado, bentonite-based seals are planned 15 m (49 ft) into
the formation, at an imterbed layer around 500 m (1,640 ft) depth, and at the base of the shafts to
protect the crushed salt portion of the shaft seal during consolidation.
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Test Series C of the Small-Scale Seal Performance Tests included the investigation of
salt/bentonite as sealing material. Ninety-two c¢m-long test seals were constructed in four boreholes.
92 cm in diameter, using a 50/50 mixture of crushed salt and bentonite. The seals were exposed 10
brine and allowed to hydrate, eventually swelling and effectively sealing the boreholes to further
brine movement (Stormont and Howard, 1987). After the seals were emplaced, permeability tests
were performed by pressurizing the borehole interval beneath the seal. The permeability of the seal
was approximately 1 x 1021 m2.

Concrete is often used as a seal and shaft or tunnel liner material in underground excavations
due to its availability, relatively low cost, and favorable properties. However, there are few data
concerning the performance of concrete seals over time frames or situations relevant to the proposed
applications at WIPP (Stormont, 1988a). Availabie historical evidence suggests that leakage of
concrete seals tends t0 occur at the rock interface or the disturbed zone in the surrounding rock and
not within the concrete seal itself, This is not likely to be the case at the repository depth at WIPP,
due to creep closure and fracture healing properties in sait.

A salt-saturated expansive concrete developed by Wakeley and Walley (1986) was used to
assess the performance of concrete seals in salt in Test Series A and B of the Small Scale Seal
Performance Test. The concrete has a unconfined compressive strength of 48.3 MPa and a
permeability of 0.8 x 10-12 m2. Results from the tests have been very favorable (Stormont, 1988a).
The seal permeability calculated from gas and brine flow tests was around 1 x 1012 m2 (Peterson,
Lagus and Lie, 1987), suggesting that the salt/concrete interface was tight and would be capable of
limiting brine movement through or around the seal. A potential problem for the concrete seals is
mechanical failure and loss of seal performance due to the high stress (compressive and tensile) that -
may develop as a result of creep closure in the salt. Predicted stress levels are discussed in Subsection
6.3. The stength of the concrete could be increased by adding fiber reinforcement or chemical
additives, but these would have to be compatibie with the local environment. There is significant
uncertainty concerning the longevity of concrete in salt. Concrete shaft liners in nearby potash mines
have deteriorated from sulfate attack (Stormont, 1988a) over a twenty-year period. However, the
relatively large size of the concrete bulkheads in the shaft and panel seals (10 m (33 ft)) and the tight
interface between the concrete and the salt host rock make it unlikely that significant portions of the
concrete plugs would degrade prior to consolidation of the crushed sait portions of the seal system.

6.2.3 Disturbed Rock Zone

The performance of the shaft, drift, and pane] seals will depend not only on the properties of
the seal material (e.g., consolidated crushed salt) but also on the hydraulic properties of the
surrounding rock mass and sealfrock interface. ~ The construction of underground openings causes
fracturing in the surrounding rock mass due to the redistribution of stress in the immediate vicinity of
the excavation. The fractures could provide a pathway for fluid flow around the seals and
compromise the performance of the repository. At the repository ievel at WIPP, the DRZ could
extend into existing fractures (pre-excavation) in the relatively brittle anhydrite of Marker Bed 139

and other interbeds (Davies, 1991).
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Excavation-related fractures have been documented by visual observation. in drill holes from
excavations, by geophysical measurements, and by gas injection (Borms and Stormont. 1988). This
fracturing includes vertical separations along nonhalite interbeds in the floor and back. curved
fractures in the floor and back that crosscut a variety of stratigraphic units, and vertical fractures
associated with spalling within the ribs. Gas permeability measurements by Stormont, Peterson, and
Lagus (1987) in the first panel entries provide some insight into how the disturbed zone develof:s.
Initial measurements were performed approximately one month after the drifts were excavated. The
span of the drifts varied between 3.9 (13 ft) and 6.0 m (20 ft) which provided preliminary
information on whether the extent of the disturbed zone depended on the size of the opening.

