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USED FUEL DISPOSITION CAMPAIGN
GENERIC DEEP GEOLOGICAL DISPOSAL
SAFETY CASE

1 PURPOSE OF THE GENERIC DEEP GEOLOGIC DISPOSAL
SAFETY CASE

1.1 Introduction

This Generic Deep Geologic Disposal Safety Case presents generic information that is of use in
understanding potential deep geologic disposal options in the United States for used nuclear fuel (UNF)
from reactors and high-level radioactive waste (HLW) resulting from the reprocessing of used nuclear
fuel. Potential disposal options include mined disposal in a variety of geologic media, and deep borehole
disposal in basement rock. The intent of the document is not to provide a basis for comparison of these
alternatives or to support selection of a specific site and/or disposal option for development of a geologic
disposal facility. Rather, the Generic Safety Case is intended to be a source of information to provide
answers to questions that may arise as the U.S. works to develop strategies to dispose of used nuclear fuel
and high-level radioactive waste.

Used nuclear fuel is the terminology used to describe irradiated fuel withdrawn from a nuclear reactor and
stored pending reprocessing, recycling, or for which the manner of disposition has not been determined.
Spent nuclear fuel (SNF) refers to irradiated fuel withdrawn from a nuclear reactor that is intended for
permanent disposal without further reuse. In the U.S., used nuclear fuel (or used fuel) is the preferred
terminology in recognition of the fact that future strategies may include reprocessing steps before disposal
decisions are made, and is used extensively in this safety case. In non-U.S. programs, the distinction
between used nuclear fuel and spent nuclear fuel is not made, and spent nuclear fuel (or spent fuel) is used
to refer to all irradiated fuel from reactors. In this safety case, the term spent nuclear fuel is preserved
where necessary to retain its original meaning. The term high-activity waste refers collectively to both
used nuclear fuel and high-level radioactive waste (U.S. Nuclear Waste Technical Review Board 2011).

This Generic Safety Case document anticipates a need for documentation that will serve to inform
stakeholders, decision makers, and regulators facing each of the number of decisions that will need to be
made as the country restructures its high-activity waste disposal program. This Generic Safety Case is
patterned after the structure of the Nuclear Energy Agency safety case consensus document (Organisation
for Economic Co-operation and Development 2004). It is consistent with new initiatives of the Nuclear
Energy Agency for methods of safety assessments for geologic disposal facilities (Organisation for
Economic Co-operation and Development 2012). The safety case approach is outlined in Section 1.2.

The Joint Convention on the Safety of Spent Fuel Management and on the Safety of Radioactive Waste
Management (International Atomic Energy Agency 1997) defined the disposal of used nuclear fuel as
“the emplacement of spent fuel or radioactive waste in an appropriate facility without the intention of
retrieval.” The Joint Convention agreements include among other items, “to provide for effective
protection of individuals, society and the environment, by applying at the national level suitable
protective methods as approved by the regulatory body, in the framework of its national legislation which
has due regard to internationally endorsed criteria and standards; to strive to avoid actions that impose
reasonably predictable impacts on future generations greater than those permitted for the current
generation; and, to aim to avoid imposing undue burdens on future generations.”

Further, a recent directive (EURATOM 2011) establishing a community framework for the responsible
and safe management of used fuel and radioactive waste, noted that, “.... Safety decisions should be
based on the findings of an assessment of safety and information on the robustness and reliability of that
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assessment and the assumptions made therein. The decision-making process should therefore be based on
a collection of arguments and evidence that seek to demonstrate that the required standard of safety is
achieved for a facility or activity related to the management of spent fuel and radioactive waste. In the
particular case of a disposal facility, the documentation should improve understanding of those aspects
influencing the safety of the disposal system, including natural (geological) and engineered barriers, and
the expected development of the disposal system over time.”

For the past half century, the U.S. has undertaken efforts to develop mined geologic disposal facilities to
address the ever increasing volumes of high-activity wastes in the country created by the accumulation of
used nuclear fuel and radioactive waste from reprocessing and other sources. The U. S. Department of
Energy is revisiting the investigation of a variety of geologic media and concepts for the disposal of the
used nuclear fuel and high-level radioactive waste that exist today, and that could be generated under
future fuel cycles.

Disposal of high-activity waste in a range of geologic media has been investigated by other countries as
well. These long-lived radioactive wastes must be appropriately contained, and isolated from humans and
the environment for many thousands of years. Considerable progress has been made in the U.S. and other
nations, and has resulted in an international consensus that “our responsibilities to future generations are
better discharged by a strategy of final disposal than by reliance on stores which require surveillance,
bequeath long-term responsibilities of care, and may in due course be neglected by future societies whose
structural stability should not be presumed” (Organisation for Economic Co-operation and Development
1995). Mined geological disposal is the currently favored radioactive waste management approach
providing long-term security and safety in a manner that does not require active monitoring, maintenance,
and institutional controls. Staged development of a repository will allow for protecting the interests of
future generations.

A National Research Council committee (National Academy of Sciences 2001) noted that the growing
inventory of high-activity waste requires attention by national decision makers; safety and security are
being achieved by storage, often at or near the facility that produced the waste; and the inventories are
increasing beyond the capacity that can be stored in existing facilities. The committee noted that measures
must be taken to deal with this, and the feasible options are monitored storage on or near the earth's
surface and geological disposal. The committee observed that geological disposal remains the only
scientifically and technically credible long-term solution available to meet the need for safety without
reliance on active management; and that geologic disposal would place fissile materials out of reach of all
but the most sophisticated weapons builders. They noted that while providing convincing evidence of
long-term safety of any repository is a technical challenge, a well-designed repository represents, after
closure, a passive system containing a succession of robust safety barriers, and that our present
civilization designs, builds, and lives with technological facilities of much greater complexity and higher
hazard potential.

The international Radioactive Waste Management Committee (Organisation for Economic Co-operation
and Development 2008) concluded that “[d]isposal can be accommodated in a broad range of geological
settings as long as these settings are carefully selected and matched with appropriate facility design and
configuration and engineered barriers” and “[t]he overwhelming scientific consensus worldwide is that
geological disposal is technically feasible”. This is supported by the extensive experimental data
accumulated for different geological formations and engineered materials from surface investigations,
underground research facilities, and demonstration equipment and facilities; by the current state of the art
in modeling techniques; by the experience in operating underground repositories for other classes of
wastes; and by the advances in best practice for performing safety assessments of potential disposal
systems.” Finally, the Committee noted that “[a] geological disposal system provides a unique level and
duration of protection for high-activity, long-lived radioactive wastes. The concept takes advantage of the
capabilities of both the local geology and the engineered materials to fulfill specific safety functions in
complementary fashion, providing multiple and diverse barrier roles.”
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The U.S. Department of Energy Office of Nuclear Energy, Office of Fuel Cycle Technology has
established a Used Fuel Disposition (UFD) Campaign to conduct the research and development activities
related to storage, transportation, and disposal of used nuclear fuel and high -level nuclear waste. The
mission of the Used Fuel Disposition Campaign is (U.S. Department of Energy 2012):

To identify alternatives and conduct scientific research and technology development to
enable storage, transportation and disposal of used nuclear fuel and wastes generated by
existing and future nuclear fuel cycles.

The work undertaken builds on past work in these areas both in the U.S. and in other countries. The U.S.
national laboratories have participated in these programs and have conducted research related to these
technologies; however, comprehensive programs investigating a variety of geologic media and disposal
options have not been a part of the U.S. waste management program since the mid-1980s. Such a
comprehensive research and development program is being developed and executed within the Used Fuel
Disposition Campaign. In the initial stages, the program is examining combinations of generic geologic
media and facility designs that could potentially support development of a geologic disposal facility.

1.2 The Safety Case Approach

A widely accepted approach for documenting the basis for the understanding of the disposal system,
describing the key justifications for its safety, and acknowledging the unresolved uncertainties and of their
safety significance is a document known as a safety case (Organisation for Economic Co-operation and
Development 2004; International Atomic Energy Agency 2006). The safety case is developed to support all
aspects of development of the disposal concept and elucidates the approaches for the management of issues
related to such development. This provides a basis for making decisions relating to the development,
operation, and closure of the facility, and allows attention be focused on areas where further understanding of
those aspects influencing the safety of the geological disposal facility is needed. The development of some
form of a safety case and supporting safety assessments for review by the regulator and other interested
parties is central to the development, operation, and closure of a geological disposal facility.

The development of a geologic disposal facility, including siting, design, construction, operation, and
closure, is likely to take place over several decades. In most countries, plans for repository development
envision the disposal facility being developed in a series of steps. The safety case serves an important role
in informing stakeholders about the progress being made as these steps proceed. The steps involve
decisions about identifying sites as possible candidates, screening against well-defined criteria,
performing site characterization studies on those sites selected for further evaluation, recommending a site
for development as a repository, participating in the licensing proceedings for the repository facility, and
the construction, operation, closure, and decommissioning of the facility. Each of these steps involves, in
an iterative manner: the accumulation and assessment of necessary data; the development of disposal
concepts; studies for design and safety assessments with progressively improving data; reviews; public
consultations; and eventual decisions. The safety case matures with the evolution of the program, and helps
support transparency and provides information to all stakeholders.

The step-by-step approach, together with the consideration of a range of options for the disposal facility, is

expected to be responsive to new information and advances in technologies; address concerns of decision
makers and stakeholders; and preserve the option of retrieving the waste after its emplacement if deemed
appropriate. Figure 1-1 provides an overview of the components of a safety case for geologic disposal.
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Purpose and context of the safety case
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= : Site Repository
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Safety Analysis Performance Assessment
Synthesis

Key findings and statement of confidence vis-a-vis
purpose and context

Source: Freeze et al. 2012, Figure 1-1; modified from Organisation for Economic Co-operation and Development 2004, Figure 1.

Figure 1-1. Elements of a Safety Case for Geologic Disposal

At the heart of a safety case is the synthesis of evidence, analyses, and arguments that quantify and
substantiate a claim that a repository will be safe after closure and the time of reliance on active control
and monitoring of the facility. The safety case becomes more comprehensive and rigorous as a program
progresses, and can support decision making at several steps in the repository planning and
implementation process. A key function of the safety case is to provide a platform for informed

discussion whereby interested parties can assess their own levels of confidence in a project, determine any
reservations they may have about the project at a given planning and development stage, and identify the
issues that may be a cause for concern or on which further work may be required. Safety assessments are
carried out periodically, and are used to develop and progressively update the safety case.
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A safety assessment is an analysis to predict the long-term performance of the overall system and its
impact and confidence in the assessment of safety, where the performance measure is radiological impact
or some other global measure of impact on safety (Organisation for Economic Co-operation and
Development 1999b; Organisation for Economic Co-operation and Development 2004). A safety
assessment addresses the ability of a site and repository facility design to meet the applicable technical
requirements and provide for the safety functions. Safety assessment includes quantification of the overall
level of performance, analysis of the associated uncertainties and comparison with the relevant design
requirements and safety standards. As site investigations progress, safety assessments become
increasingly refined, and, at the end of a site investigation, sufficient data should be available to support a
safety assessment to demonstrate compliance with regulatory safety standards. Safety assessments also
identify any significant deficiencies in scientific understanding, data, or analysis that might affect the
results presented. Depending on the stage of development, safety assessments may be used to aid in
focusing research and/or to assess compliance with the various safety objectives and standards
(International Atomic Energy Agency 2006).

To support the ultimate goal of demonstration of compliance with regulatory safety standards, the safety
assessments must evolve to the point wherein site characterization studies have led to quantification of
uncertainties, the system performance assessment models are well developed, and the facility designs
sufficiently complete to allow analysis. Nonetheless, there is considerable value in early safety
assessments performed using generic disposal system models. These models can take advantage of
developmental work undertaken in earlier U.S. studies, and of that currently being undertaken in other
geologic disposal investigations being conducted world-wide. Knowledge of parameters that are
important to containment and isolation leads to the definition of important barriers to radionuclide
movement, which in turn helps focus and refine safety assessment models, facility designs, and site
investigation programs.

As the safety case is developed, the safety strategy, which is the high-level approach adopted for
achieving safe disposal, can also be described. The safety strategy depends heavily on the standards and
criteria that will be used to assess the overall safety of the geologic disposal facility. The safety strategy
includes the strategies for the overall management of the various activities required for geologic disposal
facility planning and implementation, for siting and design, and for performing safety assessments. The
safety strategy should be aligned with the requirements of the project, capable of achieving project goals,
and tackling future decisions. The safety strategy is discussed further in Section 2.

At early stages in the deployment of geologic disposal facilities (e.g., the early phases of site
identification and screening) it is not possible to have detailed site specific information, designs, and
models. Yet it is at this point where technical information related to performance, even if it is not fully
developed, should be available to stakeholders and decision makers. By preparing a document that
compiles information important to stakeholders and decision makers, and updating it as the geologic
disposal program matures, the Used Fuel Disposition Campaign can provide readily-available information
supporting future decisions pertaining to the disposal of used nuclear fuel and high-level radioactive
waste in the U.S.

While the safety assessment is the principal technical basis for determining the importance of system
elements, it is not sufficient. The safety case substantiates the safety, and contributes to confidence in the
safety, of the geological disposal facility. The safety case is an essential communication tool for decision-
making process concerning the development of a geologic facility. It includes the output of safety
assessments, together with additional information, including supporting evidence and reasoning on the
robustness and reliability of the facility, its design, the design logic, and the quality of safety assessments
and underlying assumptions. The safety case may also include more general justifications relating to the
need for the disposal of radioactive waste, and information to put the results of the safety assessments into
perspective. Further, it aids in addressing perceptions of safety through the incorporation of supporting
information.
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Issues determined not to be important to either performance (safety assessment) or the
design/construction of the disposal system still may be of importance to build confidence in the overall
safety case. As an example, issues associated with features that may not be important to performance in
the safety analysis, but act as part of a multiple-barrier system that demonstrate defense in depth could be
of importance with respect to confidence in the overall safety case.

1.3 Objectives of the Generic Safety Case

A path forward for the U.S. high-activity waste disposal program will need to consider a number of
possible alternatives. Information presented in this Generic Safety Case may support deliberations about
the role of geologic disposal in the U.S. nuclear fuel cycle and initial site screening. The information
presented in this Generic Safety Case will be available to provide decision makers and stakeholders a
concise summary of technical information that may be germane to their deliberations. Significant decision
points early in a disposal program could also include the definition of the types and amount of waste to be
disposed of, the choice of potential host rock types, regions of the country where likely candidate sites
could be located, and potential engineering concepts.

There is ample precedent in the U.S. for development of documents that serve similar purposes. The U.S.
Department of Energy (2008b) and preceding documents (U.S. Department of Energy 1998; U.S.
Department of Energy 2001; U.S. Department of Energy 2002b; U.S. Department of Energy 2007)
presented the type of information to be expected in a safety case document. These documents were
developed to provide comprehensive information to stakeholders or decision makers at points in time
when important decisions needed to be made about the future course of the U.S. high-activity waste
disposal program. These documents were augmented by other publically-available information, such as
semi-annual reports and evaluations of review and oversight groups, where technical information was
reviewed. There was, however, no single integrated source of updated information presented in a user-
friendly format for stakeholders and decision makers. By developing this Generic Safety Case before the
siting process begins, the U.S. Department of Energy is attempting to provide ready access to information
for stakeholders, and a potential mechanism to assist in the identification of stakeholder issues.

Planning and implementation of the development of a geologic disposal facility are expected to occur in a
stepwise manner over several decades, punctuated by decision points. Information, such as that compiled
in a safety case, should be sufficiently detailed and comprehensive at each decision point to provide the
necessary technical input for informing decisions necessary at that point to move to the next phase of the
program. If the U.S. elects to proceed with identifying or evaluating candidate sites for a geologic
disposal facility, one of the first decision points would be examining and evaluating the information
concerning candidate sites. The Generic Safety Case provides preliminary evaluations of the safety of
potential geologic disposal facilities, geologic media, and disposal technologies that could be considered
as the country moves forward. Four specific disposal options currently under consideration by the Used
Fuel Disposition Campaign are described in Section 1.4.

A key function of this initial iteration of the Generic Safety Case is to compile relevant information and
guide the activities of the Used Fuel Disposition Campaign. Once a site is identified and an initial
engineering concept defined, the decisions may involve more detailed planning including the scope of
above- and below-ground investigations, demonstrations of the engineering feasibility of key elements,
choices between design variants, and the refinement of the underground layout. The safety case will be
developed progressively as the project proceeds, and can be presented at each key step in the development
of the geological disposal facility. This initial iteration of the safety case provides a mechanism to
communicate the understanding of safety to the broader audience of stakeholders and may reduce
discrepancies between the understanding and expectations of the different stakeholders. Issues identified
by others may mandate an update or revision of the safety case before moving forward. The formality and
level of technical detail of the safety case depend on the stage of development of the project, the decision
at hand, and the audience to which it is addressed.
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The emphasis of this Generic Safety Case is on the long-term postclosure safety of the repository or
disposal system. It is an integration of justifications and evidence that describe, quantify, and substantiate
the safety, and the level of confidence in the safety, of the geological disposal facility. Key postclosure
safety elements to be addressed in the evolution of this Generic Safety Case include:

e Quantitative assessments of long-term performance

e Process for selection of a site and design of a repository that provide for defense in depth, a system of
multiple features designed to ensure that failure of one feature does not result in failure of the entire
system. The system would also provide a margin of safety against radionuclide releases and a margin
of safety compared to applicable radiation protection standards.

e Qualitative insights gained from the study of natural and man-made analogues to the repository or to
processes that may affect system performance

e Management and monitoring considerations to ensure the integrity and security of the repository (e.g.,
a performance confirmation program) and enable sound scientific and engineering bases for later
decisions.

Current research and development needs were prioritized to ensure that they address generic issues and
data needs, and were important to developing the initial safety case and safety assessments for the four
disposal options outlined in Section 1.4. These current research needs and priorities and their technical
bases are described in the Used Fuel Disposition Campaign Research and Development Roadmap (U.S.
Department of Energy 2012) and are discussed further in Section 5.3.1.

As information is obtained (e.g., from research and development activities, generic studies, and generic
safety assessments), designs mature, and decisions are made, the Generic Safety Case document can be
updated to document the progress that has been made, the issues that remain to be solved, and the status
of technical evaluations supporting the decisions to move from one phase to the next.

1.4 Disposal Options Considered

The Used Fuel Disposition Campaign is currently evaluating the viability of four geologic disposal
options: mined repositories in salt, clay, and granite, and deep borehole disposal in crystalline rock
(Rechard et al. 2011). For each of these disposal options, the rock type is identified at a broad level:

o Salt—Refers to both bedded and domal evaporitic formations. Bedded salt formations typically
consist of thick layers of relatively pure halite (sodium chloride) interspersed with thinner layers of
materials such as anhydrite, shale, dolomite, and other salts such as potassium chloride (Hansen and
Leigh 2011). In this report, a mined repository in this rock type is referred to as the salt disposal
option.

e Clay—Refers to a broad range of fine-grained, detrital sediments ranging from poorly unconsolidated
clays to lightly indurated argillaceous media, including mudstone, claystone and soft clays, and shale.
In this report, a mined repository in this rock type is typically referred to as the clay disposal option,
although, in few cases, it is referred to as a clay/shale or shale disposal option. Argillite, a compact
rock that has undergone a somewhat higher degree of induration than mudstone or shale and is less
clearly laminated, is also included in this rock type.

e Granite—Refers to a range of igneous and metamorphic lithologies, including granite and other
granitic rocks, and high-grade crystalline metamorphic rocks. In this report, a mined repository in this
rock type is typically referred to as the granite disposal option, although, in few cases, it is referred to
as a crystalline rock disposal option.

e Crystalline rock—Refers to large bodies of igneous or metamorphic rock, similar to the granite rock
type above. In this report, crystalline rock is most commonly used to refer to deep basement rock
considered for the deep borehole disposal option.
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While these four disposal options are used as the bases for evaluation in this Generic Safety Case, they
are not presented as a final list of the best possible alternatives, and it is recognized that other options
have been identified in the past, or may be identified in the future, that also have the potential to provide
safe long-term isolation. There are several reasons for focusing on these four disposal options at this stage
of the program.

First, the U.S. went through an extensive review of all available options for disposal and management
during the 1970s, culminating in the Environmental Impact Statement on Management and Disposal of
Commercially Generated Radioactive Wastes (U.S. Department of Energy 1980). This review considered
a full range of alternatives to mined geologic repositories, including deep boreholes, subseabed disposal,
space disposal, and ice sheet disposal. Mined repositories were the favored option, but subseabed disposal
and deep boreholes were retained for further consideration (U.S. Department of Energy 1981). Ocean
disposal was precluded by international treaty (International Atomic Energy Agency 1999a) in the 1990s.
Deep boreholes were considered to require further technological advances, and disposal programs in both
the U.S. and other nations focused on mined repositories beginning in early 1970s. The U.S. program
evaluated salt, shale, granite, basalt, and volcanic tuff (U.S. Department of Energy 1986q) before focusing
exclusively on volcanic tuff.

Second, conclusions drawn in the U.S. program in the early and mid-1980s about the potential viability of
salt, clay, and granite as disposal media have been confirmed by extensive work internationally. Salt has
been shown to be a viable medium for disposal of non-heat-generating transuranic (TRU) waste at the
Waste Isolation Pilot Plant (WIPP) in the U.S., and research in Germany continues to show promise for
the disposal of heat-generating waste in salt. Clay disposal concepts have been evaluated in France,
Belgium, and Switzerland. Granite (crystalline) repository concepts have been evaluated in Sweden,
Finland, Switzerland, and Japan. Other geologic media are under consideration for specific purposes (e.g.,
Canada is investigating the use of a mined repository in carbonate rock to dispose of intermediate level
waste, and the U.S. has disposed of low-level radioactive waste and transuranic waste in near-surface
alluvium). These programs are discussed in Appendix C.

Third, deep borehole disposal continues to be the primary viable alternative to mined repositories. Deep
borehole disposal was considered in a waste management environmental impact statement (U.S.
Department of Energy 1980). The U.S. Department of Energy further investigated the concept in the
1990s for the disposal of surplus plutonium and the Swedish high-level nuclear waste program conducted
a feasibility study in 2000. More recently, studies have continued at the University of Sheffield in the
United Kingdom, at the Massachusetts Institute of Technology, and at Sandia National Laboratories in the
U.S. (Rechard et al. 2011). U.S. studies in 2009 and 2011 proposed additional design details for borehole
completions and waste canisters (Brady et al. 2009; Arnold et al. 2011).

Finally, no new information has been developed since the early 1980s to suggest that options evaluated
and screened from further consideration at that time (e.g., space disposal or ice-sheet disposal) should be
re-evaluated.

1.5 Overview of Document

In this Generic Safety Case a number of important qualitative issues regarding the safety of potential
geologic disposal systems in a variety of geologic media are addressed; the salient results of generic
guantitative assessments of long-term repository performance are also presented to provide information
about the performance and safety aspects of four geologic disposal options.

Section 2 presents information about the three elements of the safety strategy: the management strategy,
the siting and design strategy, and the assessment strategy. The management strategy discussion includes
examining evidence for the soundness of geological disposal as a waste management option, such as the
reduced likelihood and consequences of inadvertent human intrusion and the reduced likelihood of
terrorist attacks on stored radioactive wastes. It also discusses another attribute of geologic disposal—the
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deliberately cautious approach to disposal facility development that provides multiple opportunities for
stakeholder involvement—and includes a summary of the multiple qualitative justifications for long-term
safety of a geologic disposal facility. The siting and design strategy discussion includes a discussion of
natural barriers, a summary of studies of available area in the U.S. with the potential for siting geologic
disposal facilities, and a discussion of engineered barriers and potential repository concepts. The
assessment strategy discussion presents the safety assessment methodology, and also includes a
discussion of metrics to assess long-term performance.

Section 3 presents information about the assessment basis. The assessment basis discussion includes an
overview of previous safety assessments of the performance of several geologic disposal systems
followed by a summary of the assessment basis for four generic disposal systems considered in this safety
case. The generic assessment basis includes potential inventory characteristics, natural barrier
characteristics, and engineered barrier characteristics.

Section 4 describes the development and application of postclosure safety assessment models to assess the
long-term performance of four generic geologic disposal systems. The discussion of model development
includes feature, event, and process (FEP) analysis, scenario development, and the construction of
conceptual, mathematical, and computational models. The model application includes deterministic
results from selected scenarios and sensitivity analyses.

Section 5 addresses safety assurances for the future, including confidence in the face of uncertainty.
Elements of this confidence include: the fact that additional data will be collected to support the siting
evaluations; increased oversight throughout the process; and regulatory requirements to assure monitoring
and physical protection into the distant future. Section 5 also addresses readiness for moving from the
generic evaluations presented in this Generic Safety Case to a site screening phase.

This document combines relevant initial work of the Used Fuel Disposition Campaign, using the expertise
of U.S. national laboratory scientists, and information from geologic disposal programs in other countries,
to present an evaluation of the likelihood that geologic media and disposal technologies available in the
U.S. may provide safe repositories for used nuclear fuel and high-level radioactive waste, whether from
past reprocessing or future advanced fuel cycles. The focus of this initial iteration of a Generic Safety
Case is the postclosure safety of potential generic geologic disposal systems. Information about
preclosure transportation safety and operational safety, which is also relevant to a safety case, is deferred
to a later iteration.
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2 SAFETY STRATEGY FOR GENERIC DEEP GEOLOGIC DISPOSAL
SYSTEMS

A safety case is the synthesis of evidence, analyses, including safety assessments, and arguments that
guantify and substantiate a claim that a geologic disposal facility will be safe. The work presented in this
Generic Safety Case supports a conclusion that the U.S. has multiple, viable, options for developing a
geologic disposal facility in the future. The safety case approach described in Section 1 is a step-by-step
process that is expected to be responsive to new information and advances in technologies and address
various challenges as the design of a geologic disposal facility matures toward development of the facility.
Figure 1-1 provides an overview of the components of a safety case for geologic disposal. The safety case
includes a safety strategy that has three components: a management strategy, a siting and design strategy,
and an assessment strategy.

The safety strategy is the high-level approach adopted for achieving safe disposal (Organisation for
Economic Co-operation and Development 2004). The safety strategy should encompass the requirements
of the project, be capable of achieving project goals, and be focused on obtaining the information needed
to support future decisions.

A management strategy incorporates good management and engineering principles and practice, including
maintaining sufficient flexibility within a step-wise planning and implementation process, to address
unexpected site features, technical difficulties, or uncertainties that may be encountered. This includes
the strategies for the overall management of the various activities required for repository planning and
implementation, for siting and design, and for performing safety assessments. It also should seek to be
aware of and take advantage of advances in scientific understanding and engineering techniques. This
management function keeps work focused on project goals, allocates resources to particular activities, and
ensures that these activities are correctly carried out and coordinated.

The siting and design strategy should generally be based on principles that favor robustness in natural and
engineered components that could be important to waste isolation, and limit uncertainty, including
through the use of a multiple barrier concept. The siting and design strategy should seek to select a site
that is expected to meet applicable requirements, and develop practicable engineering solutions,
consistent with the characteristics of the selected site and the waste forms to be disposed.

The assessment strategy must ensure that safety assessments capture, describe and analyze uncertainties
that are relevant to safety, and investigate their effects. The assessment strategy should endeavor to
define the approach to evaluate evidence, perform safety assessments, and analyze the evolution of the
system. This information can be used to develop or update the safety case. These components are closely
connected in that a sound management strategy and a well sited and designed system will facilitate the
development of a competent and convincing safety case. All are required, however, and shortcomings in
any one cannot be overcome by excellence in the others.

2.1 Management Strategy
2.1.1 Overview

The safety strategy is a management tool to create and direct a program that is capable of complying with
the requirements of the project while achieving the project’s goals. The strategy is focused on developing
a safety case and therefore must include the overall management of the various activities required, which
include activities for siting and design and for performing safety assessments. The management strategy
builds from sound management and engineering principles, which include quality assurance, records
management, and cost and schedule tracking. In order to oversee the development of the safety case,
management attends to concerns raised at each stage of the development of the safety case, and ensures
that any unexpected features of the geologic disposal facility system that are discovered as the
development progresses are addressed.
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Producing a safety case, however, involves more than selecting a site, developing a design, and assessing
its safety. The safety case includes the synthesis of all evidence that provides confidence in the decisions
to move forward at each stage of facility development. The safety case should become more
comprehensive through time and support decision making. Because it can provide a platform for informed
discussion among interested parties with differing concerns and levels of interest, it is incumbent on
management to provide information so that individuals can assess their own levels of confidence in a
project, determine any reservations they may have about the project at a given planning and development
stage, and identify the issues that may be a cause for concern. The management strategy functions that
ensure the development of the safety case must build on the inherent robustness of geologic disposal.

Management strategies must address the possibility of inadvertent human intrusion. Awareness of the
potential for human intrusion could result in management actions to limit or avoid the possibility.
Management strategies must also address terrorism concerns; while underground emplacement would
appear to be inherently safe, nonetheless, this is often a concern of stakeholders. Vulnerabilities of
repository surface facilities must also be addressed by the strategy. Consideration of analogues that
exhibit responses to the types of processes that a geologic disposal facility is likely to experience is often
useful in developing confidence in reliance on natural and engineered barriers. There is value if repository
features or components can be shown to be robust by demonstrating that an analogous natural feature is
resistant to a process to which a geologic disposal facility is likely to be exposed. The qualitative or less
guantitative evidence for safety from natural analogues may be more accessible, more convincing, and
more familiar to the public than the results of complex mathematical models (Organisation for Economic
Co-Operation and Development 2004).

A management strategy that is cautious is also of value in developing a safety case. Confidence on the
part of stakeholders can be enhanced if there is a sense that development of a geologic disposal facility
and its safety case is able to address concerns as they are raised. If the development proceeds faster than
stakeholders are able to raise concerns and have them addressed, there is a potential for loss of confidence
in the program. Finally, a management strategy that builds on multiple qualitative aspects of the rationale
for long-term safety should reinforce and add to confidence in the siting and design activities as well as
the safety assessments.

The following sections present additional information on these elements of a management strategy:

o A description of the safety and robustness of geologic disposal as a waste management option
(Section 2.1.2.1)

e Addressing inadvertent human intrusion (Section 2.1.2.2)

o Addressing terrorism and radioactive wastes (Section 2.1.2.3)

e The value of analogue evidence for the robustness of geologic disposal (Section 2.1.2.4)

e The value of a staged and cautious facility implementation process (Section 2.1.2.5)

o The existence of multiple aspects of the qualitative rationale for long-term safety (Section 2.1.2.6)
2.1.2 Elements of a Management Strategy

2.1.2.1 The Safety and Robustness of Geologic Disposal

There is a long acknowledged need to provide a safe approach to dealing with the used nuclear fuel and
high-level radioactive waste resulting from commercial power generation and defense activities. Multiple
in-depth reviews from the late1950s to the present have noted the need for geologic disposal: “Geological
disposal remains the only long-term solution available” (National Academy of Sciences 2001); and
“Every nation that is developing disposal capacity plans to use a deep, mined geologic repository for this
purpose. Other disposal options (e.g., deep boreholes) have been considered and may hold promise in the
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long term but are at a much earlier stage of development.” (Blue Ribbon Commission on America's
Nuclear Future 2012).

The U.S. Department of Energy (1980) examined a wide range of potential options for disposal of used
nuclear fuel and high-level radioactive waste and adopted a strategy to develop mined geologic
repositories while maintaining very deep borehole disposal as a potential backup technology (U.S.
Department of Energy 1981). The Blue Ribbon Commission on America’s Nuclear Future (2012) noted:

Deep geologic disposal capacity is an essential component of a comprehensive nuclear waste
management system for the simple reason that very long-term isolation from the environment is
the only responsible way to manage nuclear materials with a low probability of re-use, including
defense and commercial reprocessing wastes and many forms of spent fuel currently in
government hands. The conclusion that disposal is needed and that deep geologic disposal is the
scientifically preferred approach has been reached by every expert panel that has looked at the
issue and by every other country that is pursuing a nuclear waste management program.

That conclusion is consistent with previous studies in the U.S. concerning approaches to dealing with the
wastes for nuclear power generation and defense related activities. Appendix A presents an overview of
the history of repository siting in the U.S., and includes a description of previous assessments of
approaches to dealing with used nuclear fuel and high-level radioactive waste.

The Used Fuel Disposition Campaign is tasked to identify and research the generic sources of uncertainty
that will challenge the viability of various disposal options, to increase confidence in the robustness of
generic disposal concepts in anticipation of site-specific complexity, and to develop the science and
engineering tools required to address these goals (Swift 2011).

A geologic disposal facility at its simplest consists of an engineered barrier system (EBS), a natural
barrier system (NBS) or geosphere, and a biosphere (Figure 2-1). The engineered barrier system
comprises the waste form and waste package, and the engineered features of the geologic disposal
facility, typically consisting of buffer material, backfill, excavation liner, and/or seals. The natural barrier
system, or geosphere, consists of the host rock, within which the geologic disposal facility is developed,
and the other geologic units surrounding it. The biosphere is where the potential receptor resides. The
biosphere consists of the surface, which defines the receptor and the receptor’s lifestyle, and the
characteristics of the environment where the receptor resides. Figure 2-1 also schematically illustrates the
phenomena that can affect each of these regions or domains. These phenomena include, at a high level,
the coupled thermal, hydrologic, chemical, mechanical, biological, and radiological processes that
describe (1) waste form degradation and the source term, (2) radionuclide transport through the
engineered barriers, (3) radionuclide transport through the natural barriers (i.e., the geosphere), and (4)
radionuclide transport, uptake, and health effects in the biosphere.
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NOTE: THCMBR = thermal, hydrologic, chemical, mechanical, biological, and radiological

Figure 2-1. Components of a Generic Disposal System

Figure 2-1 also indicates the near field and far field, which are also commonly used to describe the
physical domains of a disposal system. The near field encompasses the engineered barriers and the
disturbed rock zone (DRZ). The DRZ is the portion of the host rock adjacent to the engineered barriers
that experiences durable (but not necessarily permanent) changes due to the presence of the repository
(e.g., hydro-mechanical alteration due to tunnel excavation, thermal-chemical alteration due to waste
emplacement). The DRZ is sometimes referred to as the excavation disturbed zone (EDZ). The far field
encompasses the remainder of the geosphere and the biosphere.

The contiguous 48 states contain many geologic formations that are likely to be technically suitable for
deep geologic disposal of nuclear waste. Given appropriate repository designs, there is substantial
confidence that reasonable assurance of waste isolation can be demonstrated for several geologic settings,
disposal concepts, and rock types, including salt, clay/shale, volcanic rock, granite, and deep boreholes.
While no deep geologic disposal facility for high-activity waste has yet been developed to the point of
operation, focused characterization programs and geologic disposal facility-relevant data collected from
underground research laboratories have not dissuaded experts from the sentiment that geologic disposal
constitutes a safe and effective means of long-term waste isolation.

Historically, the U.S. pursued conventional deep geologic repository programs in granite, a subset of
igneous or crystalline rocks, clay/shale, salt, and volcanic rock. Granite programs included a full-scale
emplacement demonstration in an underground research laboratory at the Climax Stock on the Nevada
National Security Site, formerly known as the Nevada Test Site (Patrick 1986). Clay/shale programs were
supported by laboratory testing, literature studies, and limited field testing, but no domestic underground
research laboratory was developed nor was any disposal demonstration conducted in shale in the U.S.
Extensive underground research laboratories, as well as full-scale underground disposal demonstrations
were undertaken at several salt sites, including Lyons in Kansas, Avery Island in Louisiana, and Carlsbad
in New Mexico.

There have been literature studies, engineering and safety analyses performed for deep borehole disposal,
subseabed disposal, and a few deep crustal exploration programs, but none of these disposal options has
been demonstrated by the U.S. (Hansen et al. 2011). Other countries have conducted testing in
underground facilities in clay, shale, granite, and salt during the last 30 years, with some participation
from U.S. researchers, adding to the understanding of generic system performance for those disposal
options.
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2.1.2.2 Addressing Inadvertent Human Intrusion

One concern that arises in the consideration of the long-term disposal of used nuclear fuel and high-level
radioactive waste in a geologic disposal facility is inadvertent human intrusion. As opposed to deliberate
intrusion into a closed geologic disposal facility, an inadvertent human intrusion occurs, for example,
through drilling exploratory boreholes in search of resources such as water, oil, gas, or minerals.
Distribution of ferrous and nonferrous metal mines, industrial minerals, and coal fields of the U.S. is
shown in Figure 2-2 (National Atlas 2012). Oil and gas production areas are shown on Figure 2-3 (Tribal
Energy and Environmental Information 2012).
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Figure 2-2. Ferrous and Nonferrous Metal Mines, Industrial Minerals, and Coal Fields of the U.S.
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Figure 2-3. Oil and Natural Gas Production in the U.S.

Reduction in the likelihood of an inadvertent human intrusion event may be achieved in a number of
ways; for example, by preservation of information, avoidance of resource conflicts, and/or the use of
robust waste packages. Measures can be taken to ensure that information regarding the purpose, location,
design and contents of the deep geologic disposal system are preserved so that future generations are
made aware of the consequences of actions they may choose to take that might affect the disposal system.
Avoidance of areas of potential or known resources may be prudent at the screening stage to limit the
potential for exploratory drilling in the future. Under certain conditions, robust waste packages can
contribute to long-term safety through the mitigation of the degradation of system performance, providing
resistance to drilling into the waste package and releasing its contents.

Because closure of a repository would occur many decades in the future, specifics of the proposals for
ensuring extremely long-term preservation of information are necessary. International cooperation,
including the creation of international archives, would contribute to maintaining knowledge about
geologic disposal systems, enhancing long-term safety throughout the world.

The engineered components of the geologic disposal facility should be designed to minimize the
likelihood that current-day geologic drilling technology could penetrate the waste. The nature of the
wastes themselves also assures that although there is a risk of a substantial dose to a driller encountering a
waste package after its degradation and bringing radioactive material to the surface, there is likely to be
little consequence for the nearby population. The National Research Council (National Academy of
Sciences 1995) provided treatment of this issue that was independent of the type of repository (i.e., for a
generic repository). They identified three broad types of hazards from radioactive material that could
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occur as a result of a repository intrusion of the type characterized by borehole scenarios: hazards to the
intruders themselves, hazards that arise because the integrity of the repository’s engineered or geologic
barriers have been compromised by the intrusion, and hazards to the public from any material brought
directly to the surface because such material would be mobile in the biosphere.

The National Research Council (National Academy of Sciences 1995) noted that whenever highly
dangerous materials are gathered into one location, an intruder breaking in runs an inevitable risk of being
exposed to radiation. All geologic disposal facilities will have this risk, and it is not unique to radioactive
waste types, or geologic disposal facility designs, or the geologic media where the facility is located. The
National Research Council concluded the following for inadvertent human intrusion:

We believe that it would not be feasible to take regulatory actions today to protect the intrusion crew
itself against the risks of its actions, except that ... active or passive institutional controls might be
helpful in this regard.

However, it is possible that an inadvertent intruder would not recognize or would irresponsibly
ignore the hazard and would leave the cuttings on the surface so that further exposures would occur.
...the amount of such future cuttings might not be very different from one repository site or design to
another, especially given the unknown nature of an intrusion. Analysis of this hazard too, therefore
does not provide information that is useful for judging the ability of the particular repository site and
design to protect the public. In this case, we also believe that it is not feasible to take regulatory
actions today to alter the repository design to minimize these risks.

In incorporating the National Academy recommendations into their regulation (40 CFR Part 197), the
Environmental Protection Agency accepted the conclusion that analyzing these risks is unlikely to
provide useful information about a specific repository site or design; neither did they require that these
risks be considered in the compliance analysis for WIPP to address 40 CFR Part 191. It is, however,
worth noting that the U.S. Environmental Protection Agency views the frequency and severity of
inadvertent human intrusion into geologic disposal facilities differently for different host geosphere
media, commensurate with differences in potential resource availability.

2.1.2.3 Addressing Terrorism and Radioactive Wastes

The location of a geologic disposal facility under a significant cover of rock should be sufficient to
provide protection against most deliberate human intrusion attempts. After repository operations cease,
the subsurface accesses will be sealed, with particular attention paid to preventing deliberate access in the
postclosure period. Intuitively, placing the used nuclear fuel deep underground offers protection from
terrorist attacks. Reducing the number of physical locations where wastes are gathered allows for more
efficient and effective protection against terrorist attacks than does widely distributed storage. For a
repository, the cost of protection is associated with construction of the underground emplacement drifts;
the security provided is passive, requiring no human intervention after closure.

2.1.2.4 The Value of Analogue Evidence for the Robustness of Geologic Disposal

Because a safety case is intended as a platform for discussions with a broad based audience, including
particularly the general public, it may place emphasis on different lines of evidence, rationale, and
analyses compared to a safety case aimed at regulators and other technical specialists. The first few
hundred years following emplacement of the waste could be the period of highest concern to many
members of the public and may be emphasized to a greater degree when safety cases are presented. The
gualitative or less quantitative evidence for safety from natural analogues may be more accessible, more
convincing, and of more interest to the public than the results of complex mathematical models
(Organisation for Economic Co-Operation and Development 2004).

Repository analogues play an important role in understanding how a geologic disposal facility would
perform over the very long time periods after it is closed. Natural analogues represent the occurrence of
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materials or processes similar to those found in, or caused by, a repository. Analogues may provide
insights about the robustness of the geologic disposal facility components over timescales that are
untestable by scientists studying the behavior of a geologic disposal system. Important management
perspectives about the robustness of geologic disposal as a waste management option can be developed
from observations of naturally occurring materials and phenomena. There are many naturally occurring
materials that are similar to the natural and engineered components, or features, of a geologic disposal
facility. Similarly, there are numerous naturally occurring phenomena that are similar to the anticipated
changes that the natural and engineered components of a geologic disposal facility are likely to
experience over time. In repository development and analysis these phenomena are often referred to as
processes. There are also man-made, or anthropogenic, materials that have been exposed to naturally
occurring phenomena for a sufficient length of time to have exhibited behavior that is relevant to
understanding the long-term behavior of a geologic disposal facility. When studied to understand how a
geologic disposal facility might perform over very long periods of time, these materials and phenomena
are referred to as analogues. Naturally occurring materials similar to those that would be used in a
geologic disposal facility can be found with tens of thousands to millions of years of exposure to the same
naturally occurring phenomena that a geologic disposal facility would experience over similar times. This
provides scientists an opportunity to make observations about the long-term behavior of the materials
comprising a geologic disposal facility and the phenomena to which they are likely to be exposed, and
hence, about the long-term safety of the geologic disposal facility itself.

There are analogues for the long-term performance of deep geologic disposal system components in
uranium deposits. The main characteristics of, and processes that take place in, their surroundings that are
of potential interest as analogues to a geologic disposal system include the composition and long-term
performance of uraninite as an analogue of used fuel, the role of redox processes in radionuclide
mobilization and retardation, and the influence of colloids and microbial populations on radionuclide
mobility. There are analogues that are concerned with the characterization of the long-term stability of
bentonite. The main characteristics of and processes that take place that are of potential interest as
analogues to a geologic disposal system include the longevity and alteration of bentonite, the function of
bentonite as hydrologic barrier and colloid filter, physiochemical caused by heating, and the collapse of
the waste package and interaction with other material of the engineered barriers. Hyperalkaline
environments are natural occurrences of secondary minerals analogous to those formed during the
hydration of Portland cement and result in interstitial waters characterized by very high pH. The study of
this type of natural system may be of use in analyzing the safety of a geologic disposal system,
particularly with regard to the longevity of cement and its properties, including the speciation and
solubility of radionuclides under high pH conditions, and the nature and stability of colloids formed in
high pH waters and at the interface between these and neutral waters. Analogues exist for alternate
alteration materials that can have hydrochemical characteristics and associated mineral precipitates that
are very similar to the conditions that are expected to exist in a disposal facility containing cement.

While anthropogenic materials have existed for much shorter times, and hence have a shorter record of
response to the phenomena a repository is likely to experience, they still are of significant importance to
understanding the behavior of a geologic disposal facility. The anthropogenic materials are most similar
to the engineered barriers of the geologic disposal facility, particularly the metals comprising the waste
packages or some waste form material. Knowledge of the degradation (i.e., corrosion) behavior of
anthropogenic materials, while not available on the same timescales as that of naturally occurring
materials is important because one of the important functions of the waste packages and waste forms is to
provide containment when the waste is most intensely radioactive, a period of a few hundred years.
Knowledge of the behavior of anthropogenic materials over even relatively short times is meaningful to
understanding repository performance.

Anthropogenic materials and artifacts can provide analogue information that is of value to demonstrating
the safe long-term performance of repositories. The analogues investigated include the corrosion of
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cement or metal objects including iron, copper, and bronze analogous to waste containers or the waste
materials themselves; the degradation of glass and cementitious or bituminous material as an analogue of
the wastes; the long-term evolution of physicochemical properties of cements and other building materials
analogous to the structure of the disposal system; the decay and breakdown products of organic material
and complexation with trace elements, analogous to waste degradation; and chemical interactions
between buried objects and host rocks or soils that might be analogous to near-field processes. The study
of these analogues provides several types of information that is useful to repository scientists. First, the
analogues provide information about what types of materials are robust when subjected to the phenomena
that a repository would be expected to be exposed to over very long time periods. This aids repository
scientists in justifying selection of media within which to develop the geologic disposal facility, and
understanding those natural and engineered barrier components which are likely to provide robust
performance. Next, the analogues provide data about the processes themselves, particularly how they
evolve through time, lead to changes (or lack thereof) in the materials, and how changes in the materials
lead to concomitant changes in the manner by which the event and process phenomena affect the
materials. This leads to yet a third way in which repository analogues are of use to repository scientists.
The very long timescales that must be considered in order to assure safe disposal of used nuclear fuel and
high-level radioactive waste in deep geologic disposal facilities raise issues about confidence in the
projections of performance. Analogues provide data to help build confidence in the safety assessment
models (e.g., supporting barrier capability discussions) and defend the long-timeframe performance
projections that must be made with them to assess geologic disposal facility performance.

Safety assessments must consider long periods of time, large spatial scales, and complex, evolving
conditions. Acceptance of the safety projections of a geologic disposal facility requires confidence that
the models, computer codes, and databases used in the safety assessments are appropriate, reliable, and
sufficiently realistic to provide an adequate and credible representation of the system. The bases for the
conceptual models and databases used in safety assessments are the laboratory and field research
programs, and their interpretations, which are, of necessity, carried out over relatively short periods of
time. Understanding the past record of the natural system allows projection to future conditions. Natural
and anthropogenic analogues provide the additional information to build confidence in extrapolating the
estimated safety and performance of a disposal system over much larger spatial and temporal scales than
that represented by the scientific investigations carried out by repository scientists. Analogue studies can
shed light on both near-field processes and radionuclide migration in the far field and in the biosphere
(International Atomic Energy Agency 1999b).

The initial and boundary conditions and other important parameters that lead to the formation of natural
analogues are often not known precisely, which can limit the degree of accuracy with which the analogue
can be interpreted. Analogue information is primarily qualitative because it is not possible, in most cases
to quantify all relevant parameters in natural systems. This is an inherent limitation in the study of all
complex natural systems where long-term processes have been active. For this reason, an analogue cannot
be used, in general, in a quantitative sense for direct validation of a mathematical model such as a for
radionuclide transport. Both qualitative and gquantitative analogue information are used to test the
robustness of a model and enhance confidence in its predictions (International Atomic Energy Agency
1999b).

Table 2-1 illustrates the main physical processes that may occur in a geologic disposal system grouped by
the system component that would be affected. The processes encompass such phenomena as alteration,
radiation effects, colloid and gas generation, dissolution, mineral transformations, diffusion, sorption,
degradation, advection, and microbial activity. Many of these processes are coupled, that is, the ultimate
action depends on relationships between two or more of the processes. Not all of these processes would
be associated a given geologic disposal facility; for example, dissolution is more likely to be associated
with salt than granite. Qualitative evidence showing that the materials and media selected for geologic
disposal facility development are robust and long lived includes the information from analogue studies.
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The evidence also shows that when these materials are subjected to the processes that a geologic disposal
facility would be expected to experience, they tend to be stable and robust. Furthermore, the study of
analogues provides data that allows the improved understanding of the conceptual foundation of the
numerical models used in the safety assessments, providing confidence in the long-term safety
projections. This is the basis for the conclusion that analogue evidence supports the rationale for the
robustness of geological disposal as a waste management option. Detailed descriptions of example natural
and anthropogenic analogues are presented in Appendix B.

Table 2-1. Main Processes That May Occur in a Geologic Disposal System
Grouped by the System Component That Would Be Affected

Component

Process / Phenomena

Used Nuclear Fuel / High-Level
Radioactive Waste

Alteration / dissolution

Criticality

Radiolysis (radiation effects)

Speciation — solubility

Colloid generation

Gas generation

Waste Package

Corrosion

Colloid generation

Gas generation

Backfill and Sealing Materials

Bentonite Buffer

Dissolution — precipitation of impurities

Dissolution — precipitation processes in variable temperature field: cementation

Smectite — illite transformation

Speciation — solubility

Molecular diffusion in the bentonite barrier

Cement Sorption — adsorption and ion exchange

Colloid generation and transport

Gas generation and transport

Cement degradation and generation and evolution of hyperalkaline plume
Geosphere Advection and dispersion

Fluid flow

Groundwater — rock matrix interaction

Speciation — solubility

Redox state — Redox front

Diffusion in rock matrix

Molecular diffusion in clay formations

Sorption — adsorption and ion exchange

Precipitation — co-precipitation / dissolution

Colloid generation and transport

Gas generation and transport

Microbial processes

Coupled processes

Source: Ruiz Lopez et al. 2004.
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2.1.2.5 The Value of a Staged or Cautious Facility Implementation Process

Development of a geologic disposal facility is an inherently cautious process, contributing to the
robustness of geological disposal as a waste management option. A stepwise repository implementation
process ensures that safety is re-evaluated at major stages in the development of a repository. In practice,
each of the steps would include significant opportunity for affected parties to participate in a formal,
public hearing process. For example, because the construction of a geologic disposal facility is a major
federal action, an Environmental Impact Statement will be required, providing an opportunity for
stakeholder participation and input in the evaluation of the potential for a site to perform safely.

The application of the siting guidelines during the site screening is cautious; the intention is to select a
site that has a high likelihood of performing well if a repository is developed at a site under consideration.
Because detailed site information is not likely to be available, sites should be assessed to limit the
likelihood of encountering features, events, and processes that could lead to unacceptable consequences.
Based on current generic knowledge, it appears that it should be possible to avoid or accommodate very
unlikely disruptive natural processes and events and significant natural perturbations.

Past experience indicates that the site screening phase is an early point to evaluate the potential for a site
to perform safely; “cautious, but reasonable” assumptions are appropriate, especially in the absence of
detailed site specific data. The U.S. Nuclear Regulatory Commission is moving toward the risk-informed,
probability-based approach of its current high-activity waste regulations and for other regulations (Vietti-
Cook 1997).

Within each of the phases of the repository development process, scientific work continues to expand the
understanding of a site. Periodic safety reevaluations will refine the basis for confidence that safety is
being and will continue to be assured. This work is in addition to onsite inspections and continuing
technical investigations by the regulator. Even after final repository closure there likely will be continued
monitoring for a period of time to assure that conditions remain as expected and to provide physical
security for the site.

Repository development will follow the applicable standards of engineering practice in design, review,
and management. Standard practices typically involve pre-conceptual design activities, conceptual design,
preliminary design, and detailed/final design, with appropriate documentation and discipline reviews at
each step. Requirements will be implemented at prescribed steps in the process, particularly reviews of
environmental impact and nuclear safety, to assure stakeholder acceptance and regulatory compliance.
Quality assurance principles will be applied as is typical in the nuclear industry.

A phased approach to repository development has been recommended (National Academy of Sciences
2003) that would use pilot-scale prototype activities to verify technical analyses, design solutions, and
project cost estimates before full-scale implementation. A similar approach has been recognized for
repository closure, whereby the repository is closed in steps, with continuous collection of environmental
data to evaluate waste isolation performance (for example, Andra 2005b). Commitment to very long-term
monitoring has been recognized as an important driver for stakeholder acceptance, beginning early in the
process with siting and characterization.

This stepwise implementation process allows there to be a reasonable approach to the basis supporting a
given stage. Information must be developed during screening and characterization that is sufficient for
construction authorization. The knowledge base will expand as scientific observation and testing continue
during construction. During emplacement, as construction also continues, understanding will be further
enhanced. If at any time during these stages there is evidence showing the basis for safety is not what it
was thought to be, plans for retrieval and alternate storage of the radioactive wastes will be developed.
The capability for retrievability will be maintained until final closure.

Deep boreholes have some disadvantages in terms of the difficulty and cost of retrieving waste after a
borehole is sealed. Deep borehole emplacement options should be investigated to determine cost and
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technical potential for waste retrieval; if an area is proven adequate for deep borehole disposal in
performance confirmation testing, closure of the hole would be allowable, and possibly not preclude
postclosure retrieval.

Finally, the stepwise and cautious approach being taken allows modifications to be made over time, as
warranted. Modifications could include ameliorating a heretofore insufficiently understood process or
feature, perhaps, but more likely it will be the type of modification suggested by advances in technology
and materials. Such advances may enhance safety or allow for safety to be unaffected while reducing the
cost of the repository or allowing operations to be safely accelerated.

2.1.2.6 Summary: A Multi-Element Qualitative Rationale for Long-Term Safety

The rationale for the long-term safety and robustness of mined disposal systems in salt, clay, and granite,
and deep borehole disposal in crystalline rock, has multiple elements. Historically, salt, clay, and granite
geologic media have been chosen because of their potential to provide long-term safe protection of
humans and their environment, and to do so in a robust manner. Their engineered and natural system
components and their functions are understood well enough at this time to support a decision to move to
regional, area, and site screening. Deep borehole disposal systems in crystalline rock appear equally
capable of isolating wastes from the environment, however further research and development is needed to
fully evaluate the emplacement and retrieval concepts. Based on current generic knowledge, it appears
possible to avoid or accommodate disruptive natural processes and events.

The deep underground location of the geologic disposal facility along with siting away from any
recoverable resources is less likely to attract human intrusion than a facility located closer to the surface
or near recoverable resources; it will also reduce risks associated with terrorist access to or attacks on the
waste. Long-term stability is assured by the geologic history of the types of formations considered, which
have been in place for many millions of years. Potential host rock characteristics exist that can provide for
relatively benign chemical environments that protect waste packages and other features of the engineered
system, as well as the waste itself, from rapid corrosion and dissolution. Such a host rock formation
provides a chemical environment that assures that a wide range of radionuclides will either not dissolve or
will sorb onto the walls of fractures or capillaries.

Analogue evidence exists to support the selection of geologic disposal as a waste management option.
Selected media and materials for geologic disposal facility components can be shown, through natural and
anthropogenic analogues, to be robust, long lived and stable. These analogues provide convincing
evidence that geologic disposal is an appropriate waste management option.

Development of a geologic disposal facility is an inherently cautious process. At each step along the way,
there are opportunities for public involvement and participation in decision making, and external
oversight and review. These opportunities are facilitated by this Generic Safety Case, which is intended to
document issues of concern and how those issues are being resolved.

In total, this supports a robust total system safety expectation: uncertainty in the detailed performance of
some features or processes is compensated for by the existence of the other features or processes.

2.2 Siting and Design Strategy
2.2.1 Introduction

An important aspect of the safety case approach is the concept of relying on multiple barriers. In
identifying the elements of a safety case, Institute de Radioprotection et de Sureté Nucléaire (IRSN)
(Bailey et al. 2011) notes that a statement of confidence in the safety of the disposal facility should
describe how the multi-barrier / multi-function concept is effective and robust. A barrier can be defined as
any material, structure, or feature that prevents, limits, reduces, or delays the rate of movement of water
or radionuclides from the repository to the accessible environment, or prevents the release or substantially
reduces the release rate of radionuclides from the waste. The use of both natural and engineered barriers
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constitutes a prudent approach to multiple barrier repository design. The combined geologic and
engineered features that make up the postclosure repository system have several attributes that are
important to keeping radionuclides away from humans. Because water is the primary medium by which
radionuclides could be released from the repository, the barrier functions of the system primarily relate to
the ability of the site and the design to limit or delay the movement of water and radionuclides.

The multiple barrier concept has received attention in the international radioactive waste disposal
community. PAMINA (Bailey et al. 2011) states:

The safety case for a geological radioactive waste repository will be based on an
understanding of the evolution and performance of the engineered barriers that contain
the waste and the geological environment that isolates the waste from the human
environment.

The multiple barrier concept contributes to confidence in the safety assessment and safety case. Multiple
barriers offer defense in depth which is achieved by a diversity of features and processes that act
collectively, and often, independently. FANC/Bel V (Bailey et al. 2011) considers that “it is not the
number and redundancy of the barriers as such that take on the greatest importance in terms of safety, but
the fact of being able to depend on different mechanisms and/or components to provide safety functions.”

The contributions of each barrier can be organized by identifying its safety functions (Organisation for
Economic Co-operation and Development 2007). PAMINA (Bailey et al. 2011) defines safety functions
as those properties of the engineered and natural barriers that provide safety. The International Atomic
Energy Agency: Safety Standards for Geological Disposal of Radioactive Waste (International Atomic
Energy Agency 2006) describes requirements for multiple safety functions:

The natural and engineered barriers shall be selected and designed so as to ensure that
post-closure safety is provided by means of multiple safety functions. That is, safety shall
be provided by means of multiple barriers whose performance is achieved by diverse
physical and chemical processes. The overall performance of the geological disposal
system shall not be unduly dependent on a single barrier or function.

While different terminology is used in different countries, safety functions fall into some general
categories (Bailey et al. 2011):

o Stability/Isolation Safety Function—Two subgroupings are identified:

- Isolating the waste from non-anthropogenic future events and climate changes, and which thus
contributes to the stability of the repositories' near-field conditions and to the longevity of the
natural barriers. The deep borehole disposal concept is particularly robust with respect to this
safety function.

- Reducing the probability of and consequences from anthropogenic events such as future human
actions that might result in inadvertent intrusions into the sealed repository.

o Containment—~Preventing or limiting groundwater from coming into contact with the waste. In the
case of disposal in crystalline rock or clay/shale formations this safety function is provided by the
engineered barrier system. In the case of disposal in salt formations much of the containment function
may be provided by the natural barrier system.

o Limited and/or Delayed Releases—These safety functions begin to dominate once the containment
functions deteriorate, for example, when waste packages are breached as a result of corrosion. This is
a major function of the natural barrier system as well as components of the engineered barrier system
and provides for the long-term barrier capability of geologic disposal.
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The concept of “important to waste isolation” may be used to define features that contribute to barrier
safety functions. A barrier’s feature can be important to waste isolation if it meets two conditions (Sandia
National Laboratories 2008b): (1) the feature is associated with one or more processes or characteristics
classified as important to barrier capability; and (2) the feature is a significant contributor to the barrier
capability relative to the other features of the barrier. In addition, a feature may be classified as important
to waste isolation if it is one of the engineered features of the geologic repository whose function is to
prevent or mitigate the consequences of potential disruptive events.

The demonstration of barrier capability and evaluation of safety functions consider both qualitative and
guantitative information. Qualitative information includes a summary of the events and processes acting
on each barrier feature that contribute to barrier capability. Site characterization, field tests and laboratory
experiments also provide quantitative understanding that barriers work together to perform their
postclosure functions. Quantitative information includes subsystem analyses using the safety assessment
model or process level models focused on specific barriers or barrier feature and processes. Measures for
quantifying the results of safety assessment calculations, mainly dose and risk, have always been used.
There is a wide international consensus today that it is necessary to use complementary safety indicators
to improve the understanding of the system and to support the safety case. The long-term repository
safety should be assessed using several independent indicators. These indicators may be used to quantify
or demonstrate the performance of subsystems or single barriers, or of the total system, in order to build
confidence in system or component performance over long time periods.

In the U.S., evaluations of barrier performance were made using the safety assessment model and analysis
of system and subsystem performance under various imposed conditions, including failure of some of the
engineered components and consideration of disruptive events (U.S. Department of Energy 2008b). The
evaluations examined the performance of features as well as the contribution of processes acting on and
within these features, and the impact of events on the features. The features and processes were evaluated
with respect to how they (1) prevent or substantially reduce the rate and amount of water that may seep
into the repository drifts and, in turn, reduce the quantity of water potentially contacting the waste form
(containment), and (2) prevent or substantially reduce the release rate of radionuclides from the waste and
prevent or substantially reduce the rate of movement of radionuclides from the repository to the
accessible environment (limited and/or delayed releases). Safety confidence is enhanced by designing
multiple safety capabilities or functions into the system. The engineered barriers must be designed such
that they work synergistically, or in combination, with the natural barriers in which the repository is sited.

The general safety functions provided by engineered barrier components or “features” are also common to
the natural barrier features or components, and include the three primary functions discussed above
(Bailey et al. 2011): isolation, containment, and limited and/or delayed releases. Many of the physical and
chemical processes at work in the engineered barriers, which can serve to both help or hinder the
operation of the safety functions or barrier capability, are also common to the natural barrier system
components, and include those processes related to water movement and associated degradation or
enhancement of safety functions and/or physical components. In particular, the movement of water in the
repository can either hinder or promote safety functions. For example, corrosion of waste containers by
water intrusion degrades the containment safety function of the container, whereas geochemical
immobilization (e.g., retardation, precipitation) of radionuclide elements in the engineered components
(after container degradation) is a safety function that is promoted by the presence of water. These are
called complementary safety functions (Organisation for Economic Co-operation and Development
2004).
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2.2.2 Siting Strategy
2.2.2.1 Natural Barrier Considerations

The natural barrier system is a set of durable barriers of the disposal system, as described in Section
2.1.2.1 and indicated in Figure 2-1. In the absence of external events, the properties of the natural barriers
are not expected to change in any significant way, even during long timeframes. The natural barrier
system contributes to all three of the safety functions: isolation, containment, and limited and/or delayed
releases.

In the event that radionuclides are released from the engineered barriers, flowing groundwater in the
natural system transports the radionuclides either in solution (dissolved) or in suspension, bound to very
small particles known as colloids. Colloids may be small enough to travel with flowing water through
fractures and through pores in the unfractured matrix portion of the natural system. The processes relevant
to the transport of radionuclides in the natural system include advection, matrix diffusion, dispersion,
colloid-facilitated transport, sorption, and radioactive decay and ingrowth.

2.2.2.1.1 Features of the Generic Natural System

While many features of the natural barrier system are site specific, generic categories of features can be
identified. The following identifies a number of natural barrier system features along with parameters that
influence the barrier capability of the natural system in general. More attention is provided to the
hydrologic features and parameters, because many of the other types of relevant natural system features
(topographic, lithologic, morphologic, and stratigraphic) have hydrologic consequences.

o Topographic Features—Associated with the surface such as slope, presences of washes and
outcrops, soil depth, vegetation covering. These features influence the infiltration rate, which affects
the rate and amount of water that may contact the disposal system.

o Lithologic Features—Related to rock type, mineralogy, and composition. These features influence
the geochemistry in the natural system, which contribute to the chemistry of the water that may
contact engineered components as well as to the transport of radionuclides away from the engineered
barrier system.

e Morphologic Features—Associated with the characteristics, configuration, and evolution of rocks
and land forms. Geomorphically relevant processes include weathering and erosion process such as
chemical dissolution, mass wasting, glacial action, tectonism, and volcanism. These features
contribute to the function of stability and the ability of the natural system to respond to external
natural events.

o Stratigraphic and Structural Features—Associated with rock layers. A common goal of
stratigraphic studies is the subdivision of a sequence of rock strata into mappable units, determining
the formation and alteration time relationships that are involved and correlating units of the sequence
with rock strata elsewhere. Stratigraphic, structural, and associated hydrologic properties have
significant effects on natural barrier system flow and transport processes due to (1) the contribution of
faults in conducting flow or acting as a barrier to flow; (2) the effects of folding of layers on flow
paths; and (3) the different flow characteristics of adjacent layers. For example, a lower effective
conductivity of the surface bedrock will tend to increase water storage in the surficial soil and
increase the effectiveness of runoff and evapotranspiration, thereby reducing the rate of net
infiltration into the subsurface.

Adjacent strata or regions of rock that have dramatically different hydrologic properties can influence
natural system barrier performance. For example, if flow is going from a more permeable region to
one of lesser permeability, a portion of the flow may move perpendicular to its original direction. In
unsaturated rock, if flow is from a region where fracture flow dominates to one where matrix flow
dominates, then flow may be attenuated or dampened by virtue of the larger storage capacity of the
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matrix. In unsaturated rock rock-property contrasts between sublayers or regions may produce
capillary barriers at the interface that promote change in flow direction (Montazer and Wilson 1984).

Rock Properties—Have a significant effect on the rate of radionuclide movement through their
influence on the transport properties (notably, porosity, permeability, sorption, and for fracture
dominated flow such as could occur in granites, the flowing interval spacing, matrix diffusion
coefficient, and fracture porosity). Flowing interval spacing represents the distance between fractures,
or sets of fractures, that transmit significant quantities of groundwater. The thermal properties
(notably thermal conductivity) influence the rate of dissipation of decay heat from the waste.

Hydrologic Features—Associated with the flow of water through the rock. Some of these features
include the degree of saturation, the degree of fracturing, the degree of consolidation, and the type of
formation.

- Degree of Fracturing—Fracture characteristics are important to the barrier capability of the
natural barrier system because, if fractures are present and well-connected over large distances
(hundreds of meters to kilometers), groundwater flow often occurs primarily within the fracture
network. Unfractured media are generally more favorable to the barrier capability of the natural
barrier system than when fractures are present. Thus fracture networks control the movement of
dissolved and colloidal radionuclides. The rate of flow and the extent of transport in fractures are
influenced by such characteristics as orientation, aperture, asperity, spacing, fracture length,
connectivity, porosity, and the nature of any linings or infill. Open fractures in the rock will tend
to increase the rocks effective hydraulic conductivity and result in an increased rate of water
movement (infiltration into the disposal system and, possibly advective radionuclide transport
away from the disposal system). Fractures at or near the surface may be partially or completely
filled with minerals or other material, which could substantially reduce infiltration.

Faults may provide fast flow and radionuclide transport pathways through the natural barrier
system by affecting groundwater flow paths, influence the anisotropy in permeability, and can
enhance dispersion by increasing permeability heterogeneities. Depending on location and
orientation, faults may also act as barriers to flow. Faults may contain highly fractured rock and
have high permeability or may contain fine-grained fault gouge and have low permeability. If
they are filled with fine grained material, they may have a lower permeability than the
surrounding intact rock. This may result in more flow occurring through rock matrix compared to
the fracture. The content of faults, fractures, and the matrix are affected by the precipitation of
minerals in the pores and fractures of the host rock. This reduces formation and fracture
connectivity, porosity, permeability, and may provide for radionuclide sorption.

- Degree of Consolidation—Unconsolidated sediments have little or no mineral cement or matrix
binding its grains. They are materials produced by weathering, sediment deposition, biological
accumulation, and/or human and igneous activity. They are often associated with surficial
materials but may occur below the surface as well. They can vary from clay to sand to gravel and
have connected pore spaces that allow groundwater to be stored and transported. Examples
include alluvium, glacial deposits, and some ocean deposits. Unconsolidated sediments may
provide considerable capacity to retard the migration of radionuclides. Geologic processes,
including compaction due to increasing depth of burial, or decrease in pore volume due to
movement of water and deposition of minerals, can increase the degree of consolidation.
Consolidated sediments are materials that have been cemented together. Examples include
sandstone and shale.
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- Type of Formation—Rock formations may vary in their ability to store and transmit water. An
aquifer is a water saturated formation that can readily store and transmit water because it has well
developed and interconnected porosity and is permeable. Precipitation or infiltration from surface
water bodies adds water (recharge) into the porous rock of the aquifer. Aquifers can be quite
extensive (tens to hundreds of miles) and can feed many wells and streams. Aquifers may be
isotropic or anisotropic. In isotropic aquifers or aquifer layers the hydraulic conductivity is equal
for flow in all directions, while in anisotropic conditions it differs, notably in horizontal and
vertical directions. There are two end members in the spectrum of types of aquifers: confined or
unconfined. A confined aquifer is an aquifer below the land surface that is saturated with water
and has layers of less permeable material both above and below. Water in the pores of a confined
aquifer may be under sufficient pressure so that when the aquifer is penetrated by a well the water
will rise above the top of the formation. An unconfined aquifer is an aquifer whose upper water
surface (water table) is at atmospheric pressure, and thus is able to rise and fall. Water-table
aquifers are usually closer to the earth's surface than confined aquifers are. The value of specific
yield obtained from an aquifer test can be used to determine if an aquifer is confined or not.
Confined aquifers have very low storativity values (less than 1% of bulk volume) which means
that the aquifer is storing water using the mechanisms of aquifer matrix expansion and the
compressibility of water, which typically are both quite small quantities. Unconfined aquifers
have storativities greater than 1% of bulk volume and they release water from storage by the
mechanism of actually draining the pores of the aquifer, releasing relatively large amounts of
water.

An aquitard is a formation that restricts the flow of water one aquifer to another. Aquitards are
composed of layers of either clay or non-porous rock with low hydraulic conductivity. An
aquitard can sometimes, if it has very low permeability, be called an aquiclude. Semi-confined
aquifers with one or more aquitards work as an anisotropic system, even when the separate layers
are isotropic, because the effective vertical and horizontal hydraulic conductivities differ.

- Degree of Saturation—The degree of saturation (fraction of pore space occupied by water)
influences the barrier capability of the natural barrier system. A formation can be can be divided
into two regions: the saturated (phreatic) zone (e.g., aquifers, aquitards), where all available
spaces are filled with water, and the unsaturated (vadose) zone, where gas and water share the
pore space but can be filled with more water. Water that is in direct contact vertically with the
atmosphere through open spaces in permeable material is called unconfined water. Confined
water is separated from the atmosphere by impermeable material and the pressure of the water
can be greater than if it were unconfined.

Unsaturated conditions occur above the water table where the pressure head is negative (absolute
pressure can never be negative, but gauge pressure may be) and the water that incompletely fills
the pores of the aquifer material is under suction. Under unsaturated conditions water is held in
place by surface tension forces that produce a capillary pressure difference across the water gas
interface. The strength of this capillary force depends on soil pore size and other parameters.

Unsaturated media generally result in lower infiltration and water flow away from the repository.
In unsaturated media the presence of gas in the pore space interrupts the continuity of the liquid
phase and the capillarity and surface tension at the interface of the gas and liquid phases
decreases the ability of liquids to flow. If the unsaturated media is not isolated from the surface,
the geochemistry and radionuclide chemistry are generally in an oxidative environment, which
may result in conditions more conducive for radionuclide transport. In deep saturated rock,
reducing chemistry often dominates, which increases the barrier capabilities of the natural barrier
system for many potentially important radionuclides because their solubility limits are lower and
retardation is greater.
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These features, and the processes that act upon them, affect the behavior of the natural system. Relevant
processes in the natural system, discussed further in Section 3.3, include flow in the surface and
subsurface environments, geochemical processes, and radionuclide transport by means of advection,
diffusion, dispersion, sorption, and colloid transport.

2.2.2.2 Available Geologic Media for Siting

A number of preliminary studies and papers addressing the available area in the U.S. for siting a geologic
disposal facility have been completed. The most recent of these studies, performed as part of the Used
Fuel Disposition Campaign, have been generic in nature and have not focused on specific sites; they have
focused on identifying potential areas that have a higher likelihood of serving as appropriate locations for
a deep geologic repository. There is no intention of suggesting that other acceptable sites could not also
be identified. The studies have focused on some general attributes of the geologic setting that would be
desirable for siting. Formations with low hydraulic conductivity and high thermal conductivity may
perform well. In addition, a medium such as salt or a plastic clay which is capable of self-sealing,
whereby excavations would close naturally, was seen to be desirable. A low-permeability medium would
be more likely to lead to diffusion-dominated transport; also, chemically-reducing conditions in the host
rock are seen as desirable (Hardin et al. 2011b). The Used Fuel Disposition Campaign studies are
evaluating the availability of salt, clay, and granite media for development of a mined repository and
crystalline rock for a deep borehole disposal facility.

These four disposal options are discussed in the following subsections. The discussions include subjective
comparative assessments about a number of parameters (e.g., thermal conductivity, permeability,
strength) that may be relevant to the performance of a geologic disposal facility. The descriptions are
comparative between the different geologic media. For example, a statement that something is high
indicates that it is at the end of the range, while medium means it is in the middle of the range of the
parameter values for the three media. The information is brought together for comparative purposes in a
Section 2.2.2.2.5.

2.2.2.2.1 Salt

The use of salt formations for nuclear waste disposal has been widely pursued for more than 50 years; in
the U.S. it is traceable to the recommendations of the National Research Council in 1957 to use a salt
mine for disposal of the high-level radioactive waste from reprocessing (National Academy of Sciences
1957). Screening of the entire U.S. in the 1960s and 1970s identified large regions underlain by rock salt
of sufficient depth and thickness to accommodate a repository (Hansen et al. 2010). Figure 2-4 is a map of
salt deposits showing both bedded and domal salt. The domal salt is shown as cross-hatched areas. As
shown in Figure 2-4, the conterminous U.S. has many thick and/or laterally extensive salt formations,
including bedded and domal salt. Four major regions of the U.S. where salt formations are found include
(1) the Gulf Coast, (2) the Permian Basin, (3) the Michigan-Appalachian Region, and (4) the Williston
Basin. Domal salts are found in the Gulf Coast region and Paradox Basin, and bedded salts are generally
present in the remaining three major salt regions of North America. The salt basins tend to look
geographically similar to the shales because they are in fact formed in similar depositional environments
(Hardin et al. 2011b).
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Figure 2-4. Map of Salt Deposits in the United States

Site screening efforts by the U.S. Department of Energy in the 1980s recognized the following regions:

Salt Domes in the Gulf Coast—The primary initial screening factors used to identify potentially
favorable locations were the depth to the top of the dome and present use for gas storage or
hydrocarbon production. Siting guidelines and the related evaluation reduced the list of over 500 salt
domes to seven potential repository locations, with further screening resulting in the identification of
the Cypress Creek, Richton, and Vacherie domes (Figure A-1) as potentially acceptable sites.

Bedded Salt in Utah—The primary initial screening factors used to identify potentially favorable
locations were the depth to the salt, the thickness of the salt, proximity to faults and boreholes, and
proximity to the boundaries of the dedicated lands. The thickness of the salt, the thickness of the
layers above and below the depth of a repository, and the minimum distance to salt-dissolution
features were considered the most critical geologic discriminators. Using the siting guidelines, Davis
Canyon and Lavender Canyon (Figure A-1) were identified as potentially acceptable sites.

Bedded Salt in West Texas and Southeastern New Mexico—The Permian bedded-salt deposits in
the Texas panhandle, eastern New Mexico, and western Oklahoma had been identified as potentially
suitable for waste disposal. The primary screening factors were the depth to and the thickness of the
salt, faults, seismic activity, salt dissolution, preexisting boreholes, underground mines, proximity to
aquifers, mineral resources, and conflicting land uses, such as historical sites and state or national
parks. All the evaluated subbasins contain salt beds of adequate thickness and depth. Using the siting
guidelines, locations in northeastern Deaf Smith and north-central Swisher counties in Texas (Figure
A-1) were identified as potentially acceptable sites.
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The U.S. has supported significant investigations in salt in the past, including Project Salt Vault, the
Carey mine in Western Kansas, Avery Island, Louisiana, and the WIPP, where some limited thermal
testing has been done. Disposal of nuclear waste in salt remains a viable concept in the U.S., as has been
demonstrated by virtue of more than 11 years of successful operations at the WIPP near Carlsbad in New
Mexico (U.S. Department of Energy 2011a). Currently, there is also interest in a salt disposal option in
Germany (Appendix C, Section C-3.1.3).

The thermal conductivity of salt is high relative to other potential host media, which generally would be
favorable for disposal because conduction of heat away from the wastes will limit temperature build-up.
The resistance to heat is also high, indicating that there is little potential for the heat of the waste to
damage the salt rock; together, these should generally allow for higher thermal loadings. The potential for
salt to be dissolved in the presence of water is high. Repository disposal facilities may be located deep
beneath the ground surface, ensuring reducing geochemical conditions surrounding the repository rocks
that would be expected to limit the solubilities of radionuclides in the waste forms. However, the sorptive
properties of salt, which slow or limit the migration of any radionuclides that might escape from a
degraded waste package or other engineered barriers are low.

There is significant experience in mining in salt. The in-situ stress state is likely to be isotropic, or, the
same in all directions, which is a benefit in developing a facility layout. Salts are visco-plastic and time
dependent deformation of underground openings can be expected; because of this deformation, artificial
reinforcement may be required in order that underground openings can be constructed and maintained
safely during repository operations period (U.S. Department of Energy 2004b).

Salt rock masses are expected to be highly impermeable, which would ensure that the natural barriers
would contribute significantly to containment of the radionuclides by preventing movement of any
radionuclides that could escape from the waste packages and other engineered barriers. Such low
permeability would also prevent water that from contacting the wastes. Fractures in salt are likely to be
self-healing due to creep and the deformable nature of salt.

2.2.2.2.2 Clay/Shale

Clay/shale formations in the U.S. meeting the general siting considerations for depth, thickness, and other
criteria summarized in Section 2.3.2 are common in the U.S., as shown in Figure 2-5. There are
potentially significant differences in rock characteristics included in this category of sedimentary rock, as
discussed in a recent study of the performance of clay/shale repositories for high-activity waste in the
U.S. (Hansen et al. 2010). Gonzales and Johnson (1984) concluded that the most desirable host rocks
should be between 300 and 900 m below ground level, at least 75-m thick, relatively homogeneous in
composition, and in an area of low seismicity and favorable hydrology that is not likely to be intensively
exploited for subsurface resources. High clay content is preferred to ensure low permeability and
plasticity.

Figure 2-5 also indicates the geologic age of the shale provinces shown, including Cenozoic, Mesozoic,
Paleozoic, and pre-Cambrian. Generally, the induration or the lithic character of the clay or shale
increases with its age and depth of burial; the softest and most plastic clays or shales would be expected
to be the youngest, those are shown in blue. There are other large shale basins available in the continental
U.S. The U.S. also had an active shale repository research and development program in the 1970s and
1980s, which included some laboratory and in-situ scale thermo-mechanical tests. Here again, confidence
in the ability to eventually develop a geologic disposal facility in clay/shale is strong because of progress
in other countries, particularly the French program (Appendix C, Section C-3.2.3).
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Figure 2-5. Shale Formations in the United States

Intact or unfractured clay or shale masses are expected to have low to very low permeability, which
would ensure that the natural barriers would contribute significantly to isolation of the radionuclides by
resulting in slow movement of any radionuclides that could escape from the waste packages and other
engineered barriers. Low permeability would also limit the amount of water that could contact the wastes.
Fractures in clay or shale are likely to be self-healing in the presence of water.

The thermal conductivity of clay/shales is low, generally resulting in a need to spread the waste over
larger areas. The resistance to heat is also low, indicating that there is a potential for the heat of the waste
to damage the rock, resulting generally in a need for lower thermal loadings. Figure 2-5 indicates that
there are likely to be sufficient large clay/shale formations available to accommodate large repository
facilities. Furthermore, while the potential for shale to be dissolved in the presence of water is low, some
shale will slake, or disintegrate in the presence of water. Testing to determine whether or not a particular
shale will slake is straightforward. Repository facilities could be located deep beneath the ground surface
in an environment of reducing chemical conditions; such geochemical conditions in the repository would
limit the rate that the waste packages might corrode or the solubilities of the radionuclides released from
the waste forms. Additionally, the strong sorptive properties of clay and shale would slow or limit the
migration of any radionuclides that might escape from a degraded waste package or other engineered
barriers. There may be minimal need for engineered barriers to provide additional confidence in the
isolation capability of the repository.

Hansen et al. (2010) note that clay/shale rock masses have properties that could present some challenges
to developing an engineered facility. The strength of clay/shale is generally low to medium and its
geotechnical character leads to a need for artificial support to maintain stable openings in facilities in
shale. The in-situ stress state could be oriented unfavorably with respect to existing fracture systems,
which could be a consideration in developing a facility layout. Clay/shales range from plastic to brittle,
and time-dependent deformation of underground openings can be expected along with an expectation that
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artificial reinforcement will be required in order that underground openings can be constructed and
maintained safely for repository operations.

Characterization of possible clay/shale formations for high-activity waste repositories in the U.S. has not
been undertaken. However, from the 1970s until the mid-1980s Oak Ridge National Laboratory led the
U.S. research and development efforts for shale repository investigations. Oak Ridge National Laboratory
directed testing programs specifically to characterize a few accessible shale formations, collecting
repository-relevant physical, mechanical, mineralogical, and hydrological information. Testing efforts to
characterize thermo-mechanical responses of selected shale formations were elementary. More lab and
field work would be needed to characterize any particular clay/shale site. International communications
and collaborations with France and Switzerland may be a key source of information (Hansen et al. 2010).

Clay/shale formations that could host a high-activity radioactive waste repository in the U.S. span a range
of lithologies with different physical, mechanical, hydrological, chemical, and mineralogical properties.
Two primary concerns for evaluating the effects of repository construction, operation, and long-term
waste isolation performance are geomechanical response and fluid flow. The specific properties that
control these important rock characteristics would be among those closely examined at the time of site
selection and characterization (Hansen et al. 2010).

2.2.2.2.3 Granite

The 48 conterminous states have an abundance of granitic formations. Several countries have determined
that granite formations are adequate for mined geologic disposal and Sweden and Finland are pursuing
geologic disposal in granite. The U.S. had a research and siting program for crystalline rock until the late
1980’s. A look at granite going forward would probably include fractured and unfractured rock, and
saturated and unsaturated conditions. Fractured and saturated conditions would probably lead to
circumstances most resembling those that have been found in Scandinavia. There is reason to believe that
a suitable site can be found in the U.S., especially considering progress in other countries. Figure 2-6
illustrates granite outcrops in the U.S. (Hardin et al. 2011b).

In addition to the granitic rocks outcropping at the surface, Figure 2-7 illustrates that a large portion of the
central U.S. is underlain by granitic rocks as shallow as 500 to 1,000 m (Massachusetts Institute of
Technology 2006), which is at depths likely to be suitable for a repository. These figures indicate that
there likely is adequate granite available to develop an underground disposal facility.

With the availability of such large volumes of granitic rock, it should be possible to identify many areas
of the country with granite formations possessing geological attributes that are potentially favorable to
geologic disposal. Intact or unfractured granite masses are expected to have very low permeability, which
would ensure that the natural barriers would contribute significantly to isolation of the radionuclides by
resulting in slow movement of any radionuclides that could escape from the waste packages and other
engineered barriers. Low permeability would also limit the amount of water that could contact the wastes.
Fractured granite masses are likely to be more permeable (Hansen et al. 2011). Most repository designs in
granite include a clay buffer material to eliminate or reduce advection and promote diffusive transport in
the engineered barrier system.
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Figure 2-7. Depth to Basement Crystalline Rock in the United States
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The thermal conductivity of granites is medium, generally resulting in a need to spread the waste over
larger areas. The resistance to heat, however, is high, indicating that the heat of the waste is not likely to
alter the mineralogical, chemical, or physical characteristics of the granite rock. Furthermore, the
potential for granite to be dissolved in the presence of water is very low. Repository facilities could be
located deep beneath the ground surface, ensuring reducing chemical conditions; such geochemical
conditions in the repository are typically favorable for limiting how the waste packages might corrode or
the solubilities of the waste forms. Additionally, the sorptive properties of granite, which slow or limit the
migration of any radionuclides that might escape from a degraded waste package or other engineered
barriers are medium to high. Engineered barriers will provide additional confidence in the isolation
capability of the repository.

Granite rock masses have properties that are conducive to developing an engineered facility. There is
considerable experience in mining in granitic rocks. The high strength of unfractured granite and its
geotechnical character lead to a high potential for developing stable openings in granites. With significant
natural fracturing, however, the potential for developing stable, unsupported, openings is low. The
orientation of the in-situ stress state will be a consideration in developing a facility layout; if oriented
unfavorably, especially with respect to existing fracture systems, additional ground support could be
required. Granites are strong and brittle, with little expectation for time dependent deformation of
underground openings, and an expectation that underground openings can be constructed and maintained
safely and economically for repository operations (Hansen et al. 2011).

2.2.2.2.4 Deep Borehole Disposal

Deep borehole disposal is a meaningful alternative for a geologic disposal system, in part due to the wide
expanse of basement crystalline rock at design depth in the 48 conterminous states. Figure 2-7 shows a
contour map depicting depth to crystalline basement. For deep borehole disposal there is a need to find
the basement within a range of approximately 3 km of the surface, or less. Low permeability, high
salinity, and geochemically-reducing conditions at many locations in the deep crystalline basement rock
are expected to limit significant fluid flow and radionuclide transport. Crystalline rock bodies at great
depth are expected to have very low permeability, which would ensure that the natural barriers would
contribute significantly to isolation of the radionuclides by resulting in slow movement of any
radionuclides that could escape from the waste packages and other engineered barriers. Low permeability
would also limit the amount of water that could contact the wastes.

Though the relatively high temperatures and salinities of deep fluids by themselves could accelerate the
corrosion of steel casing pipes, waste packages or canisters, fuel assemblies, and the waste itself, the
scarcity of oxygen is expected to slow the oxidation of used fuel and corrosion processes. The
geochemical behavior of the projected waste inventory in the deep borehole environment sets limits on
the stability of the uranium in the used fuel matrix and on radionuclide transport to the biosphere.
Nonetheless, the seal components of the engineered barrier system may play an important role in
performance.

Given the low expected volumetric thermal loading for deep borehole disposal, the thermal properties of
the deep crystalline rock are expected to ensure that there will not be thermal issues related to the
disposal. The resistance to heat is high, indicating that the heat of the emplaced waste is not likely to alter
the mineralogical, chemical, or physical characteristics of the crystalline rock (rock melt techniques for
borehole drilling are not considered here). The figures indicate that there are sufficient large crystalline
rock bodies available to accommodate the deep borehole facilities. Furthermore, potential for crystalline
rock to be dissolved in the presence of water is very low. Borehole disposal is by definition located deep
beneath the ground surface, ensuring reducing chemical conditions; such geochemical conditions
surrounding the boreholes are typically favorable for limiting how the waste packages might corrode or
the solubilities of the waste forms. Additionally, the sorptive properties of crystalline rock, which slow or
limit the migration of any radionuclides that might escape from a degraded waste package or other
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engineered barriers are medium to high. Seal components of the engineered barrier system are expected to
provide confidence in the isolation capability of the borehole disposal system.

Crystalline rock masses have properties that are conducive to developing a borehole disposal system.
There is limited experience in drilling (large diameter especially) deep boreholes in crystalline rocks,
although there is experience in drilling deep boreholes for oil and gas exploration and extraction in non-
crystalline rock. The high strength of crystalline rock and its geotechnical character lead to a high
potential for developing stable boreholes in deep crystalline rocks. The in-situ stress state is likely to be
anisotropic, and could be a consideration in developing a deep borehole disposal facility due to borehole
breakouts. Crystalline rocks are strong and brittle, with little expectation for time dependent deformation
of the deep boreholes (Hansen et al. 2011).

2.2.2.2.5 Summary

The salient points of the evaluations of the four disposal options are summarized in Table 2-2. Not all of
the properties listed in Table 2-2 are of equal concern; however this table is constructed for general
considerations in generic repository evaluations. Details, characteristics, and attributes in Table 2-2 could
be expanded extensively. However, other factors of the geologic environment and domain would be
considered during site screening, and it must be remembered that preparation of a table such as this places
focus on subsystem components. Risk-informed considerations are expected to promote more of a total
system focus for safety assessments. Based on decades of international experience in repository
development, it is highly probable that a suitable repository can be developed for any or all of the four
options discussed above (Hansen et al. 2011; after BMWi 2008). The preceding discussion principally has
been focused on geologic conditions for disposal; engineered systems may be applied that will contribute
to containment of waste for a significant period of geologic time (hundreds of thousands of years to a
million years of containment barrier contribution).