The results are summarized in Figures 6-6 to 6-8. Figure 6-6 shows the flow rate in the halite
rock as a function of distance from the excavation. In general, the region within 1 m (3.3 ft) of the
excavation has much higher permeability than the undisturbed halite, with the flow rates varying by
several orders of magnitude. Beyond 1 m (3.3 ft) the flow rates are consistently low. Relatively high
flow rates were observed in the interbeds (MB 139 and Seam B) within 2 m (6.5 ft) of the excavation
(Figure 6-7). The disturbance was greatest near the center of the drift. As shown in Figure 6-8, the
degree of disturbance appears to be related to the span of the excavation with increasing flow rates in
the wider drifts. -

Additional gas flow measurements were made in a four-year-old drift similar to the panel
entry drift (Borns and Stormont, 1988). Tests were performed in an array of boreholes drilled
radially to a depth of 10 m (33 ft). The results are illustrated in Figure 6-9 that contains contours of
gas flow rate around the drift. The measurements indicate increased flow rates in the immediate
vicinity' of the excavation decreasing radially outward. The effect is present in the back and floor as
well as in the pillars. Peterson (1987) conducted gas tracer studies in the same drift by injecting
diluted tracer gas into packed-off regions of a borehole and monitoring its arrival in the surrounding
boreholes. The gas was injected into two vertical boreholes (one in the back and one in the invert)
and one horizontal (in the rib) borehoie within 1 m (3.3 ft) of the excavation. The tests in the vertical
boreholes indicated that the flow path direction for the gas was predominantly vertical, while the
horizontal test indicated that the predominant flow path direction was parallel to the drift face. The
effective aperture of the flow paths calculated from the tests was small (approximately 1 x 10-6 m).
Stormont et al. (1987) performed additional tracer experiments to study the fracture continuity and
effective aperture of the flow paths in MB 139. Tracer gas arrival times and locations suggest that the
aperture of the flow path increases with increasing excavation spans. The calculated aperture was
approximately one order of magnitude greater at the intersection of two drifts than under a single
drift (0.04 cm versus 0.002 cm). The predominant flow direction was vertical from MB 139 to the
excavation, consistent with the observations made by Peterson (1987). '

Borns and Stormont (1988) visually examined the fractures in the diswurbed zone, using
boreholes in the rock surrounding the excavation. Fractures with apertures greater than 2 mm were
common. Their observations are summarized in Figure 6-10, which represents an idealized cross-
section of a storage room. The localized fracturing of the rock mass is elliptical and predominantly
concave towards the opening. The fractures in the invert and back tend to crosscut the stratigraphy
(interbeds), which is conmsistent with the results of the tracer experiments. Similarly, the
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observed fractures in the ribs are typically vertical. Separations along stratigraphic features such as
interbeds were also observed. Franke (1987) reexamined the fracturing in borehoies over a one-year
period and concluded that the rock mass surrounding the excavation continued to fracture over this
period. Observed fractures in boreholes increased from 48% of the boreholes in 1986 to 73% of the
borehoies in 1987. In older test rooms with larger spans (11 m (36 ft)), 100% of the boreholes had
fractures with fracture apertures 2 mm or greater.
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Figure 6-10. Idealized Excavation Effects in a 4 m x 10 m Room (Stormoat, 1988).

The fracturing of the rock mass around the excavation results in partially saturated conditions
in the rock as a result of drying, exsolution of dissolved gases, and brine inflow. The increased
permeability, decreased pore-fluid pressure, and partially saturated conditions all enhance the
potential for gas flow pathways between the disposal rooms and nearby higher permeability interbed
units (Davies, 1991). Thus, localized regions of increased permeability may exist throughout the
repository, supplying potential pathways for contaminant transport. The significance of these
pathways relative to repository performance will depend on the ability of the fractures to "heal.”

1t is anticipated that the fractures in the disturbed zone within the halite interval will eventually
close and their permeability approach that of the intact salt (Tyler et al., 1988; Lappin et al., 1989;
Sandia National Laboratories, 1993b). Once an excavation is backfilled (with waste, backfill material,
or sealing components) and the material is capable of resisting mechanical loading, it is theoretically
impossible for the halite to maintain open, interconnected fractures due to sait's plastic deformation
behavior and low yield srength. Because of the relatively large porosity in the emplaced waste (0.79)
and the crushed salt backfill (0.4), there will be a delay in the closure of the disturbed zone fractures
until the final density of the backfilled material is reached, and it resists further creep closure of the
disposal room. As the fractures close and the confining stress acting on the fracture increases to
lithostatic, the salt is expected to "heal.” This process will occur earlier in those sections of the
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excavation that contain the concrete bulkheads and the crushed salt seal components instalied at
relatively higher density.