Table 2-2. Relative Attributes of Disposal Options

Property Salt Shale Granite Deep
boreholes
Thermal conductivity High Low Medium Medium
Practicall verylow
Permeability . y Very low to low (unfractured) to Very low
impermeable
permeable (fractured)
Strength Medium Low to medium High High
Deformation behavior = Visco-plastic (creep) Plastic to brittle Brittle Brittle
Artificial

Self-supporting on High (unfractured) to Medium at great

SEIyeiEis decade scale reinforqement low (highly fractured) depth
required
In situ stress Isotropic Anisotropic Anisotropic Anisotropic
Dissolution behavior High Very low Very low Very low
Sorption behavior Very low Very high Medium to high Medium to high
Chemical Reducing Reducing Reducing Reducing
Heatresistance High Low High High
Mining experience High Low High Low
Available geology* Wide Wide Medium Wide
Geologic stability High High High High
Engineered barriers Minimal Minimal Needed Minimal

- Favorable property - Average - Unfavorable property
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2.2.3 Design Strategy
2.2.3.1 Engineered Barrier Considerations

As discussed in Section 2.2.1, the design of a geologic repository should include multiple barriers, both
natural and engineered. Geologic disposal of used nuclear fuel and high-level radioactive waste is
predicated on the expectation that one or more aspects of the geologic setting will be capable of
contributing to the isolation of radioactive waste and thus be a natural barrier important to waste isolation.
While there is extensive information about the character of geologic formations, covering many millions
of years, this record is subject to interpretation and therefore includes uncertainties. Although the
composition and configuration of engineered structures that can function as barriers in a geologic disposal
facility can be defined with a degree of precision not possible for natural barriers, it is recognized that
except for a few anthropogenic and natural analogues, there is a limited experience base for assessing the
performance of complex, engineered structures over periods longer than a few hundred years, and hence,
there are uncertainties in these projections. These uncertainties can be addressed in some measure by
requiring the use of a multiple barrier approach; specifically, an engineered barrier system is required in
addition to the natural barrier system provided by the geologic setting.

The safety case design strategy encompasses those activities focused on ensuring that the natural and
engineered barriers work in concert, and that where possible, the engineered barriers work to assist the
geologic setting in meeting the performance objectives for the period following permanent closure.
Initially, emphasis is placed upon the ability to contain the wastes by waste packages; this is known as the
containment period. A waste package is composed of the waste form and any containers, shielding,
packing, and absorbent materials immediately surrounding an individual waste container. The waste
package will be designed to complement the character of the host rock formation and thus maintain its
integrity for long periods of time, and thereafter fail gradually, assuring the continued longer-term
attenuation of radionuclide releases. Following the containment period emphasis is placed upon the ability
to achieve isolation of the wastes by virtue of the characteristics of the geologic repository. Isolation
means inhibiting the transport of radioactive material so that amounts and concentrations of the materials
entering the accessible environment will be limited. Waste forms of used nuclear fuel (consisting of
ceramic-like uranium oxide, specifically UO,) and high-level radioactive waste (e.g., borosilicate glass)
are relatively stable in the environments to be expected in the salt, clay and granite geologic media
selected for consideration, which contributes to isolation. The engineered barrier system works to control
the release of radioactive material to the geologic setting and the geologic setting works to control the
release of radioactive material to the accessible environment.

The types of design features that can be considered in this context include, but are not limited to: design
for reducing the potential for deleterious rock movement or fracturing of overlying or surrounding rock;
using excavation methods that will limit the potential for creating preferential pathways for groundwater
to contact the waste packages or radionuclide migration to the accessible environment; and taking into
account the predicted thermal and thermo-mechanical response of the host rock, the surrounding strata,
and the groundwater system.

The safety assessment evaluations of repository performance include consideration of uncertainty in the
behavior of the repository system, and the results thus reflect the capability of each of the barriers to cope
with a variety of challenges (e.g., combinations of parameters leading to less favorable performance for
individual barriers and combinations of barriers).

2.2.3.1.1 Features of Generic Engineered Barrier Systems

Categorization of the physical features or components of the engineered barrier system is fairly consistent
among the various national programs. These features and their design will differ somewhat for different
disposal concepts (waste form, rock type, and concept of operations) depending on the needed waste
isolation performance of the engineered barriers, the expected performance of the natural barrier system,
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and interactions between engineered and natural features. However, a broad set of common features or
engineered barrier system components can be defined. In the Joint EC/NEA Engineered Barrier System
Project report (Bennett 2010), four main engineered barrier system components are: waste form,
container/overpack, buffer/backfill, and “others.” Bennett et al. (2006) defined the main functions,
independent of repository concept and/or disposal environment, of these four primary engineered
components as:

e The waste form is designed to provide a stable matrix that is resistant to leaching and gives slow rates
of radionuclide release for the long term

o The container/overpack is designed to facilitate waste handling, emplacement and retrievability, and
to provide containment for up to 1,000 years or longer depending on the waste type and disposal
concept

o The buffer/backfill is designed to stabilize the repository excavations and the thermal-hydrologic-
chemical-mechanical conditions, and to provide low permeability and/or diffusivity, and/or long-term
retardation

e The other engineered components (e.g., seals) are designed to prevent releases via tunnels and shafts
and to prevent access to the repository

Figure 2-1 shows these components schematically, along with the primary components for the natural
system.

The composition of engineered barrier system components for various disposal concepts is presented in
Table 2-3. The reference for a salt repository is the generic salt repository study (Carter et al. 2011a); the
reference for a clay repository is the French concept (Andra 2005b); the reference for a granite repository
is the Swedish KBS-3 concept (SKB 2006b; SKB 2011); and the reference for deep borehole disposal is
the Sandia/MIT concept (Brady et al. 2009). It should be noted, however, that in parallel with the
activities of the Joint EC/NEA Engineered Barrier System Project (Bennett 2010), other national
programs have developed engineered barrier system designs in which the buffer/backfill “component”
shown in Table 2-3 would be better represented as separate buffer and backfill components. For example,
a more recent waste package concept is the “supercontainer” concept, selected in the Belgian program
through a multi-attribute decision process (Bennett 2010). This waste package concept, shown in Figure
2-8, includes the buffer material within the “waste package” itself, where the “waste package” (called the
“supercontainer”) is comprised of a carbon steel “overpack”, surrounded by a Portland cement concrete
buffer, all contained in a stainless steel “envelope.” The inner carbon steel overpack functions to prevent
radionuclide releases during the initial thermal period; the concrete buffer provides a high pH
environment to limit corrosion of the carbon steel overpack during this initial thermal phase; and the
stainless steel envelope is for structural integrity and handling of the entire supercontainer. As shown in
Figure 2-8, once emplaced, the entire supercontainer is surrounded by a cementitious backfill. As noted
by Bennett (2010), the supercontainer idea is a recent example that emphasizes one of the key findings of
the Joint EC/NEA Engineered Barrier System Project (Bennett 2010):

The EBS is best regarded as a system of components that functions in conjunction with
the surrounding rock and thus provides acceptable levels of safety. The EBS should be
tailored to the wastes that need to be disposed of, and to the host rock in which it is
required to function. Each component of the EBS will have its own functions, but it is the
functioning of the system as a whole that is most important. The importance of regarding
the EBS as a system can be readily understood from examples in which the function of
one EBS component is to protect a neighboring component.
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Table 2-3. Composition of Engineered Barrier Components for Various Disposal Concepts
Country/ Waste Form Container/ Buffer/Backfill Others
Concept Overpack (seals, liner, etc.)
France; Used UO, and | Stainless steel Bentonite buffer with Bentonite seals
Clay® mixed oxide with metal insert | metal disposal tube

(MOX) nuclear
fuel

High-level Stainless steel Optional bentonite buffer | Bentonite seals
radioactive container, steel
waste overpack
borosilicate
glass
Sweden/KBS-3; | Used UO, Copper-iron Bentonite Tunnel backfill
Crysta”ine / nuclear fuel
Granite®
us,; High-level Stainless steel Crushed/compacted salt
Generic Salt® radioactive
waste glass
u.s,; Used UO, Carbon steel Bentonite-water slurry Steel liner (casing)
Deep Borehole® | nuclear fuel around canister strings;
and high-level compacted bentonite
radioactive between canister strings;
waste glass bentonite, cement, and

crushed rock above
disposal zone

NOTE:

PCarter et al. 2011a.
°Brady et al. 2009.

Organisation for Economic Co-operation and Development 2003a.

| vitrified waste
canister

3600
2000

30 mm thick
carbon steel
overpack

& mm steel

3000

envelope

BSC1 - version : 1/02/2006

Figure 2-8. Belgian Supercontainer Engineered Barrier Concept

Boom Clay

Source: Bennett 2010, Figure 3.5.
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The following is a high-level description of the primary purpose(s) of each of the engineered barrier
features or components shown in Table 2-3:

Woaste Form—The potential waste form matrix (e.g., ceramic, glass, glass-ceramic, metal) containing
the radionuclides is a key component of the engineered barrier system. It must maintain stability and
durability under long-term exposure to high radiation fields and corrosive environments, as well as
provide dose mitigation associated with intrusion scenarios. The interaction of the waste form with
the repository host rock, and with other engineered components, is an important issue for long-term
disposal, and it may be appropriate to design some waste forms (e.g., from advanced fuel cycles) to
accommaodate specific repository environments. Waste forms such as high-level radioactive waste
borosilicate glass have already been engineered for slow degradation rates and gradual release of
radionuclides into the immediate environment. Used uranium oxide fuel has also been well-
characterized, and degrades slowly in certain environments, such as under reducing conditions.

Cladding—Cladding protects fuel from degradation in the reactor, and used fuel is likely to be
received for disposal at the repository with cladding intact. Cladding can protect the used fuel from
degradation in the repository also, especially in the event of a waste package breach during the period
of elevated temperature, i.e., during the first few hundreds to thousands of years after emplacement.
Cladding from commercial light-water reactors is generally made from Zircaloy (Type 1L is typical)
a zirconium alloy that is chemically stable and resistant to corrosion. It can be damaged by internal
pressurization of the fuel rods by fission-product gases; such damage can be controlled by limiting the
fuel temperature.

Waste Containers, Packages, Overpacks, and Internal Features—Corrosion resistant materials
such as titanium, nickel-chromium alloys, etc. can provide very long containment lifetime for waste
packages if oxidizing conditions are expected (containment is defined as no breach of any kind).
Corrosion resistant materials generally are passive and subject to localized corrosion, which produces
only small penetrations. By contrast, corrosion allowance materials such as copper and low-alloy steel
are not subject to localized corrosion or similar degradation modes, but general corrosion is more
rapid and breach could occur in 100,000 years or sooner in oxidizing conditions. However, in a
reducing environment, corrosion allowance materials can last almost indefinitely. Modes of
degradation for corrosion allowance materials are relatively few, and well understood. Corrosion
allowance materials can be used to protect the package contents during the period of elevated
temperature, gamma radiolysis, etc.

The geometry of waste packages is typically cylindrical to facilitate handling, structural integrity, and
economical fabrication and use of material (thin-walled canisters, and disposal overpacks as needed).
Available fabrication and treatment methods include various welding techniques, friction welding,
thermal or plasma spraying, annealing, burnishing, peening, etc. Different methods can be used
within the same waste package assembly where materials and functions differ, for example, the inner
canister may be closed differently than a disposal overpack. Other process steps may be taken during
packaging (e.g., dewatering, charging with inert gas) to limit corrosion and promote heat transfer.

Within the package, internal racks or inserts made of cast iron or other corroding materials, which
initially have structural support functions, later can control the internal chemical environment around
the package contents (i.e., used nuclear fuel or high-level radioactive waste). This can limit the rate of
degradation of the waste form, and/or limit mobility of released radionuclides. In addition, “getter”
materials may be added (no structural function) either inside or outside the waste package, to
sequester released radionuclides directly or on contact with degradation products. In addition, used
fuel containers contain internal features (flux traps, neutron absorbers) that prevent criticality during
storage and transportation, and that will limit postclosure criticality also either in intact or degraded
configurations.
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Buffer/Backfill—Features that control the waste package corrosion environment include bentonite
clay (e.g., the Swedish KBS-3 concept) or concrete (e.g., the Belgian supercontainer) buffers that are
directly in contact with the waste package or other engineered components, and limit the availability
of moisture, oxygen, or other potentially corrosive species. Similarly, crushed salt backfill within a
salt repository isolates the waste packages and limits availability of corrosive species after creep
reconsolidation transforms the backfill properties back to those of the native host rock.

Backfilling of mined repository openings is used in saturated hydrogeologic settings to inhibit
preferential groundwater flow into or out of the repository, and may also be used where no flow is
expected. This contributes to the robustness aspect of multiple barriers, by serving to reduce
uncertainty in predicting coupled hydro-mechanical responses (e.g., emplacement alcoves in the
generic salt repository). In the disposal concepts developed in other countries for granite and clay
media, low-permeability backfill is used to limit advective transport of water and radionuclides along
access drifts proximal to emplaced wastes, and in smaller diameter boreholes. Backfill may also be
used to provide swelling pressure to contain the swelling buffer in adjoining emplacement holes,
and/or to exert pressure on the DRZ, limiting its permeability. Backfill materials such as those
containing clay, may have the additional benefit in that they retard radionuclide transport.

Other Features—The three primary capabilities of engineered barrier components that help enhance
waste isolation performance are (U.S. Department of Energy 2008b): (1) limit water contacting waste,
(2) limit the rate of radionuclide releases from the waste form, and (3) limit transport of radionuclides
to the natural barrier system. In most repository concepts the waste package is the primary engineered
feature that fulfills these capabilities, but other engineered barrier features/components may also be
emplaced to provide defense-in-depth and to function in concert with the waste package. Some of
these components include water diversion features, such as capillary barriers, which limit advective
flow and transport. Tunnel liners can also serve in this role but usually are not as robust and long-
lasting, and often only play a role in preclosure safety. Also, in open emplacement concepts an
engineered pedestal may support each waste package. This also can serve to “isolate” the waste
package from the host rock environment.

A much more common engineered feature is some sort of plug or seal, which has a primary function
of limiting access to the repository after closure. Plugging and sealing of access tunnels, shafts, and
ramps also provides barriers to preferential liquid flow into or out of the repository. Thus the
repository can occupy a low permeability interval within a geologic section that includes more
permeable units above or below, while assuring isolation. A seal zone or sealing system is also
important in the deep borehole concept, as shown in Figure 2-9. Its main function is to limit entry of
water and migration of contaminants through the borehole after it is decommissioned, i.e., to isolate
the emplaced wastes from the accessible environment. As indicated by Brady et al. (2009), the key
characteristics of the seal system design are that it exhibits excellent durability and performance and
is constructed with multiple, low-permeability materials to reduce uncertainty in performance.
Bentonite is envisioned as a buffer/seal material because of its low permeability, high sorption
capacity, self-sealing characteristics, and durability. Cement borehole plugs form an additional
component of the deep borehole disposal seal system.

These features, and the processes that act upon them, affect the behavior of the engineered barrier system.
Relevant processes in the engineered barriers are discussed further in Section 3.4.2. Functions of the
engineered barrier features/components are discussed in Section 2.2.3.1.1.1.
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Figure 2-9. Schematic Illustration of a Deep Borehole Disposal System

2.2.3.1.1.1 Functions of Engineered Barrier System Components for Each Disposal Environment

To achieve the intended level of performance and fulfill safety functions, the features and components of
the engineered barrier system must be designed to work in complementary and synergistic fashion to the
natural environment in which they are emplaced. As well, they must be designed to work together as a
system, wherein each engineered component promotes the functioning of other components. An example
of these synergistic functions was given above in regard to the concrete buffer and steel overpack in the
Belgian supercontainer concept. The primary safety functions of engineered barrier system features and
components have already been discussed above: isolation, containment, and limited and/or delayed
releases. These primary functions are broken down into several “subfunctions” by some repository
programs (Bailey et al. 2011). For example, the “limited and/or delayed releases” primary function is
subdivided in the Belgian program as: limitation of releases, limitation of water flow, and retardation.

Table 2-4 provides a description of the high-level role or specific safety function(s) of each of the primary
engineered barrier system components, for each of the four generic concepts: salt, clay, granite, and deep
borehole. The specific functions listed are all part of the three primary functions of isolation, containment,
and limited and/or delayed releases.



42

Generic Deep Geologic Disposal Safety Case

August 2013, Revision 1

Table 2-4. Primary Safety Functions of Engineered Barrier Components for Various Disposal Concepts

long term in all
scenarios

Country / Waste Form Container / Buffer / Backfill Others
Concept Overpack (seals, liner, etc.)
France; Expected to Expected to Expected to The tunnel lining
Clay® provide facilitate waste control the supports the host rock
resistance to emplacement and | thermal- during the operational
leaching for retrieval, protect hydrologic- phase. The tunnel
100,000 years | the waste from mechanical backfill and seals
in all scenarios | water and limit environment and prevent access to the
releases over the limit releases repository, prevent

radionuclide transport
along tunnels and hold
the buffer in place

Sweden/KBS-3;

Expected to

Expected to

Expected to

The tunnel backfill is

Generic Salt

stable in a salt
environment
and provide
containment/
slow release of
radionuclides
for tens of
thousands of
years

preclosure safety
function for
handling and
shielding (but a
temperature limit
is imposed to
ensure the
containers remain
intact until after
closure

prevent water
contact with the
waste (and
therefore limit
releases) after
crushed salt
reconsolidation;
also for preclosure
radiation shielding;

Crystalline / slow the rate of | provide provide expected to provide
Granite® radionuclide radionuclide mechanical mechanical support for
release isolation for protection and act | the buffer and the host
~1,000,000 years | as a diffusional rock for ~1,000,000
in all scenarios barrier for years in all scenarios
~1,000,000 years
in all scenarios
u.s,; Expected to be | Primarily a Expected to Shaft and drift seals

prevent intrusion of
brine from overlying,
water-bearing strata

us,;
Deep Borehole®

No credit taken
as a flow or
transport
barrier

No credit taken as
a flow or transport
barrier after
closure; serves
only for handling
and emplacement

Expected to limit
migration of
contaminants
through the
borehole via low
permeability and
high sorption
capacity of
bentonite

Seal system expected
to limit entry of water
and migration of
contaminants through
the borehole via low
permeability and high
sorption capacity of
bentonite

NOTE:

PCarter et al. 2011a.
‘Brady et al. 2009.

Organisation for Economic Co-operation and Development 2003a.

A final point is that even partial performance of degraded engineered barrier components can play an
important role or safety function. Specifically, engineered barrier components are carefully designed and
tested to serve specific functions that are measured in terms of time to failure. However, even after partial
failures such as small localized corrosion penetration of a waste package, degradation of the waste form
and release of radionuclides will occur very slowly. Hence the engineered barrier system continues to
provide waste isolation performance even after initial failures occur, and this partial function should be
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represented in safety assessments using mechanistic models with an appropriate degree of process fidelity
and spatial resolution.

2.2.3.2 Disposal Concepts

Disposal concepts for used nuclear fuel and high-level radioactive waste have been developed for various
geologic media, building on the particular natural, waste isolation characteristics of those media, and
identifying engineered barrier features that would be used. A disposal concept generally consists of a
waste inventory for disposal, a rock type to be excavated, and an engineering concept of operations. The
concept of operations recognizes specific contributions from natural and engineered barriers, and includes
a description of the construction and operations needed for implementation. Disposal concepts have been
developed iteratively, with many improvements, since geologic disposal for high-activity waste was first
proposed (National Academy of Sciences 1957). In the U.S., concepts were developed for the Salt
Repository Project (U.S. Department of Energy 1987), and tuff (U.S. Department of Energy 2008Db),
among others. Programs in other countries, such as those in Sweden, Finland, and France, have developed
disposal concepts to a degree of maturity ready for implementation.

Mined geologic disposal concepts involve facilities with ramp or shaft access to the waste emplacement
area; these facilities are typically planned for depths of several hundreds of meters. Ramps and shafts
provide access for handling equipment and construction and operational personnel. The following
emplacement modes for used nuclear fuel and solid, high-level radioactive waste in mined repositories
have been identified by previous and ongoing geologic disposal investigations internationally and in the
U.S.: in-drift emplacement; emplacement in vertical or horizontal boreholes drilled from mined openings;
and backfilled alcove emplacement.

The plans for drifts, alcoves, and/or boreholes for waste emplacement, other tunnels for access and
ventilation, and the shafts and ramps that provide access from the surface, are collectively referred to as
the repository layout. The layout must accommodate the geologic structure, which is simple for extensive
horizontal strata (e.g., bedded clay/shale or salt) and more intricate for geologic structures. Headings for
all openings in the repository are considered with respect to trends in frequency and orientation of pre-
existing fractures, which influence the engineering measures used to obtain the needed degree of long-
term stability. By contrast, layout orientation in bedded salt could be selected for convenience, with no
significant fracturing in the host rock. Ground support measures for intersections between openings are
also considered in selecting layout orientation.

Layouts are designed for ease of access, construction, ventilation, operations, and closure. Ventilation
systems are engineered to ensure separation of active work areas from radiological controlled areas, for
example, using negative ventilation pressure in emplacement drifts. Repositories like any underground
construction will have a drain plan whereby any groundwater inflow can be collected for removal from
the facility. Repository layouts should be designed for pilot-scale development, so part of the repository is
fully developed and waste emplaced, for evaluation of the disposal concept prior to further development.
Layouts are also designed for eventual plugging and sealing at repository closure, for example, the
separated disposal “panels” in the French concept can be sealed off independently in the future as phases
of disposal are completed (Andra 2005b). This flexibility could facilitate reversibility or modification of
the disposal concept, should nuclear waste management policy change in the future.

Spacings between waste packages or between emplacement boreholes, alcoves, or drifts can be adjusted
to optimize thermal response. Different types of waste can be emplaced in separate panels, or parts of the
repository, to optimize the layout along with related measures such as ventilation to remove heat, for
thermal management. Panels can also be used for separate disposal of different waste types, and to
facilitate waste retrieval, if necessary, or repository closure in the future. Access from the surface can be
provided by shafts, ramps, or boreholes or combinations selected for optimal movement of ventilation air,
workers and materials, waste rock, and waste packages. Vertical layouts (e.g., deep boreholes) have been
proposed, as have multi-level layouts (e.g., to follow a salt diapir). An array of vertical boreholes is the
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simplest design for deep borehole disposal, although branching, inclined boreholes have also been
suggested. Excavation and construction methods needed for repository development are well within the
state-of-the-art in underground construction.

Nuclear waste disposal in very deep boreholes drilled from the ground surface also has been investigated
in the U.S. and internationally for many years (Section 1.4). Deep disposal boreholes would be drilled to
approximately 5-km depth (Figure 2-9) and spaced approximately 200 m apart to limit thermal
interactions and to allow for some borehole deviation. Deep borehole disposal could have an advantage in
thermal management because waste canisters would be small and contain relatively small amounts of
heat-generating waste, and emplacement boreholes would be widely spaced. Isolation performance would
be provided mainly by the far-field host medium (crystalline basement rock) and the long sealed interval
of the borehole above the waste. Suitability of the host medium can be determined using established
methods for geophysical, geochemical, and hydrologic measurements in wells. Borehole disposal is well
suited for low-volume, solid waste forms containing long-lived radionuclides, where additional assurance
of waste isolation is desired, or to limit the scope of a companion mined repository for other waste types.
Retrieval of emplaced wastes from a deep borehole would be expected to be much more difficult than
from mined geologic disposal.

2.2.3.2.1 Open vs. Enclosed Emplacement Modes

Mined disposal concepts, in which subsurface access is provided by a shaft or ramp, can be identified
using combinations of four key attributes: competent/plastic host rock, high/low permeability host rock,
saturated/unsaturated hydrogeologic setting, and whether a low-permeability backfill or buffer is installed
around waste packages prior to closure. If waste packages are emplaced directly against the host rock, or
a borehole or drift liner, or against an engineered layer such as a clay buffer, then the concept is an
enclosed emplacement mode. If waste packages are emplaced in larger air spaces and can be ventilated,
for example to remove heat or moisture, then the concept is an open emplacement mode. Enclosed
emplacement modes typically involve temperature limits on the contacting material, whether it is clay
buffer material, natural clay-based rock, rock salt, etc. Therefore, enclosed mode designs typically involve
smaller capacity waste packages (e.g., 4 pressurized water assemblies per package) (Hardin et al. 2012).
Open emplacement modes can be used to emplace hotter waste and/or larger capacity waste packages
(e.g., 21 pressurized water assemblies per package (Hardin et al. 2012)), while still meeting temperature
limits, by using ventilation for heat removal initially, when the waste heat generation rate is greatest. Note
that low permeability backfill (which could include a buffer around waste packages) can be installed at
the time of waste emplacement (an enclosed mode) or the repository can be ventilated for a time and the
backfill installed later (an open mode).

2.2.3.2.2 Key Attributes for Mined Disposal Concepts

A basic distinction is whether the host medium is “plastic” (self-sealing and openings are prone to
collapse) or “competent” (fracture permeability persists and openings are unlikely to collapse) on the
timescale of a few tens of years. Open modes require that ventilated emplacement openings remain open
and stable during repository operations, at least until thermal limits can be met if the openings collapse.
Both open- and enclosed-mode disposal concepts in low-permeability plastic host media rely on
deformation to seal fractures. These are working definitions that may also include rock characteristics
such as the type of in-situ stress condition and its magnitude, and the extent of excavation damage.

Another key attribute is the permeability of the host geologic formation. Low-permeability host media
(less than 107*® m?) generally act as confining units in hydrogeologic systems, so that natural or induced
groundwater flow rates within these units are small. One consequence is that low-permeability formations
are often reducing if chemical oxygen demand (i.e., minerals, organic matter) is present.

Water saturation of the host rock is another key attribute, but is only important for higher permeability
media. In low permeability media (less than 10 *° m?) water may be present but does not flow at rates
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significant to waste isolation, whether the formation is nominally saturated or unsaturated. Whereas
disposal concepts for used nuclear fuel and high-level radioactive waste being investigated internationally
are intended for saturated settings, disposal of hazardous waste, low-level waste, and even municipal
refuse is typically done in unsaturated settings, using barriers such as caps and liners that are designed to
maintain unsaturated conditions around the waste.

A final key attribute is whether engineered, low-permeability buffer and/or backfill material is installed
around the waste packages prior to closure. Disposal in low-permeability media such as clay or salt, could
allow simpler waste packaging, without additional backfilling of the emplacement openings at closure,
with excellent isolation performance. These concepts rely mainly on natural barriers for waste isolation,
whereas others (e.g., KBS-3 concept; SKBF/KBS 1983) rely more on engineered barriers to achieve
required performance.

Based on this discussion, key attributes for describing disposal concepts may be summarized:

e Plastic vs. competent host rock (persistence of fracture permeability, and stability of underground
openings in heated rock on timescales of years to tens of years)

e Low-permeability vs. higher permeability host rock (importance of host rock performance vs.
engineered material performance to the isolation performance of the disposal system)

e Saturated vs. unsaturated (types of barriers needed to isolate waste from groundwater, potential for
saturated flow paths within the repository particularly after permanent closure, likelihood of reducing
vs. oxidizing chemical conditions)

e Open after closure vs. installation of low-permeability backfill at closure (whether low-permeability
backfill and plugs are needed to control groundwater flow in the repository after permanent closure)

These attributes were used in selecting a simple set of reference disposal concepts that is well suited to
guiding generic research and development activities, and enabling future disposal site evaluations and
selection for the broad range of geologic settings available in the U.S.

A number of reference disposal concepts are described in the following subsections. These disposal
concepts emphasize the disposal of waste packages containing used nuclear fuel. While these disposal
concepts have been evaluated for disposal of high-level radioactive waste (Hardin et al. 2012), cost and
thermal considerations suggest that the design of the disposal concepts is likely to be more sensitive to
how waste packages containing used nuclear fuel are arrayed. Accordingly, the disposal of waste
packages containing used nuclear fuel is emphasized.

2.2.3.2.3 Crystalline Rock Enclosed Mode Concept

The crystalline rock disposal concept has been extensively investigated in Sweden and Finland, where
repository development is planned for the next decade. A conceptual illustration of the KBS-3 repository
design concept is shown in Figure 2-10. For consistency with those concepts the reference crystalline rock
repository depth is assumed to be 500 m below the surface, in hydrologically saturated granitic host rock
with limited permeability, in which hydraulic flow potential gradients are very small. These conditions
are expected to result in very slow groundwater flow typical of the Canadian and Baltic Shields, and the
host rock chemical environment is expected to be reducing. The subsurface layout consists of parallel
emplacement drifts spaced approximately 20 m apart, with waste packages emplaced in vertical boreholes
drilled into the floor from these drifts. The parallel access drifts have sufficient diameter to provide
clearance for drilling equipment and waste package handling. A single package will be emplaced in each
borehole, with boreholes spaced 6 to 10 m apart. Waste packages are thick-walled, made from copper or
carbon steel (a choice to be made based on economics and performance) with welded closures. The space
between the package and the emplacement borehole wall (typically 35 cm) is filled with a low-
permeability buffer material consisting of swelling clay (e.g., sodium bentonite) emplaced initially in dry,
compacted form. The buffer swells on contact with groundwater, effectively sealing the waste package
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from direct contact with groundwater. Construction may be expedited by use of prefabricated assemblies
consisting of a single waste package and the surrounding clay buffer in compacted dry form, held together
by a steel envelope (McKinley et al. 2006).
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Figure 2-10. Conceptual Illustration of the KBS-3 Repository Design Concept for Crystalline Rock

2.2.3.2.4 Clay Enclosed Mode Concept

A conceptual illustration of a repository design concept for clay is shown in Figure 2-11(a), and details of
the emplacement borehole are shown in Figure 2-11(b).

For the reference clay disposal concept, low-permeability clay sediments are assumed to be 150-m thick,
situated so that a suitable interval for repository development exists at a depth of 500 m (similar to the
stratigraphy at the Bure location in France). Tunnels and drifts will be excavated using mechanized
mining equipment. Horizontal emplacement is preferred over vertical, to accommodate limited thickness
of preferred layers for emplacement within the clay sequence. Accordingly, the reference concept for used
nuclear fuel disposal makes use of in-drift emplacement directly in horizontal drifts. Stainless steel
canisters containing used nuclear fuel will be inserted into carbon steel overpacks, and placed horizontally
in steel-lined, small diameter emplacement drifts, surrounded by bentonite buffer material. The reference
waste package spacing is 10 m for in-drift emplacement of used nuclear fuel (packages are nominally 5-m
long), and drifts are spaced 30 m apart. These dimensions are comparable to those proposed for the
French repository (Andra 2005b) but with larger inter-package spacings to allow for hotter used nuclear
fuel. Access drifts have sufficient diameter to provide clearance for drilling equipment and waste package
handling. Plugs and seals at the collar of each emplacement drift will limit dessication during repository
operations, provide radiation shielding, and inhibit movement of radionuclides into the access drift
openings after repository closure. Access drift openings will be backfilled at closure using mined clay
material processed to enhance low permeability and swelling potential.
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Figure 2-11. Conceptual Illustration of (a) a Repository Design Concept for Clay, and
(b) Details of the Emplacement Borehole
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2.2.3.2.5 Generic Salt Repository Concept

The salt repository concept is a geometrically simple disposal scheme whereby each used nuclear fuel
waste package is placed on the floor, at the back of a mined alcove. Canisters used in storage and
transport are inserted in steel overpacks with welded closures. Waste packages are immediately covered
with crushed salt from repository excavation, to provide radiation shielding and to facilitate eventual
creep closure and resealing of repository openings. A conceptual layout for a generic salt repository is
shown in Figure 2-12.
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Figure 2-12. Conceptual Layout for a Generic Salt Repository

The original generic salt repository study (Carter et al. 2011a) generated some implementing principles
including: (1) bedded salt is preferred over domal salt because it typically has much greater lateral extent;
(2) use ground support and other repository features similar to WIPP; (3) use rubber-tire vehicles for
construction and disposal operations to limit construction costs and increase operational flexibility; (4)
avoid use of large diameter emplacement holes which are relatively expensive and tend to complicate
waste emplacement; (5) use unshielded waste packages to reduce size, weight and cost; and (6) use
narrow room widths to improve mining efficiency and structural stability. Although previous conceptual
designs for repositories in salt called for emplacing waste packages in large diameter, vertical or
horizontal boreholes (U.S. Department of Energy 1987), experience at WIPP has shown that construction
of such boreholes presents challenges relative to in-drift emplacement (Pecos Management Services
2010). Pre-drilled horizontal disposal boreholes require wide room spans, and vertical holes in the floor
require high overhead clearance, to accommaodate drilling and emplacement equipment. Note that
borehole emplacement as proposed in the Deaf Smith repository concept (U.S. Department of Energy
1987) could be adopted if needed, for example, to promote heat transfer with the intact salt.
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2.2.3.2.6 Shale Open Emplacement Mode Concept

The shale open emplacement mode concept for used nuclear fuel disposal is similar to the clay enclosed
mode described above, but without clay-based engineered buffer material around the waste packages.
Emplacement drifts or segments of drifts will be plugged and sealed after the ventilation period and prior
to repository closure, isolating these segments and preventing the potential for advective water flow
throughout the repository. Ventilation will be used for as long as needed, e.g., for heat removal. Opening
stability and protection of the shale medium from desiccation during operations will be controlled using a
liner such as a thin-walled steel tube, or shotcrete. A conceptual illustration of an open mode geologic
disposal facility concept for clay is shown in Figure 2-13.

After the cessation of ventilation or after repository closure, the drift segments will gradually fill with
rubble while isolated from the rest of the repository by plugs and seals. Use of plugs or seals at the ends
of each emplacement drift, without complete backfilling at closure, is suggested by the repository
compartmentalization proposed by the French program (Andra 2005b, Section 2.3.1), and by the waste
isolation strategy represented in safety assessment models (Clayton et al. 2011). Radionuclide mass flux
along each transport pathway depends initially on the source concentration and not the mass of
radionuclides available at the source (some radionuclides can eventually be depleted at the source by
transport). For diffusion-dominated transport, waste isolation performance can be assured without the
additional expense, operational risk, and worker dose associated with backfilling emplacement drifts at
closure.
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Figure 2-13 Conceptual Illustration of an Open-Mode Geologic Disposal Facility Concept for Clay

2.2.3.2.7 Backfilled Open Emplacement Mode Concept

The concept of operations is similar to the shale open-mode concept, which uses in-drift emplacement.
Ground support consists of an initial lining of reinforced shotcrete, supplemented as necessary with steel
ribs or girders and additional shotcrete, depending on rock characteristics and construction experience
(U.S. Department of Transportation 2009). The underground repository would be accessed with vertical
shafts and an inclined ramp for waste handling. Canisters containing used nuclear fuel will be inserted
into disposal overpacks, and emplaced directly in dedicated drifts. The overpack will provide handling
and structural support, and containment for some limited duration to support waste isolation performance
objectives. Repository openings are backfilled before closure with low permeability, granular material
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engineered to impose a diffusion dominated, sorptive barrier to radionuclide release. Emplacement drifts
or drift segments will be relatively short, accommodating only a few waste packages, to facilitate access
for backfilling at closure (e.g., by remote auger delivery of granular backfill material). A conceptual
illustration of the backfilled open mode geologic disposal facility concept is shown in Figure 2-14.
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Figure 2-14. Conceptual Illustration of a Backfilled Open-Mode
Geologic Disposal Facility Concept

2.2.3.2.8 *"Hybrid” Salt Repository Concept

This is an extension of the generic salt repository described above, with the addition of dedicated drifts to
remove heat by forced ventilation. Salt has unique properties for thermal management because of its high
thermal diffusivity and resistance to degradation from temperatures on the order of 200°C or higher. Salt
is not suited to open emplacement modes with in-drift emplacement as discussed above, because the
closure of underground openings accelerates at elevated temperature. Accordingly, to stay open for heat
removal the ventilated openings must be maintained and set apart from the emplacement openings. The
“hybrid” reference mode does this with a simple change to the generic salt repository concept by adding
parallel ventilation drifts. The cross-section of the ventilation drifts is circular to enhance long-term
stability. The duration of ventilation could be up to several decades, depending on cooling needs for the
types of waste emplaced in the adjacent emplacement alcoves. Calculations have shown that this mode of
heat removal can decrease peak salt temperature (contacting the waste packages) by approximately 50 C°.
This result could also be achieved with longer decay storage of the waste before emplacement in the
repository, but the “hybrid” mode allows emplacement decades sooner.

A conceptual illustration of a hybrid salt geologic disposal facility concept for hotter waste is shown in
Figure 2-15.
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Figure 2-15. Conceptual Ilustration of a Hybrid Salt
Geologic Disposal Facility Concept for Hotter Waste

2.2.3.3 Thermal Constraints

Thermal management can be an important part of the strategy for geologic disposal of heat-generating
waste. Disposal systems have the capability to dissipate thermal power up to limits determined by
characteristics of the engineered barriers and natural materials in the repository near field. These limits
may be reached depending on the physical form of the waste, and physical aspects of the disposal
concept, in addition to the waste heat output. Thermal limits need not be controlling, particularly if the
waste heat is limited and/or other aspects of the system control heat dissipation (e.g., host rock geology or
repository operations). Waste heat output can always be reduced by long-term decay storage prior to
disposal, with the additional cost of storage operations. The additional time and expense of surface decay
storage prior to disposal makes thermal management a popular topic for discourse on geologic disposal.
The following paragraphs summarize the types of thermal constraints and temperature limits, and the
measures available for control.

2.2.3.3.1 Types of Thermal Constraints

Thermal constrains on repository configuration and waste emplacement may be imposed for various
reasons: to limit boiling or thermally driven coupled thermal-hydrologic-chemical-mechanical processes,
to limit peak temperatures for sensitive engineered or natural materials, and to limit time-temperature
exposure and thereby slow rate-limited processes such as creep or de-alloying. Which materials and
components are protected depends on the disposal concept and how waste isolation performance is
allocated to the components.

Two types of temperature limits are generally applied in repository analyses: peak temperature and
temperature-time exposure. Peak temperature limits are appropriate to prevent relatively rapid processes
that exhibit temperature threshold-like behavior (e.g., cementation in clay buffers). Engineered materials
may exhibit temperature-time dependent degradation, whereby a function of both time and temperature is
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most important (e.g., metal de-alloying). Other degradation processes may have rates that are functions of
temperature and mechanical load (e.g. high temperature creep).

Thermal constraints may be imposed as limiting temperatures, or limiting results (minimal or maximal)
for thermally driven processes. Such constraints may be imposed in the near field or far field, for
engineered features or for the host rock (Hardin et al. 2011a).

Far-Field Thermal Constraints—The disposal concept, including the heat output of waste and how
densely it is emplaced, can be adjusted to control the following:

e Rock Stress and Displacement—Limit thermally induced stresses or displacements in the host rock
or adjacent units close to the repository, to limit formation of new flow paths, or to limit degradation
of boreholes and mined openings. For some disposal concepts such as mined disposal in salt or clay,
large rock deformations are desirable because they close openings and seal the repository to fluid
movement. Thermal constraints may also be used to limit large-scale thermal expansion to control
induced fracturing or displacement along existing faults or fractures.

e Thermally Driven Coupled Processes— Limit thermally driven coupled processes, for example,
large-scale thermal-hydrologic-mechanical processes in clay, which are associated with thermal
expansion of pore fluid. Such processes may be sensitive to threshold temperature effects, such as the
boiling point of water, or they may be sensitive to thermal gradients. Another example is a mid-pillar
temperature limit, which may be used to help ensure that liquid water in the host rock could readily
drain vertically through the repository horizon.

While these types of constraints pertain to the far field, they also pertain to the near field where
temperatures are greater. Constraining the peak temperature and the temperature history in the near field
can effectively control temperatures in the far field, for most disposal concepts. For most disposal
concepts, near-field temperature limits have been found sufficient to limit far-field effects.

Near-Field/Engineered Barrier System Thermal Constraints—Thermal constraints for important
disposal concepts included the following types:

e Alteration of Engineered Materials— Near-field temperature is limited to control alteration of
engineered barrier materials, especially clay buffers. Swelling clay can degrade by cementation,
which typically involves partial dissolution of the clay, aqueous transport, and precipitation of silica
or other secondary phases. Clay alteration generally degrades swelling pressure, increases rigidity
promoting fracture, and potentially decreases sorption. Cementation processes are accelerated when
water evaporates or boils, so temperature limits are used to limit clay degradation in the presence of
moisture.

e Host Rock Chemical Alteration— Limit mineralogical changes in clay host media. Natural clay or
shale formations typically contain more impurities, such as potassium, that can react with clay
minerals, so temperature limits may be lower than for clay buffers.

e Host Rock Mechanical Degradation— Limit thermally induced micro-cracking in the less ductile
crystalline rock types (e.g., igneous or metamorphic) to avoid degradation of in-situ mechanical
properties or creation of flow paths.

Limiting the waste package surface temperature can be used to limit the peak temperature anywhere in the
engineered barrier system or near field outside the waste package (Hardin et al. 2011a). This is often
appropriate because the waste package and its contents can typically withstand higher temperatures than
the surrounding engineered or natural materials. Temperature effects on the surface environment could
also be important; they would be addressed in an environmental impact statement.

The foregoing list is representative but not a complete treatment of thermal effects on features and
processes that control repository performance. The systematic framework for safety assessment,
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developed from years of experience (Bonano et al. 2010) is based on a complete evaluation of all features,
events and processes that could affect performance, including thermal effects.

2.2.3.3.2 Temperature Limits for Disposal Concepts

Specific temperature limits and other thermal constraints identified by Hardin et al. (2011a) for the four
reference disposal concepts—salt, clay, granite, and deep borehole—are summarized here. Higher
temperature limits are currently under investigation, with the goal to accommodate greater thermal loads
while maintaining safety.

Temperature Limits for the Salt Repository Concept—For salt, a more ductile material, a target value
of 200°C has been proposed for the maximum temperature to limit uncertainty in performance models,
although higher peak temperatures may be possible if supported by test data (BMW:i 2008). A prior
investigation for disposal of high-activity waste in a salt repository indicated a maximum allowable
repository temperature of 250°C (U.S. Department of Energy 1987). Higher peak temperatures may be
possible since rock salt is generally stable to mineralogical changes and contains little moisture.

Temperature Limits for the Clay Concept—The basis for temperature limits for natural, clay-rich host
rock is similar to that for clay buffers. For example, such a limit was adopted by the French program for
near-field clay-rich host rock (80°C; Andra 2005b). Elevated temperature causes thermal expansion of
pore fluids, greater mineral solubilities, and changes in flow and transport properties.

Note that in saturated settings where the repository is situated hundreds of meters below the nominal
water table, the local boiling temperature for water may be well over 200°C. The engineered barrier
system is unsaturated when peak temperatures occur soon after emplacement, especially in low-
permeability host media and in repository openings that are initially unsaturated or dehydrated, and have
been backfilled, plugged, and/or sealed to inhibit water ingress. Thus, boiling could occur locally within
the engineered barrier system with temperatures near 100°C, and the European programs have adopted
corresponding temperature limits.

Temperature Limits for the Granite Rock Concept—Limiting the peak temperature of clay-based
buffer materials to 100°C or cooler can prevent degradation from chemical processes such as
cementation, enhanced by multiphase circulation and heat/mass transfer. For example, the French
authority Andra proposed a 90°C limit for the hottest point in swelling clay buffers, while the Swedish
program has adopted a peak temperature of 100°C. Variations on clay buffer limits have been proposed,
for example, limiting an outer portion of the buffer cross-section to 125°C (Nagra 2002).

The near-field environment is initially unsaturated at repository closure, with much air present in the pore
spaces of the clay buffer, backfill, and other engineered and natural materials. Although a repository may
reside below the nominal water table, initially dehydrated buffer material may not hydrate until well into
or after the thermal period. Other studies promote prefabricated, or “supercontainer” engineered barrier
system construction in which the dehydrated clay buffer is enclosed in a steel envelope that provides
protection from moisture during the thermal period, and the associated coupled processes (McKinley at al.
2006). The steel envelope would degrade more quickly than the waste package, so that buffer hydration
can occur (at lower temperature) prior to waste package degradation. Crystalline rock can withstand
temperatures of 200°C or greater by itself without significant degradation, but with the use of clay buffers
the clay temperature limit is controlling.

Temperature Limits for the Deep Borehole Concept—For the deep borehole disposal concept no waste
package or near-field temperature limits have been recognized because no performance credit is taken for
the package or the near-field host rock (Brady et al. 2009). Also, for the deep borehole disposal concept
peak temperatures are relatively low (Hardin et al. 2011a), because the packages are small. Whereas peak
temperatures occur in the near field, the borehole seals and the far-field natural barriers provide sufficient
waste isolation capability, so that near-field temperature limits are not needed.
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Engineered Material Temperature Exposure Limits—Thermal constraints for waste forms could
apply to any disposal concept for which waste form integrity or slow degradation is important. For
example, fuel cladding (Zircaloy) temperature is limited to 400°C for normal conditions of storage and
emplacement (Siegmann 2006) and thermal constraints also exist for repeated heating/cooling cycles.
Cladding temperature has been limited to 350°C during permanent disposal (BSC 2005a). Use of multiple
limits for short-term normal conditions, off-normal conditions, and long-term disposal reflects the time-
temperature behavior of cladding creep, and the accumulation of creep damage.

Another example is maintaining the temperature of high-level radioactive waste glass. The peak
centerline temperature of borosilicate glass waste forms must be kept below 500°C at all times to avoid
devitrification (crystallization; Lutze 2006). Devitrification also exhibits time-temperature behavior, but
at temperatures above 500°C so that a simple temperature limit can be used. Temperature limits for
lanthanide glass, glass-bonded zeolite, and metal alloy wastes from electro-chemical processing have also
been developed (Carter and Luptak 2010).

In summary, thermal constraints have been developed to protect features of the engineered and natural
barriers, where the condition of those features is important for waste isolation performance. Repository
temperature fields are relatively simple to estimate, especially for media in which heat transfer is
dominated by thermal conduction. Avoidance of higher temperatures (e.g., above boiling) can
significantly reduce uncertainty and complexity in predictive models of repository performance, by
limiting phenomenology and the effort needed for characterization, modeling, and licensing.

2.3 Assessment Strategy
2.3.1 Overview

A safety assessment is undertaken to analyze the behavior of a geologic disposal system and its
component subsystems. This type of safety analysis provides a quantitative estimation of the ability of
specific subsystems, in isolation or in conjunction with other subsystems, to limit or delay the release of
radioactive contaminants to the environment accessible to humans. The waste isolation capability of
subsystems and of the total system is determined by estimating the numerical value of specific system and
subsystem performance measures.

Because of the large temporal and spatial scales required to analyze radioactive waste disposal systems
(i.e., tens of kilometers and thousands to hundreds of thousands of years), the effects of uncertainties must
be quantified and propagated through a safety assessment. To a large extent, the credibility of the analysis
and its results depend on the manner in which uncertainties are identified and quantified.

A quantitative safety assessment is performed as part of an overarching safety assessment methodology.
The safety assessment methodology has been developed over a period of 40 years for probabilistic risk
analysis of radioactive waste disposal methods, facilities, and systems and has been used to inform key
decisions concerning radioactive waste management both in the U.S. and internationally (Meacham et al.
2011, Section 1.1).

In the U.S,, the term performance assessment is synonymous with the term safety assessment; both terms
are used in this report. The following excerpts summarize the safety assessment methodology (referred to
in the excerpts as the PA, or performance assessment, methodology) (Meacham et al. 2011, Section
1.2.1):

The PA methodology provides the framework for assembling, organizing, and assessing
the large quantity of data and information needed to evaluate the performance of
complex systems, such as radioactive waste disposal systems. The PA methodology
incorporates data and information from multiple sources and organizes them in a logical
manner to support decision making, explicitly taking into consideration the different
sources of uncertainty that will influence the analysis. It also provides a framework that
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enhances the traceability, transparency, reproducibility, and retrievability of the
technical work. Finally, it allows for the analysis of how the different components

(i.e., subsystems) of the disposal system behave in isolation and in conjunction with each
other.

Radioactive waste disposal projects typically evolve over several decades, moving
through several iterative phases during that timeframe, from early site selection, site
characterization, preliminary analyses, and, eventually, the safety assessments employed
to inform a final licensing decision for a disposal facility. The PA methodology has
served as an effective management tool for such long term, evolutionary projects because
the same methodology is used from initial research and development to the final safety
assessment. The results of early applications of the methodology are used to
systematically validate the system design, focus the associated research and testing
program in the most important areas, identify opportunities to reduce costs, and ensure
the design incorporates best practices.

In the very early phase of a radioactive waste disposal project, applications of the PA
methodology tend to be exploratory in nature and rely on relatively simple models
focused on the identification of opportunities for improving understanding of the system
under consideration. As the project evolves, more detailed models are incorporated into
the methodology. In the intermediate phases of the project, applications of the
methodology provide opportunities to review alternative models, conduct uncertainty and
sensitivity analyses, identify shortcomings in the analysis or model implementation, and
communicate with stakeholders. Eventually, once the understanding of the disposal
system is sufficiently mature to proceed to the licensing phase, the application of the PA
methodology provides the foundation for the safety analysis that informs the licensing
decision.

The safety assessment methodology is fundamentally the same for all project phases and generally
comprises the following steps (Meacham et al. 2011, Section 1.2.2):

1.
2.
3.

© o N o O

Define performance goals
Characterize system (waste, facility and site)
Identify scenarios for analysis

a. Identify and screen potentially relevant features, events, and processes (FEPS)
b. Construct and screen scenarios
C. Estimate scenario probabilities

Build models and abstractions

a. Conceptual models
b. Mathematical models
C. Computational models

Quantify uncertainty

Construct integrated safety assessment model and perform calculations
Perform uncertainty and sensitivity analyses

Evaluate performance

As needed, direct science and testing program

Figure 2-16 shows the sequential and iterative nature of these nine steps.
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Figure 2-16. Safety Assessment Methodology

Details of the general application of each of the nine steps are provided in (Meacham et al. 2011,
Section 1.2.2). Brief summaries from that document are provided below, with references to later sections
of this report where the specific application to the four geologic disposal options is further described.

Step 1: Define Performance Goals—Performance goals are typically defined up front because they
determine the design of the performance assessment analysis and have considerable influence on scenario
construction, model development, and research programs. In the case of deep geologic disposal projects,
the performance goals are typically regulatory standards and requirements. For early iterations of the
safety assessment methodology, assumptions about possible future standards may need to be made. Goals
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and criteria for the postclosure performance of generic geologic disposal systems are discussed in
Sections 2.3.2 and 4.1.

Step 2: Characterize System—A system description includes the characteristics of the waste (e.g.,
radionuclide inventory, decay chains, half-lives), the facility (e.g., size, thermal loading from emplaced
waste, design, properties of engineered barriers), and the site (e.g., geology, hydrology, geochemistry).
System information is derived from laboratory and field tests, published literature, natural analogues,
and/or expert judgment. In the early stages of a nuclear waste disposal program, the characterization
program is broad-based and focused on gaining an adequate understanding of the system, identifying the
greatest sources of uncertainty, and identifying the FEPs most likely to affect the system’s long-term
performance. As knowledge and understanding of the system improve, resources are allocated to
characterization activities that most likely will result in reasonable reductions to important sources of
uncertainty.

Characteristics of generic repository layouts and concepts, waste types, engineered barriers, and natural
barriers are described in Sections 2.2 and 3.

Step 3: Develop Scenarios—The processes and events, or sequences of processes and events, which
may be relevant over the timeframe of interest, need to be identified and included in the quantitative
safety assessment. This step, generally referred to as scenario analysis, consists of two activities: FEP
analysis and scenario development.

FEP analysis involves (1) identifying and classifying the FEPs potentially relevant to the long-term
performance of the system of interest, (2) screening the potentially relevant FEPs to identify those FEPs
that are important to system performance and must be included in the performance assessment analysis,
and (3) documenting the rationale for exclusion of those FEPs not important to performance. An
important goal in identifying the FEPs potentially relevant to long-term performance is the demonstration
of completeness (i.e., nothing is too insignificant or improbable to be considered as potentially relevant).
The demonstration of completeness addresses a key source of uncertainty in a safety assessment.

Section 4.2.2 discusses general considerations for FEP analysis and then describes FEP identification and
screening specific to the generic disposal systems considered in this safety case report.

Scenario development involves (1) constructing a set of potential scenarios — combinations of included
(or retained) FEPs that representation a possible future state of the system, (2) screening the potential
scenarios to identify those scenarios that are important to system performance and must be included in the
performance assessment analysis, and (3) documenting the rationale for exclusion of those scenarios not
important to performance. All included FEPs must be accounted for in the safety assessment in at least
one scenario. A typical approach to scenario development is to create an “expected” or nominal scenario
and one or more “disturbed” scenarios.

Section 4.2.3 discusses general considerations for scenario development and then describes scenario
screening specific to the generic disposal systems considered in this safety case report.

Step 4: Build Models and Abstractions—The FEPs and scenarios retained after the screening process
are represented in the quantitative safety assessment through conceptual models, mathematical models,
and computational (numerical) models. Conceptual models describe system behavior for the scenarios of
interest (e.g., Darcy flow in porous media). Conceptual models consist of a representation of the included
FEPs in each scenario (e.g., groundwater flow), the different laws of physics and chemistry that govern
those FEPs (e.g., Darcy’s Law), the dimensionality of the model (one-, two-, or three-dimensional
model), and other assumptions (e.g., time-dependent or steady state). Mathematical models quantify
conceptual models in terms of mathematical expressions ranging from simple representations (e.g.,
response surfaces, independent linear relationships) to complex representations (e.g., coupled nonlinear
partial differential equations). Computational models provide numerical (or analytical) solutions to the
mathematical models.
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The models consist of sets of hypotheses, assumptions, and simplifications (abstractions) that, together,
describe the essential aspects of a system or subsystem of the repository relative to performance. Because
the safety assessment methodology deals with future outcomes and includes uncertainty in both
descriptions of FEPs and parameter values, an essential element of the safety assessment is to capture
uncertainty in probabilistic analyses that represent likely outcomes, based on the best available values of
process model parameters and the processes involved.

The conceptual, mathematical, and computational models describing the generic disposal system FEPs
and scenarios are discussed in Section 4.3.

Step 5: Quantify Uncertainty—Three major sources of uncertainty must be considered in a safety
assessment (Meacham et al. 2011, Section 1.2.1):

e Uncertainty in the future state of the system
e Model uncertainty
e Data and parameter uncertainty

Uncertainty in the future state of the system arises because it may be difficult to forecast exactly how the
disposal system will evolve over tens to hundreds of thousands to millions of years. The system’s
evolution can be affected by natural events (e.g., seismicity) as well as human-induced events (e.g.,
drilling). This form of uncertainty is referred to as aleatory uncertainty and is also known as stochastic,
type A, or irreducible uncertainty. Aleatory uncertainty is typically addressed in a performance
assessment model through scenario construction and screening, where each retained scenario represents a
possible future state of the disposal system. Scenario probabilities are used to weight the consequences of
each scenario according to its probability of occurrence.

Each scenario is represented by a set of conceptual, mathematical, and computational models that are
used to estimate of the consequence(s) if the scenario was to occur. Independent of their complexity,
models are simplifications of reality; therefore, model development necessarily entails making
assumptions. Model uncertainty is introduced due to (1) the accuracy and appropriateness of the
assumptions, (2) the completeness, or exhaustiveness of the assumptions, and (3) the complexity of
interactions between the assumptions. Model uncertainty may be addressed through the use alternative
conceptual, mathematical, or computational models.

Data and parameter uncertainty arises from incomplete knowledge of the present system and the inherent
complexity of natural systems. Often, the parameter values are not measured directly but rather are
inferred from measured data that require interpretation. Uncertainty in measured data can be introduced
from limitations in measuring instruments, inability to fully characterize spatial and other variabilities, or
human error. Uncertainty in parameter values comes from the uncertainty in the measured data as well as
the uncertainty that may be associated with data interpretation. Many parameters used in the performance
assessment models of geologic repositories, such as parameters derived from site data on common rock
properties (e.g., porosity and permeability), have natural variability. Data and parameter uncertainty also
arises when, for example, the future state of a changeable property—which cannot, obviously, be
measured—must be estimated. This form of uncertainty is referred to as epistemic uncertainty and is also
known as subjective, state-of-knowledge, type B, or reducible uncertainty. Epistemic uncertainty is
typically accounted for by developing distributions of values for important, imprecisely known
parameters rather than using single deterministic values. Each distribution describes a range of values
within which the true value is believed to fall, with an expected value that corresponds to the best
estimate of the true value.

Section 5.2 discusses general considerations for uncertainty quantification of geologic disposal systems.
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Step 6: Construct Integrated Safety Assessment Model and Perform Calculations—An integrated
safety assessment model is required to estimate the consequence(s) of the retained scenarios and the
overall probability-weighted consequence(s) of the disposal system considering all possible scenarios.
The integrated safety assessment model is constructed by (1) coupling the sets of FEP and scenario
submodels together to calculate overall system performance, and (2) identifying values and/or uncertainty
distributions for system model input parameters. Integrated generic safety assessment models for each of
the four geologic disposal options are described in Section 4.3.

Uncertainty in the input parameters can be treated using deterministic or probabilistic methods. In a
deterministic simulation of a specific scenario, each input parameter is assigned a single value, typically
representative of best estimate or baseline conditions. The integrated safety assessment model is then used
to calculate a corresponding value(s) for the system performance measure(s) under those baseline
conditions. Uncertainty can be treated by varying one or more parameter values from the baseline value
and examining the corresponding effect on the system performance. This type of deterministic sensitivity
analysis is known as a “one-off” analysis. Another type of deterministic simulation is a bounding
analysis, in which parameter values are selected such that the performance of the system is “worst case”.
While defining what the worst case is can be a challenge, it is typically easy to defend if all agree that the
performance could not be worse than that calculated.

In a probabilistic, or stochastic, simulation of a specific scenario, the parameter values are sampled and
propagated through the coupled set of models to generate a distribution of potential outcomes. Parameter
uncertainty is propagated into the safety assessment by conducting multiple calculations for each scenario
using values sampled from the distributions of possible values (e.g., Monte Carlo simulation). Each
individual calculation uses a different set of sampled input values and produces a different value(s) for the
system performance measure(s). In a statistical sense, the result of each individual calculation represents a
different possible realization of the future overall performance of the system, consistent with the
uncertainty in the input parameters. Overall system performance for a specific scenario is then quantified
by some measure of the distribution of results from all realizations, such as the mean or median of the
system performance measure(s). Uncertainty associated with the probability of occurrence of each
scenario is included in the safety assessment by conducting separate analyses for each scenario and then
probability weighting the results to estimate an overall system consequence.

As a geologic disposal system program matures, uncertainties in disposal system performance models are
typically treated using probabilistic methods. However, for the safety assessment models used to support
this initial safety case, deterministic baseline simulations of each of the four geologic disposal options
were performed. Deterministic simulation results are described in Section 4.4.1.

Step 7: Perform Uncertainty and Sensitivity Analyses—The results of sensitivity analyses can be
analyzed further using statistical techniques, such as step-wise linear regression, to identify and rank the
importance of uncertain parameters. Caution must be used in interpreting the results of the sensitivity
analysis because the rankings are conditional on the modeling assumptions and parameter distributions,
because the processes not included in the models cannot be evaluated, and because the sensitivity of
fixed-value parameters cannot be evaluated.

The sensitivity analysis identifies parameters for which reductions in uncertainty will reduce the
uncertainty in the estimate of overall system performance. Sensitivity analyses are included in the safety
assessment to enable the process to be iterative, providing feedback during research and development
activities to efficiently and effectively reduce important sources of uncertainty. The sensitivity analyses
also allow the detailed performance assessment models to be simplified for more rapid iterative
calculations by “turning off” unimportant functions. Thus, the results of the sensitivity analysis are used
to guide programmatic decision-making, which is especially important as the project evolves.

Section 4.4.2 discusses the deterministic one-off sensitivity analyses performed for the four generic
disposal systems.
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Step 8: Evaluate Performance—Quantitative safety assessment results provide indications of
subsystem and overall system performance. When combined with sensitivity analyses, safety assessment
results can be used to identify the models and parameters that have the greatest effect on the behavior of
the system. Identification of the uncertainties that are most important in preliminary safety assessments
can help guide site characterization, repository design, and model development through a directed science
and testing program. When the safety assessment models are sufficiently well developed and documented
to support regulatory decisions, results can be used to evaluate compliance with applicable long-term
requirements. The steps in the safety assessment process are repeated, as needed, until a final decision is
reached.

The generic safety assessment model results are evaluated in Sections 4.4 and 5.2.3.

Step 9: Directed Science and Testing Program—Information from the overall performance evaluation
and uncertainty and sensitivity analyses serves to identify important parameters and systems for further
investigation. This may include identifying systems whose performance can be improved by
modifications to the design, or parameters with uncertainties that, if reduced through further site or
laboratory investigations, would significantly increase confidence in the overall safety assessment results.
The safety assessment process thereby helps inform programmatic decision-making toward the testing
and scientific investigations that will most effectively and efficiently improve the accuracy and
confidence in safety assessment results and toward design decisions most likely to improve real system
performance.

In summary, the iterative application of the safety assessment methodology through the lifetime of a deep
geologic disposal project supports a robust and defensible:

e Evaluation of subsystem and total system performance with respect to specific criteria or
requirements

o Consideration of expected and disturbed scenarios

o Evaluation of design options/alternatives

e Development and streamlining of the models used to simulate the important FEPs and scenarios

o Determination and representation of significant sources of aleatory, epistemic, and model uncertainty

e Incorporation of information from laboratory and field tests, published literature, natural analogues,
and expert judgment

o Prioritization of research and testing needs

2.3.2 Safety Crieria

The basis for evaluating the suitability of a site to proceed from one phase to the next depends on an
evaluation against safety criteria. In the U.S., such criteria are promulgated by the U.S. Environmental
Protection Agency, the U.S. Nuclear Regulatory Commission, and the U.S. Department of Energy. The
safety standards and the implementing regulations governing development of a repository are the
fundamental technical requirements that are addressed in a safety case and safety assessment. Safety
standards and guidance are also available from international groups and programs.

Isolation of nuclear wastes depends on radionuclide containment, on limiting potential releases, and
attenuation of these releases such that potential future radiation exposures are at levels that are in
accordance with applicable standards of safety. Disposal of long-lived radioactive waste in repositories or
engineered facilities located deep underground in suitable geological formations is being widely
investigated worldwide in order to protect humans and the environment both now and in the future. A
repository is considered to be safe, from a technical point of view, if it meets the relevant safety
standards. Internationally recommended standards or guidance may also be used to evaluate safety.
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The U.S. Nuclear Regulatory Commission regulations are moving from addressing uncertainty by
ensuring that individual components provided certain degrees of performance, to a risk-informed,
probability-based assessment of the performance of the system as a whole. Scientists have recognized for
years that the subsystem-based approach did not provide assurance that the repository would perform as
well as it was able to (McCartin 2010). A risk-informed, probability-based approach, on the other hand,
emphasizes the performance of the system as a whole, while allowing for the demonstration of which
components of the repository contribute to performance.

This Generic Safety Case focuses on performance objectives that are internationally acknowledged to be
important to the disposal concept at any stage during implementation. For the purposes of this Generic
Safety Case, the following performance objectives for disposal systems are adopted (U.S. Department of
Energy 2012, modified from International Atomic Energy Agency 2003a) to provide a basis for
evaluating performance:

e Containment—Provide a high probability of substantially complete containment of short-lived
radionuclides for some hundreds or thousands of years, perhaps largely within the engineered barriers
of the repository

o Limited Releases—Limiting and/or delaying the rate and the consequent concentrations in which
radionuclides will be released from the immediate environment in which the waste was emplaced into
the surrounding geological environment and eventually transported to the biosphere. This is achieved
by a combination of physical and chemical mechanisms which, among other functions, may limit
and/or delay the access and flux of groundwater to the wastes and from the repository to the
biosphere, and may limit the solubility of radionuclides, or sorb or precipitate them reversibly or
permanently onto surfaces in the host geology and the engineered barrier system. In addition, the
process of radioactive decay progressively reduces the amounts of radionuclides present in the
disposal system (although the amounts of some important radionuclides will increase through in-
growth).

e Dispersion and Dilution—The flux of long-lived radionuclides through the geological barriers
involves three-dimensional dispersion, and may take place in widely different groundwater
environments. In some concepts and at some specific proposed repository sites, releases would
encounter major aquifers at depth or closer to the surface, or similar large bodies of surface water.
This would result in an additional, but secondary, function to limiting releases (i.e. an overall dilution
of released radionuclides such that concentrations on initial return to the biosphere are lowered).

o Defense in Depth—Ensured by performance of a geological disposal system dependent on multiple
barriers having different safety functions

Section 2.3.2.1 provides a historical overview of the types of criteria applied to earlier risk assessments
and evaluation of performance for geologic disposal systems. Section 2.3.2.2 presents a description of the
types of performance measures that may be used to assess the long-term performance of a generic
geologic disposal system.

2.3.2.1 Early Criteria Considered for Evaluating Geologic Disposal

A review of the historical development of criteria and guidance that have been considered or used in
siting is presented in this section. At the siting stage, safety assessment capabilities are necessarily limited
because their development depends on the focused understanding of the site specific natural and
engineered system component behavior needed to develop total system models. As a result, the screening
criteria at this stage largely place emphasis on subsystem components of a geologic disposal system and
they help identify and focus attention on those system components that potentially could be barriers
important to waste isolation. Locating potential sites with features that that tended to be favorable with
respect to such criteria likely would also focus on areas that are structurally stable, geologically old, large
and deep, with long groundwater travel times, and geochemical conditions that favored chemical stability.
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It is unlikely (and unnecessary) that a site be ideal with respect to all aspects of applicable screening
guidance or criteria. It is sufficient to establish that an adequate, safe, and acceptable site has been
identified where it would be expected that the site and design, in combination, would meet all applicable
safety requirements. The likelihood of success in selecting a site for further study could possibly be
enhanced for those sites that exhibit appropriate combinations of the site attributes that could favor
geologic disposal system performance. It is appropriate to note site screening will ultimately involve
tradeoffs between attributes that could favor geologic disposal system performance and those that may
present challenges.

The criteria summarized from previous screening guidance presented here emphasize the geotechnical
character of a potential site; comprehensive screening guidance would also typically include attributes of
the engineered components of the system, as well as social and environmental considerations. Because a
principal purpose of this Generic Safety Case is to introduce the initial generic postclosure safety
assessments for the four geologic disposal options, it is reasonable to address the previous criteria most
relevant to safety assessments for these four disposal options. Future site selection efforts will likely need
to consider a broader set of guidance factors.

The National Research Council developed an early, comprehensive set of Geological Criteria for
Repositories for High-Level Radioactive Waste (National Academy of Sciences 1978). The criteria set
included geological criteria and geo-economic criteria. There were three geo-economic criteria, and they
were exclusionary:

o No area with a present or past record of resource extraction, other than for bulk materials won by
surface quarrying, should be considered as a geological site for radioactive waste

e No area should be considered as a potential site for a repository unless sufficient geological
information is at hand to provide a basis for a reasonable analysis of resource potential

o No area adjacent to an actual or potential major dam site should be considered as a potential site for
repository

The geological criteria addressed geometrical and dimensional aspects of a potential facility, long-term
stability, hydrology, and geochemistry. The three geometrical and dimensional criteria were:

e The repository should be at depth sufficient to separate the repository from any surficial process or
event that might cause a breach of the repository

e The size and shape of the specific body of rock in which a repository is to be constructed should be
adequate to allow room for both the repository and also a sufficiently large buffer zone around the
repository

e The availability of information on the geometry and physical, chemical, and mineralogical properties
of the prospective host rock body and the associated rocks in advance of development of the site

The geometrical and dimensional criteria were augmented by five long-term stability criteria, two of
which were exclusionary in nature:

e The repository should lie within a structurally stable geological block and not near a tectonic
boundary

e Faults along which rupture could occur must be avoided

e Areas with abnormally high geothermal gradients or with evidence of relatively recent volcanic
activity are possible candidates for future volcanic events and should be avoided

e The mechanical geophysical properties and the state of stress in the repository host rock should be
such as to assure the stability of the repository during its operation
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o Backfilling and sealing each segment of the mine cavity should be accomplished as soon as the waste
is in place and the final checking and proving of that part of the facility has been completed

While not strictly a long-term stability criterion, National Research Council recommendations included an
admonition that to keep the design and operation of repository simple, and to reduce the number of
variables in the total system, unchopped and unreprocessed fuel elements should not be placed in
retrievable storage in a geologic repository designed for the permanent disposal of radioactive waste.

The three hydrological and four geochemical criteria recommended by the National Research Council
were

e Hydrologic analysis of the perturbed geologic system involving a repository must determine that fluid
transport will not move hazardous material to the biosphere in amounts and rates above prescribed
limits

e Because the vertical shafts of an underground repository may be the most probable route for the
hydrological transport of radionuclides to the active biosphere, a geological system should be selected
that can be satisfactorily plugged and sealed when the repository is closed, and suitably monitored to
ensure that the behavior of the overall hydrogeological system will continue to function satisfactorily
after closure

e The geological record of previous hydrogeological conditions, or the paleohydrogeological record,
should be such that predictions can be made that are favorable for long-term hydrological isolation of
the repository site in a perturbed geological environment

o Radioactive heat and radiation should not reach levels high enough to produce physical and chemical
reactions in the repository rock that would compromise the geological containment

e The interaction of water, repository rock, and the waste material should be controlled in such a way as
to minimize the rate of dissolution of the waste form

o Water in the repository, if present, should not react chemically or physically with the repository rock
to increase its permeability which would compromise geological containment

e The properties of the geochemical system of the radionuclides, the repository rock, and its associated
water should be such as to restrict or prevent the mobility of the radionuclides and to delay or prevent
their migration to the active biosphere

A subgroup of the Earth Science Technical Plan Working Group of the U.S. Department of Energy and
the U.S. Geological Survey prepared a plan in 1980 for identification and geological characterization of
sites for mined radioactive waste repositories (U.S. Geological Survey 1980). The plan involved a process
that was designed for screening to successively smaller land units. The screening process used four
principal steps for each stage: (1) characterization of land units; (2) delineation of subunits;

(3) identification (rating) of subunits; and (4) the selection of subunits for more intensive characterization
than the next stage. It envisioned screening at the national level, province level, region level, area level
and potential site level.

The Earth Science Technical Plan Working Group report included the following screening criteria:

e Repository Host Rock—The area should be underlain at least in part by a system of rocks containing
one or more suitable host rock units. The following factors should be considered:

- Mineability—It should be possible to mine the facility using available mining methods and
technology.

- Thermal Conductivity—The thermal conductivity of the rock unit should be high enough to
accommodate thermal stresses imposed by the particular waste form without causing serious
increase in hydraulic conductivity or detrimental alteration of the waste form.
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Fractures—The rock unit should have a minimum of natural and induced hydraulically
conductive fractures.

Hydraulic Conductivity—The rock unit should have a low hydraulic conductivity.

Dimensions and Geometry—The rock unit should be a sufficiently thick and extensive area to
accommaodate the facility.

Depth—The repository host rock should occur at sufficient depth to minimize the possibility of
exposure through geomorphic and or tectonic processes.

Homogeneity—The rock unit should be sufficiently homogeneous to make it possible to predict
its essential long-term physical properties in advance of mining and development.

Sorption Capacity—The rock unit should have a high radionuclide sorption capacity to enhance
radionuclide residence time in the flow system.

Geochemical Properties—The geochemical properties of the rock unit and contained water
should not result of chemical reactions with the wastes which would facilitate the transport of
radionuclides from repository sites.

Groundwater Flow System—The essential attribute of the flow system is that it provides long
residence time before the water enters the biosphere.

Travel Time—The rocks in the system between the repository site and the discharge area should
have a low hydraulic conductivity, along the flow path, and small hydraulic gradients to provide
long residence time.

Flow Direction—Groundwater in a substantial part of the area should have strong downward or
lateral component of flow. There should be no upward flow, particularly if the area contains
numerous oil, gas, or other exploratory boreholes, or a high potential for such holes being drilled
in the future.

Uniformity—The hydraulic characteristics of the system should be sufficiently uniform to permit
the spatial extrapolation of these characteristics to the nearest discharge area. In general, it is
preferable that the rocks along the flow path should have granular rather than fracture porosity.

Sorption—Rocks with a high sorptive capacity should dominate along the groundwater flow
paths.

Water Quality—To minimize the possibility of future intrusion of the repository by water well
drilling, the potential host rock unit should be underlain by, and at least immediately be overlain
by, nonpotable water. A potable aquifer system near the surface would minimize the incentive to
drill deeper in search of water.

Tectonic Conditions—Certain geologic processes resulting from tectonic activity could disrupt the
repository environment and facilitate the mobilization of waste radionuclides in groundwater, or
possibly even directly expose the waste. The criteria should consider the following areal factors in
terms of their effects on potential repository environments:

Known active faults
High seismic intensity
Recent volcanic activity
Persistent uplift

Mineral Resources—The intent is (1) to avoid mineralized zones at depths greater than the potential
host rocks to minimize the possibility of radionuclides escaping from the repository through pre-
existing boreholes which could not be sealed satisfactorily; and (2) to minimize the potential of
penetrating the repository in the future by holes drilled for mineral exploration or development. In
this sense aquifers containing water of potable quality are considered a mineral resource.
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e General Considerations—It will be difficult to develop a universally acceptable set of criteria
involving geologic processes, many of which are imperfectly understood. The point cannot be
stressed strongly enough that the use of a generally applicable set of criteria will require a great deal
of insight and perception. In addition to the set of criteria to be developed for screening regions, at
least one more set will have to be developed to consider specific, unique features of areas and
differing rock types, and to judge the relative merits of potential sites. For candidate sites, however,
additional sets of criteria will have to be quite detailed and specific about local geologic
characteristics; thus, suggestions for their development cannot be made at this time.

2.3.2.2 Metrics To Assess the Long-Term Performance of a Generic Geologic Disposal
System

The focus of the historical criteria in Section 2.3.2.1 emphasized screening sites for suitability for a
geologic disposal facility. A summary of those screening criteria are presented in Table 2-5.

Table 2-5. Historical Generic Screening Criteria

Criteria Source Category Examples

National Geo-Economic Resource potential; avoid dams

Acfa\demy of Geologic - Geometric Adequate depth and size

Sciences - — : :

(1978) Geologic - Stability Stable area; stable openings; avoid faults
Hydrologic Long-term hydrologic isolation; sealing
Geochemical Limit geochemical reactions

Earth Science Repository Host Rock Mineability; minimum fractures; adequate depth

Techmcal Plan Groundwater Flow System | Long residence time; nonpotable water

Working Group - — - — - .

(U.S. Geological Tectonic Conditions Effects of faulting, seismicity, volcanism, uplift

Survey 1980) Mineral Resources Avoid mineralized zones
General Considerations Need for site-specific criteria

A recent study (Hansen et al. 2011) of potentially suitable formations for siting a geologic disposal
facility in the U.S. noted that suitable host rocks for deep geologic repositories would typically exhibit
certain basic favorable physical characteristics, along with key geologic and hydrologic attributes. Key
physical characteristics that could be considered favorable to siting include:

e Depth—The disposal horizon should be determined based on site-specific conditions. Geologic
isolation is attained by ensuring significant separation between the repository and the biosphere,
which would provide extensive zones for robust seal systems. Rock strength characteristics would
also determine a practical and functional mining depth. For deep borehole concepts, proposed
disposal zone depths are 2-5 km.

e Thickness—Maximal thickness of the isolation medium is desired to ensure radionuclide migration
does not exceed performance metrics or boundaries. Various “minimal” thicknesses have been put
forward, generally of the order of 100 m. The authors concluded that the thickness of the formation is
less important than its uniformity and structure. However, thickness could still be considered an
important characteristic of a primary barrier.
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e Uniformity and Structure—The potential repository interval and surrounding rock should be
reasonably homogeneous both vertically and horizontally. The related benefits are simpler and more
transparent characterization and performance assessments and safer repository mining and operations.

e Seismicity—Seismically quiescent regions favor repository design, operations, and long-term
performance.

Key geologic and hydrologic attributes of the host rock include:
« Hydrogeology—Low hydraulic conductivity (~10™"2 m/s or lower).

e Self-sealing—Rocks with plastic deformation characteristics reestablish a diffusion-dominated
transport system.

e Hydrogeochemistry—Reducing chemical conditions minimize corrosion of engineered barriers and
waste forms, reduce most radionuclide solubilities, and improve sorption. Oxidizing environments are
also possible but would require very low hydraulic flux as found in desert environments.

The likelihood of success in selecting a site for further study is enhanced for those sites that exhibit
combinations of the potentially favorable attributes of the above siting criteria. The summaries of
historical siting efforts presented in Appendix A indicate that numerous areas and sites can be found that
potentially meet such site screening criteria. It is reasonable to expect that future screening criteria will
not differ substantively from those used in the past.

However, as noted in Section 1.1, it is not the intent of this Generic Safety Case to identify and screen
sites for their suitability for a geologic disposal facility. Rather, the Generic Safety Case seeks to provide
confidence that used nuclear fuel and high-level radioactive waste can be disposed of safely in the U.S. in
mined disposal facilities in salt, clay, and granite formations, in deep borehole disposal in crystalline
rocks.

To support a conclusion that sufficient areas exist in the U.S., the most meaningful approach seems to be
to demonstrate that the results of the generic safety assessments presented in this Generic Safety Case are
not inconsistent with performance metrics previously used. The values in the safety assessment results are
presented simply as an indication of the potential for future, site-specific estimates of performance to be
acceptable. An assumption exists that performance metrics used in future regulatory criteria are not
expected to differ significantly from those used in the past. Based on recent responses to questions about
this subject (McCartin 2012, p. 154), it appears likely that the assumption is appropriate. The dose
standards in U.S. regulations for geologic disposal are summarized in Table 2-6.

Table 2-6. Dose Standards in U.S. Regulations

Source Description Requirement
40 CFR §191.13 Likelihood of less than one chance in 10 of exceeding the
Part 191 Containment guantities and a likelihood of less than one chance in 1,000 of
Requirements exceeding ten times the quantities of Table 1 [of the regulation]®
40 CFR §191.15 Annual committed effective all potential pathways dose, received
Part 191 Individual Protection | through to any member of the public in the accessible
Requirements. environment, not to exceed 15 mrem (150 pSv)?
40 CFR §197.20 Annual committed effective dose equivalent to reasonably
Part 197 What Standard Must | maximally exposed individual no more than (1) 150 puSv
DOE Meet? (15 mrem) for 10,000 years following disposal; and (2) 1 mSv
(100 mrem) after 10,000 years”

NOTE: °For 10,000 years.
®Within the 1,000,000-year period of geologic stability.



Generic Deep Geologic Disposal Safety Case
August 2013, Revision 1 67

The U.S. regulations also include standards covering groundwater protection and inadvertent human
intrusion. Groundwater protection is site specific, and human intrusion scenarios are stylized and site
specific.

Standards considered by other programs vary; there is, however, an international consensus standard
developed by the International Atomic Energy Agency (2011). The Safety Objective of that standard for
postclosure performance is the following: a disposal facility (considered as a single source) is so designed
that the calculated dose or risk to the representative person who might be exposed in the future as a result
of possible natural processes affecting the disposal facility does not exceed a dose constraint of 0.3 mSv
(30 mrem) in a year or a risk constraint of the order of 10> yr™'. Further, the International Commission on
Radiological Protection has a draft position on radiological protection in geological disposal of long-lived
solid radioactive waste (Weiss et al. 2011). They recommend an annual dose constraint of 0.3 mSv

(30 mrem) in a year to be used for the sake of comparison of options rather than as means of assessing
health detriment. This criterion is not dissimilar to the existing U.S. and international criteria. The
Nuclear Energy Agency also recommends consideration of flux-related indicators of safety that provide
information on the transport of radionuclides between the components of the repository and their release
to a receptor (Organisation for Economic Co-operation and Development 2012).

The safety assessment results presented in Section 4.4 examine potential doses to receptors over times as
long as 10,000,000 years. Such a time period is far longer than any quantitative requirement applied under
current U.S. regulations, or, for that matter, regulations in any other country. This was done principally to
gain insight into very long-term behavior of radionuclides. The results included in Section 4.4 should only
be viewed as a tool used to gain insight into the potential time of peak doses.
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3 ASSESSMENT BASIS FOR GENERIC DEEP GEOLOGIC DISPOSAL
SYSTEMS

3.1 Overview

As seen in Figure 1-1, the role of the assessment basis in a safety case is typically to present the
guantitative information addressing site selection, site characterization, and repository design. Within the
safety assessment methodology in Section 2.3.1, the assessment basis is captured in Step 2: Characterize
system (waste, facility, site). Because only generic disposal options are considered for this safety case, the
assessment basis relies less on site-specific quantitative information and more on assumptions and generic
descriptions.

The characteristics of the potential inventory of used nuclear fuel and high-level radioactive waste that
could be included in a future U.S. deep geologic disposal facility are reviewed (Section 3.2). The
assessment basis also discusses multiple barriers of a generic geologic disposal facility system, including
factors that affect the ability of the barriers to limit or delay radionuclide transport. Features of the natural
barrier system were discussed in the siting strategy in Section 2.2.2.1. For the assessment basis, the
relevant processes acting on a natural barrier system are summarized, and then the impact of various
processes on the natural barriers of each of the four disposal options is described (Section 3.3).
Components and features of the engineered barrier system, as well as their functions, are described in the
design strategy in Section 2.2.3.1. The assessment basis provides additional information on the potential
waste types and waste packaging, followed by a summary of the processes that act on the engineered
barrier system (Section 3.4). The potential impact of external events such as climate changes, seismic
events, igneous activity, and human intrusion on the performance of both the natural and engineered
barrier systems is discussed in Section 3.5.

Numerous safety assessments pertinent to the four disposal options have already been conducted by the
U.S. and other countries around the world. Based on extensive laboratory and field research, these
assessments provide insight into potential repository behavior and the complementary role of engineered
and natural barriers. Examples of these safety assessments are provided in Appendix C and summarized
in Section 3.6. They were conducted by the U.S. and other countries for a range of applications, from
generic scoping studies, to safety assessments performed to support safety case development, to safety
assessment calculations included in license applications. The results of generic postclosure safety
assessments presented in Section 4 are in general agreement with the results of these previous safety
assessments.

3.2 Potential Inventory Characteristics

The generic safety assessments prepared for this Generic Safety Case are based on an inventory of used
nuclear fuel and high-level radioactive waste that currently exists, or can reasonably be projected based
on information available at the time of preparation of this document. Designing a facility and assessing
safety requires knowledge of the inventory and characteristics of the wastes to be emplaced.

Given the uncertainty about future fuel cycles that could be deployed in the U.S., this Generic Safety Case
considers a wide range of potential future waste streams, waste forms, and radionuclide inventories. This
section summarizes information about the amounts and characteristics of the following inventory sources:
(1) commercial used nuclear fuel from the once-through light water reactor fuel cycle, (2) U.S.
Department of Energy used nuclear fuel and high-level radioactive waste, as well as Naval used nuclear
fuel, and (3) waste from reprocessing commercial light water reactor used nuclear fuel. Unless otherwise
noted, the material in this section is taken from, or follows Carter et al. (2011c) or Carter et al. (2011b);
the second reference is a synopsis of the first.
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3.2.1 Commercial Used Nuclear Fuel from the Once-Through Fuel Cycle

Commercial nuclear power plants have operated in the U.S. since 1957, when the Shippingport reactor
began to generate power for a commercial market. There are currently 104 operating nuclear power plants
at 65 sites. There are decommissioned facilities with storage of used nuclear fuel and/or high-level
radioactive waste at 9 additional sites. The U.S. has been committed to a once-through fuel cycle with
disposal envisioned in a geologic repository since the late 1970s. Used nuclear fuel from these operating
plants is currently stored on site in pools or dry storage casks, awaiting removal by the federal
government. In addition, used nuclear fuel from 14 shutdown reactors is currently stored on the reactor
sites. The General Electric facility at Morris, Illinois is currently the only licensed used nuclear fuel
storage facility in operation that is not collocated with an active or former reactor site. Figure 3-1 shows
the locations of these reactor sites, and indicates how many years they have been in operation (U.S.
Nuclear Regulatory Commission 2011b).

U.S. Commercial Nuclear Power Reactors—Years of Operation
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Figure 3-1. Operating Commercial Nuclear Power Reactors in the United States
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Current Inventory of Commercial Used Nuclear Fuel—The U.S. Department of Energy developed a
database of the amounts of used nuclear fuel to be disposed. The inventory was described in U.S.
Department of Energy (2002b, 2007). This includes information collected for used nuclear fuel discharges
from 1968 through 2002 on a per assembly basis, and on a batch basis for fuel discharges from 1968
through April 2005.

The specific used nuclear fuel data available from these sources are
o Reactor type (pressurized water reactor or boiling water reactor)
e Number of assemblies

e Burn-up by assembly or batch

o Date of discharge

e Initial uranium loading

To develop an inventory estimate through 2010, Carter et al. (2011c) used fuel discharge predictions
developed for the Nuclear Energy Institute in 2005 to estimate the number of assemblies and metric tons
uranium (MTU). To estimate the average enrichment and burn-up through 2010, projections made by
utilities were used. These projections identified a burn-up increase of 2.38% per year for boiling water
reactor fuel and 1.11% per year for pressurized water reactor fuel through 2010; the enrichment increases
at the same rate as the burn-up. Comparison of the projections made in 1998 to actual data collected
through 2004 show very good agreement:

e Pressurized Water Reactor - actual 46,950 MWd/MTU vs. projected 46,922 MWdA/MTU;
o Boiling Water Reactor - actual 43,447 MWd/MTU vs. 42,787 projected MWd/MTU

Table 3-1 provides an estimate of the commercial used nuclear fuel discharged through 2010.

Table 3-1. Estimated Commercial Pressurized Water Reactor (PWR) and
Boiling Water Reactor (BWR) Used Nuclear Fuel Discharged through 2010

Total Number of Total Initial Uranium Average Average Average Total
Assemblies (MTU) Enrichment Burn-up Age Radioactivity
(MWd/MTU) (yr) (Billion Ci)

PWR | BWR Total PWR | BWR | Total | PWR | BWR | PWR | BWR |PWR|BWR| PWR |BWR

97,400 | 128,600 | 226,000 | 42,300 | 23,000 | 65,200 | 3.74 | 3.12 | 39,600 |33,300| 14.9 | 15.4 16 7

NOTE:  The number of assemblies has been rounded to the nearest 200. The estimated fuel discharged has been rounded to the nearest 1,000
MTU. The burn-up has been rounded up to the next 100 MWd/MTU.

Characteristics of the Current Inventory of Commercial Used Nuclear Fuel—The current inventory
has an average burn-up of approximately 39.6 GWd/MT for pressurized water reactors and 33.3
GWd/MT for boiling water reactors. Nearly 100% of the fuel currently being discharged exceeds the
“high burn-up” threshold of 45 GWd/MT defined by the U.S. Nuclear Regulatory Commission. The
maximum burn-up from the current reactor fleet is nearing 60 GWd/MT which is limited by both the 5%
55U licensing basis for the current enrichment and fuel fabrication plants, and the reactor licensing basis
to 62.5 GWd/MT.

Figure 3-2 illustrates the decay heat projections for 60 GWd/MT pressurized water reactor fuel at
maximum burn-up. The figure provides the total decay heat and isotopic groups with similar isotopic
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parameters that make up the total. The total decay heat for 1 year cooled fuel from the average burn-up of
40 GWd/MT is 10,500 W/MT or somewhat less than the 14,000 W/MT from the maximum burn-up
(60 GWA/MT) fuel.