The process of fracture healing or "disturbance reversal” has been demonstrated in the
laboratory and in the field. Sutherland and Cave (1979) performed permeability tests with core
samples of halite from the WIPP site. The permeability of the samples was relatively high initially, as
a result of the mechanical damage that often occurs during collection and transport (o the laboratory.
After applying a confining stress similar to the lithostatic loads at the repository level at WIPP (14.8
MPa), the permeability of the sample decreased by an order of magnitude. When a confining
pressure of 34.5 MPa was applied, the same drop in permeability was observed in six hours. Costin
and Wawersik (1980) conducted fracture healing tests using rod specimens of intact salt. The
specimens were loaded in tension untl failure occurred by compressive loading (up to 35 MPa) at
elevated temperatures (up to 100°C) in an attempt to determine whether the fracture would heal. The
fractures in tests at the lowest temperature (229C) and pressure (10 MPa} recovered from twenty to
thirty percent of the intact fracture toughness after several days of loading; recovery increases with
increasing temperature. -

Healing of the DRZ in salt has also been observed in field experiments at WIPP. Test Series B
of the Small-Scale Seal Performance Tests used of a l-m-long concrete plug in a 1-m-diameter
borehole (Figure 6-11). Gas flow injection and tracer tests were performed thirty days after
emplacement 10 measure the initial permeability of the seal and the types of flow paths present, Very
fast travel times (less than twenty minutes) were measured, and flow paths along the rock/seal interface
or the adjacent rock mass were observed. Follow-up measurements a year later indicated that the flow
paths had been eliminated; there was no tracer movement through any of the seals over a twelve-hour
period with a pressure gradient of 2 MPa. (Peterson, Lagus, and Lie, 1987). The reduced
permeability is assumed to result from increasing confining stresses around the emplacement hole
due to creep closure. Pressure measurements within the concrete seals verified that high radial
stresses were generated over the course of the year (Labreche and Van Sambeek, 1988).

6.2.4 Interbeds

The Salado Formation contains a number of interbeds at the proposed depth for the WIPP
repository. The design basis assumes that the disposal panels will be excavated within a 7.3-m (24 ft)
thick section of halite and polyhalite between anhydrite MB138 and 139. Two of the interbeds,
anhydrite B and MB 139, will be within 3 m (10 ft) of the excavation and are likely to be intersected
by the fractures in the DRZ. Thus, these features represent potential pathways for the transport of
contaminants away from the disposal rooms that could bypass the panel seals. The fracture system in
MB 139 below the excavations appears to be extensive and possibly interconnected. Unlike the
disturbed zone in the halite rock mass, the fractures in the interbeds are not expected to heal
(Stormont, 1988a2). Borns (1985) studied the structure of MB 139 from several drillholes in the
experimental area of the WIPP underground facility and concluded that many of the fractures existed
prior t0 excavation. The existence of pre-excavation fractures suggests that even if the fractures are
closed as the local stresses return to lithostatic conditions, they are unlikely to "heal” and are therefore
likely pathways for pressurized gas and brine transport. One option under consideration is the use of
cement or crushed salt grouts to seal the interbeds, particularly around the panel seal locations
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(Peterson et al. 1987).

Effective grouting may be difficult because of difficulties in delivering the grout to the fracture
system and the possibility of deformation of the interbed as the rooms close and the surrounding

rock mass dilates.

-The available pathways for contaminamt transport will be a function of time and the processes
involved. Immediately after waste disposal, the most likely pathways are through the disturbed zone
into the fracture system within the interbeds (MB 139 and anhydrite B) and possibly up the shafts,
either through the unconsolidated crushed salt or in the disturbed zone. Brine will tend to flow into
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MB 139 and gas into anhydrite B. The consequence Of contaminants moving in the interbeds
depends on the effectiveness of the shaft plugs and seals and whether the interbeds are intersected by
a borehole (human intrusion). Without an additional pathway from the interbeds to the biosphere.
the presence of contaminants in the anhydrites is of no real consequence. Assuming the gas pressure
in the rooms is less than the sum of the capillary pressure and brine pore pressure in the anhydrites,
the fractures in the halite will eventually heal and the pathways to MB 139 will no longer exist. The
fractures interconnecting the room to anhydrite B will also heal but rock bolt holes are presumed to
provide transmissive pathways 10 the interbed.