1.00E+05

GasesH, C, Xe, Kr, 1
= Cs/Sr/Ba/Rb/Y

100E+04 T
Moble Metals Ag, Pd, Ru, Rh
| anthanides La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Ho, Tm
1.00E+03 : 1 1 —— Actinides Ac, Th, Pa, U
s Transuranic Np, Pu, Am, Cm, Bk, Cf, Es
Others
1.00E+02 X T
w—Total
1.00E+01 \\ \ \
1.00E+00 \\""'-—
e ——

B N T N

1.00E-02
1.E+00 1E+01 1.E+02 1.E+03 1E+04 1E+05 1.E+06 1.E+07 1.E+08 1.E+09

Decay Heat
(watts/MT)

\)/f

Time
[vears)

Figure 3-2. Used Nuclear Fuel Decay Heat for Pressurized Water Reactor Fuel at 60 GWd/MT

Projected Inventory of Commercial Used Nuclear Fuel—Four scenarios were used to project the
potential inventory of commercial light water reactor used nuclear fuel in the future. The four scenarios
were selected from those previously evaluated by the U.S. Department of Energy in the Global Nuclear
Energy Partnership Draft Programmatic Environmental Impact Statement, with slight modification for the
operational date of the first new reactors (2020 instead of 2015) and the end of the construction period
(2060 instead of 2060 to 2070). The scenarios were selected to provide a wide range of light water reactor
fuel inventory for use in future analysis; at this time they can be considered reference cases and future
research could change the range.

e Scenario 1 assumes no replacement of existing nuclear generation reactors.

e Scenario 2 assumes the amount of current nuclear generation is maintained at the current levels
(100 GWelyr) with new reactors replacing the existing reactors as the existing reactors are
decommissioned.

e Scenario 3 assumes the amount of nuclear generation will increase to 200 GWe/yr from 2020 to 2060,
and remain at 200 GWe/yr until the end of the century.

e Scenario 4 assumes the amount of nuclear generation will increase to 400 GWe/yr from 2020 to 2060,
and remain at 400 GWe/yr until the end of the century.

Figure 3-3 projects the mass (MTU) cumulatively to the end of the century. The inventory can range from
about 140,000 MTU assuming no replacement reactors are constructed, to nearly 700,000 MTU assuming
nuclear power generation quadruples between 2020 and 2060. The enrichment and burn-up in these
scenarios is expected to continue to increase to the current United States enrichment plant limit of 5%
25, which corresponds to a maximum burn-up of slightly less than 60 GWd/MT.
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Figure 3-3. Cumulative Used Nuclear Fuel for the Four Cases:
No Replacement, Maintain Current, 200 GWe/yr, and 400 GWe/yr

Maintaining the current nuclear generation rate of about 100 GWe/yr with new reactors replacing the
existing reactors as the existing reactors are decommissioned (Scenario 2 above), and assuming the same
ratio of pressurized water reactors to boiling water reactors as currently exists results in the creation of the

number of assemblies shown in Table 3-2.
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Table 3-2. Number of Assemblies, Total Initial Uranium, Average Enrichment,
and Average Burn-up, by Year, for Scenario 2

Average Average Burn-up
Enrichment (MWA/MTU)®

PWR BWR Totals PWR BWR | Totals | PWR | BWR | PWR BWR

Year Number of Assemblies® |Total Initial Uranium (MTU)*

2010 | 97,400 | 128,600 | 226,000 | 42,300 | 23,000 | 65,200 | 3.74 | 3.12 | 39,600 | 33,300
2020 | 131,000 | 173,000 | 304,200 | 57,000 | 30,900 | 88,000 | 4.04 | 3.57 | 43,100 | 39,000
2040 | 198,000 | 261,600 | 460,200 | 86,600 | 46,800 | 133,400 | 4.36 | 4.05 | 46,900 | 44,900
2060 | 266,000 | 350,000 | 616,000 | 116,000 | 63,000 | 179,000 | 4.52 | 4.29 | 48,800 | 47,800
2080 | 333,000 | 439,000 | 772,000 | 146,000 | 79,000 | 224,000 | 4.62 | 4.43 | 49,900 | 49,500
2100 | 401,000 | 527,000 | 928,000 | 175,000 | 95,000 | 270,000 | 4.68 | 4.53 | 50,600 | 50,600

NOTE: Assumes maintaining current nuclear generation rate of about 100 GWe/yr with new reactors replacing the existing
reactors as the existing reactors are decommissioned.

®The estimated fuel discharged has been estimated to the nearest 100 MTU prior to 2050 and to the nearest 1,000
thereafter.

PThe estimated number of assemblies has been estimated to the nearest 200 prior to 2050 and nearest 1,000 thereafter.
“The burn-up has been estimated to the next 100 MWd/MT.

3.2.2 U.S. Department of Energy Used Nuclear Fuel and High-Level Radioactive
Waste

Since the inception of nuclear reactors, the U.S. Department of Energy and its predecessor agencies
operated or sponsored a variety of research, test, training, and experimental reactors both domestically
and overseas. The Naval Nuclear Propulsion Program has generated used nuclear fuel from operation of
nuclear powered submarines and surface ships, operation of land-based prototype reactor plants, operation
of moored and land-based training ship reactor plants, early development of commercial nuclear power,
and conduct of irradiation test programs.

Agqueous reprocessing of U.S. Department of Energy used nuclear fuel has occurred at the Hanford Site,
the Idaho National Laboratory, and the Savannah River Site. The Savannah River Site is actively
vitrifying legacy high-level radioactive waste into borosilicate glass and the Hanford Site has a similar
facility under construction. The Idaho National Laboratory has treated high-level radioactive waste in a
process known as calcining, and is pursuing the use of electro-chemical processing to treat 60 metric tons
heavy metal (MTHM) of sodium-bonded used nuclear fuel. The U.S. Department of Energy is also
responsible for clean-up of the commercial used nuclear fuel reprocessing site at West Valley, New York.
The wastes requiring disposal from these U.S. Department of Energy activities are fairly well understood
and documented.

3.2.2.1 U.S. Department of Energy Used Nuclear Fuel

U.S. Department of Energy used nuclear fuel is generated primarily by Department-owned production
reactors, demonstration commercial power reactors, and domestic and foreign research and training
reactors. The category of U.S. Department of Energy used nuclear fuel includes some commercial used
nuclear fuel that is not in the possession of U.S. Nuclear Regulatory Commission licensed commercial
utilities, such as fuel from the Shippingport, Peach Bottom, Three Mile Island, and Fort St. Vrain plants,
which is stored at U.S. Department of Energy facilities.
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Current Inventory of U.S. Department of Energy Used Nuclear Fuel—U.S. Department of Energy
used nuclear fuel comes from a wide range of reactor types, such as light- and heavy-water-moderated
reactors, graphite moderated reactors, and unmoderated (fast) reactors, with various cladding materials
and enrichments The fuel compositions typically vary from depleted uranium to over 93% enriched *U.
Many of the reactors, now decommissioned, had unique design features, resulting in a diverse spectrum of
reactor and fuel designs.

Although U.S. Department of Energy used nuclear fuel is stored throughout the U.S. at numerous
facilities, a decision was made in 1995 to consolidate U.S. Department of Energy used nuclear fuel at
three existing U.S. Department of Energy sites; the Hanford Site in Washington, the Idaho National
Laboratory in Idaho, and the Savannah River Site in South Carolina. The majority of the U.S. Department
of Energy used nuclear fuels are currently stored at these three sites. The storage configurations vary for
each of the sites and include both dry and wet storage.

A large portion of the U.S. Department of Energy used nuclear fuel (about 2,200 MTHM of the total
2,500 MTHM) is contained in about 400 sealed canisters, almost all of which is N Reactor fuel in dry
storage at the Hanford site. The remaining 400 MT of U.S. Department of Energy used nuclear fuel will
be placed in an estimated additional 2,500 - 5,000 canisters.

Characteristics of U.S. Department of Energy Used Nuclear Fuel—Conservative used nuclear fuel
source-term estimates were developed from process knowledge and the best available information
regarding fuel fabrication, operations, and storage. The U.S. Department of Energy used nuclear fuel
characterization process relies on pre-calculated lookup tables that provide radionuclide inventories for
selected representative used nuclear fuel at a range of decay times. These results are used as templates
that are scaled to estimate radionuclide inventories for other similar fuels. Pre-calculated radionuclide
inventories are extracted from the appropriate template at the desired decay period and then scaled to
account for differences in fuel mass and burn-up for individual items in the inventory. Table 3-3 lists the
projected total radionuclide inventory activity of the U.S. Department of Energy used nuclear fuel for the
nominal and bounding cases as of 2010. The nominal case is the expected or average inventory. The
bounding case represents the highest burn-up assembly or accounts for uncertainties if fuel burn-up is not
known.

Table 3-3. U.S. Department of Energy Used Nuclear Fuel:
Total Radionuclide Inventory Curie (Ci) Activity Range as of 2010

Nominal Fuel Inventory (Ci) Bounding Fuel Inventory (Ci)

1.9x10° 3.48x10°

The amount of fuel in each fuel group type, the enrichment, the cladding composition, the fuel matrix and
composition, and geometric properties of the fuel group type have been tabulated in detail (Carter et al.
2011c, Appendix D).

3.2.2.2 Naval Used Nuclear Fuel

The Naval Nuclear Propulsion Program generated used nuclear fuel from operation of nuclear powered
submarines and surface ships, operation of land-based prototype reactor plants, operation of moored and
land-based training ship reactor plants, early development of commercial nuclear power, and the conduct
of irradiation test programs. The source of naval used nuclear fuel information is U.S. Department of
Energy (2008b).
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Current Inventory of Naval Used Nuclear Fuel—Naval used nuclear fuel consists of solid metal and
metallic components that are nonflammable, highly corrosion-resistant, and neither pyrophoric, explosive,
combustible, chemically reactive, nor subject to gas generation by chemical reaction or off gassing.
Approximately 27 MTHM of Naval used nuclear fuel currently exists with a projected inventory of less
than 65 MTHM in 2035.

Used nuclear fuel from the Naval Nuclear Propulsion Program is temporarily stored at the Idaho National
Laboratory. The existing Naval used nuclear fuel canister designs were developed to fit within the
proposed waste package design presented in U.S. Department of Energy (2008b). Approximately 400
naval used nuclear fuel canisters are currently planned to be packaged and temporarily stored pending
shipment. The Naval Nuclear Propulsion Program is responsible for preparing and loading naval used
nuclear fuel canisters and began canister loading operations in 2002. As of February 2010, 27 naval used
nuclear fuel canisters have been loaded and are being temporarily stored at Idaho National Laboratory.

Characteristics of Naval Used Nuclear Fuel—The radionuclide inventory activity by isotope for a
representative Naval used nuclear fuel canister five years out of reactor has been tabulated in detail
(Carter et al. 2011c, Appendix E).

Table 3-4 provides the total estimated radionuclide inventory for a representative Naval used nuclear fuel
canister. A period of five years after reactor shutdown was selected for use in the repository source term
analyses.

Table 3-4. Naval Used Nuclear Fuel: Total Radionuclide Inventory Curie (ci)
per Canister (5 years after discharge)

Inventory per canister (Ci) Total Inventory (Ci)
(400 canisters)

1.45x10° ~ 580x10°

3.2.2.3 U.S. Department of Energy High-Level Radioactive Waste

High-level radioactive waste is the highly radioactive material resulting from the reprocessing of used
nuclear fuel. Following aqueous reprocessing, U.S. Department of Energy high-level radioactive waste is
in a liquid form and is stored initially in underground metal storage tanks. Long-term storage of high-
level radioactive waste requires stabilization of the wastes in a form that will neither react nor degrade for
an extended period of time. The Hanford and Savannah River Sites continue to store the high-level
radioactive waste generated at those sites in the liquid form while it awaits final treatment. At the Idaho
National Laboratory, the liquid waste was solidified for interim storage by calcination.

High-level radioactive waste glass is formulated to keep waste radionuclides well mixed and immobile in
a matrix that is resistant to degradation. Liquid waste and sludges from aqueous reprocessing are
neutralized by addition of sodium hydroxide, processed for removal of aluminum, and dried to a calcine
form. A mixture of solid materials (frit) is added, containing silicon, boron, sodium, and other elements in
minor quantities. Borosilicate glass is obtained by adding boron to achieve at least 5% boron oxide
(B203) by weight (Lutze 2006). The mixture is fused at a vitrification temperature of 1150°C, and then
the molten glass is poured directly into canisters typically made from stainless steel, and solidified (Carter
and Luptak 2010).
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Current Inventory of U.S. Department of Energy High-Level Radioactive Waste—The Idaho
National Laboratory reprocessed used nuclear fuel from Naval propulsion reactors, test reactors, and
research reactors to recover uranium and in so doing, generated approximately 30,000 m? of liquid high-
level radioactive waste. Between 1960 and 1997, the Idaho National Laboratory converted all of its liquid
high-level radioactive waste into about 4,400 m® of a calcine solid waste form.

The Savannah River Site has reprocessed defense reactor used nuclear fuel and nuclear targets to recover
valuable isotopes since 1954, producing more than 530,000 m® of liquid high-level radioactive waste
while doing so. Through evaporation and vitrification of the waste, the Savannah River Site has reduced
this inventory to the current level of about 136,000 m® of liquid high-level radioactive waste. The
Savannah River Site began vitrifying liquid high-level radioactive waste in 1996 and through December
2010 produced 3,059 2 ft x 10 ft high-level radioactive waste canisters.

The Hanford Site reprocessed approximately 100,000 MT of defense reactor used nuclear fuel between
1944 and 1988 and in so doing generated approximately 2,000,000 m?® of liquid high-level radioactive
waste. After years of storage, the volume is about 220,000 m® of liquid high-level radioactive waste.
Construction of a vitrification facility to recover the plutonium, uranium, and other elements for defense
and other federal programs is currently underway with startup scheduled for 20109.

A commercial fuel reprocessing plant located at West Valley, New York operated from 1966 through
1972 and reprocessed approximately 640 MT of used nuclear fuel to recover the unused uranium. During
operations about 2,500 m® of liquid high-level radioactive waste was generated. The liquid waste was
vitrified between 1996 and 2001 producing 275 high-level radioactive waste canisters that are stored at
West Valley (U.S. Department of Energy 1996b; Palmer et al. 2004). Table 3-5 summarizes the current
high-level radioactive waste inventory.

Table 3-5. Current and Projected Inventory of High-Level Radioactive Waste Canisters

HLW Canisters® Potential Range of

Existingd / Best Estimate HLW Canisters
West Valley 275/ 275 not applicable®
Hanford 0/10,713 9,746-12,100
Idaho National Laboratory (Calcine) 0/3,328 1,190-11,200
Idaho Nat|0na! Laboratory_ 0/102 82-135
(Electro-chemical processing)
Savannah River Site 3059 /7,560 7,560-9,450
Total 3334 /21,980 18,900-33,200°

NOTE: ®Hanford canisters are 2 ft x 14.76 ft; all others 2 ft x 10 ft.
®All West Valley canisters currently exist.
‘Rounded to nearest 100.
dExisting: current as of May 2011, except Savannah River Site current as of Dec 2010.

Source: after Carter et al. 2011b.

Projected Inventory of U.S. Department of Energy High-Level Radioactive Waste—The Savannah
River Site currently has the only operating aqueous reprocessing facility in the U.S.: H Canyon. It is
estimated that an additional 17,000 m® of liquid high-level radioactive waste may be generated with
continued operations (until approximately 2019).
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At Hanford and the Savannah River Site the liquid high-level radioactive waste currently in storage will
be vitrified and placed in high-level radioactive waste canisters. Although the final waste form is known,
the final number of high-level radioactive waste canisters cannot be estimated definitely because of
potential changes in waste loading and processing.

At the Idaho National Laboratory several options were considered for ultimate disposal of the calcine.
Alternatives included direct disposal, vitrification, or hot isostatic pressing to compress the calcine into a
volume reduced monolithic waste form. A Record of Decision issued December 2009 stated that the U.S.
Department of Energy will use the hot isostatic pressing technology to treat the calcine for final disposal
in a geologic repository.

The ldaho National Laboratory is also pursuing an electro-chemical process for treating the 60 MTHM of
sodium bonded used nuclear fuel from the Idaho National Laboratory, Hanford and Fermi I. The process

has been demonstrated and used to treat about 4 MTHM of sodium bonded used nuclear fuel to date. The
high-level radioactive waste generated from this process is converted into an iron based alloy and a glass

bonded mineral.

Table 3-5 shows the projected number of high-level radioactive waste canisters that exist and that are
estimated to be produced based on the proposed treatment technologies.

The vitrified high-level radioactive waste at the Savannah River Site is stored in below grade concrete
vaults, called Glass Waste Storage Buildings, containing support frames for vertical storage of 2,262
high-level radioactive waste canisters. The Savannah River Site currently has two Glass Waste Storage
Buildings constructed and a third planned. The high-level radioactive waste canisters at West Valley are
currently stored in a shielded cell in the former reprocessing plant. Alternate interim storage options are
being considered at West Valley to allow decommissioning of the reprocessing facility. Hanford has
constructed the first canister storage facility and plans to construct more as needed when the Waste
Treatment and Immobilization Plant becomes operational.

Characteristics of U.S. Department of Energy High-Level Radioactive Waste—The total high-level
radioactive waste curie inventory for each of the generating sites, projected to 2017, is shown in

Table 3-6. The baseline of 2017 is based on the date for waste acceptance used in U.S. Department of
Energy (2008b), U.S. Department of Energy (2002b) and U.S. Department of Energy (2007). The total
radionuclide inventory activity, by radionuclide, for each of the four sites has been tabulated in detail
(Carter et al. 2011c, Appendix F). The Hanford site data in these tables do not include the Cs/Sr capsules
pending a final disposal decision. This inventory was developed based on estimates provided by the sites.
Although there may be some variation in the number of canisters produced by the sites that have not
completed waste treatment, the total projected activity is as shown.

Table 3-6. High-Level Radioactive Waste: Total Curie (Ci) Inventory
for Each of the Generating Sites, Projected to 2017

Radioactivity (Ci)

Hanford Savgnnah West Valley Idaho Total
River
Nuclide Total 1.3x10° 9.54x10° 1.46x10’ 2.58x10’ 1.13x10°

The U.S. Department of Energy (2008b) used the “projected maximum” inventory on a per canister basis
for the high-level radioactive waste curie content supplied by the Savannah River Site. The use of the
“projected maximum’ on a per canister basis resulted in a conservatively estimated total curie content for
the Savannah River Site that is approximately twice the actual Savannah River Site tank farm inventory.
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3.2.3 Waste from Reprocessing Commercial Light Water Reactor Used Nuclear
Fuel

Reprocessing methods for existing and future commercial light water reactor used nuclear fuel vary in
complexity and maturity of development of the technical aspects of implementation. In addition, the
recovery of valuable material or the lessening of potential environmental impact of the waste disposition
activities typically results in more complex processes. Several sources of uncertainties exist including
(1) the expected timeline of at least twenty years for implementation, (2) technical advances during the
implementation period, and (3) changing environmental regulations, which can place greater (or lesser)
demands on the waste capture and treatment processes. Differing assumptions were used throughout the
evaluations and cautious use of the results, especially comparisons, was recommended.

These results presented by Carter et al. (2011c) indicate that there may be limited benefit to reprocessing
light water reactor fuel relative to associated volume reduction. However, the radionuclide content and
decay heat production characteristics of the wastes differ significantly from those of bare fuel. These
characteristics, together with the volume, have a significant role in management of these materials. Future
research on advanced waste forms could lead to higher waste loading densities and a reduction in the
volume of high-level radioactive wastes that would be generated from reprocessing.

The volumes of compacted hulls and hardware projected from the boiling water reactor fuels are higher
than from pressurized water reactor fuels on a unit basis due to the lower ratio of fuel to structural
materials. The quantity of the metal alloy wastes projected from agqueous reprocessing is about half the
guantity projected from electro-chemical processing. This is due to inclusion of discarded electrode
baskets and process crucibles in the metal waste stream. Projections of borosilicate glass quantity from
the co-extraction process are limited by decay heat (14,000 watts per canister) when young used fuel is
processed. Projections of borosilicate glass quantity from the co-extraction process when used fuel is
older than 30 years are limited by molybdenum trioxide solubility. In these cases, the mass, volume, and
containers per metric ton are a constant regardless of the age of the used nuclear fuel processed, although
the decay heat continues to decline with fuel age.

Many of the fission product waste forms included in this study significantly exceed 1,500 watts per
canister, which was a design limit used in U.S. Department of Energy (2008b). Additional decay storage
time prior to disposal or a more dilute waste form may be required to meet this design limit, if applicable.

Projected Inventory and Characteristics of Commercial Used Light Water Reactor Fuel High-Level
Radioactive Waste— Reprocessing technologies for used uranium oxide fuel may be broadly classified
as aqueous and electro-chemical, neglecting the more limited dry technologies such as Volox (Strachan et
al. 2009; Goff and Simpson 2009), which can be used as steps within the reprocessing methods discussed
below. Agueous processes generally involve dissolving used fuel in acid, and use various other steps
(e.g., solvent extraction, precipitation, ion exchange) to separate fractions for waste and reuse as fuel.
Intensive research and development has been conducted on reprocessing, especially the agueous methods.

To support evaluations of the impact of reprocessing light water reactor used nuclear fuel, Carter et al.
(2011c) examined three aqueous reprocessing methods and one electro-chemical reprocessing method:

1. Co-Extraction—The co-extraction method represents the simplest and most technically mature
aqueous reprocessing method evaluated. The process considered is similar to the current generation of
reprocessing technologies. It starts with dissolution of the uranium oxide fuel and solvent extraction
of U and Pu. The U and Pu are recovered together; no pure Pu is separated. Afterwards, the principle
fission product wastes including the minor actinides (Np, Am, Cm) are combined with the
undissolved solids and recovered Tc into a single borosilicate glass waste form. (As proposed, this
process is similar but not identical to the COEX™ process developed and used by the Areva company
in France.)
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2. New Extraction—New extraction is an advanced aqueous process that recovers all of the transuranic
elements for re-use. After dissolution and solvent extraction of U with Pu, key features of the
Transuranic Extraction (TRUEX) process (Schulz and Horwitz 1988) and the Trivalent Actinide
Lanthanide Separation by Phosphorus-based Aqueous Komplexes (TALSPEAK) process (Weaver
and Kappelmann 1964) are employed for complete transuranic element recovery and purification. The
principle fission product wastes are combined with the undissolved solids and separated Tc into a
single borosilicate glass waste form (Carter et al. 2011c). (This process has some similarity to, but is
different from, the new extraction process proposed by the Energy Solutions company.)

3. Uranium Extraction—Uranium extraction (UREX) is an advanced aqueous process that also
recovers and separates all of the transuranic elements including Pu and, in addition, separates the
fission product waste components into three segments. The Fission Product Extraction (FPEX)
process (Law et al. 2007) is added to separate the Cs, Sr, Ba, and Rb, which are converted to a solid
ceramic waste form. The Tc and undissolved solids are combined with a portion of the zirconium-
based cladding hulls and stainless steel hardware to form a metal alloy waste form, and the remaining
fission products are converted to a borosilicate glass (Carter et al. 2011c). UREX is the most complex
of the three aqueous processes evaluated.

4. Electro-Chemical—The electro-chemical process is a dry process using electro-chemical reactions in
conductive molten salt baths to separate the transuranic elements from the other constituent metals
and fission products in irradiated metal fuel from fast reactors. In this process the fission products are
split between three waste streams. Elements that are more noble (as measured by electro-chemical
potential) than U, such as used fuel cladding and noble metal fission products, remain as metals and
are incorporated into a metal alloy waste form. Elements less noble than U are converted to chloride
salts. The lanthanide elements (i.e., fission products) are selectively removed from the molten salt by
electrolysis and converted to a lanthanide glass. Excess salt is removed from the bath by absorption in
zeolite, which is bonded (i.e., fused) with a glass fraction to make the final waste form.

In each of the above processes, gaseous radionuclides including **I, ®Kr, **C, and *H can be captured
(e.g., using cold traps or chemical scrubbers) and converted to waste forms suitable for disposal, or
released to the atmosphere if present in sufficiently small amounts, and if the health and safety of workers
and the public can be demonstrated.

As an example of the types and characteristics of waste that could be generated with these reprocessing
methods, the volumes of fission product wastes using the co-extraction and new extraction technologies
are compared to the volumes from a sodium fast reactor (Carter et al. 2011c, Appendix D); an abstracted
version is shown in Table 3-7 and Table 3-8 for pressurized water reactor and boiling water reactor fuels,
respectively. The comparison looked at different burn-ups and ages of the used fuel. The volumes of
fission product wastes are presented, together with the number of containers, and the decay heat of the
material in the container. The container size was 0.61m in diameter by 4.6-m long.
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Table 3-7. Comparison of the Volumes of Fission Product Wastes from Reprocessing
Used Pressurized Water Reactor Fuel to Those from a Sodium Fast Reactor
Burn-up
. 20 GWd/MT 40 GWA/MT 60 GWdA/MT
Pressurized Water Reactor
Age (yr) Age (yr) Age (yr)
5 | 30 5 | 30 5 | 30
Co-Extraction
Volume (m*/MT) 0.09 0.07 0.19 0.12 0.30 0.18
Containers per MT 0.07 0.05 0.14 0.09 0.23 0.13
Decay Heat (with container) 14,000 7,766 14,000 8,667 14,000 8,667
New Extraction
Volume (m*/MT) 0.06 0.06 0.12 0.12 0.17 0.17
Containers per MT 0.05 0.05 0.09 0.09 0.13 0.13
Decay Heat (with container) 12,124 2,911 13,111 3,157 13,851 3,233
Sodium Fast Reactor
Volume (m3/MT) 0.13 0.12 0.19 0.19 0.25 0.25
Containers per MT 0.09 0.09 0.14 0.14 0.19 0.19
Decay Heat (with container) 7,162 3,240 10,020 4,095 11,832 4,505
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Table 3-8. Comparison of the Volumes of Fission Product Wastes from Reprocessing Used Boiling

Water Reactor Fuel to Those from a Sodium Fast Reactor

Burn-up
. 15 Gwd/MT 30 GWdA/MT 50 GWdA/MT
Boiling Water Reactor
Age (yr) Age (yr) Age (yr)
5 | 30 5 | 30 5 | 30

Co-Extraction

Volume (m*/MT) 0.07 0.04 0.13 0.09 0.25 0.14
Containers per MT 0.07 0.05 0.14 0.09 0.23 0.13

Decay Heat (with container) 14,000 9,457 14,000 8,999 14,000 9,499

New Extraction

Volume (m%MT) 0.04 0.04 0.08 0.08 0.13 0.13

Containers per MT 0.03 0.03 0.06 0.06 0.1 0.1

Decay Heat (with container) 15,191 3,362 13,318 3,369 13,638 3,320

Sodium Fast Reactor

Volume (m*/MT) 0.11 0.11 0.16 0.16 0.23 0.21
Containers per MT 0.09 0.08 0.12 0.12 0.17 0.16
Decay Heat (with container) 5,717 2,594 8,621 3,673 10,458 4,220

3.3 Natural Barrier Characteristics

As seen in Figure 2-1, the natural barrier system consists of the host rock, within which the geologic
disposal facility is developed, and the other geologic units surrounding it. The features of a natural barrier
system are discussed in Section 2.2.2.1. The subsections below provide an overview of the processes that
affect a generic natural barrier system, followed by a description of how the natural barriers of each of the
four disposal options are impacted by different processes.

3.3.1 Summary of Natural Barrier System Processes

Processes affecting the natural barrier in a generic disposal system include flow, geochemical processes,
and radionuclide transport. If radionuclides are released from the engineered barriers, radionuclides may
be transported in the flowing groundwater either in solution (dissolved) or in suspension, bound to very
small particles known as colloids. Advection, diffusion, dispersion, sorption, and colloid transport are all
processes that can impact radionuclide transport.
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Hydrologic Processes—Flow is the primary process for water entering the disposal system and either the
primary or a significant contributor to the migration of radionuclides away from the disposal system.
Above the disposal system, vertical flow in the bedrock beneath the surficial soil affects the rate of water
movement below the soil-bedrock contact, especially in areas of thin soils. Horizontal flow is also a
factor, especially in saturated transmissive units where horizontal flow rates are typically greater than
vertical flow rates. While gravity is the primary driving force of flow in many potential repository
settings, other possible driving forces include thermal processes, fluid density, overpressured conditions,
and/or gas generation (e.g., from corrosion, radiolysis, or biodegradation). Below or adjacent to the
disposal system, flow is an important mechanism contributing to the migration of radionuclides away
from the disposal system. For those disposal system options that are dominated by advective processes,
flow is the primary mode of transport. Diffusion is the other major mode of radionuclide migration.

Flow may occur through the rock matrix or through a fracture network in low permeability media.
Porous-medium flow dominates in granular aquifers. When fractures are present they provide the
dominant pathway for flow of water and transport of radionuclides. Radionuclides can diffuse out of the
fractures and into the rock matrix, which contains a large reservoir of slower moving water, and which
has a large surface area onto which radionuclide sorption can occur. In the absence of a fracture network,
flow occurs only through the interconnected pore space in the rock. The location, magnitude, and
direction of flow influence transport to the biosphere. The parameters that most affect flow in the natural
system include the hydraulic gradient, hydraulic conductivity, and the rates of recharge and discharge.
When fractures or faults are present in the host rock, they are often the dominant pathway for the flow of
water entering the disposal system and the migration of radionuclides away from the disposal system. The
presence of discrete fractures or faults controls the advective velocities and, therefore, the transport times
to the accessible environment. The rate of water flow in fractures is influenced by such fracture properties
as fracture frequency, fracture network interconnectedness, and fracture aperture. As the magnitudes of
these properties increase, the effective hydraulic conductivity will also increase and result in an increase
in flow.

Flow occurs at the surface and in the subsurface in a generic natural barrier system.

o Surface processes include infiltration, soil erosion and deposition, runoff, evaporation, and plant
transpiration. By nature, they are highly site specific and are affected by seasonal and climate
variations. Directly and indirectly, they impact the amount of water available to infiltrate into the
formations beneath the surficial soils.

Runoff can either decrease or increase the availability of water for infiltration depending on local
conditions. Generally, steeper slopes have more runoff and less infiltration than more gentle slopes,
but increased infiltration can occur, for example, under stream channels fed by runoff. The
characteristics of the surficial soils and shallow bedrock also affect water retention and the time
infiltrating water takes to pass below the root zone to become net infiltration (i.e., where it is not
subject to further evapotranspiration processes). Evapotranspiration potentially removes a significant
fraction of water from soil by evaporation and transpiration via plant root water uptake, and results in
a reduction in the amount of water available to infiltrate into the subsurface rock beneath the surficial
soils.

o Subsurface processes include those associated with flow in the rock matrix and/or in fractures and
faults, which was discussed previously. The pattern of groundwater flow depends in part on whether
one or more aquifer flow systems are present. In general, flow systems can be local, intermediate, or
regional. Local flow systems are typically shallow with adjacent recharge and discharge areas; they
are the most affected by seasonal variations in recharge. The system least affected by seasonal
variations is the regional flow system, which extends much deeper and has discharge areas at the
bottom of major drainage basins. Subsurface flow can also be affected by thermal and mechanical
processes. These processes are less significant in the far field than in the near field because the
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primary zone of influence of these processes is the host rock near the disposal system and for a
relatively short period of time compared to regulatory timeframes.

Geochemical Processes—Geochemical processes that occur in the natural system influence the barrier
capability of the engineered system and influence the migration of radionuclides form the disposal system
to the biosphere. Because many of these processes originate in the natural system, they are discussed in
this section. Their impact on the engineered barrier system is discussed in Section 3.4.2. The physical and
chemical environment that develops in the repository drifts is determined, in part, by the features and
processes that comprise the portion of the natural system (geosphere) that lies above the repository.

In the natural system, local agueous chemistry in the pore space or fractures of the host rock above the
disposal system is controlled by the state of chemical equilibrium with respect to mineral phases, the
effective surface areas of minerals in contact with water, the rates of mineral dissolution and precipitation,
and the aqueous and gaseous fluxes and composition (Sandia National Laboratories 2007a). Liquid-gas
phase exchange as percolating water moves toward the disposal system could have an effect on the
composition of the water. Two potentially important processes to consider are evaporation (loss of water
vapor) and CO2 exchange. Mineral dissolution and precipitation lead to spatially heterogeneous changes
in porosity of the rock. Porosity changes cause changes in hydrologic properties, which affect the
occurrence and composition of the water entering the disposal system.

While the details of the geochemical interactions depend on site specific information, some general
observations can be made. The chemistry of the water in the disposal system determines the corrosion
mechanisms and rates of corrosion of engineered components. If the waste package has degraded to
permit water to contact the waste form, this water can affect the chemical environment inside the waste
package, influence the waste form degradation rate, and control the stability of radionuclide-bearing
colloids and radionuclide solubility. The parameters that influence these processes include pH, ionic
strength, composition of the pore water (e.g., carbonate levels), and oxygen partial pressure. The pH of
water inside a breached waste package is controlled largely by mineral precipitation and dissolution
reactions and ambient carbon dioxide levels. The chemistry of the water in the disposal system is
determined from the chemistry of the water entering the disposal system as well as the processes and
conditions (e.g. evaporation, condensation, relative humidity) that occur in the engineered barrier system
and near field. The natural barrier system geochemistry also affects radionuclide dissolution,
concentration, retardation, and colloid stability. These effects are discussed in the transport section,
below.

Radionuclide Transport—Radionuclide transport is the mechanism that describes the migration of
radionuclides from the disposal system through the engineered and natural barrier systems to the
biosphere. Transport occurs in both unfractured rock and in the matrix and fracture network of fractured
rock. When fractures are present in the natural system, they tend to dominate the transport of
radionuclides for a number of reasons:

o High fracture permeability (compared to matrix permeability)
e Limited fracture pore volumes
e Limited fracture—matrix contact areas

e Short contact times between the radionuclide-carrying liquid phase and the rock matrix, where most
of the radionuclide sorption occurs

Radionuclides may be transported as dissolved species in water or attached to suspended particle
(colloids) in the water. Radionuclide transport in the natural system depends on the geologic material,
hydrologic conditions, and geochemistry along the pathways of groundwater flow. There are a number of
processes that contribute to the transport of radionuclides. These include advection, diffusion, dispersion,
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and sorption, and in the case of colloid transport the processes of filtration, straining, and stability also
contribute.

The parameters associated with the processes that affect radionuclide transport include specific discharge,
sorption (distribution coefficients), colloid retardation factors, dispersivity (longitudinal, horizontal
transverse, and vertical transverse), radioactive decay constants, and fracture transport parameters
(effective flow porosity flowing interval spacing and porosity, and effective matrix diffusion coefficient).
The flowing interval porosity for fractured rock is defined as the volume of the pore space through which
large amounts of groundwater flow occur relative to the total volume of the rock.

e Advection—Advection is a principal transport mechanism for both dissolved and colloidal
radionuclides in the natural barrier system and thus has a direct impact on the barrier capability of the
natural system. The advective flux depends on the hydrogeologic characteristics of the water-
conducting features as well as the water flow rates through these features. The location, magnitude,
and direction of flow influences transport to the accessible environment. Advection is characterized
by the water velocity. Three parameters are typically combined to determine the velocity: hydraulic
conductivity, hydraulic gradient, and effective porosity. In fractured rock the effective porosity is
termed the flowing interval porosity. Effective porosity is that fraction of the porous medium through
which water flow occurs. The advective velocity is typically determined as the specific discharge
divided by effective porosity. Specific discharge is the volumetric groundwater flow rate per unit
cross-sectional area. The presence of fractures or higher permeability strata or facies may
significantly reduce the effective porosity relative to the total porosity of the medium.

o Diffusion—Diffusion, like advection and dispersion, is an important component of the natural
system. Diffusion can occur in the matrix or in the fractures (if present). Diffusion is a process in
which diffusing particles move in a manner similar to Brownian motion through both mobile and
immobile fluids. Diffusion is a Fickian process by which species move from high- to low-
concentration regions. The process of diffusion typically results in slower migration of radionuclides
than with advection. The magnitude of diffusion depends on the free water molecular diffusion
coefficient for individual constituents and the characteristics of the transport path through which the
diffusing species passes. The diffusion coefficient of a species in the matrix is less than the free water
diffusive coefficient because of the increased tortuosity of the matrix relative to free water. In a
fractured system, diffusion of dissolved radionuclides into and out of matrix regions of slowly
moving groundwater is an important process affecting radionuclide transport through the saturated
zone. Dissolved radionuclides will diffuse from water flowing in the fractures into the rock matrix, as
well as from flowing water in pores between rock grains in the matrix into pore spaces within the
rock grains or between the rock grains (e.g., within clay lenses). The process of matrix diffusion is
dependent on flowing interval spacing, sorption, matrix porosity, and effective diffusion coefficient
for the radionuclide being analyzed. Because advective transport is significantly slower in the matrix
than in the fractures, matrix diffusion can be a very efficient retarding mechanism, especially for
moderately to strongly sorbing radionuclides, due to the increase in rock surface accessible to
sorption. Radionuclides may also diffuse from the matrix back into the fractures. The direction and
rate of diffusion depends on the relative concentration of the diffusing solute in the fractures and
matrix.

e Dispersion—Dispersion is the mixing of a solute in flowing groundwater. Hydrodynamic dispersion
combines mechanical dispersion, caused by localized velocity variations, with molecular diffusion,
and is proportional to the concentration gradient. The net effect of these variations is to spread
radionuclides over ever larger volumes as time and distances increase. Longitudinal dispersion causes
some radionuclide mass to migrate either faster or slower than the average velocity along the
groundwater flow trajectory. Transverse dispersion (both horizontal and vertical) causes solute
plumes to widen perpendicular to the flow direction over time and distance. Longitudinal and
transverse dispersions result in reduced concentrations within a solute plume relative to
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concentrations that would be present in the absence of dispersion. The spreading and dilution of
radionuclides that results from these heterogeneities is important to transport in the natural system.
Dispersion tends to spread transient radionuclide pulses that may be released to the natural system.
Dispersivity values, often separated into longitudinal dispersivity and transverse dispersivity, are
needed to describe the dispersion process. Longitudinal and transverse dispersion occurs due to
heterogeneity in permeability within the natural system. When transport is dominated by advection,
dispersion becomes more important in spreading out radionuclide concentration.

Sorption—Sorption removes a portion of the dissolved species from the mobile liquid phase and
transfers it to the solid phase. The solid phase includes the immobile rock matrix, immobile colloids,
and mobile colloids. Some radionuclides released from the repository are sorbed more readily than
others. Several radionuclides (e.g., Sr, Cs, Pu, Ra, Am, Np, and U) that are important contributors to
the total inventory can be retarded by sorption in the natural system. Some radionuclides are not
sorbed at all (e.g., I, Cl, for some oxidation states, Tc). The sorption of these radionuclides in
combination with radioactive decay prevents the movement or substantially reduces the rate of
movement of these radionuclides from the repository to the accessible environment. Sorption
reactions are chemical reactions that involve the attachment of dissolved chemical constituents onto
solid surfaces. Sorption can be reversible or irreversible. Although these reactions can be complex,
they typically are represented in transport calculations by a constant reversible sorption distribution
coefficient, ky. Sorption behavior is dependent on the characteristics of mineral surfaces in the rock
units through which water flows in the saturated zone, the chemistry of the groundwater in the
saturated zone, and the sorption characteristics and concentrations of each element. Variations in
groundwater chemistry may influence complexation of radionuclides with other aqueous species,
which can, in turn, impact the sorption of radionuclides onto the aquifer materials. Distribution
coefficients tend to lump together multiple equilibrium and kinetic reactions and are specific to the
conditions under which they were measured (e.g., pH, ionic strength, temperature, fluid-to-rock ratio,
among others). Therefore, they provide only an approximate representation of the potential for
contaminant retardation.

The effects of sorption can be quantified in terms of a retardation factor, R; (Freeze and Cherry
(1979, Equation 9.14):

R; :1+%
n Eq. 3-1
where:
pp = Bulk density of porous medium [M/L?]
ks = Distribution coefficient [L/M]
n = Porosity [L*-L%]

The retardation factor provides an indication of the travel time of a sorbed radionuclide along a travel
pathway relative to the travel time of a non-sorbing radionuclide (a non-sorbing radionuclide has kq =
0 and R¢ = 1). Radionuclides with kq values of 10 mL/g or greater (which corresponds to Rt > 100 for
typical rock densities and porosities) will move at less than 1% of the velocity of non-sorbing
radionuclides.

Colloid Transport—In general colloids and any associated radionuclides travel at a faster velocity
than the average velocity of the water in which they are suspended. This is because they are restricted
from experiencing the slow water velocities that exist near the rock walls along the flow path.
Radionuclide-bearing colloids transported to the natural system may include (1) natural colloids,
typically clay or silica; (2) waste-form colloids resulting from degradation of used nuclear fuel or
high-level radioactive waste glass; (3) iron oxyhydroxide colloids resulting from degradation of the
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waste package, and (4) colloids from buffer materials in the engineered barrier system. These colloids
are grouped into two types: those formed from hydrolysis of dissolved radionuclides (often called true
colloids), and colloidal particles of other materials with attached radionuclides (called
pseudocolloids). In some conditions, the generation and mobilization of colloids are important to
radionuclide transport because they provide a transport mechanism to sorbing radionuclides that may
otherwise not be present. Colloids provide sorbing radionuclides a mechanism of becoming
partitioned into a mobile solid phase (the colloid) that moves with the water, as compared to sorbing
onto an immobile solid phase.

Colloid transport in the natural system depends on the geologic material, hydrologic conditions, and
geochemistry along the pathways of flow. Several processes influence the barrier capability of the
natural system by affecting the rate of movement and concentration of radionuclide bearing colloids.
These processes include colloid stability due to changing ionic strength, advection of colloids,
diffusion of radioactive colloids into the rock matrix, sorption of radionuclides onto colloid surfaces,
filtration of colloids by the rock, and straining of colloids.

- Stability—In order for radionuclide-bearing colloids to affect transport in the saturated zone, the
concentration of colloids in suspension must be stable over the timeframe of transport and must
carry significant amounts of radionuclides. The stability of colloids is dependent on ionic strength
and pH, and is controlled by electrostatic and chemical processes at the colloid-solution interface
that determine the balance between attractive and repulsive forces between adjacent colloids.
Higher ionic strengths weaken repulsive forces between colloids, causing colloidal suspensions to
become unstable and to agglomerate. Agglomeration is favored, when the pH is near the pH of
zero point of charge of a particular colloid. Under unsaturated conditions, high temperatures and
low humidity favor high-ionic strength solutions that would destabilize colloids causing them to
settle out of suspension.

- Sorption—Sorption describes a combination of physical and chemical interactions between
dissolved radionuclides and the solid phases. Sorption removes a portion of the dissolved species
from the mobile liquid phase and transfers it to the solid phase. The solid phase includes
immobile colloids and mobile colloids. Sorption onto immobile colloids results in retardation of
radionuclide transport in the natural system. However, sorption onto mobile colloids can enhance
radionuclide transport. Most sorbing radionuclides sorb onto colloids reversibly (i.e., they have
measurable desorption rates and can be entirely desorbed from colloids). However, Pu and Am
can sorb either reversibly or irreversibly onto colloids. Irreversibly sorbed Pu and Am are either
embedded within waste form colloids (e.g., smectite colloids formed by degradation of high-level
waste glass), or are so strongly sorbed onto colloids formed in the waste package environment
(e.g., iron oxyhydroxide colloids formed by corrosion of waste packages) that there is no
possibility of desorption over typical transport timescales through the natural system. The
implication of this is that once attached to colloids these radionuclides will migrate through the
natural system faster than their dissolved counterparts.

Radionuclides that are reversibly sorbed onto colloids will transport both on colloids and in the
aqueous phase, and their transport characteristics are a combination of the transport
characteristics of both the solute and colloids. Colloid-facilitated transport of reversibly sorbed
radionuclides depends on colloid transport parameters, mobile colloid mass concentrations, and
radionuclide sorption onto both colloids and the immobile rock matrix. High colloid
concentrations and large radionuclide distribution coefficients onto colloids (relative to the rock
matrix) favor colloid-facilitated radionuclide transport. Aqueous chemical conditions play an
important role in the process of radionuclide sorption onto colloids. The behavior of the mineral
surface is primarily controlled by pH and ionic strength. The behavior of the sorbate is primarily
controlled by its oxidation state, pH, and the partial pressure of carbon dioxide (pCO,) and to a
lesser extent on ionic strength.



Generic Deep Geologic Disposal Safety Case
88 August 2013, Revision 1

- Filtration—Filtration is the physical attachment or detachment of colloids onto an immobile rock
surface. It may be reversible or irreversible. Filtration of colloids occurs on both fractures and
matrix but is very important in reducing the migration of colloids when flow is primarily through
a fracture network. Filtration of colloids results in retardation of the movement of radionuclides
associated with colloids. Transport through the rock matrix is relatively slow and sorption or
filtration is much more likely to occur because of greater contact areas and longer contact times
between water and rock.

- Straining—Colloid straining can also affect the distribution and transport of colloids. Straining
mechanisms can be classified according to the relative size of the colloid as conventional
straining, where the colloid is larger than the pore throat, and film straining, where the colloid is
larger than the thickness of the adsorbed water film coating the grains of the rock. Colloid
removal by straining is strongly dependent on colloid size and dependent on water flow rate if
unsaturated conditions prevail. When the water saturation of the pore space is lower than a critical
saturation value, colloids can only move in the thin film of water that lines the grain boundaries.

- Diffusion—In general, matrix diffusion is less significant for colloids than for solutes because the
large size of the colloids reduces the colloid diffusion coefficient, reduces the number of colloids
entering the matrix because of straining or pore size exclusion.

3.3.2 Natural Barrier System Processes for the Four Disposal Options
3.3.2.1 Generic Salt Natural Barrier

Much of the information relating to generic disposal in salt in this section comes from Hansen and Leigh
(2011) and the Compliance Certification Application for the Waste Isolation Pilot Plant (U.S. Department
of Energy 1996a). Additional details can be found in these two documents.

Salt formations may be bedded or domal. Bedded salt is composed of halite (NaCl) with significant
amounts of anhydrite (CaSQOy,), polyhalite (K;MgCa,(SO4)422H,0), and clay minerals as minor phases.
Brine exists in bedded salt in three forms: fluid inclusions, hydrous minerals, and grain boundary water.
Owing to the characteristics and environments of the brine in salt, its migration occurs via three primary
mechanisms: motion of the brine inclusions in a temperature gradient, vapor-phase transport along
connected porosity, and liquid transport driven by the stress gradient. Thick (10s to 100s of meters) beds
of relatively pure halite are often interspersed with thin (meters), nearly horizontal anhydrite interbeds.
These interbeds are more permeable than halite by several orders of magnitude and represent potential
pathways for migrating radionuclides through the natural system. This potential can be mitigated by
locating a repository some vertical distance from these interbeds. Anhydrite is more brittle than halite and
may develop horizontal fractures that can enhance its horizontal permeability when exposed to fluid pore
pressures near lithostatic levels. Such pressure could conceivably come from gas generation in the
repository from corrosion or radiolysis of water present.

Disposal of used nuclear fuel and high-level radioactive waste in salt is attractive because the natural
barrier capability of salt formations is very robust. Salt, particularly in the intact halite portions of the
formation, is characterized by extremely low permeability (10** to 107** m?), very low porosity (0.1% to
1%), and reducing chemical conditions. Additionally the force exerted by the overburden results in creep
consolidation of the surrounding salt encapsulating the waste in the disposal rooms and restoring the DRZ
to near intact conditions. Other positive attributes for salt disposal include:

e Saltis easily mined

e Salt has high thermal conductivity

o Salt formations can be stable, with many having existed underground for millions of years
e Salt deposits can be found in geologically stable regions
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Hydrologic Processes and Radionuclide Transport—The low permeability that characterizes a salt
natural system, even considering the presence of anhydrite, is primarily responsible for its strong barrier
functions of containment and limited release. Advective transport pathways may exist depending on the
stratigraphy, presence, and location of anhydrite interbeds relative to the repository. However, even if
contaminated brine from a salt repository finds an advective path (e.g., through an anhydrite interbed), its
migration to the biosphere will be extremely slow. In addition, some radionuclide sorption will occur in
these interbeds, although not as much as expected in clay or shale. Typically, the efficacy of a salt
repository does not rely on radionuclide sorption as a significant mitigation for release. Distribution
coefficients for radioelements of interest in a dilute brine, consistent with conditions in an anhydrite
interbed, are presented in Table 3-9. The low porosity greatly limits the volume of brine that is potentially
available, and the low permeability of salt and anhydrite greatly limits its movement.

Table 3-9. Salt ky Values for a Dilute Brine at 25°C

Element Dist_lr_iyt;)létion kq (MmL/g) Source
U Uniform 0.2 (min); 1 (max)
Pu Uniform 70 (min); 100 (max)
Np Uniform 1 (min); 10 (max) Lappin et al. (1989);
Am Uniform 25 (min); 100 (max) I(\:;gizn)l-ey and Scholtis
Th Uniform 100 (min); 1000 (max) Muller et al. (1981);
Tc Uniform 0 (min); 2 (max) Tien et al. (1983)
Cs Uniform 1 (min); 20 (max)
Ra, Sr Uniform 1 (min); 80 (max)
Ac, Cm Log-uniform 5 (min); 500 (max)
C Uniform 0 (min); 0.6 (Mmax) . .
Nb, Pd Constant 0.1 l(\:glglzrgley and Scholtis
Pa Log-uniform 1 (min); 500 (max) (kq values reduced by
Sb Constant 10 a factor of 10 to
Se Uniform 0.2 (min); 0.5 (max) zgﬁgittj;toiokr)rtixplgh
Sn Uniform 2 (min); 10 (max)
Zr Log-uniform 3 (min); 500 (max)
ClL 1, Pb Constant 0 (no sorption)

Source: Clayton et al. 2011, Table 3.1-7.

The stability barrier function of salt is demonstrated by the presence of thick salt beds over geologic
timescales. These beds remain unaltered by external natural events, e.g. seismic or igneous activity. The
depths of the deposited salt preclude them from being disturbed by glaciation or other natural surface

processes.

The WIPP provides a reasonable analogue for a generic repository in bedded salt. In the absence of
external events, safety assessment calculations conducted for the successful certification (U.S.
Department of Energy 1996a) and recertification (U.S. Department of Energy 2004a) of the WIPP

demonstrated that there is no pathway for movement of radionuclides out of the isothermal salt repository

except diffusion, which is extremely limited. The only potential releases are from human intrusion
scenarios where flooding of the repository and/or pressure increases lead to direct releases to the surface
through boreholes. Because the salt surrounding the repository is nearly impermeable, pressures in the
repository can exceed hydrostatic pressure and approach lithostatic pressures by the processes of gas
generation from corrosion of waste packages and radiolysis and from consolidation of the salt under
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lithostatic loading of the overburden. The gas-generating processes however, require the presence of
brine. Consequently, the volume of brine and its ability to flow contribute to the barrier capability of salt
by limiting brine availability and subsequent gas generation and pressure rise. The regulations governing
the WIPP (40 CFR Part 191) prescribe including these surface releases during human intrusion in
determining cumulative release. In contrast, other assessments may not require consideration of surface
releases during or after human intrusion.

As understood from the compliance basis for the WIPP, for an undisturbed repository at low
temperatures, brine comes in contact with the waste primarily by flowing through or from the DRZ. A
very small amount can also flow through the seal system. Most of the brine that enters the repository
originates in the DRZ. A small portion migrates along a thin anhydrite interbed located within a few
meters of the repository. The permeability of undisturbed halite is too low to permit any significant
migration of brine. A thermally driven repository could respond differently, but in either setting, there is a
strong possibility for complete healing of the damage zone because of the mechanical response of salt to
stress differences.

Despite the large initial hydraulic gradient between the far field and the excavated repository, the low
permeability of the natural system restricts the flow of brine toward the repository. Over time this
pressure difference will be reduced in an effort to re-establish an equilibrium condition. The reduction in
the gradient will not come as a result of brine flow, but rather from an increase in repository pressure
from gas generation and consolidation. Beauheim and Roberts (2002) performed an evaluation of Salado
Formation hydrology and hydraulic properties. They conclude that:

On the time scale of the operational period of WIPP (decades), the far field lacks the
capacity to fill all of the newly created porosity in and around the repository, much less
pressurize it to near lithostatic pressure. After WIPP is closed, far-field flow toward the
repository will continue, but the overall “healing” of the formation around the repository
(closure) and compaction of the crushed-salt backfill will act to reduce both the
hydraulic gradient and the porosity present near the waste. Thus, the amount of brine
that ever comes into contact with waste will be controlled by the relative rates at which
brine flow and repository closure occur.

Thus, after repository closure as salt creep closes a disposal room, the stress gradient decreases, any pre-
existing fractures or those generated by the excavation or gas pressurization heal, and crushed salt backfill
(if present) reconsolidates. As a result, conditions in a repository would evolve to significantly limit brine
flow to the waste disposal areas. The impact of elevated temperatures from high-activity waste on the
processes occurring in a salt repository are not expected to negatively impact the capability of the salt
natural system and may result in improved capabilities associated with the engineered barrier system (e.g.
more rapid consolidation and healing of the DRZ and creation of a dry-out zone in the near field) (Section
4.2.3.2.1).

In regard to WIPP, the National Academy of Sciences (1996) concluded that:

Provided it is sealed effectively and remains undisturbed by human activity, the
committee finds that the WIPP repository has the ability to isolate TRU waste for more
than 10,000 years. The geologic stability and isolation capability of the Salado
Formation, which consists of bedded salt, are the primary factors leading to this finding.

The only known possibilities of serious release of radionuclides appear to be from poor
seals or some form of future human activity that results in intrusion into the repository.
The committee anticipates that the consequences of such human intrusion can be reduced
based on available engineering design options and on improved understanding to be
obtained from ongoing scientific studies.
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Geochemical Processes—Geochemistry in a repository located in salt is controlled in part by the
interactions between the salt formation brine and the waste, packaging, and emplacement materials. The
in-situ pH of brines is slightly acidic (about 6.0 to 6.5). Mineral components of the salt formation buffer
the pH to their in-situ values. Salt formation brines tend to have high concentrations of sodium, calcium,
and chloride. Lesser amounts of sulfate and carbonate are likely to be present. Some brines also have high
magnesium concentrations. These interactions determine the pH, oxidation/reduction conditions, gas
fugacities, and the dominant aqueous species present. Because of the extremely low permeability little or
no communication exists between the natural system brines and the engineered barrier system. As a result
the geochemical conditions in the disposal regions are primarily determined by the near field and within
the repository rather than the natural system. The geochemistry is also influenced by temperature but the
thermal period is short lived and also restricted to the engineered barrier system (Section 4.2.3.2.1).

The key factors that establish the concentrations of dissolved radionuclides in addition to the amount of
brine are:

e Redox chemistry
e Complexation
e Intrinsic and pseudo colloid formation and stability

If radionuclides were to be released into the natural system, the geochemical environment would be
dominated by reducing conditions. Such an environment limits corrosion of the waste canisters,
contributing to their long-term ability to isolate waste although no long-term performance of the
engineered barrier system is required as the salt natural system is sufficiently robust to provide the
necessary barrier functions. A reducing environment also limits solubility and/or increases the sorption of
most radionuclides, further delaying the migration of these radionuclides to the biosphere. For a given
oxidation state, complexing agents present define the solubility of a radionuclide. The solubility of
radionuclides is influenced by the geochemistry as migration through the natural system occurs.
Solubility helps determine radionuclide concentrations that influence transport of dissolved or colloidal
radionuclides. The oxidation state-specific solubilities of key radioelements in brines have been
established for isothermal repositories like WIPP and Asse (Hansen and Leigh 2011). Solubilities for
radioelements of interest in a concentrated brine, consistent with chemically-reducing conditions, are
presented in Table 3-10. Complexants are either in the pre-emplacement environment or exist in the waste
form. In addition, some of the key radioelements in their expected oxidation states tend to form colloids
(intrinsic colloids) or strongly associate with colloids potentially present because of clay seams that
intersect the salt formation (pseudocolloids). The high ionic strength of the brines would be expected to
limit the stability and transport of these colloids.
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Table 3-10. Elemental Solubilities of Radionuclides in a Concentrated Brine at 25°C

Element Dlst1[|yt|30uet|0n Dissolved Concentration (mol/L) Source
U Triangular 4.89E-08 (min); 1.12E-07 (mode); 2.57E-07 (max)
Pu Triangular 1.40E-06 (min); 4.62E-06 (mode); 1.53E-05 (max)
Am Triangular 1.85E-07 (min); 5.85E-07 (mode); 1.85E-06 (max)
Np Triangular 4.79E-10 (min); 1.51E-09 (mode); 4.79E-09 (max) Wang and Lee
Th Triangular 2.00E-03 (min); 4.00E-03 (mode); 7.97E-03 (max) (2010)
Te . ;rf’gu'l iy 4.56E-10 (min); 1.33E-08 (mode): 3.91E-07 (max)
Sn Triangular 9.87E-09 (min); 2.66E-08 (mode); 7.15E-08 (max)

Ac, Cm Constant 5.85E-07
Cl Constant 4.20
Nb Constant 1.60E-05
Pa Constant 1.51E-09 Clayton etal.

(2011, Appendix
Pd Constant 4.00E-04 C)
Sb Constant 6.30E-05
Se Constant 2.00E-05
Zr Constant 1.00E-10
C,Cs, |, Pb, Ra, Sr N/A Unlimited solubility

Source: Clayton et al. 2011, Table 3.1-4.

3.3.2.2 Generic Clay Natural Barrier

Much of the information on generic clay disposal comes from Hansen et al. (2010). Additional details can
be found in that reference. The natural system in clay disposal exhibits strong positive attributes for
permanent waste isolation including uniformly low hydraulic conductivity, low diffusion coefficients,
good retention capacity for radionuclides (e.g., Blimling et al. 2007), and conditions that are chemically
reducing. Other positive attributes include plasticity, fracture sealing or healing, but these contribute more
to the engineered barrier system (Section 3.4). Comparison studies of programs in various countries (U.S.
Nuclear Waste Technical Review Board 2009) have concluded that the long-term performance of an
engineered barrier system is unimportant to the safety case for disposal in clay media. Thus, the waste
package, though integral to the disposal concept, can readily be engineered to meet design or
manufacturing objectives.

Clays, as used in this report, represent sediments in the spectrum from poorly unconsolidated clay to
lightly indurated argillaceous media, with approximately 50% clay content and low permeability. They
have small particle size and substantial sorption capability for holding water or ions (Bates and Jackson
1980). Clay mineral particles have a large ratio of surface area to volume and have high ion-exchange
capacity and low permeability. The most common clay minerals are kaolinite, montmorillonite, illite and
chlorite, each of which is actually a group of similar minerals. Clay media may contain significant
fractions of water-soluble salts, calcite, chemically reducing minerals such as pyrite, and organic material.

More specifically, the features of a repository in clay relevant to the natural system include:

o Geologic Stability—Contributes to the barrier function of stability. Clay/shale media have persisted
tens of millions to hundreds of millions of years in almost all geologic provinces in the U.S., and have
mostly remained in the same state that was acquired soon after deposition (Gonzales and Johnson
1984).

e Mechanical Behavior—Contributes to the barrier function of limited release. High clay content is
needed to ensure low permeability and plasticity. The more clay-rich, plastic, less indurated, and less
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fissile clays are preferred for repository purposes. An important characteristic of clay formations is
the anisotropy, due to their sedimentary origin. It is visible in many parameters, such as principal
stresses, elasticity modulus, or hydraulic conductivity. Clay formations and deep clays in particular
all exhibit creep, which depends strongly on the presence of water. This phenomenon is therefore
most important in plastic clays. The ductility of clay results in the self-sealing of fractures around
openings and is a primary favorable feature of clay media. Fractures formed by excavation and
heating will close and seal during repository operation and during the first few hundred years after
closure, limiting fluid movement.

e Hydrologic Properties (e.g., low permeability and porosity)—Contributes to the barrier functions of
containment and limited release. The intrinsic permeability of clay is typically on the order of 10~
m? or less corresponding to a hydraulic conductivity of 10™'> m/s or less. The presence of
overpressured fluid in the Opalinus clay (estimated to have a head as much as 100 m greater than a
water column to the ground surface (Nagra 2002) gives strong evidence of low permeability. For this
excess head to persist over geologic time signifies that advective transport is not significant in the
repository timeframe. Such low permeability results from the impermeable nature of clay in general,
and also from a lack of permeable fractures open to flow.

Depending on site specifics there is potential for faults, fracture zones, or other structural features to
exist in some clays. No evidence of natural fractures has been found in the potential siting region in
Boom Clay; however, fractures have been observed in quarry or pit excavations of some clay
formations being investigated in Europe (Arnould 2006), where fracture spacings from a few
millimeters to one meter are observed in surface exposures (where stress release and weathering have
occurred)., These fractures are closed by confining pressure at depth and are not generally observed.
Such fractures have apparently never before been open, and have never conducted significant fluid
flow, because they are not locally altered by exposure to water and have no filling mineral deposits.

e Favorable Chemical Environment—Contributes to the barrier functions of containment and limited
release. A repository excavated in a clay formation would have a reducing environment that would
limit corrosion of the waste canisters, contributing to their long-term ability to isolate waste. These
reducing conditions also enhance radionuclide sorption and limit radionuclide solubility for many
radionuclides of importance. The large specific surface area associated with clay further enhances the
capacity of clay to absorb radionuclides, limiting their transport.

The pH of the waters in clay systems would tend to be buffered by reactions with carbonate phases, to
slightly alkaline values, and to a lesser extent by surface protonation/deprotonation reactions of clay
minerals. These characteristics, with a high capacity for buffering cation and anion content, make
bentonite backfill a favorable material for use in borehole and shaft seals to maintain a constrained
water composition (Bradbury and Baeyens 2003).

Hydrologic Processes—Hydrology impacts the barrier functions of containment and limited release.
Disposal of used nuclear fuel and high-level radioactive waste in a clay formation is expected to provide
effective long-term (> 1 million years) isolation of radionuclides from the biosphere. In part this is due to
slow fluid movement. Fluid movement in clay or shale is slow because of very low hydraulic
conductivity. Water infiltrates the natural clay barrier at a very low rate owing to the very low
permeability of the material. This infiltration is initially considered to obey the principles of unsaturated
flow, but as the clays swell in the presence of water, the flow is further impeded and the mechanism of
flow changes (Delage et al. 2010). An exhaustive study by the “Clay Club” (Organisation for Economic
Co-operation and Development 1996) describes the basic physical and chemical processes that combine
to control the flow of water, gas, and solute through clay media. Much is known about these processes,
but without a specific site in mind this study selects from a range of properties encountered in clay
repository studies reported internationally.
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Radionuclide Transport—The primary mode of transport through the clay natural system is expected to
be diffusive over 1,000,000 years or longer. Radionuclide transport in the far-field host rock is limited by
low permeability on the order of 10 "> m? or less (Hansen et al. 2010). Application of advective-diffusive
transport modeling to coupled hydrogeochemical transport (Hansen et al. 2010) indicates maximum
extents of radionuclide transport on the order of tens to hundreds of meters, or less, in a million years.
Under the conditions modeled, a clay repository could achieve total containment, with no releases to the
environment in undisturbed scenarios.

Diffusion—Diffusion dominates the transport of dissolved radionuclides in a disposal system in clay.
Representative measured values of D, in bentonite (representing clay media and backfill/buffer or sealing
materials) are:

« Non-sorbing, uncharged species (tritium): 10 m?/s (Bradbury and Baeyens 2003)
 Anions such as iodide: 3to 7 x 10™"" m?/s (Lee et al. 1994)

o Moderately sorbing cations such as neptunyl and Cs*: 10™"*to 6 x 10" m%s, depending on the dry
density of the bentonite (e.g., Bradbury and Baeyens 2003)

« More strongly sorbing cations: 10> m%/s

Advection—Advective groundwater flow through clay host rock is negligible. Hansen et al. (2010)
investigated the potential for advective transport in clay/shale. Properties typical of clay/shale were used:
e.g., permeability of 10 '* m? (corresponding to hydraulic conductivity of approximately 10™'? m/s),
effective porosity of 10% of total porosity, and an upward hydraulic gradient is assumed of 0.001 (pore
velocity of 3.15x10"" m/yr). The corresponding advective travel time of an unretarded dissolved
radionuclide through a 150-m-thick clay unit is greater than 100 million years, which is consistent with
the long-term stability of natural hydrogeochemical conditions in clay formations. Sensitivity analysis
shows that the predicted dose at 1,000,000 years is relatively insensitive to the hydraulic gradient, as long
as the advective pore velocity is less than approximately 10™* m/yr.

Solubility—Table 3-11 identifies the likely solubility-limiting phases and provides estimates of in-situ
dissolved concentrations for some of the key radioelements for the environment associated with a disposal
system in clay/shale.

The relatively low solubility of UO, (uraninite) under reducing conditions would favor stabilization of
used fuel rods. Dissolution would occur at conditions close to equilibrium with uraninite. Because
uraninite is the stable uranium phase, negligible oxidative degradation of the waste form would be
expected. For example, a natural analogue study of uranium fixation in a Tertiary argillite found that
uraninite was the principal secondary uranium phase formed (Havlova et al. 2006). When contacted by
water, fuel rods would have diminished thermodynamic drive to dissolve, thus slowing the release of
actinides and fission products from the fuel matrix. Yet even if fuel rods were to instantly degrade to the
thermodynamically stable actinide oxides, each of these actinide phases has low solubility that would
limit contributions to the source term from the isotopes of Am, Ac, Cm, Np, Pa, Pu, Tc, and Th.

It is less clear whether I, Ra, and Sr would form solubility-limiting solids. If clay fluids contained
appreciable sulfate, SrSO, and RaSO, might form to limit dissolved Sr and Ra levels. These phases would
be more likely to form in the more sulfate-rich solutions found in some bentonite backfill materials
(Bradbury and Baeyens 2003). Dissolved carbonate might also lead to the formation of SrCO;. Low
values for dissolved Ra concentration (2x10™"" mol/L) were based on a solid solution model for Ra within
barium sulfate (Schwyn and Wersin 2004) considering solutions likely to form in bentonite backfill, for
the Swiss repository concept in the Opalinus clay. In that study dissolved Sr was limited to 2x10~ mol/L.
There are possible solid solution phases that could incorporate Sr, similar to Ra, such as calcite and barite.

Kinetically limited reduction of Se by FeS, or possibly organic matter is proposed as a solubility limiting
mechanism (Maes et al. 2004). Radioiodine should be reduced to highly soluble iodide given sufficient
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electron donors from steel waste containers and organics in the clay. No limiting concentrations are set
for I, Cs, and Sr in Table 3-11. These radioelements would be controlled by their inventories and the slow
dissolution rates of the waste forms, for example the UO, matrix grains of the used fuel.

Table 3-11. Elemental Solubilities of Radionuclides in Clay Formations

Dissolved Dissolved Solubility-
Element Concentration® Concentration® Limitin Ph);seb Notes”
(mol/L) (mol/L) 9
Am, Ac, -7 -6 Am solubility is used as proxy for

Cm 4.0x10 1x10 AmOH(COs) chemically similar Ac and Cm.
C 2.3x107° None None Likely limited by calcite growth
Cl None No value reported
Cs None None None No solubility limiting phase

| None None None No solubility limiting phase
Nb 2.0x1077 No value reported
Np 4.0x107° 6x107" NpO2

Pa 1.0x10° 6x10712 Pao, Np solublllt_y is usgd_as proxy for

chemically similar Pa.

Pb 4.0x107° No value reported

Pd 4.0x1077 No value reported

Pu 2.0x107 5x107° Pu(OH),

Ra 1.0x1077 None RaS0O4 Possible solid solution with BaSO4
Se 5.0x107"° No value reported
Sbh None No value reported
Sn 1.0x107® No value reported

Sr None None Possibly SrCOs, Possible solid solution

SrSO4

Tc 4.0x107° 3x107 TcO,
Th 6.0x107" 6.0x107° Th(OH)4

U 7.0x107 1.0x10™° U0,

Zr 2.0x107® No value reported

NOTE: ?Representative of the Callovo-Oxfordian formation. (Source: Clayton et al. 2011, Table 3.3-23, based on Andra
2005d)

® Calculated for T=100°C and pH=7.0 using the PHREEQC code version 2.12.03 and the thermo.com.V/8.R6.230
database from Lawrence Livermore National Laboratory (except for the T=25°C TcO, solubility product and enthalpy,
which came from a separate thermodynamic database (SNL 2008¢, Section 6.3.7.5)). The solution assumed 50 mmol S,
50 mmol bicarbonate, and calcite saturation. Values assume chemically reducing conditions. (Source: Hansen et al.
2010, Table 2.5-1)

Sorption—Clays have a large capacity to retard the migration of radionuclides through sorption and ion
exchange. Distribution coefficients for radioelements of interest in the chemical environments associated
with clay formations are presented in Table 3-12, based on data provided for the Callovo-Oxfordian clay
in France (Andra 2005d). As noted in Section 3.3.1, distribution coefficients tend to lump together
multiple equilibrium and Kinetic reactions and are specific to the physical and chemical conditions under
which they were measured. Therefore, they provide only an approximate representation of the potential
for contaminant retardation. Nevertheless, kg values are useful in examining controls on radionuclide

transport.
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Elements with kqvalues of 0 (e.g., Cl, I, Se) do not sorb and will therefore move at the velocity of the
fluids that carry them. Elements with ky values of 10 or greater will move at less than 1% of the velocity
of the non-sorbing radionuclides. Table 3-12 reinforces that sorption will sharply limit the transport of
most radionuclides from clays and shale.

Table 3-12. Clay kq Values

Element kq (ML/Q)
Am, Ac, Cm 50,000
C 0.4
Cl, |, Sh, Se, Sr 0
Cs 388
Nb 4,810
Np, Pu 900
Pa, Ra 1,000
Pb 160
Pd 805
Sn 16,100
Tc, Zr 1,150
Th, U 8,000

Source: Clayton et al. 2011, Table 3.3-23, based on Andra 2005d.

Colloid Transport—Although clays and shale produce colloids, they are strongly filtered as they transport
through the natural system.

Example—Hansen et al. (2010) investigated the transport of radionuclides from a disposal system in
clay/shale. Their results indicate concentrations of I, 22U, 2°U, "°Se, 2*U, ?**U, and ***Cs above 10"
mg/L at the clay/aquifer interface assumed to be 150 m distant from the repository. The peak
concentrations of "1 and #**U are 2x10™* mg/L at about 100,000 years and 4x10~° mg/L at 1,000,000
years respectively. Hansen et al. (2010) also investigated release to the biosphere using a stylized
groundwater pumping scenario. They reported a total dose of 0.01 mrem/yr over 1,000,000 years. This is
believed to be a bounding value because of the conservative nature of the calculations: all waste is
assumed to instantly degrade and dissolve inside the waste packages; all waste is assumed to be
pressurized water reactor assemblies; unlimited availability of moisture for waste form degradation and
transport is assumed; no sorption on degraded waste package materials is allowed.

3.3.2.3 Generic Granite Natural Barrier

Much of the information on generic granite disposal comes from Mariner et al. (2011). Additional details
can be found in that reference. Unlike generic disposal in salt, clay, or deep boreholes, the total system
barrier capability for a mined generic repository in fractured granite depends largely on waste package
preservation. Whereas the natural setting may attenuate sorptive or redox-sensitive waste species that are
released from the repository, the more mobile species (e.g., **°1) may be transported rapidly by fracture
flow. However, disposal of used nuclear fuel and high-level radioactive waste in a repository deep in a
granite formation is expected to provide effective long-term (>10° years) isolation of radionuclides from
the biosphere because of mechanical, hydrologic, and chemical conditions favorable to waste form
containment. In crystalline rock, waste packages are preserved by the high mechanical stability of the
excavations, the diffusive barrier of the buffer, and favorable chemical conditions. The buffer is preserved
by low groundwater fluxes, favorable chemical conditions, backfill, and the rigid confines of the host
rock. The barrier aspects of the engineered system are discussed in Section 3.4.
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More specifically, the features of a granite repository relevant to the natural system include:

Geologic Stability—Contributes to the barrier function of stability. Large quantities of homogeneous
granites are found in regions of low seismic activity and are known to have been stable for millions of
years.

Mechanical Properties—Contribute to the barrier function of stability and containment. Granite
exhibits great strength, mechanical stability, and rock homogeneity, all of which enhance excavation
stability. Many mined tunnels/caverns in granitic rocks have remained intact for centuries without
additional support. An excavation in suitable granite formations would be stable and long-lasting
(Office of Crystalline Repository Development 1983). Mechanical stability would contribute to
worker safety during the preclosure and operational periods. Waste packages and other engineered
barriers (buffers and backfill) would be protected from shear stresses and rockfall during both the
operational and postclosure periods.

Hydrologic Properties (e.g., low permeability and porosity)—Contribute to barrier functions of
containment and limited release. Intact granite is known for its low permeability; meaningful
groundwater flow occurs only through fractures. A repository excavated in a suitable granite
formation would have low rock permeability, which limits groundwater flow. Low interconnected
porosity, in combination with the already low porosity of granite, limits groundwater flow in granite.
Advective flow of groundwater can lead to the enhanced migration of radionuclides away from the
repository and towards the biosphere. In the granite natural system, lighter freshwater is found near
the surface and heavier saline water is found at depth, which is a stable arrangement that tends to
reduce vertical groundwater flow. Chemical age dating indicates that groundwater at the depths of
granite repository sites is very old, which supports the hypothesis that saline water at depth does not
mix readily with surface waters. Hence, radionuclide migration from the repository to the biosphere
would be slowed.

Favorable Chemical Environment—Contributes to the barrier functions of containment and limited
release. A repository excavated in a suitable granite formation would have a reducing environment
that would limit corrosion of the waste canisters, contributing to their long-term ability to isolate
waste. These reducing conditions also increase radionuclide sorption and limit radionuclide solubility
for many radionuclides of importance. The high salinity of groundwater typically observed in deep
granitic rocks inhibits colloidal transport of radionuclides and could present some resistance to
upward flow due to its likely higher density than overlying waters.

Hydrology—Impacts the barrier functions of containment and limited release. Granite formations
often contain fractures. Fractures, when present and if the fracture network is interconnected to the
biosphere, are the dominant pathway for the flow of water to the repository and the migration of
radionuclides to the biosphere. In a suitable granite formation, fractures should be small and sparse in
the vicinity of the repository, and the bulk hydraulic conductivity of the granite should be low
(approximately 10™° m/s or lower). Rock fractures are known to dissipate in number with depth and
may be insignificant at repository depths.

Hydrologic Processes—For granite at depths of at least 400 m, the hydraulic conductivity is commonly
in the range of 107" to 107" m/s (Mariner et al. 2011). Sparsely fractured granite at this depth can have
low flow (kinematic) porosities on the order of 10~ and diffusion porosities on the order of 107 (Posiva
2008; SKB 2006a). The flow porosity is the volume of rock through which water flows relative to the
bulk volume of rock. For granite, essentially all flow occurs through interconnected fractures, and the
flow porosity is often referred to as the interconnected fracture porosity. The much larger diffusion
porosity in granite consists of both matrix and dead-end fracture porosity and is connected to the flow
porosity. The diffusion porosity is often referred to as the matrix porosity. The extremely low fracture
porosity of deep granite causes the velocity of water in the interconnected fractures to be orders of
magnitude higher than the specific flux. Consequently, advection may dominate solute transport in the
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interconnected fractures while diffusion dominates transport in the matrix. Based on the low hydraulic
conductivity of granite host rock and the likely low hydraulic gradient in the vicinity of a well-sited
repository, groundwater flow at repository depth would be quite limited. Transmissive fractures at this
depth may have an average spacing of more than 100 m as found at Forsmark (SKB 2011). As a result,
complete resaturation of the backfill and buffer after repository closure may not occur for hundreds or
thousands of years (SKB 2011).

Geochemical Processes—The chemical environment within a granite natural barrier system contributes
to the barrier functions of containment and limited release. Some of the processes contributing to this
function include the effects of reducing conditions on canister corrosion rates, radionuclide sorption, and
radionuclide solubility. In addition; the high salinity of groundwater typically observed in deep granitic
rocks would inhibit radio-colloid transport and could present some resistance to upward flow due to its
likely higher density than overlying waters.

At the depth of a potential repository in granite (approximately 500 m), brackish groundwater typically
saturates the fractures and interconnected pores. Na-Ca-Cl solutions predominate at this depth with total
dissolved solids in the range of 1 to 10 g/L or higher (Mariner et al. 2011). Granitic waters at these depths
are typically not modern. Isotope data at Forsmark, for example, indicate that water of meteoric origin
does not occur below about 200 m (SKB 2006a). At Olkiluoto, mixing models indicate that water at a
depth of 500 m is approximately 50% formation water, 10% melt water from the Weichselian glaciation
(the most recent glacial period from approximately 110,000 to 10,000 years ago), and 40% water from
pre-Weichselian Quaternary glacial cycles (Posiva 2010b). The maximum fraction of Weichselian melt
water at Olkiluoto (~50%) is observed at a depth of approximately 150 m. These data indicate that water
at repository depths in granite is not well connected to the biosphere.

Reducing conditions are important to repository performance because they can prevent rapid oxidation of
waste canisters, decrease aqueous solubilities of many redox sensitive radionuclides, increase sorption
capability of many radionuclides, and can limit waste form degradation rates. The redox conditions at the
depth of a potential repository in granite are reducing. There are two primary reasons for this. First, there
is little mixing of infiltrating waters to depths of 400 to 500 m. Second, there is an abundance of oxygen-
consuming reactants below the surface. At shallow depths, oxygen is typically consumed by microbial
degradation of organic carbon. At Olkiluoto, iron oxyhydroxides are observed in fractures only in the top
few meters (Posiva 2010b). Below this depth, pyrite and other mineral sulfides are present and react with
oxygen, producing sulfate. At approximately 300 m at Olkiluoto a spike in the hydrogen sulfide
concentrations indicates reducing conditions are strong enough to reduce sulfate to sulfide. Below 300 m,
aqueous concentrations of both sulfate and sulfide drop and the concentration of methane rises. Methane
is another strong buffer against the downward transport of oxygen because methanotrophs will use
available oxygen to oxidize methane.

Studies in Sweden and Canada also indicate reducing conditions in granite formations. All groundwater
samples from Asp6 and Stripa were shown to contain dissolved Fe(I1) despite prolonged periods of
oxygen inflow into the tunnels (SKB 2006a). Microbial respiration was shown at Asp6 to consume
infiltrating dissolved oxygen in the first 70 m of a major fracture zone even after construction of a tunnel
through the fracture zone at that depth caused a 20-fold reduction in the mean residence time (Banwart
et al. 1999). In Canada, all Eh measurements from groundwater samples from four research areas in the
Canadian Shield indicate redox potentials at or below the Fe(I1)/Fe(l11) boundary (Gascoyne et al. 1987).

Radionuclide Transport—Transport in a fractured media such as granite can occur through the fractures
or the matrix.

Advection and Diffusion—Transport through interconnected fractures is generally dominated by
advection while transport into the connected porosity of the matrix is dominated by diffusion. In fractured
granite, the matrix porosity acts to retard solutes relative to solute velocities within the fracture porosity.
This diffusion-related retardation effect applies to the transport of both sorbing and non-sorbing solutes.
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Thus, for fractured granite with a fracture porosity of 107 and a matrix porosity of 10~ solutes would
spend an average of ten times as much time within the stagnant domain of the matrix than within the
fractures (assuming the solutes are non-sorbing or equally retarded by sorption within each domain).

Sorption—Radionuclide sorption in granite occurs on fracture walls, fracture minerals, and in the granite
matrix. Table 3-13 lists distribution coefficients adopted by the Finnish repository program for modeling
sorption in the far-field granite at Olkiluoto (Posiva 2010b). These values are based on laboratory
measurements and consider the site-specific rock types, fracture minerals, and estimated dilute/brackish
groundwater composition in the granite natural system. Table 3-13 also lists distribution coefficients for
sorption in far-field granite reported by the Swedish repository program (Carbol and Engkvist 1997; SKB
2010).

Table 3-13. Granite kq Values

Element kq (ML/g)° kq (ML/g) © kq (ML/g) °
Am, Ac?, Cm? 40 0.6 — 383 3,000
C 0 0 1
Cl, | 0 0 0
Cs 50 0.03-3.5 50
Nb 20 1.1-353 1,000
Np, Th 200 2.8-984 5,000
Pa 50 6.8 -518 1,000
Pb Not reported 2.1-310 0
Pd 1 1.2-2,210 10
Pu 500 0.6 — 383 5,000
Ra 200 0.04-15 20
Sh Not reported Not reported 0
Se 0.5 0.003-3.5 1
Sn 1 45 - 558 1
Sr 5 0.00004 - 0.3 0.2
Tc 50 2.8-984 1,000
U 100 2.8-984 5,000
Zr 200 45-102 1,000

NOTE: ?kg4 values for Ac and Cm are set equal to those of chemically similar Am.

b Representative of dilute/brackish groundwater in far-field granite at Olkiluoto, Finland (Source: Posiva
2010b, as reported in Mariner et al. 2011, Table 2-3).

¢ Representative of granite at Forsmark, Sweden (Source: SKB 2010, Table 6-89).
9 Representative of far-field granite in Sweden (Source: Carbol and Engkvist 1997).

Solubility—Radionuclide solubility is an important process contributing the ability of radionuclides to be
transported because for many radionuclides their dissolved concentrations are limited. Mariner et al.
(2011) reported on the solubility limits associated with radionuclides in waters consistent with waters
common to generic granite natural system (Table 3-14). C, Cl, Cs, I, Sr, and Pb do not have limiting
concentrations. The concentrations of these radioelements are expected to be controlled by their
inventories, instant release fractions, and/or the slow dissolution rates of the waste forms. Actual
solubilities of these elements are moderate to high in this chemical environment.

Colloid Transport—With respect to colloid transport in granite the high salinity of the groundwater is
expected to significantly limit colloid stability in the granite host rock (Sandia National Laboratories
2007b). Depending on the depth of the repository and other site specific conditions, the effects of
glaciation could result in changes to the chemistry from dilute groundwater. The potential for colloidal
transport would need to be considered in a site-specific safety assessment.
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Table 3-14. Elemental Solubilities of Radionuclides Solubilities in Granite Formations

Element Solubility-Limiting Dissolved Concentration® Notes
Phase (mol/L)
Am, Ac, Cm Am(OHy3 6x10°° Ac, Cm assumed analogous to Am
Np, Pa Np(OH)4 1x107° Pa assumed analogous to Np
Nb Nb(OH)s 4x10™° Posiva (2010b, Table 1-9)
Pd Pd(OH), 3x10° Posiva (2010b, Table 1-9)
Pu Pu(OH), 2x107"
Ra RaSO, 1x10°° (SO,%) fixed at 10~ mol/L
Sb Sb(OH)s 1x10~
Se FeSe, 4x10™°
Sn Sno; 3x107°
Tc TcO2:2H20(am) 3x107°
Th Th(OH)4 4x10™"
U U0, 4x107"°
Zr Zr(OH)4 2x107° Posiva (2010b, Table 1-9)
C,Cl,Cs,I,Sr,Pb None None

NOTE: *“Calculated for T=25°C and pH=7.5 using the PHREEQC code version 2.14.2 and the thermo.com.V8.R6.230 database
from Lawrence Livermore National Laboratory, except where noted. The solution assumed 0.3 M NaCl, 0.05 M CaCl,,

10 m Na,S0,, and 1077 atm H, (g).
Source: Mariner et al. 2011, Table 2-5.

3.3.2.4 Generic Deep Borehole Natural Barrier

Much of the information on generic granite disposal comes from Brady et al. (2009) and Arnold et al.
(2011). Additional details can be found in those references. A proposed design of the deep borehole
concept for disposal of used nuclear fuel and high-level radioactive waste can be found in Arnold et al.
(2011). The approach involves drilling a borehole (or array of boreholes) into crystalline basement rock to
a depth of about 5,000 m, emplacing waste canisters containing used nuclear fuel and high-level
radioactive waste in the lower 2,000 m of the borehole, and sealing the upper 3,000 m of the borehole.
Sealing of the upper part of the borehole would be done with a series of compacted bentonite seals,
cement plugs, cement seals, cement plus crushed rock backfill, and bridge plugs.

Numerous factors indicate that deep borehole disposal of high-activity waste is inherently safe. Waste in
the deep borehole is several times deeper than for typical mined repositories, resulting in greater natural
isolation from the surface and near-surface environment. Several lines of evidence indicate that
groundwater at depths of several kilometers in continental crystalline basement rocks has long residence
times and low velocity. High salinity fluids have limited potential for vertical flow because of density
stratification, which also prevents colloidal transport of radionuclides. Geochemically reducing conditions
in the deep subsurface limit the solubility and enhance the retardation of key radionuclides.

More specifically, the features of deep borehole disposal relevant to the natural system include:

o Geologic Stability—Contributes to the barrier function of stability. Large quantities of homogeneous
crystalline rocks of suitable thickness and depth are found throughout the U.S. in regions of low
seismic activity and are known to have been stable for millions of years

e Mechanical Behavior—Contributes to barrier functions of stability and containment. Crystalline
rocks such as granites are particularly attractive for borehole emplacement. They exhibit great
strength, mechanical stability, and rock homogeneity, all of which enhance drilling stability, waste
emplacement, and containment. Waste packages and other engineered barriers (buffers and backfill)
would be protected from shear stresses and rockfall during both the operational and postclosure
periods. In addition, high overburden pressures contribute to sealing of some of the fractures that
provide transport pathways.
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e Hydrologic Properties (e.g., low permeability and porosity)—Contribute to barrier functions of
containment and limited release. Crystalline rocks at depths in excess of 3 km are known for their low
permeabilities, poorly connected transport pathways, and lack of open fractures at the depths
involved. Fluid movement is inhibited by low porosities (< 1%), very low permeabilities (10™'® to
107*° m?), and the presence of convectively-stable, high ionic strength brines (> 150 g/L). The
permeabilities of deep crystalline rock are roughly 10 orders of magnitude less than those of gravel
aquifers. The porosities of deep crystalline rock are 10 to 40 times less. Deep crystalline rocks
typically have low water content.

e Favorable Chemical Environment—Contributes to the barrier functions of containment and limited
release. The geochemical behavior (solubility, sorption, colloidal behavior, etc.) of the projected
waste inventory in the deep borehole environment sets limits on the stability of the used UO, fuel
matrix and on radionuclide transport to the biosphere. The chemical environment of the natural
system surrounding the waste disposal section of a deep borehole is reducing. Geochemically
reducing conditions in the deep subsurface limit the solubility and enhances sorption of many
radionuclides in the waste, leading to limited mobility in groundwater.

Fluids recovered from deep boreholes tend to be rich in sodium, calcium, and chloride. Lesser
amounts of sulfate and carbonate are likely to be present. For the purposes of estimating radionuclide
solubilities, a reasonable salinity is ~ 2-3 mol/L, pHs are 8-9 and the system Eh is ~ =300 mV
(Anderson 2004). Oxygen tends to be scavenged, and the low redox state anchored, by the presence
of reduced Fe and Mn in the basement rocks, resulting in lower solubility limits. Additionally, high
ionic strength brines will limit the formation and movement of radionuclide-bearing colloids.

Additionally, geothermal gradients are such that the temperatures at the bottom of the deep boreholes
are expected to be above 100°C. Geochemically appealing features of deep boreholes are that the
elevated temperatures of deep boreholes should stabilize the less soluble crystalline forms of
radioelement oxide minerals, while high temperatures and high salinities will both favor the less
soluble anhydrous forms of the oxide phases.

Hydrologic Processes—Hydrology impacts the barrier functions of containment and limited release.
Disposal of used nuclear fuel and high-level radioactive waste in a deep borehole is expected to provide
effective long-term (> 1 million years) isolation of radionuclides from the biosphere. Advective flow of
groundwater can lead to the enhanced migration of radionuclides away from the repository and toward the
biosphere. The physical transport of radionuclides away from the waste canisters at multi-kilometer
depths would be limited by the following: low water content, low porosity and low permeability of
crystalline basement rock, high overburden pressures that contribute to the sealing of transport pathways;
and the presence of convectively stable saline fluids. Fluid flow is thought to occur primarily through
discontinuous fractures. Basement rocks do not typically contain pressurized aquifers or other flow
features that would produce significant upward flow gradients under ambient conditions (Brady et al.
2009). Low permeability and high salinity in the deep continental crystalline basement at many locations
suggest extremely limited interaction with shallow fresh groundwater resources (Park et al. 2009), which
is the most likely pathway for human exposure.