The proposed support system for WIPP consists of 3-m-long (10 ft) rock bolts with
mechanical anchors in a 1.5 x 1.5 m (5 x 5 ft) offset pattern. The rock bolts will be left in place after
disposal and will eventually corrode, but the remaining material may prevent the halite from forming
a complete, low-permeability layer between the room and Anhydrite B. If this conceptual model is
correct, the panel seals will be bypa'ssed. first by transport via the disturbed zone to MB 139 and

. anhydrite B and later through the rock bolt holes to anhydrite B. _

It should be noted that Figure 2-1 from Rechard et. al. {(1990) (and used in various other
WIPP documents including the Test Phase Plan) which is utilized by the PART throughout this
document (first used in Figure 4-32) shows rock bolts penetrating two anhydrite layers, creating gas
release pathways through both interbeds. Assuming 3-m (10 ft) rock bolts will be used throughout
the waste panels, these rock boits could only penetrate anhydrite B (located approximately 2.5 m (8.2

" ft) above the roof) and not anhydrite A (located approximately 5 m (16 ft) above the roof).

The significance of these pathways depends on many related and coupled processes (such as
brine inflow, gas-generation rates, threshold pressures in the interbeds, the persistence and
interconnectedness of the fractures, human intrusion scenarios, etc.). The question can only be
resolved through performance assessment analysis, 1o determine whether the repository will comply
with the performance regulations, or whether changes in the repository design, e.g., ¢liminating the
pathways or the driving forces for contaminant transport will be required.

6.3 SUPPORTING ANALYSES

Engineered barrier performance at WIPP will depend on several related and often coupled
mechanisms and processes. SNL has performed a series of analyses to understand the significance of
and relationship between some of these factors and to assess the adequacy of the current design for
the repository seals. The analyses have focused on the expected creep closure of the underground
openings, consolidation of the crushed salt seal components, stresses in the concrete bulkheads, the
influence brine inflow may have on consolidation, and the potential for gas and brine migration
through the DRZ and interbeds. Summaries of three of these analyses are provided below.
Additional analyses are underway to address some of these issues in greater detail. The most
important mechanism and processes will be incorporated in the performance assessment models.

6.3.1. Consolidation of Crushed Sait

Sjaardema and Krieg (1977) developed a constitutive model for crushed salt compaction
based on the results of small-scale laboratory experiments by Holcomb and Shieid (1987) (see

6-17 Feoruary 1904




PART's independent Review of WIPP PA Activites for EM-342 6.0 Engineered Bamers

investigate the interaction between crushed salt in shaft and drift seals and the surrounding rock mass.
The models were then used to investigate whether the consolidation of the crushed salt would retard
the rate of creep closure of the shafts and drifts.

The SANCHO model assumed an elastic-secondary creep mode! with reduced elastic
constants for the intact salt. The creep model was calibrated on the basis of the observed closure rates
in some of the drifts in WIPP. The results of the analyses indicare that the crushed salt seal will
provide little resistance to shaft closure until the density of the crushed salt approaches intact density.
The time required for the crushed salt to consolidate to 95% relative density depends on the initial
emplacement density. With an initial backfili density of 80%, the calculated time for the backfill to
consolidate to 95% relative density is around forty years. This time is reduced to approximately half
if the initial density of the backfill material is increased to 85%.

Sjaardema and Krieg also analyzed the interaction between crushed salt backfill and the
emplacement drifts. Assuming aa initial relative density of 85% (i.e. compacted bricks), the crushed
~ salt seal achieves 95% relative density in approximately twenty years after emplacement, similar to

the shaft. Sjaardema and Krieg acknowledge that the analyses have several limitations. The
deviatoric model for crushed salt backfill used in the analyses is ad hoc. The laboratory tests used to
develop the constitutive model for crushed salt compaction did not examine the deviatoric or shear
behavior, and the elastic-plastic deviatoric model used in the analyses was chosen for convenience;
(i.e., the material parameters for the other deviatoric models were not available). Secondly, the
constitutive model for crushed salt compaction is based on laboratory experiments in which the
pressures applied to the sample (1.72 MPa to 3.44 MPa) are significantly higher than the calculated
backfill stresses (0.5 MPa). Consolidation behavior at the jower pressures was extrapolated and the
actual behavior may vary.

Arguello (1988) performed a series of analyses to evaluate the structural interaction between
the proposed panel entry seals and the surrounding formation as a function of time. The conceptual
design for the panel seals (see Subsection 6.1) consists of a 20 m (6.6 ft) interval of crushed salt
between two concret