Groundwater in deep (>3,000 m) crystalline basement rocks of stable continental regions typically has
chemical and isotopic characteristics that indicate it is very old. Chemical age dating indicates that
groundwater at the depths of deep borehole disposal sites is very old, which suggests that saline water at
depth does not mix readily with surface waters (Méller et al. 1997). Hence, radionuclide migration from
the repository to the biosphere would be slow. Therefore, the most significant driving force for fluid flow
and radionuclide migration away from a deep borehole is likely to be minor thermal-hydrologic effects
from decay heat. Deep fluids also resist vertical movement because they are density stratified. The density
stratification of groundwater would also oppose thermally induced groundwater convection from the
waste to the shallow subsurface. In the natural system, lighter freshwater is found near the surface and
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heavier saline water is found at depth, which is a stable arrangement that tends to reduce vertical
groundwater flow.

The heat generated from the waste emplaced in the borehole will cause fluid temperatures and pressures
to rise in the vicinity of the waste. Thermal hydrologic calculations estimate the thermal pulse from
emplaced waste to be small (less than 20°C at 10 m from the borehole, for less than a few hundred years),
and to result in maximum total vertical fluid movement of ~100 m. (Brady et al. 2009). The elevated
pressure will drive fluid away from the heated zone. The path of least resistance will be up the sealed
borehole and adjacent disturbed host rock, where permeabilities are likely to be higher than that of the
undisturbed bedrock. Model results from Brady et al. (2009, Figure 8) indicate that upward fluid flow in
the heated borehole only persists for a relatively short period of time (from approximately 34 to 600 years
in this example) after emplacement. The maximum pore velocity at the top of the waste zone was

0.662 m/yr, but upward flow in this area only occurs for the first approximately 180 years. Maximum
pore velocity at the top of the basement domain peaks at 0.103 m/yr at about 150 years. Fluid movement
is primarily caused by the local elevated pressures due to thermal expansion of the pore water. As the heat
generation decreases, the temperature of the waste decreases and the fluid begins to contract, lowering
pressure.

Permeability of the host rock near the borehole potentially could be enhanced by hydrofracturing resulting
from the thermal expansion of fluid. This might increase the permeability in the host rock around the
sealed borehole and provide a pathway for upward vertical flow and radionuclide migration toward the
surface. This potential process was evaluated in Brady et al. (2009) and excluded. The hydrothermal
modeling results suggest that comparable fluid pressures would not be achieved and that no
hydrofracturing would occur by this process with maximum fracturing pressures of 40MPa compared to
in-situ horizontal stress of 96MPa.

Radionuclide Transport—Potential transport pathways to the biosphere are long and would therefore
involve extensive radioactive decay, dilution, formation of radionuclide-bearing phases, and retardation,
given the impediments to vertical migration of radionuclides from several kilometers depth. Transport of
radionuclides can be advective and diffusive. The primary mode of transport through the natural system
surrounding a deep borehole disposal facility is expected to be due to the advection of dissolved
radionuclides.

Diffusion—Brady et al. (2009) examined the potential for diffusive transport and given the depth of deep
borehole disposal system concluded diffusion could be eliminated as a viable mode of radionuclide
transport to the biosphere. Their bounding analysis showed that over 1,000,000 years diffusion migration
distances would be limited to about 200 m.

Advection—While transport by advection is the dominant mode for radionuclide migration, it is still very
slow. Thermal-hydrologic calculations (Brady et al. 2009) indicate that, except for an early window
extending from the time of emplacement to ~150 years post-emplacement (in the borehole), and

~600 years (to the top of the basement), there will be limited vertical fluid flow to transport radionuclides
towards the surface. Vertical transport velocities in the early flow window will be between 0.1 (basement)
and 0.7 (borehole) m/yr. This means that total vertical fluid movement in, and adjacent to, deep borehole
disposal zones should not exceed roughly 100 m.

Brady et al. (2009) also examined the hypothetical release to the biosphere via groundwater pumping
though a nearby well intersecting an aquifer. The peak dose over 1,000,000 years occurs at 8,200 years.
The total dose is negligibly small, 1.4x10™"" mrem/yr (~10 orders of magnitude below current criteria),
and the only contributor to the dose is **I. This result is based on several bounding and conservative
assumptions, such as (1) all waste is assumed to instantly degrade and dissolve inside the waste canisters,
(2) all waste is assumed to be pressurized water reactor assemblies, and (3) no credit is taken for sorption
or decay along the saturated zone transport pathway from the sealed borehole to the withdrawal well.
More refined safety assessments may indicate lower doses, or later peak doses, or both.
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Solubility—Table 3-15 provides estimates of dissolved radioelement concentrations at the depths of an
environment characteristic of deep borehole disposal. The relatively low solubility of UO, under deep
borehole conditions will favor stabilization of used fuel rods. When contacted by water, fuel rods will
have diminished thermodynamic drive to dissolve, thus slowing the release of actinides and fission
products from the fuel matrix. Yet even if fuel rods were to instantly dissolve to the thermodynamically
stable actinide oxides, the solubilities of isotopes of Am, Ac, Cm, Np, Pa, Pu, Tc, Th, and U are very low,
suggesting that aqueous releases of these radionuclides will be small.

Table 3-15. Elemental Solubilities of Radionuclides in Deep Boreholes
Dissolved Dissolved 1 g5 ypility-Limiting ‘
Element Concentration Concentration Phase® Notes
(mol/L) (mol/L)

n | esa0” oo | weao” s AoH(CO vt o
Ac 6.5x107 1107 heaos A S hemically simiar A,
C None None None No solubility limiting phase
cm 6.5x107 1x10° oo A< hemically simiiar o
Cl 4.2 No value reported

Cs None None None No solubility limiting phase

I None None Metal iodides? See discussion

Nb 1.6x107 No value reported

Np 1.9x10° (mode)” 1.1x1078 NpO, NP Soc“r‘]té”ni]% ;S”;Ssien‘ii;? FF’,;O_XV for
Pa 1.9x107° 1.1x107*® PaO;

Pb None No value reported

Pd 4.0x10™ No value reported

Pu 3.56x107** (mode)® 9.1x107* PuO,

Ra None None RaSO4 See discussion

Se 2.0x107° No value reported

Sh 6.3x107° No value reported

Sn 2.66x107% (mode)® | No value reported

Sr None None SrCOs3, SrSO4 See discussion

Tc 1.33x10°% (mode)” 4.3x107%* TcO;

Th 3.37x10°% (mode)® 6.0x107" ThO2

U 9.46x107** (mode)® 1.0x107° uo;

Zr 1.0x107%° No value reported

NOTE: ?Representative of a chemically reducing brine at T=200°C. (Source: Clayton et al. 2011, Table 3.4-4)

® mode of a triangular distribution from Wang and Lee 2010

¢ Calculated for T=200°C and pH=8.5 using the PHREEQC code version 2.12.03 and the thermo.com.V8.R6.230
database from Lawrence Livermore National Laboratory (except for the 25°C TcO, solubility product and enthalpy,
which came from a separate thermodynamic database (SNL 2008¢, Section 6.3.7.5)). The solution assumed 2 M NaCl
and Eh=-300 mV. (Source: Brady et al. 2009, Table 4)
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It is less clear whether I, Ra, and Sr will form solubility-limiting solids. If deep fluids contain appreciable
sulfate, SrSO, and RaSO, might form to limit dissolved Sr and Ra levels. Dissolved carbonate might also
lead to the formation of SrCOs. Radioiodine is a fission product that should become reduced to iodide
given sufficient electron donors in the borehole domain. Unless iodide forms insoluble metal iodides,
radioiodide levels in solution adjacent to the fuel will probably be set by the available inventory. Pending
closer examination of sulfate, carbonate, and heavy metal contents of borehole fluids, no limiting
concentrations are set for I, Sr, and Ra. Isotopes of C, Cs, and Pb also have no limiting concentrations,
and Cl has a very large limiting concentration.

Sorption—Radionuclide sorption has rarely been measured at temperatures much greater than 25°C.
Nevertheless, there is sufficient experimental data to suggest that most radionuclides released from the
bottoms of deep boreholes will sorb to basement rocks, to overlying sediments, and to the bentonite used
to seal the borehole. Table 3-16 provides a compilation of representative distribution coefficients, ky’s.

Table 3-16. Deep Borehole ky Values

£l . Disposal Zone® Seal Zone® Upper Zone®
emen
ka (mL/g) ka (mL/g) ka (mL/g)
Am, AcY, cm® 5-500 300-29,400 100-100,000
C 0-0.6 5 0-2,000
Cl, Pb 0 0 0
Cs 5-40 120-1,000 10-10,000
| 0-1 0-13 0-100
Nb 1 10 10
Np, Pa’ 1-500 30-1,000 10-1,000
Pd 1 5-12 4-100
Pu 1-500 150-16,800 300-100,000
Sr, Ra’ 0.4-3 50-3,000 5-3,000
Sh 10 100 100
Se 0.2-0.5 4-20 1-8
Sn 2-10 17-50 50—700
Tc® 0-25 0-250 0-1,000
Th 3-500 63—23,500 800-60,000
U 0.4-500 90-1,000 20-1,700
Zr 3-500 100-5,000 100-8,300

NOTE: %kq values for deep basement granite at T=100°C under chemically reducing conditions, reduced by a
factor of 10 to account for sorption in a highly saline disposal zone. (Source: Clayton et al. 2011, Table
3.4-3, based on Brady et al. 2009, Table 5 and McKinley and Scholtis 1993)

bk, values for bentonite seals at T=100°C under chemically reducing conditions. (Source: Clayton et al.
2011, Table 3.4-5, based on Brady et al. 2009, Table 5 and McKinley and Scholtis 1993)

k4 values for sediments at T=25°C under less chemically reducing conditions that the seal and disposal
zones. (Source: Clayton et al. 2011, Table 3.4-6, based on Brady et al. 2009, Table 5 and McKinley and
Scholtis 1993)

9k, values for Ac and Cm are set equal to those of chemically similar Am. kq’s for Pa are set equal to those
of chemically similar Np. kq values for Ra were set equal to those of somewhat chemically similar Sr.

¢ kg values for Tc under reducing borehole conditions will likely be much greater than the zero values listed
here which were measured under more oxidizing conditions.

As noted in Section 3.3.1, distribution coefficients tend to lump together multiple equilibrium and kinetic
reactions, are specific to the conditions under which they were measured (e.g., pH, ionic strength,
temperature, fluid-to-rock ratio, among others) and, therefore provide only a rough predictor of the
potential for contaminant retardation (McKinley and Scholtis 1993; Bethke and Brady 2000).
Nevertheless, kq’s are useful in examining controls over radionuclide transport. Elements with ky’s of 0
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(for example, I, Cl, and Pb) won’t sorb and will therefore move at the velocity of the fluids that carry
them. Elements with ky values of 10 or more will move at less than 1% of the velocity of non-sorbing
radionuclides. Table 3-16 emphasizes that sorption will sharply limit the transport of most radionuclides
from deep boreholes.

Colloid Transport—The transport of radionuclides in the form of colloids would be limited because the
high ionic strength of the high salinity pore fluids at depth would destabilize the colloids causing them to
leave suspension and settle out in the formation.

3.4 Engineered Barrier Characteristics

As seen in Figure 2-1, the engineered barrier system contains the waste form and waste package as well
as the engineered features of the geologic disposal facility, which typically include buffer material,
backfill, excavation liner, and/or seals. A general description of the engineered barrier system features
and their functions is given in Section 2.2.3.1. Additional information regarding the potential waste types
and waste packaging is provided in Section 3.4.1. Section 3.4.2 summarizes various processes relevant to
the functioning of the engineered barrier system.

3.4.1 Potential Waste Forms and Waste Packages

Several types of waste require deep geologic isolation for permanent disposal: used nuclear fuel, high-
level radioactive waste from reprocessing, and perhaps greater-than-Class-C waste from various sources.
These types of waste and some finer distinctions are discussed in the following subsections.

3.4.1.1 Used Nuclear Fuel

Used uranium oxide fuel is a polycrystalline ceramic material, stable to high temperatures, and with the
potential for slow degradation behavior in the disposal environment. Fuel assemblies in commercial light-
water reactors are categorized by physical configuration into 22 classes: 16 for pressurized water reactors
and 6 for boiling water reactors. Assemblies are of similar size within each class, and overall there are
134 individual fuel assembly types (Carter and Luptak 2010). The overall inventory of fuel in reactors
and used fuel in storage is tracked by industry groups and the U.S. Department of Energy. Approximately
65,000 MTHM of used fuel were projected to have been discharged from reactors by 2010 (Table 3-1).
The fission energy yield from the fuel (called “burn-up”) determines the composition and heat output of
used fuel. Whereas the average burn-up for fuel discharges projected through 2010 ranged from 33.3
GWdA/MT (for boiling water reactors) to 39.6 GWd/MT (for pressurized water reactors), the burn-up for
fuel presently being discharged is generally greater than 45 GWd/MT (Section 3.2.1). This means more
energy is being produced for the same mass of used fuel, but it also means the used fuel comprising the
waste form is hotter and contains more fission products and other radionuclides besides the initial
uranium.

Cladding protects the fuel from degradation in the reactor, and the fuel is likely to be received for disposal
at the repository with cladding intact. Cladding can protect the fuel from degradation in the repository
also, especially in the event of a waste package breach during the period of elevated temperature, i.e.,
during the first few hundreds to thousands of years after emplacement. Cladding from commercial light-
water reactors is generally made from Zircaloy (Type 1L is typical) a zirconium alloy that is chemically
stable and resistant to corrosion. It can be damaged by internal pressurization of the fuel rods by fission-
product gases; such damage is controlled by limiting the fuel temperature. Various measures have been
developed for handling, storage, and packaging of the fuel to ensure that cladding does not get hot enough
for such damage to occur (BSC 2005a; U.S. Department of Energy 2008b, Section 1.2). Cladding
performance may be incorporated into performance assessments to realistically represent its contribution
to waste isolation.

For the long waste isolation performance timescales, used uranium oxide fuel degrades, particularly if
exposed to oxidizing water and aqueous or gaseous CO,. The used fuel is exposed to an operating
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temperature of approximately 1700°C in the reactor, during which it undergoes physical changes due to
heating, radiation damage, and the buildup of fission products (Bruno and Cera 2006). The used fuel is
cracked, with lighter elements (consisting of fission products) concentrated in voids and the outer margins
of the UO, matrix. A labile fraction of these fission products is released over time as the cladding slowly
degrades. Many of the fission products have shorter half-lives (e.g., on the order of 10,000 years or less)
and decay in the waste package before they are released. Release of other radionuclides occurs as the UO,
matrix slowly degrades in the presence of water, accelerated by the activity of CO, or carbonate, and
elevated temperature.

Used Fuel Dry and Wet Storage—Most used reactor fuel in the U.S. is presently stored in pools at the
reactor sites. These pools were not designed with capacity to accommodate the used nuclear fuel that
would be discharged over the life of nuclear power plants, especially since their licenses to operate have
been extended, so they are filling to capacity with used fuel.

Large, off-site fuel pools are being used for used fuel management internationally. For example, the
Central Interim Storage Facility for Spent Nuclear Fuel (CLAB) in Sweden is physically separated from
any reactor, and will hold the spent fuel from Sweden’s entire nuclear energy industry for up to 100 years
or until the fuel is cool enough and the packaging and repository facilities have been developed and
licensed (SKB 2006b, Section 9.2). The commercial facility at Morris, 1llinois is currently the only
licensed storage facility in operation in the U.S. that is not located at a reactor site (Carter and Luptak
2010), and it uses “wet” pool storage.

As fuel pools in the U.S. are essentially full, dry storage systems are being used to off-load used fuel, and
more than 1,100 dry storage canisters have been deployed at commercial plants (Carter and Luptak 2010).
By 2020 the industry projects that more than 30,000 MTHM of used fuel will be in dry storage, in
approximately 2,200 casks, distributed among commercial reactor locations in a number of different
states (Carter and Luptak 2010). Dry storage systems demonstrate safe and economical fuel handling,
canisterization (for those storage systems using canisters), and transport. All of these operations would be
used in an integrated disposal system in the U.S., which would likely include centralized, large-scale dry
storage either in storage casks or vaults, because much of the fuel at reactors is already loaded in dry
storage canisters.

Containers for Storage and Transport—Used fuel at the reactor fuel pools is loaded into storage
canisters, storage casks, or transport casks. All of these containers are loaded with fuel assemblies
underwater, within the fuel pool. Storage and transport casks are loaded with bare fuel assemblies and
moved respectively to surface dry storage. Canisters are distinguished from casks, and are lighter,
relatively thin-walled stainless steel vessels with minimal radiation shielding. Canisters are loaded with
used fuel, dried, sealed, and then immediately received into a transfer cask for movement to local,
stationary storage casks or vaults. Canisters can be transported to other fuel management facilities (e.g.,
independent spent fuel storage facilities that may be located at other sites) without re-opening or re-
packaging. These fuel handling and packaging operations have been demonstrated to be safe to workers
and the public (Garrick 2003).

Canistered fuel in dry storage casks can be safely transported as indicated by the existence of licensed
transportation casks or designs, and the safety record of used fuel shipments in the U.S. Used fuel
canisters may also be suitable for disposal (in addition to storage and transport). The concept of a multi-
purpose canister licensed for storage, transport, and disposal has been well studied, and was considered
for the U.S. program in the early 1990s (U.S. Department of Energy 1994). More recently, a multi-
purpose transportation-aging-disposal canister was proposed for handling most of the used fuel from the
reactors to a repository (U.S. Department of Energy 2008b, Section 1.2.1).

Disposal Packaging for Used Fuel—Fuel transported to the repository in canisters is likely to be placed
into disposal casks (“overpacks™) with characteristics that will depend on the requirements of the disposal
system. Repository concepts with host media such as salt, clay, or the crystalline basement which have
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very low permeability, may have simpler requirements on disposal casks as indicated by preliminary
performance assessments (Clayton et al. 2011; Hardin et al. 2011a). Multi-purpose canisters (licensed for
disposal as well as storage and transportation) could be emplaced in a repository without opening the
canister again to handle the bare fuel assemblies.

A range of overpack materials and types is available to suit different applications (SKB 2006; Andra
2005a; Andra 2005b; Andra 2005c¢; Andra 2005d; Andra 2005e; McKinley et al. 2006; Hardin et al.
2011a) and even different disposal environments if multiple repositories are used.

Other materials provide corrosion resistance under chemically-reducing conditions present in salt, clay, or
shale host media. For example, the Swedish program has been developing waste packages made from
pure copper, which has a very long lifetime in the KBS-3 concept planned for granite. Pure metals and
metalliferous minerals can survive indefinitely under reducing conditions in nature, as demonstrated by
natural analogues discussed in Appendix B (BSC 2004b).

3.4.1.2 Reprocessing Waste

As discussed in Section 3.2.3, reprocessing methods include aqueous processes such co-extraction, new-
extraction, and UREX, as well as electro-chemical processes. Reprocessing extracts fuel value and also
separates many radionuclides that can contribute to the radiological hazard associated with waste, for
reuse or separate disposal. Heat generation by high-level radioactive waste decays rapidly because the
greatest contributors are short-lived fission products (mainly isotopes of Cs and Sr, which are present in
used fuel). Reprocessing may produce multiple waste forms each containing different categories of
radionuclides from used fuel, potentially allowing tailored packaging and disposal (e.g., aqueous UREX
process or electro-chemical processes). Because a range of dry and liquid wastes including low-level
radioactive, mixed waste, and greater-than-Class-C waste are generally produced, it is appropriate to plan
for different waste types and disposal requirements. Some reprocessing wastes are radioactive but do not
produce much heat; these can be disposed of in openings within a geologic repository (Hardin et al.
2011a).

The borosilicate glass waste form remains the primary choice for use with agueous reprocessing in the

U.S., France, Japan, and the U.K. (Lutze 2006). With proper formulation and treatment the borosilicate
glass waste form has a degradation rate under aqueous environmental conditions that is comparable to

commercial Pyrex glass in terms of chemical durability (Lutze 2006).

Glass degradation can occur in a repository after the glass is exposed to moisture, and has been
extensively studied (BSC 2004a). A recent investigation involving burial of radioactive high-level
radioactive waste glass in soil under controlled conditions for 24 years, confirmed that the glass matrix
degrades very slowly. Pu and other actinides were not released in this test, while Cs and Sr isotopes were
released and transported by diffusion (Jantzen et al. 2008). Borosilicate glass should be maintained at less
than approximately 500°C (transition temperature) to prevent crystallization and maintain a well-mixed
state, and there are limits on solubility of molybdenum and other fission products that limit waste loading
in the glass. However, these limits are readily met by established handling and storage methods (Carter
and Luptak 2010) and can be readily accommodated by repository disposal concepts (Hardin et al.
2011a). Degradation performance of borosilicate glass and other glass waste forms continues to be
actively investigated.

Developmental Waste Forms—Much research has been done, and is currently underway, to develop
advanced waste forms, especially in association with development of new reprocessing methods. These
waste forms are typically tailored to specific fractions separated from waste streams, exploiting
chemically stable compositions and forms.

As an example, the UREX 1a process (Carter and Luptak 2010) separates alkaline/alkaline earth elements
and produces a composite of Cs/Sr/Ba/Rb which includes the major heat-generating nuclides. The waste
is treated by mixing with bentonite clay in a 25-75 mixture, then high-pressure pressing, and high-
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temperature sintering to produce ceramic pucks. These are loaded into canisters containing 120 kg of
ceramic high-level radioactive waste.

Waste from advanced electro-chemical reprocessing (Goff and Simpson 2009) could include a metallic
phase containing fission products such as transition metals and rare earths. Such products typically have
low solubility and low rates of degradation in water, and may be disposed directly or mixed in other waste
forms such as high-level radioactive waste glass.

The electro-chemical process demonstrated in Idaho uses zeolite to trap excess salt and fission products
(Goff and Simpson 2009; Carter and Luptak 2010). Additional zeolite is added and the mixture is bonded
with approximately 25% borosilicate glass. The glass bonded zeolite is cast into a 2-ft diameter by 15-ft
tall canister containing 2,900 kg of glass. The waste form is 25% glass binder. The electro-chemical
process also separates lanthanides which are converted to a lanthanide-based glass and cast into small
diameter canisters.

Finally, advanced materials such as carbide ceramics are highly resistant to degradation in the disposal
environment, and are being evaluated as waste forms as well as reactor fuels (Soelberg et al. 2010).

High-Level Radioactive Waste Packaging—High-level radioactive waste glass is generally poured into
stainless steel canisters, which are typically closed by automated welding. Stainless steel is a relatively
inexpensive material that resists degradation from elevated temperature during the initial pour, is readily
formed and welded, provides structural support for handling and storage, and further resists corrosion
prior to permanent disposal. Pour canisters have substantial strength for handling and storage functions,
but are thin compared to overpack assemblies. Disposal overpacks can provide whatever additional
strength or containment may be needed for a particular disposal concept (Hardin et al. 2011a). For some
disposal concepts no overpack or further packaging may be needed for high-level radioactive waste, as
proposed for the generic salt repository (Carter et al. 2011a) and for the French disposal concept (Andra
2005a; Andra 2005b; Andra 2005c; Andra 2005d; Andra 2005e).

Co-Disposal of Low-Level Waste—Low-level waste is typically packaged in sealed drums or other
containers made of metal or concrete. For many disposal concepts there is enough space in the repository
openings to dispose of low-level waste from reprocessing, repository operations, etc. (Hardin et al.
2011a), particularly greater-than-Class-C waste which has higher radioactivity than low-level waste
typically disposed by near-surface burial.

3.4.2 Summary of the Engineered Barrier System Processes

The processes that affect the performance and safety functions of the engineered barrier system include
coupled thermal, hydrologic, chemical, mechanical, biological, and radiological processes as well as other
processes, many of which also occur in the natural system. However, additional processes not generally
important in the natural system, such as material and structural degradation (e.g., corrosion and various
chemical processes), are introduced into the system in conjunction with their corresponding man-made
materials and environment. The primary processes relevant to the engineered barrier system are:

e Thermal Processes—Initiated by decay heat from the emplaced waste and affect the hydrologic,
chemical, and mechanical environments in the engineered barrier system. Thermal processes include
conduction, radiation, and convection and affect flow processes through evaporation, condensation,
and buoyancy effects. They effect chemical processes such as mineral precipitation and dissolution,
as well as characteristic properties of the porous host rock, such as thermal conductivity, relative
permeability, and stress coefficients. The thermal effects on the mechanical environment are through
thermal stresses and corresponding effects on engineered material strength.

e Hydrologic Processes—Include climate change, liquid- and gas-phase flow in the engineered barrier
system and surrounding DRZ, flow diversion, capillarity, imbibition, evaporation, and condensation.
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e Chemical Processes—Include a range of chemical processes that affect the degradation and transport
mechanisms acting on or in engineered features. Examples of these processes are mineralogic
alteration including phase changes and dehydration, dissolution and precipitation, metal oxidation and
corrosion, gas phase generation, and colloid formation and stability.

e Mechanical Processes—Include a range of stress-strain processes that affect the degradation of
engineered features and alter the host rock in the DRZ. These mechanical processes include rockfall,
drift collapse, stress corrosion cracking of the waste containers, and creep deformation of the
engineered components and backfill.

o Biological Processes—Include the potential effects of microorganisms on other processes relevant to
performance, such as microbial effects on chemistry.

o Radiological Processes—Include the potential effects of ionizing radiation resulting from the decay
of radioactive materials. An example is radiolysis in the pore water of the engineered materials, which
can influence the concentration of chemical constituents in the water, which can in turn alter the rate
of various material degradation processes.

e Transport Processes—Affect the rate of movement of released radionuclides and include such
processes as advection, diffusion/dispersion, matrix diffusion, retardation, and colloid filtration.

An important aspect of these individual processes is their coupling within the energy, mass, and
momentum conservation equations. The relative importance of these processes to overall repository
system performance is a function of the specific disposal system. For example, for a repository system in
bedded salt the host rock (geosphere) is a sufficient barrier by itself for the expected evolution scenario
(i.e., no disruptive events), which makes the safety functions of the engineered components relatively less
important, even though they must be present in order to fulfill the multiple barrier requirement. In
contrast, for a disposal system with very robust waste forms and waste packages, geosphere processes are
seen to be relatively less important, implying a reduced need for their detailed characterization. An
example of this is the Swedish KBS 3 concept where copper canisters with a cast iron insert containing
spent nuclear fuel are surrounded by bentonite clay and deposited at approximately 500-m depth in
saturated, granitic rock (SKB 2006b; SKB 2011).

The Joint EC/NEA Engineered Barrier System Project (Bennett 2010) compiled a “state-of-the-art” report
on engineered barrier systems (Organisation for Economic Co-operation and Development 2003a), based
on results from a questionnaire survey of waste management organizations and regulatory authorities, and
their technical support organizations. This provided a snapshot of the status of the various disposal
programs in 2003, reviewed the role of the engineered barriers in the different disposal concepts,
identified the components of the engineered barrier systems, and documented their primary roles and
functions. Based on this survey, the key processes that must be modeled in the engineered barrier system,
in order to correctly predict repository performance, included all of those listed above to varying degrees
depending on the host rock environment and the repository design (Organisation for Economic Co-
operation and Development 2003a, Table 5.1). For a robust licensing safety case, safety assessment and
process models that address these processes must be considered. For the generic safety case and models
described here, some simplifying assumptions have been made. For example, some of the generic safety
assessment models considered in Section 4 (e.g., salt, granite) make the assumption that the repository is
isothermal. This and other simplifying assumptions are sufficient at early stages of safety case
development when the basic structure of the safety case is being constructed.

Because they are most directly related to the effects of liquid-phase movement and its associated
interaction with other material phases, which is the primary mechanism for the transfer of radionuclides to
the biosphere, the processes in the engineered barrier system that most significantly affect the three key
safety functions of isolation, containment, and limited and/or delayed releases are:
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e Hydraulic Flux—An important function of clay-based buffer and backfill materials (in clay and
granite repositories), and crushed salt backfill (in salt repositories) is low permeability to liquid flow.
Low permeability can cause diversion of flowing groundwater (e.g., in the host rock) around waste
packages, and substantially eliminate the possibility of advective flow in the engineered barrier
system (e.g., in backfilled drifts). Without advective flow, the principal mode of radionuclide
transport is molecular diffusion (attenuated by tortuosity, size and charge effects, and chemical
retardation). Accordingly, advective releases from salt and clay repositories are considered to be
insignificant, while diffusion may be the only important natural mechanism for transport of released
radionuclides.

o Material Degradation—Many of the engineered components (e.g., waste packages and containers),
as well as some of the waste matrices, are metals; and the degradation rates of metals and other waste
materials (e.g., metallic, vitric, or ceramic) in a reduced oxidation state are sensitive to the redox state
of the aqueous phase in contact with these materials. Thus, the nature of the redox processes in the
engineered components is important to several safety functions and capabilities of the engineered
barrier system.

e Radionuclide Mobilization—Mobilization of radionuclides in the aqueous phase, following
degradation of engineered components, is sensitive to radionuclide solubility limits. Low solubility
can substantially reduce the rates of release from the waste form, and subsequent transport through
the engineered barriers. Some solubility limits depend on the local chemical conditions (e.g., whether
oxidizing or reducing) while others are effective across a wide range of possible conditions. Solubility
is more important in the engineered barriers, close to the waste form where concentrations are
highest, compared to the natural system (far field).

e Radionuclide Sorption—Engineered barrier system components can significantly retard the
transport of radionuclides released from the waste form, chiefly by sorption (e.g., ion exchange,
surface complexation). This may occur as a primary function (sorption in clay buffers or radionuclide
“getters”) or as a secondary function involving the products of metal corrosion.

These represent expected processes, i.e., those that are expected to occur through the natural temporal
evolution of the system after repository closure. In some systems, e.g., salt and deep borehole disposal,
these engineered barrier system processes are not expected to significantly influence the ability of the
entire system to isolate and contain the waste because the natural barrier system is very robust. For those
concepts, the most likely phenomenon for release of radionuclides to the biosphere is some sort of
disruptive event and the associated physical and chemical release processes. This would include tectonic
processes such as volcanism or seismicity and human-induced processes such as inadvertent or deliberate
intrusion into the repository caused by nearby mineral exploration. For example, in the case of the WIPP
repository, the most important processes might be drilling intrusion into the repository and subsequent
communication by brine movement through the drill hole to an aquifer. For any repository concept, the
key processes in the engineered (and natural) system, whether expected or disruptive, will be elucidated
by a comprehensive FEP analysis and scenario development process, as described in Section 4.2.

3.5 External Events Acting on Natural and Engineered Barriers

External events have the potential to influence the barrier capability of the natural and engineered barrier
systems. For generic disposal in suitable salt, clay or deep borehole, the only likely release and migration
of radionuclides to the biosphere is associated with external events. These disposal options will be very
robust under undisturbed conditions. Because of the great depths involved, external events are expected to
have little impact on disposal in deep boreholes. A mined repository would be deep enough below the
present land surface to ensure that the waste is not exposed to the biosphere through erosion or
denudation during its hazardous period.
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Climate Changes—The radioactivity of nuclear waste will decay over a period of time (100,000 years or
longer) in which major environmental changes are expected. Climate change can impact the surface and
subsurface environments through changes in a variety of factors such as precipitation, glaciation,
permafrost, sea level, erosion and deposition, infiltration, and soil and bedrock hydrologic properties. The
flow and transport patterns may be altered by changes in regional recharge of the natural system as well
as by changes in the elevation of a water table. Estimates of potential impacts from climate change are
highly site specific. Although equally applicable to repositories located in generic salt, granite, and clay
locations and to a lesser extent to deep borehole disposal, the following example of potential climatic
impact on barrier performance is offered with respect to glaciation and granite.

Application of the KBS-3 disposal concept in northern latitudes where Pleistocene glaciation occurred
presents the likelihood that a glacial climate will return during the repository performance period. Return
of continental glaciers is part of the expected future in the SR-Can assessment (SKB 2006b). The
potential impacts on the natural system can include:

o Decreased temperature and the possibility of freezing
e Larger hydraulic gradient, increased flow velocity

e Deep penetration of melt water

e Reduction in salinity

e Increased faulting and fracturing caused by the increase in groundwater pore pressure and the
isostatic response of the lithosphere to glacial loading

The hydraulic effects from a kilometer or more of glacial surface relief would affect flow conditions and
the chemistry of groundwater; however, the residual effects on the hydraulic structure and mineralization
of the aquifers likely would be limited to present-day conditions (which have already resulted from more
than two million years of recurring glacial exposure) (SKB 2006b).

Faulting will likely occur along existing discontinuities, especially those which responded to previous
glacial loading and unloading. These discontinuities would be mapped and avoided during repository
development. Some new faulting would be expected in response to glaciation; however, the
displacements likely to occur on new faults would likely be much smaller than on existing faults. Given
the buffer thickness, displacements of less than 10 cm are not expected to cause canister failure or
significantly disrupt buffer function. The likelihood of new faults with greater than 10 cm displacement,
intersecting vertically emplaced waste packages, would likely be insignificant (SKB 2006b). If this were
not the case buffer thickness would need to be re-engineered to accommodate likely fault displacements.

Climatic events have little impact on the barrier capability of deep borehole disposal. Little hydrologic
communication exists between near surface groundwater and waters found at depth. At depths in excess
of 3 km there is very little likelihood of erosional or other climate related processes impacting deep
borehole disposal.

Seismic Events—Depending on magnitude, seismic events have the potential to damage engineered
components and alter flow in the natural system. A site located in a suitable generic salt, clay, or granite
formation including a deep borehole would have a low probability of seismicity that could damage the
engineered barriers. In a granite or crystalline rock formation the strength and integrity of the host rock
provides superior protection of the waste packages from rock pressures over long periods of time and
would greatly contribute to the long-term isolation of radionuclides from the biosphere. Similarly, a deep
borehole disposal location could be sited to have a low probability of seismic events that could damage
natural or engineered barriers. Because of the effectiveness of the hydrologic barrier functions of the
natural system associated with deep borehole disposal, release of radionuclides resulting from seismic
activity would be limited in extent and not enter the biosphere. In the case of salt, the plasticity of the host
salt will lead to creep closure around the waste packages, which confines their movement and protects
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them from potential seismic impacts. In a generic repository in clay, the buffer material will provide some
protection to the waste packages.

Igneous Events—Direct release of radionuclides to the biosphere could occur if a magmatic conduit for a
volcanic eruption intersected the waste disposal zone. The presence of igneous rocks of Quaternary age at
the surface or intersected by the borehole would indicate a potentially significant probability of future
igneous activity and associated impacts on repository performance. These areas should be avoided.

Human Intrusion—Hydro-carbon resources can be located in the vicinity of salt and clay/shale
formations, and water resources may be present in or near many rock types. Exploratory drilling that
intersects or is close to the repository could bypass or compromise the natural barrier system.

For deep borehole disposal, the depth of the waste disposal zone and the 3-km borehole seal zone would
restrict or prevent access to the waste. The site location could be chosen such that there are no known
significant natural resources or geothermal heat sources nearby that might encourage exploratory drilling.
The groundwater at depth would likely be of limited use (too salty) and uneconomical to exploit. The
borehole would be positioned within a region of rock with low permeability, which would be inconsistent
with groundwater resource use. The presence of ore deposits would be difficult to assess from the surface
in deeply buried crystalline basement rocks and if resource were there, they may well be uneconomical to
develop. Because of the vertical disposal of waste in a deep borehole, the footprint for inadvertent
intrusion is small. This further reduces the likelihood of an inadvertent intrusion into the waste disposal
zone.

A repository in a granite formation would likely have a low probability of human intrusion. The depth of
the repository would restrict or prevent access. The site location could be chosen such that there are no
known significant natural resources or geothermal heat sources nearby that might encourage exploratory
drilling. For example, a location where the groundwater at repository depth is of limited use (too salty)
and uneconomical to exploit. Moreover, the repository would be positioned within a region of rock with
low permeability, which would be inconsistent with groundwater resource use. For these reasons, it is
unlikely that wells would be drilled into the repository in search of potable water or other resources.

Both salt and clay/shale formations are unlikely targets for future drilling to recover potable water.
However, sedimentary rocks can provide a more attractive target for hydrocarbon exploration than other
formations. Measures to reduce the future likelihood of human intrusion, for example, by avoiding areas
with proven resources, may be appropriate for repositories sited in salt or clay/shale formations, and
safety assessments can take into account the potential consequences of intrusion. For the WIPP, safety
assessments demonstrated that even with the assumed probability of future drilling intrusion close to one,
performance was well within regulatory limits (U.S. Department of Energy 1996a; U.S. Department of
Energy 2004a).

3.6 Summary of Previous Safety Assessments

The United States and other countries around the world have conducted numerous detailed safety
assessments evaluating a variety of geologic disposal options, including those relevant to the four options
being considered in the Generic Safety Case. Built upon extensive laboratory and field research, these
assessments provide insight into potential repository behavior and the complementary role of engineered
and natural barriers. Examples of these safety assessments are summarized below. The first group consists
of three assessments conducted in the United States to support historical policy and regulation
development. The second group consists of previous assessments undertaken by the United States and
other countries for applications ranging from generic scoping studies to safety case development.
Appendix C discusses these two groups in more detail. The results of the generic postclosure safety
assessments presented in Section 4 are generally consistent with the results of the safety assessments
described below.
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Historical Studies Supporting Policy Development in the United States—The three studies described
below were conducted to support the historical development of policies and regulations in the United
States for nuclear waste disposal. An important aspect of these studies was the identification of criteria
that could be important to assessing repository safety.

Environmental Impact Statement on the Management and Disposal of Commercially
Generated Radioactive Wastes—For this study, the repository conceptual design consisted of
emplacing waste packages in boreholes in a mined repository, which would then be backfilled (U.S.
Department of Energy 1980). The study focused on four rock types: salt deposits (bedded and domal),
granite, shale, and basalt. Of the factors considered relevant to geologic disposal, the most important
ones were thought to be the hydrologic regime; the tectonic regime; the multi-barrier concept; and
thermal, physical, and geochemical properties of the host rock. In addition, criteria were identified to
use for site selection to ensure that the natural barrier functioned as planned. Based on the study
results, the Environmental Impact Statement concluded that a nuclear waste repository could be sited,
loaded, and sealed with every expectation that long-term radiological impacts would be nonexistent.

Waste Isolation Systems Panel—A panel of the Board on Radioactive Waste Management of the
National Research Council conducted safety assessments to investigate disposal of high-level
radioactive waste, transuranic waste, and other special long-lived wastes (National Academy of
Sciences 1983). The potential host rock types considered included salt (bedded and domal), granite,
basalt, rhyolite (tuff), unsaturated alluvium over a regional aquifer, and granite/metamorphic rocks
under a regional sedimentary aquifer. For evaluation purposes, the panel developed performance
criteria based on the annual or lifetime radiation dose to an individual exposed at some future time to
radionuclides released to the environment from a geologic repository. The study revealed two key
system performance elements: (1) the absence of flowing groundwater that in time could come in
contact with the waste form, and (2) low, solubility-limited release rates of the radionuclide products
in the waste form, geologic retardation, and a decrease in potential radiation doses to individuals
resulting from the dispersion and dilution processes during transport and discharge in surface water.

Background Information Document for the U.S. Environmental Protection Agency Rule

40 CFR Part 191—1In this report, the U.S. Environmental Protection Agency presented risk
assessments to support development of the regulatory standard in 40 CFR Part 191 for high-level
waste and transuranic waste repositories (U.S. Environmental Protection Agency 1985). The geologic
settings included specific sites in bedded salt, basalt, and unsaturated volcanic tuff as well as sites for
granite that were either more regional in nature or idealized. The various sites were evaluated with a
standard set of engineering assumptions because it was determined that the models were not highly
sensitive to these assumptions. The model results provided consequence estimates in terms of
population risk rather than individual risk.

Previous Safety Assessments Relevant to the Four Geologic Disposal Options—The United States
and other countries around the world have conducted numerous safety assessments over the years. The
following provides a sampling of the safety assessments, organized according to relevance to the four

disposal options.

Salt

- Review of Salt Repository Science (United States)—In 2011, Sandia National Laboratories
published a high-level review of salt repository science and proposed a framework for evaluating
a generic salt repository (Hansen and Leigh 2011). The report also presented a gap analysis
identifying areas of remaining uncertainty in important FEPs. Besides recognizing the positive
gualities of salt for waste isolation, the study concluded that (1) the United States has an
abundance of salt formations of sufficient depth, thickness, and lateral extent to accommodate a
repository, (2) experience gained from WIPP as well as the programs of other countries offers
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substantial benefit, and (3) the knowledge base regarding salt is likely to be expanded by
advancements in multi-physics modeling and laboratory testing.

Waste Isolation Pilot Plant Recertification (United States)—Operated by the U.S. Department of
Energy, WIPP disposes defense-generated transuranic wastes in thick salt beds located in New
Mexico (U.S. Department of Energy 2009). Since 1996, the U.S. Department of Energy has
conducted five different safety assessments. The results from the latest safety assessment in 2009
as well as the previous assessments and continuing scientific studies have shown that WIPP is
operating and performing as expected. The dominant factors affecting the undisturbed system
behavior are fluid flow, rock deformation surrounding the excavation, and waste degradation.
While WIPP disposes of transuranic waste, the results can still provide useful insights regarding
the potential behavior of a salt repository used for the disposal of high-activity waste.

Gorleben Preliminary Safety Assessment (Germany)—Germany has been investigating salt as a
possible host rock since the 1960s (Weber et al. 2011). Efforts on a preliminary safety assessment
began in 2010 using the salt dome at Gorleben as a reference site. The safety concept emphasizes
the systematic demonstration of long-term safe confinement of high-level radioactive waste by
demonstrating the long-term effectiveness and integrity of the geological and engineered barriers.
The domal rock salt has multiple characteristics contributing to barrier performance including
being generally dry, virtually impermeable, and self-healing. Seals and backfill are being
investigated as engineered barriers. The results thus far indicate that the reference site is expected
to maintain its integrity as a geologic barrier during the entire reference period of 1,000,000
years.

e Clay

Generic Clay Study (United States)—Sandia National Laboratories conducted scoping
performance analyses as part of a recent feasibility study on high-activity waste disposal in clay
formations (i.e., mudstone, claystone, shale, and argillite) within the United States (Hansen et al.
2010). The study found that clay mineralogy and chemistry combine to limit radionuclide
transport through the influence of low permeability, chemically-reducing environments, and
sorption. Multi-physics calculations suggested that the maximum extent of radionuclide transport
will be on the order of tens to hundreds of meters, or less, in 1,000,000 years. Because of the long
transport times, most of the mobile radionuclides will decay before they can reach the biosphere.

Opalinus Clay Safety Case (Switzerland)—After years of research, the National Cooperative for
the Disposal of Radioactive Waste (Nagra) in 2002 presented its safety case for waste disposal in
the Opalinus Clay in Switzerland (Nagra 2002). To better understand how the natural and
engineered barriers work together, Nagra analyzed over 20 cases run as part of the Reference
Scenario and 49 cases run to evaluate other scenarios and circumstances. The associated results
were below the applicable regulatory guideline. In the reference case, most radionuclides decay
within the waste forms and buffer material. Because transport is dominated by diffusion, only the
most mobile and long-lived radionuclides reach the edge of the host rock formation. The clay-rich
confining units surrounding the host rock have good sorption properties and can also retard
transport. Long-lived radionuclides that escape the confining units may enter regional aquifers,
where they are dispersed and diluted. Additional dilution occurs when the deep aquifers discharge
to the more dynamic freshwater flow systems of near-surface gravel aquifers or to river waters.

Dossier 2005 for Clay (France)—In 2005, the French National Radioactive Waste Management
Agency (Andra) submitted Dossier 2005 Argile to French authorities after nearly 15 years of
research on clay formations (Andra 2005a). The safety assessment and supporting scientific
investigations demonstrate that the Callovo-Oxfordian argillites offer a robust and efficient means
of disposal. The study identified three barriers that act to prevent or delay the release and
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transport of radionuclides: (1) the waste packages (primarily the ability to maintain integrity),
(2) the disposal cells (diffusive transport), and (3) the geologic medium (immobilization due to
smectite, favorable geochemistry causing precipitation, and diffusive transport). The assessment
results found that there is no significant impact to man and the environment for the normal
evolution scenario. In the altered evolution scenarios, Andra explored the potential impacts of
low probability events and processes such as seal and plug failure, defective containers, and
borehole penetration of the repository. The expected dose for each scenario remained well below
the applicable regulatory limit. Even given the extreme situation in which all safety functions
were assumed to be severely degraded, the expected dose was still less than the limit.

SAFIR 2 (Belgium)—Research on long-term waste management began in Belgium as early as
1974. In 2001, Safety Assessment and Feasibility Interim Report 2 (SAFIR 2) was released
(ONDRAF/NIRAS 2001). The reference host formation in SAFIR 2 is the Boom Clay. Results of
both normal and altered evolution scenarios confirm that, while the waste packages and backfill
materials are expected to provide some barrier capability, it is the Boom Clay that dominates in
terms of preventing or delaying radionuclide transport. Migration through the Boom Clay occurs
primarily through diffusion. Sorption by the clay minerals or by organic materials in the clay will
halt the transport of many radionuclides. The few radionuclides that migrate through the clay
layer will be diluted in the overlying aquifers, where advection and dispersion dominate. Some
sorption is also possible because of minerals present in the aquifers. The calculations for the
normal evolution scenario indicate that the exposure for an individual in the reference group is
below the applicable dose limit. The initial altered evolution results indicate that the overall
system performance remained broadly intact despite the various assumptions compromising
system integrity.

e Granite

Generic Granite Study (United States)—In 2011, Sandia National Laboratories conducted a study
to evaluate the feasibility of using granite as the disposal host rock (Mariner et al. 2011). For
scoping purposes, a preliminary safety assessment was conducted to analyze two scenarios: the
defective waste package scenario and the buffer failure scenario. Results indicated that the most
important simulated processes for preventing release are canister corrosion, waste form
degradation, and radionuclide precipitation. These processes, in turn, depend highly on reducing
conditions and the presence and properties of the canister and buffer. The buffer, in addition to
delaying waste package failure, presents a diffusive and sorptive barrier to radionuclide transport;
however, the results suggest that the buffer’s role in limiting canister corrosion rates is more
important to radionuclide release to the geosphere. Once radionuclides enter the geosphere,
fracture flow velocities, matrix diffusion, sorption, and radioactive decay are of the highest
importance to the dose rate at the receptor well. The importance of radioactive decay is magnified
by the long residence times in the repository and geosphere compared to the relatively short half-
lives of many of the radionuclides.

Forsmark License Application (Sweden)—The Swedish have researched deep geological disposal
for more than 30 years (Thegerstrém and Olsson 2011). Forsmark was selected as the repository
site in 2009. The safety assessment, SR-Site, was conducted as part of the license application
(SKB 2011; Hedin et al. 2011). The SR-Site results confirmed the favorable properties of the
Forsmark site. The crystalline bedrock at Forsmark has relatively few open or partly open
fractures at repository depth. Diffusion is the dominant transport mechanism in the rock matrix,
which also has favorable sorption properties. A reducing chemical environment and salinity at
repository depth help ensure the stability of the bentonite buffer. The results also point to the
waste package as an important barrier; canister failures are expected to be rare. Even in scenario
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analyses involving various modes of canister failure, the radiological consequences remain below
the applicable regulatory limits.

Posiva’s Preliminary Safety Case for the Olkiluoto Site (Finland)—The Olkiluoto site in Finland
has been studied for over 20 years (Posiva 2010a). Posiva has conducted safety assessments on
Olkiluoto to support license application development. The results indicate that the key barriers are
the canister, the bentonite buffer, the backfill (specific to one of the design variants), and the host
rock. Most of the canisters are expected to remain intact over at least several hundreds of
thousands of years. Once a canister fails, the following barrier features contribute to performance:
(1) low groundwater flow rates, (2) low dissolution rates of spent fuel under reducing conditions
and low corrosion rates of fuel assembly materials, (3) low solubilities of several of the most
hazardous radionuclides, (4) slow transport of radionuclides through the bentonite buffer, and

(5) slow transport of radionuclides through the host rock.

Third and Fourth Case Studies in Granite (Canada)—Canada has been investigating various
disposal strategies for about 30 years (Gierszewski et al. 2004; Kremer et al. 2011). The Third
and Fourth Case Studies, presented in 2004 and 2011 respectively, considered hypothetical
repositories representative of potential sites that could exist within the crystalline rock in the
Canadian Shield. The safety assessments showed that, while robust containers are the primary
barriers to radionuclide release, the other engineered and natural barriers are effective in
preventing or delaying radionuclide transport. Even in sensitivity cases in which all the containers
were assumed to fail, the calculated dose rates to the critical group stayed below the applicable
dose rate constraint and the natural background radiation. This result illustrates the benefits of a
multiple barrier system in which the engineered sealing materials and the geosphere are capable
of contributing to barrier performance.

e Deep Borehole

Generic Deep Borehole Study (United States)—Although the concept of the deep borehole option
has been investigated off and on since the 1950s, it has been re-examined recently by Sandia
National Laboratories (Brady et al. 2009; Swift et al. 2011). A preliminary safety assessment was
conducted to study transport in the borehole as well as in the disturbed zone around the borehole.
The results indicate that radionuclides, once emplaced, tend to stay in the borehole or its
immediate vicinity. The fuel and the majority of the radionuclides in it will be thermodynamically
stable and will resist dissolution into borehole fluids. Thermally driven flow causes upward
advective transport for only about 200 years. In the subsequent ambient conditions, there is only
diffusive transport. Over the 1,000,000-year period, diffusive transport cannot move
radionuclides through the various media more than about 200 m. On this timescale, the vast
majority of radionuclides will have decayed.
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4 GENERIC POSTCLOSURE SAFETY ASSESSMENTS
4.1 Introduction

This section describes a preliminary implementation of the safety assessment methodology leading to
guantitative evaluations of the postclosure safety of four generic geologic disposal options: mined
disposal facilities in salt, clay, and granite and deep borehole disposal in crystalline rock.

Generic scenario analysis is described in Section 4.2. The scenario analysis includes FEP identification
and screening following by scenario construction and screening. Section 4.3 describes the development of
safety assessment models for each of the four generic disposal options that describe selected FEPs and
scenarios. This involves numerical representations of the selected disposal system scenarios for producing
guantitative estimates of disposal system performance and safety. The generic safety assessment model
results for each of the geologic disposal options are presented in Section 4.4. These simulation results
include both deterministic analyses and sensitivity analyses.

4.2 Scenarios

4.2.1 Introduction

Within the safety assessment methodology in Section 2.3.1, scenario analysis is captured in Step 3:
3. Identify scenarios for analysis

a. Identify and screen potentially relevant features, events, and processes (FEPS)
b. Construct and screen scenarios
C. Estimate scenario probabilities

Scenario analysis, also referred to as scenario selection, is commonly used to support postclosure safety
assessments (Organisation for Economic Co-operation and Development 19993, Section 1). Early
development of scenario analysis methodologies was performed by the U.S. Nuclear Regulatory
Commission (Cranwell et al. 1990) and the Nuclear Energy Agency (Organisation for Economic Co-
operation and Development 1992; Organisation for Economic Co-operation and Development 1999a).
More recent discussions of scenario analysis methodologies are provided in a number of reports (U.S.
Nuclear Regulatory Commission 2003, Section 2.2.1.2; BSC 2005b; Organisation for Economic Co-
operation and Development 2006; Sandia National Laboratories 2008a). Common to these methodologies
are the following scenario analysis steps:

o FEP Analysis—Identify, classify, and screen FEPs potentially relevant to the long-term performance
of the disposal system

e Scenario Development—Construct and screen scenarios from the screened in (included) FEPs

e Model Implementation—Specify the numerical implementation of the screened in scenarios in the
safety assessment model

There are a number of definitions of scenarios and features, events, and processes in the literature. A good
and consistent set of definitions is (U.S. Nuclear Regulatory Commission 2003, Section 3):

e Ascenario is a well-defined, connected sequence of features, events, and processes that can be
thought of as an outline of a possible future condition of the repaository system. Scenarios can be
undisturbed, in which case the performance would be the expected, or nominal, behavior for the
system. Scenarios can also be disturbed, if altered by disruptive events.

e A feature is an object, structure, or condition that has a potential to affect disposal system
performance. The waste package is an example of a feature.
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e Anevent is a natural or human-caused phenomenon that has a potential to affect disposal system
performance and that occurs during an interval that is short compared with the period of performance.

e A process is a natural or human-caused phenomenon that has a potential to affect disposal system
performance and that operates during all or a significant part of the period of performance.

A FEP generally encompasses a single phenomenon; typically it is a process or event acting upon or
within a feature (or region).

Scenario analysis has two primary purposes in the development and documentation of a postclosure safety
assessment. First, scenario analysis supports the demonstration of the comprehensiveness of the FEPs and
scenarios - it can provide objective evidence that all potentially relevant FEPs have been identified and
that all reasonably possible future states of the disposal system have been considered. Second, scenario
analysis supports the demonstration of completeness of the safety assessment model — it can provide a
structure to ensure that all important FEPSs, scenarios, and their uncertainties are quantitatively
represented in the model. These objectives are supported by formal documentation of scenario analysis
process including the treatment of included FEPs (how they are included in the model) and excluded
FEPs (the rationale for exclusion).

FEP analysis, scenario development, and safety assessment model development and implementation are
iterative processes that are dependent on site-specific information, design alternatives, regulations, and
performance metrics and evolve as new information (e.g., experimental data, model results, socio-
political drivers) becomes available.

Scenario analysis is typically conducted for a specific site and disposal concept. Applying scenario
analysis to a generic geologic disposal system requires a number of assumptions to be made because
regulatory requirements, site characterization data, and design information may not be available.
Additionally, identification and evaluation of the external factors (i.e., disruptive events) that influence
scenario development is, for the most part, site specific. To support this Generic Safety Case, these
assumptions derive from the safety strategy in Section 2 and the assessment basis in Section 3.

In the early stages of a disposal program, prior to the selection of disposal options or a site, this type of
generic scenario analysis is sufficient. The basis for generic FEP analysis and scenario development is
subjective in nature because sufficient design- and site specific information is not available. Success is
improved by drawing on existing and accepted FEP lists from other countries as well as previous
performance and safety assessments for a wide range of geologic media. Simplified disposal system
models may be constructed and analyses may be used to inform research needs for the next iteration as
well as to identify the strong points of the disposal options under consideration.

As the disposal program progresses through various phases, the available information becomes more site
specific and the FEPs and scenarios can be refined, making use of the new information collected from the
research and development program and updated models. This process is repeated until sufficient
information and pedigree exists to support a license application.

An overview of FEP analysis and its application to the generic safety case is presented in Section 4.2.2.
Parallel information for scenario development is presented in Section 4.2.3.

4.2.2 FEP Analysis
FEP analysis consists of the following steps:

1. FEP ldentification—Identify and classify FEPs potentially relevant to the long-term performance of
the disposal system.

2. FEP Screening—Screen the FEPs using specified criteria (e.g., low probability, low consequence, by
regulation) to identify those FEPs that may be excluded from a safety assessment model and those
that should be included in the model.
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A summary of FEP identification and screening approaches and considerations is presented in Section
4.2.2.1. The application of FEP identification to support the generic safety case is described in Section
4.2.2.2. Preliminary FEP screening for each of the four safety case disposal options is described in
Section 4.2.2.3.

4.2.2.1 Overview

Overviews of FEP analysis approaches are presented in Organisation for Economic Co-operation and
Development (1992, Section 4), BSC (2005b, Section 2), and Freeze et al. (2010, Section 1). Summary
information is provided in Section 4.2.2.1.1 for FEP identification and Section 4.2.2.1.2 for FEP
screening.

4.2.2.1.1 FEP ldentification

The objective of FEP identification is to identify and categorize a comprehensive list of FEPs potentially
relevant to the long-term performance of the disposal system. Potentially relevant FEPs are all
phenomena (i.e., combinations of process and events acting upon features) that might possibly influence
the long-term performance of the disposal system, regardless of importance (e.g., no matter how
improbable or inconsequential). Formal FEP identification, which includes FEP categorization, can be
used to support the demonstration of the comprehensiveness of the FEP list by providing objective
evidence that all potentially relevant FEPs have been identified — it can address the question, “Have we
thought of everything?” (Freeze et al. 2010, Section 1.1.1).

FEP identification can be accomplished using either top-down or bottom-up approaches. Top-down
approaches tend to be more systematic, deriving from a small number of broadly-defined endpoint
performance metrics. A top-down system is expanded by identifying influences on each metric, such that
there are increasingly larger numbers of more detailed phenomena as each successive level of influence is
developed. Bottom-up approaches tend to be more free-form, deriving from a large number of more
narrowly-defined independent phenomena that describe the system being considered. Initial FEP
identification is most commonly performed using bottom-up approaches such as development from
existing detailed FEP lists and/or brainstorming (i.e., freely-structured identification of FEPS) by groups
of relevant experts (Organisation for Economic Co-operation and Development 1999a). Numerous
comprehensive FEP lists are available in the literature to serve as a starting point, including the
International FEP Database (Organisation for Economic Co-operation and Development 1999a;
Organisation for Economic Co-operation and Development 2006) and FEPs documented in Sandia
National Laboratories (2008a; 2008b).

FEP lists are commonly classified in accordance with top-down-structured and/or hierarchical
categorization schemes. The cross-mapping of a bottom-up-generated FEP list with top-down-structured
categorization schemes helps to uncover missing FEPs and interactions and can provide a framework for
demonstrating comprehensiveness. The following statements provide general observations regarding FEP
categorization:

By classifying features, events, and processes under different schemes, information on additional
phenomena and interaction can be gained. ... classification schemes that examine the system
from different viewpoints should be used. (Organisation for Economic Co-operation and
Development 1992)

...it is helpful to have a structure or categories so that the completeness (of categories and within
categories) can be assessed, and equivalent levels of detail guided, e.g., similar numbers of FEPs
might be found in each category (Organisation for Economic Co-operation and Development
1999a)

Confidence in the comprehensiveness of the list of factors is developed by organizing and
ordering the information in many different ways. (Goodwin et al. 1994)
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The [International FEP Database] classification scheme captures a range of radioactive waste
disposal assessment projects within its scope. ...this will be an aid to achieving
comprehensiveness of assessments ... (Organisation for Economic Co-operation and
Development 1999a)

An important consideration in the development of a FEP list is the level of detail at which the FEPs are
defined. There is no uniquely correct level of detail at which to define and/or aggregate FEPs. Too little
detail produces a short list of broadly defined FEPs, where it becomes difficult to isolate important issues
for screening or implementation in a model. Too much detail produces a long list of narrowly defined
FEPs, where it becomes impractical to develop independent screening decisions for each FEP. The
following observations relate to identifying a comprehensive list of FEPs (Organisation for Economic Co-
operation and Development 1999a):

A list that is too general will not be useful. On the other hand, a list that descends to a too-
detailed level ... will tend to become incomplete as it becomes more difficult to be comprehensive
at more detailed levels.

It is impossible to demonstrate comprehensiveness or completeness, in the sense that it is
impossible to exhaustively identify all possible FEPs and interactions within a complex and
evolving system. It is possible, however, to list a range of broadly-defined FEPs that might be
relevant to consider in safety assessments. This is the aim of the International FEP List: to be
comprehensive in a broad sense rather than in a detailed sense.

Regardless of the level of detail explicitly captured in a FEP, it is common that it can subsume, either
explicitly or implicitly, several very specific issues and/or finer details, all of which are more broadly
addressed by the FEP and its associated screening evaluation. However, no matter what level of detail is
provided in a FEP list, the “next finest” level of detail is often desirable to better support the specific
implementation in a safety assessment model. Therefore, a balance must be struck between a broader
level of detail desirable for screening (and to support a demonstration of comprehensiveness in a broad
sense) and a finer level of detail desirable for the safety assessment model implementation. Also, the level
of detail of FEPs need not be consistent across the entire disposal system. It is common for there to be a
greater number of more-detailed FEPs in the areas of the disposal system where more complex processes
predominate. In practice, lists that aggregate phenomena at relatively coarse levels have proven to be
suitable for evaluation in regulatory settings in the U.S. (e.g., the WIPP Compliance Applications (U.S.
Department of Energy 1996a; U.S. Department of Energy 2004a) and U.S. Department of Energy 2008b;
Sandia National Laboratories 2008a; and Sandia National Laboratories 2008b).

Ultimately, the comprehensiveness of a FEP list cannot be proven with absolute certainty. However,
confidence can be gained through a combination of cross-mapping with multiple categorization schemes,
audits/comparisons with other FEP lists, and formal and systematic reviews (Freeze et al. 2010,

Section 1.1.1).

4.2.2.1.2 FEP Screening

The objective of FEP screening is to identify those important FEPs that should be included in the safety
assessment model and those that can be excluded from further consideration. The included (screened in)
FEPs represent a subset of the complete set of potentially relevant FEPs. FEP screening is typically
performed by comparing FEPs with specified exclusion criteria. Common exclusion criteria include:

e Probability—FEPs having less than a specified probability of occurrence may be excluded from
consideration in the safety assessment model on the basis of low probability. The low probability
criterion will typically be specified in the regulations (e.g., exclusion of FEPs having a probability of
occurrence of less than one chance in 100,000,000 per year).
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e Consequence—FEPs that have little or no effect on disposal system performance, as defined by
specified metrics, may be excluded from consideration in the safety assessment model on the basis of
low consequence. The low consequence criterion will typically be specified in the regulations,
although the consequence threshold may not necessarily be quantitative (e.g., exclusion of FEPs
whose omission would not significantly change radionuclide exposure to a receptor or radionuclide
releases to the accessible environment).

e Regulation—Some FEPs may be specifically excluded by regulations that limit the scope of analysis
to specific characteristics, concepts, and definitions. FEPs related to the biosphere, disruptive events
(e.g., human intrusion), and long-term geologic processes are commonly addressed through
regulations.

Additional considerations in applying these exclusion criteria are discussed in BSC (2005h, Section 4.1).

The screening process is site-, design-, and regulation-specific. FEPs are considered one by one and are
checked for interactions. A FEP need only satisfy one of the exclusion screening criteria to be excluded
from the safety assessment model. A FEP that does not satisfy any of the exclusion screening criteria
must be included (screened in) in the model.

During the FEP screening process, the selection of appropriate performance metrics is important. System-
level performance metrics may include human health effects in the biosphere (e.g., annual dose);
cumulative radionuclide release to the biosphere; or radionuclide concentrations in the biosphere.
Subsystem-level performance metrics may include radionuclide mass flux and cumulative release across
intermediate domain boundaries; radionuclide concentrations within domains; radionuclide mass in place
(within domains and remaining in the waste form); engineered component degradation rates; and spatial
distributions of various physical and chemical properties (e.g., pH, temperature, fluid saturation, chemical
concentrations, dissolution and precipitation rates). Focusing only on system-level performance metrics
may cause the relative performance contributions made by various subsystems to be overlooked.
Ultimately, the assessment of importance depends on the type of decision that is being made about the
disposal system (e.g., a comparison with a standard may focus more on system-level performance,
whereas a comparison of specific design options such as different waste form types may focus more on
subsystem-level performance).

Another consideration in FEP screening is the relative performance contributions of specific design
components (e.g., features) or physical domains. For example, given a system-level performance metric
for a repository system in bedded salt, the host rock is likely to be the most important feature of the
disposal system, and the engineered components may be relatively unimportant, even though they may be
effective. Similarly, in a disposal system with very robust waste forms and waste packages, sorption in
the host rock is likely to be relatively unimportant, even though it may be effective.

The FEP screening decisions and supporting technical bases, including assumptions, should be
documented in a clear and organized manner. As with FEP identification, FEP screening is an iterative
process; new information, new designs, and new safety assessment results can result in revisions to FEP
screening decisions.

4.2.2.2 FEP Identification for the Generic Safety Case

The Used Fuel Disposition Campaign has developed a list of potentially relevant FEPs for long-term
disposal of used nuclear fuel and high-level radioactive waste for a range of disposal options (Freeze et al.
2010; Freeze et al. 2011). The development of these UFD FEPs, which are potentially relevant to the four
generic safety case disposal options, considered existing FEPs from the following sources:

e The International FEP Database (Organisation for Economic Co-operation and Development 1999a;
Organisation for Economic Co-operation and Development 2006). These FEPs are from 10 different
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national radioactive waste disposal programs covering a wide range of disposal system concepts and
geologic settings.

e The FEP List presented in Sandia National Laboratories (2008b, Section 6.2). These FEPs are
specific to a single disposal concept and geologic setting.

These existing FEPs were grouped and classified so that FEPs of similar or related scope could be
consolidated, generalized, and given a more consistent level of detail (Freeze et al. 2001, Sections 2

and 3; BSC 2005b, Section 3; Freeze et al. 2010, Section 2). The resulting set of 208 UFD FEPs is listed
in Appendix D, Table D-2. Each UFD FEP is defined by a “Description” at a broad level of detail such
that it is potentially applicable to all of the disposal options. For example, “Sorption of Dissolved
Radionuclides in the EBS” is potentially relevant to all disposal options. Each UFD FEP is further defined
by additional details under “Associated Processes”. The level of detail captured by the FEP Descriptions
and Associated Processes is appropriate for supporting a generic safety case. The technical scope of the
208 UFD FEPs collectively captures the full range of potentially relevant phenomena (and associated
time- and length-scales) encompassed by the source FEPs (from the International FEP Database and from
Sandia National Laboratories (2008b)) and is consistent with the generic natural and engineered features
(Sections 2.2.2 and 2.2.3) and processes (Sections 3.3 and 3..4.2) that represent the four safety case
disposal options. To provide traceability, the related FEPs from Sandia National Laboratories (2008b) are
mapped to each UFD FEP in the table. The FEPs from Sandia National Laboratories (2008b) are in turn
mapped to the International FEP Database (see Sandia National Laboratories 2008b, Appendix F).
Because the UFD FEP list derived from existing FEP lists, it benefits from the extensive reviews and the
cross-mapping that were conducted to support the comprehensiveness of the predecessor lists.

The UFD FEP list is organized by a UFD classification scheme that is similar to the International FEP
Database categorization scheme (Organisation for Economic Co-operation and Development 1999a,
Section 3). In Figure 4-1, the UFD classification scheme and numbering hierarchy is shown together with
the generic disposal system domains (features). The generic features and domains in Figure 4-1 are the
same generic features and domains introduced previously in Figure 2-1. The numbers associated with
various domains, features, events, and processes in Figure 4-1 correspond to the FEP numbering system.
Across the disposal system domains there is a consistent structure and numbering scheme for the features
(2.x.01 contains the first feature, 2.x.02 contains the second feature, etc.) and the processes (2.x.07
contains mechanical processes, 2.x.08 contains hydrologic processes, etc.). The full FEP numbering
hierarchy is shown in Appendix D, Table D-1.

Figure 4-1 also illustrates how each of the generic features can be acted upon by events (i.e., External
Factors) and/or coupled multi-physics processes and indicates FEP categories that control the safety
assessment model calculations (i.e., Assessment Basis and Radionuclide Exposure).

The generic UFD FEP list is easily expanded to capture additional details associated with specific
repository designs and site geology as disposal programs mature. Most commonly, this expanded level of
detail would be captured in the “Associated Processes” of an existing FEP. However, a new FEP could be
created if a new or unique features or phenomena were identified as part of a specific disposal option.
Also, the level of detail of FEPs can be dependent of the FEP screening. A guiding principle is to start at
an appropriately broad level of detail and then, if during the screening process a FEP is found to be
partially included and partially excluded, the FEP may be split into two or more sub-FEPSs so that a
screening decision on each of the sub-FEPs is non-ambiguous. Experience with the FEPs process permits
the identification of FEPs at the appropriate level of detail to minimize such adjustments to the FEP list.

Finally, as noted in Section 1.1, FEP analysis is an iterative process that evolves as new information (e.g.,
experimental data, model results, socio-political drivers) becomes available. While the preliminary list of
208 FEPs is considered comprehensive, examinations and audits of the UFD FEP list will always be
ongoing (e.g., further comparisons with existing and/or newly created FEP lists from other programs).
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Similarly, as the FEP list is reviewed and/or utilized by subject matter experts, possible enhancements or
modifications may be suggested.

NOTE: THCMBR = thermal-hydrological-chemical-mechanical-biological-radiological

ENGINEERED BARRIER SYSTEM (EBS) NATURAL BARRIER SYSTEM (NBS) BIOSPHERE
(2.1) (2.2) (2.3)
SOURCE | NEAR FIELD ‘ FAR FIELD RECEPTOR

Figure 4-1. Classification and Numbering Hierarchy for UFD Disposal System FEPs

4.2.2.3 Preliminary FEP Screening for the Generic Safety Case

FEP screening requires site characterization and design data, site-specific information about external
factors, and regulatory requirements. In this Generic Safety Case, preliminary FEP screening has been
performed for each of the four disposal options, based on a number of assumptions about the components
and characteristics of the various disposal systems. These preliminary FEP screening decisions are
documented in the following reports:

e Generic deep borehole disposal: Brady et al. (2009)
e Generic clay repository: Hansen et al. (2010)

o Generic granite repository: Mariner et al. (2011)

e Generic salt repository: Sevougian et al. (2012).

Preliminary screening decisions were based on differing sets of assumptions for each of the disposal
options, and in some cases produced included FEPs that could not be represented with the simplified
safety assessment modeling capabilities described in Section 4.3. They were not intended to represent
formal screening results, only to provide initial guidance to preliminary research and development and
safety assessment model needs. As a result, formal FEP screening to support scenario development for
this Generic Safety case was not performed. Instead, the preliminary scenario development described in
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Section 4.2.3 was based on simplifying assumptions about the components and characteristics of the four
generic disposal systems. These assumptions are documented in Section 4.2.3.3. As new information
becomes available from research and development, the FEP screening will be updated and formalized.

4.2.3 Scenario Development
Scenario development consists of the following steps:

1. Scenario Construction—Form (construct) scenarios from the retained (included) FEPs, as
appropriate

2. Scenario Screening—Screen the scenarios using the same criteria applied to FEPs to identify any
scenarios that can be excluded from the safety assessment model

A summary of scenario construction and screening approaches and considerations is presented in Section
4.2.3.1. The application of scenario construction to each of the four generic safety case disposal options is
described in Section 4.2.3.2. Scenario screening for each of the four safety case disposal options is
described in Section 4.2.3.3. Implementation of the screened in scenarios in the safety assessment models
is described in Section 4.3.

4.2.3.1 Overview

Overviews of scenario development approaches are presented in Organisation for Economic Co-operation
and Development (1992, Sections 5 and 6) and BSC (2005b, Section 2). Summary information is
provided in Section 4.2.3.1.1 for scenario construction and Section 4.2.3.1.2 for scenario screening.

4.2.3.1.1 Scenario Construction

Scenario construction involves developing a set of potential scenarios — combinations of included (or
retained) FEPs that represent possible future state of the system. Scenario construction (sometimes
referred to as scenario formation), therefore, forms a link between the FEPs and the safety assessment
models. The goal is to construct a set of scenarios that (1) represents all of the included FEPs, and

(2) covers the spectrum of possible future states of the disposal system. Formal FEP screening, together
with safety assessment model implementation can be used to support the demonstration of completeness
of the safety assessment by providing a structure to ensure that, given a comprehensive list of potentially
relevant FEPs, all important FEPs are captured in one or more scenarios.

A common approach to scenario development is to create an undisturbed scenario to represent the
expected, or nominal, behavior of the system and one or more disturbed scenarios to represent disruptive
events such as human intrusion, seismic events, or igneous events. The undisturbed scenario is often, but
not necessarily, considered to be the most likely scenario for the given safety assessment, and may be
referred to as the reference or nominal scenario. Disturbed scenarios can be triggered by specific events
and may act over different periods of time. Scenarios can also be triggered by a failure of an engineered
component (e.g., the failure of a waste package) in the absence of a disruptive event.

In developing scenarios a few principles are followed:

e Allincluded (retained) FEPs must be accounted for in at least one scenario. However, FEPs may
appear in more than one scenario (e.g., “nominal” FEPs may also occur as part of disturbed
scenarios).

e Scenarios are independent of each other but are not mutually exclusive. In other words, the
occurrence or non-occurrence of one scenario has no effect on the probability of occurrence of the
other scenarios and the occurrence of one event does not preclude the occurrence of the other events.

e Scenarios must not overlap or consequences may be double counted.

e The process must be documented in a traceable, transparent, and verifiable fashion.
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Before scenarios are constructed, it is useful to identify the included FEPs as either expected (those that
have a probability of occurrence very close to 1) or disturbed (those that have a probability of occurrence
of much less than 1, but greater than any regulatory threshold). The nominal scenario is constructed from
the expected FEPs and various disturbed scenarios are constructed from the expected FEPs and
combinations of disturbed FEPs. This is not to say that the nominal scenario has a probability of
occurrence of 1; most of the expected FEPs are typically part of both the nominal and disturbed scenarios
and collectively the probabilities all scenarios sum to 1. Typically the disturbed scenarios have small
probabilities of occurrence and the nominal scenario has a probability of occurrence close to 1.

The number of scenarios depends on the resolution at which the FEPs have been defined: coarsely-
defined FEPs result in fewer, broad scenarios, whereas narrowly-defined FEPs result in a larger number
of focused scenarios. There is no uniquely correct level of detail at which to define scenarios. Decisions
regarding the appropriate level of resolution for the analysis are made based on consideration of the
importance of the scenario to overall system performance and the resolution desired in the results. As a
general rule, scenarios should be aggregated at the coarsest level that provides adequate detail for the
purposes of the safety assessment.

Specific scenario development techniques for mapping FEPSs to scenarios are summarized in Organisation
for Economic Co-operation and Development (1992, Sections 5 and 6) and BSC (2005b, Section 2).
Recent international efforts (e.g. Organisation for Economic Co-operation and Development 2012)
describe a top-down approach that links FEPs to safety functions. From Organisation for Economic Co-
operation and Development (2012, Section 17.7.3):

Combining FEPs to scenarios is often called a bottom-up approach whereas the
derivation of scenarios by degrading the fulfillment of safety functions is often described
as a top-down approach. In practice, both approaches are often used simultaneously in a
complementary way; as a result regulations usually do not favour one approach against
the other.

The top-down approach offers additional benefits. The Organisation for Economic Co-operation and
Development (2012, Section 5.3) states:

Safety functions are useful to describe the initial state and evolution of a system in
relation to the safety concept. Scenario sets derived from studying (scientific and
technologic) uncertainties potentially affecting the safety functions (e.g. barrier
performance) are perhaps not necessarily ““complete”, but better targeted to, and
comprehensive with regard to, safety-relevant issues. However, for providing a sufficient
scientific basis concerning the phenomenological knowledge needed to establish
scenarios with confidence it will also be necessary to take advantage from systematic and
comprehensive databases of the underlying THMC features and processes. Finally, it
should be noted that there is also a tendency to formally link the two ways in hybrid
approaches, sometimes using formal tools linking FEPs to safety functions.

4.2.3.1.2 Scenario Screening

Scenario screening approaches are considerations are similar to the FEP screening described in Section
4.2.2.1.2. The set of constructed scenarios can be evaluated against exclusion criteria (e.g., low
probability, low consequence, incompatibility with regulatory guidance) to see if any scenarios may be
excluded from consideration in the safety assessment.

If scenarios are to be screened out on the basis of low probability, the probability must be taken at an
appropriate level. Scenarios should not be defined too narrowly such that their probability of occurrence
falls below the regulatory threshold. This can arise for disturbed scenarios where the probability of
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occurrence is driven by multiple events and the overall probability of occurrence is the product of the
individual probabilities of each event occurring.

The scenario screening step is where the probabilities of occurrence and associated scenario uncertainties
should be confirmed. For example, in a probabilistic calculation, the expected annual dose may be
calculated separately for each scenario and then combined with appropriate probability weighting to
estimate total expected annual dose.

Scenario uncertainty is introduced because scenarios attempt to identify plausible future states of the
disposal system. To develop a complete understanding of how scenarios might impact disposal safety,
uncertainties must be identified, accounted for, and propagated throughout the safety assessment
calculations. As described in Section 5.2, this uncertainty in the future state of the system (e.g., the timing
or magnitude of the disturbance) is part of aleatory, or irreducible, uncertainty. In constructing the
scenario there may also be epistemic uncertainty associated with incomplete knowledge of the data and
parameter values and/or model uncertainty.

As with the FEP analyses and scenario construction, it is important to adequately document the scenario
screening process, including screening decisions, probabilities of occurrence, and uncertainties, and
communicate this information in a transparent fashion to stakeholders.

Once the scenarios have been defined and screened, they are incorporated into the safety assessment
models, described in Section 4.3.

4.2.3.2 Scenario Construction for Generic Safety Case

Construction and screening of scenarios generally involves site-specific information as well as
specification of waste type, waste form, and disposal system design. As a result, formal construction and
screening of scenarios cannot be done generically. Instead, in the absence of formal FEP screening results
(see Section 4.2.2.3) and site- and design-specific information, potentially relevant scenarios for each of
the four disposal options are described in the following subsections. For each disposal option, the
expected initial state is described followed by a discussion of the likely temporal evolution of the generic
repository system as a function of the geology of the natural system in which it is sited and of the
engineered barriers that are assumed to be present. For each disposal option, the evolution begins at an
unperturbed initial state of the host rock, followed by rather abrupt or discrete changes in the environment
caused by excavation and waste emplacement, followed by more gradual changes induced by the effect of
radioactive decay heat on the natural environment and the tendency to return to the “equilibrium” state in
which the system first began, but modified by the presence of the engineered barriers.

Because a specific site and design has not been chosen, the descriptions of the evolution of the generic
repositories are concentrated more on undisturbed scenarios, and less on the more site-specific disturbed
scenarios. Observations about repository evolution or performance in the event of a human intrusion are
included where they provide additional insight about the robustness of a particular repository concept.

The scenarios for each generic disposal option, consistent with the descriptions of the initial state and
evolution to final state, are considered for scenario screening in Section 4.2.3.3.

4.2.3.2.1 Generic Salt Repository Scenarios

This section describes (1) the expected initial state of a generic salt disposal system, and (2) the likely
temporal evolution to a final state under undisturbed (hominal) conditions. The nominal evolution
scenario considers perturbations caused by repository excavation and emplacement of heat-generating
waste, including mechanical and hydrologic alteration of the engineered components and near field during
and after the thermal pulse. Potential effects from disturbed scenarios, such as human intrusion, are also
discussed.

The information is based largely on experience at WIPP (summarized by Hansen and Leigh 2011).
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4.2.3.2.1.1 Generic Salt Repository Initial State

As shown in Figure 2-4, the continental U.S. has many salt formations, including bedded and domal salt.
Bedded formations of salt (sodium chloride) are found in layers interspersed with materials such as
anhydrite, shale, dolomite, and other salts such as potassium chloride (Hansen and Leigh 2011). These
formations are tabular and can range across enormous land areas. Bedded salt formations are typically
between 200 to 600 m thick, but in some locations in the U.S. they can have thicknesses of up to 1,000 m.
Salt domes form from salt beds when the buoyancy effect created by the density contrast between the salt
and the overlying rock exceeds the strength of the confining material. Under such conditions, the salt has
a tendency to move slowly upward toward the surface, deforming plastically into mushroom-shaped
diapirs and many other cylindrical and anticlinal shapes. The top of some domal salt can be near surface,
while the root may extend to a great depth. Typically the diameter of a salt dome is on the order of 5 km.

The following initial conditions are characteristic of typical salt formations (U.S. Department of Energy
2011b):

e Mechanical Properties

- Salt flows around buried material and encapsulates it. Salt will slowly deform to surround other
materials, thus forming a geologic barrier that isolates waste from the environment. Creep or
visco-plastic flow of salt has been well characterized for many applications. Salt domes, for
example, rise via buoyancy through overlying sediments without inducing fractures in the salt. If
salt is confined, even modestly, it can flow without fractures because the cubic crystal structure
and imperfections in the lattice called dislocations afford sufficient slip systems.

- Fractures in salt are self-healing. In terms of disposal, one of the most important attributes of salt
as an isolation medium is its ability to heal damaged areas, such as those created by mining and
engineered barrier system construction. The healing mechanisms include microfracture closure
and bonding of fracture surfaces. Evidence for healing of fractures in salt has been obtained in
laboratory experiments and through observations of natural analogues. Fracture healing can
readily restore salt’s native low permeability.

e Hydrologic Properties—Salt is essentially impermeable and of very low porosity and water content.
The very existence of a salt formation millions of years after deposition is evidence that water has not
flowed through the formation. The established values for permeability of intact salt come from many
industry applications, such as the large-scale storage of hydrocarbon product in solution salt caverns.
The native permeability of salt is essentially too low to measure using traditional hydrologic and
reservoir engineering methods.

e Thermal Properties—Salt has a relatively high thermal conductivity. Thermal conductivity of
natural rock salt under ambient conditions is approximately two to three times higher than granite. A
relatively high thermal conductivity is a positive attribute in a salt repository for nuclear waste
because the radioactive decay heat from used fuel or high-level radioactive waste is rapidly dissipated
into the surrounding formation.

These conditions are consistent with the assessment basis developed in Section 3.3.2.1.

In addition to the foregoing attractive initial state properties, salt formations are often very thick, which
significantly contributes to waste isolation and containment. Furthermore, excavations in salt are likely to
be easier to develop, as compared to clay or granite, which contributes to preclosure safety.

After mining and emplacement of the used fuel and high-level radioactive waste in a salt repository, the
natural system’s mechanical and hydrologic state has been altered. The primary sources of alteration are
(1) the mechanical stress induced by excavation, which results in the fracturing of the host rock in the
near-field region around the waste, and (2) communication of the host rock pore environment with the
atmosphere, through gas phase transport of water vapor. Also, some heating will occur prior to closure,
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since waste emplacement and repository closure is not an instantaneous event. The heating effects are
discussed in Section 4.2.3.2.1.2 regarding evolution of the repository to a final state. Here, the alterations
to the mechanical and hydrologic properties prior to closure are described, which represents the initial
state at the time of closure.

A mine layout for disposal of used nuclear fuel and high-level radioactive waste in salt can be quite
flexible (e.g., Figure 2-12). A recent conceptual salt repository study called the generic salt repository for
high-activity waste advanced a new disposal concept based on lessons learned from the WIPP, Asse, and
Morsleben (Carter et al. 2011a). The building block of the underground geometric layout is called a panel,
consisting of individual rooms containing a series of over 200 alcoves. This configuration allows
emplacement of vitrified waste in the alcoves, with the main room functioning as an access corridor. The
disposal strategy assumes placement of one canister at the end of each alcove to be covered by crushed
salt backfill for radiation shielding of personnel accessing adjacent alcoves. By providing spacing of 40 ft
between adjacent canisters, the areal heat loading of the salt is 39 W/m?. The thermal loading will
accelerate closure of the alcoves and rooms due to thermally-enhanced salt creep.

The DRZ comprises the region near an excavation alcove that experiences changes in hydrologic or
mechanical properties. The properties that typically define a DRZ in salt include (Hansen and Leigh
2011): (1) dilational deformation ranging from microscopic to readily visible, (2) loss of strength
evidenced by rib spall, floor heave, roof degradation and collapse, and (3) increased fluid permeability via
newly created fracture porosity. Salt, being a plastic medium at repository depth, exhibits an isotropic
state of lithostatic stress. Excavation of underground openings perturbs the static equilibrium of the mined
regions sufficiently to cause fracturing in rock proximal to the excavations, due to deviatoric (shear) states
of stress that arise from excavation operations. In salt, shear stress can result in both elastic and inelastic
deformation of the host rock. Elastic deformation occurs instantaneously (time-independent) in response
to changes in stress state; however, inelastic response in various regions of the DRZ is time-dependent,
resulting in visco-plastic flow or “creep.” As described in the Section 4.2.3.2.1.2, it is this inelastic stress-
strain response that is responsible for the mechanical evolution of the repository near field to its final state
of encapsulation of the waste.

The hydrologic state of the repository after mining and waste emplacement will be determined by the
effect of excavation on porosity and fluid permeability. Salt porosity and permeability increase as a result
of dilation induced by mining. Intergranular fractures align with the maximal principal stress, increase
connectivity, and subsequently increase fracture apertures. Because of the sensitivity between salt
permeability and dilation, the DRZ is expected to exhibit high permeability immediately adjacent to the
excavation and decrease away from the opening in direct relation to the level of induced damage and
deviatoric stresses. The microfracturing will also relieve pore pressure. At the free surface of the
excavation opening, the pore pressure will be atmospheric (the gas pressure in the tunnels), whereas the
pore pressure will reach lithostatic pressure (approximately 15 MPa at the repository horizon in this
example) beyond the DRZ. The pressure gradient through the DRZ promotes brine release into the mined
opening, creating a “dry-out” zone adjacent to the drift openings. In particular, during the repository
operational period, the accessible brine will tend to migrate down the stress gradient and evaporate into
the ventilation air. But, as salt creep closes a disposal room, the stress gradient decreases, fractures heal,
and crushed salt (if present) reconsolidates. Thus, conditions in a repository would evolve to significantly
limit brine flow toward the waste disposal areas, as well as radionuclide movement away from the
disposal containers after they are breached.

The host rock of a bedded salt repository is, typically, dominantly composed of halite (NaCl) with
significant amounts of anhydrite (CaSQ,), polyhalite (K,MgCa,(S0,),¢2H,0), and clay minerals as minor
phases. Salt formation brines tend to have high concentrations of sodium, calcium, and chloride. Lesser
amounts of sulfate and carbonate are present. Some brines also have high magnesium concentrations. The
in-situ pH of brines is slightly acidic (i.e., about 6.0 to 6.5) and is buffered by the mineral components of
the salt formation. Near-field geochemistry in a salt repository is controlled by the potential interactions
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between the salt formation brine and the waste, packaging, and emplacement materials (Hansen and Leigh
2011). To the extent that brine is available to react with these materials, the pH, oxidation/reduction
conditions, gas fugacities, and dominant aqueous species present will evolve over time. The pH of brines
after interaction with steel waste packages at low temperatures would probably be similar to that
characteristic of the brucite chemical buffer used at WIPP (pH of about 9) (Hansen and Leigh 2011).

4.2.3.2.1.2 Generic Salt Repository Evolution

The presence or absence of brine in the near field is an important factor in the overall evolution of a salt
repository (Hansen and Leigh 2011). Near-field geochemistry in a salt repository is controlled by the
potential interactions between the salt formation brine and the waste, packaging, and emplacement
materials. To the extent that brine is available to react with these materials, the pH, oxidation/reduction
conditions, gas fugacities, and dominant aqueous species present will evolve over time. This evolution
will be influenced by temperature, especially during the thermal period of a used nuclear fuel and high-
level radioactive waste repository in salt. Elevated temperatures cause some aqueous salt solubilities and
material reaction rates to increase. These trends apply from ambient temperature up to dry out at 107°C
(for NaCl brine at 1 atm). A repository for heat-generating, high-activity waste in salt would be expected
to have reducing near-field conditions during the thermal period only if reducing materials such as steel
are sufficiently reacted with brine (Hansen and Leigh 2011). Reducing near-field conditions would not be
expected if corrosion-resistant nickel-chromium alloys were used for the waste packages (or if no waste
packages were used) because of their much lower aqueous reaction rate compared to carbon steel. An
additional mechanism for producing reducing conditions is the reaction of brine with UO, in the used fuel
disposed of in the repository. This is less likely because it would represent a breach of a waste package,
but the used nuclear fuel would represent a large mass of reducing material if exposed.

In the WIPP safety assessment model, brine is also essential to corrosion of iron and other metals and for
sustained microbial activity. Corrosion of waste packages and other engineered materials in the disposal
area of a used nuclear fuel and high-level radioactive waste repository could be enhanced when in contact
with concentrated brines at elevated temperatures, and gases will be generated as a result of the corrosion
under chemically-reducing conditions. Subsequent to waste package corrosion failure, corrosion of the
waste form, its canister, and waste package internal structure materials would occur, releasing
radionuclides and generating additional corrosion gases. Combined actions of the corrosion gas
generation and decreasing confined space in the disposal area by salt creep deformation would probably
pressurize the disposal area, which could result in brine flows and potential transport of dissolved
radionuclides away from the disposal areas to some distance. However, in the absence of brine, a salt
repository is virtually unaffected by these corrosion processes. This would be the case if a dry-out zone
forms around the emplacement areas, as described below.

Because maximal stress differences occur immediately upon creating the opening, the maximum extent of
the DRZ manifests quickly, and the brine migration (i.e., dewatering) process begins shortly after
excavation. During the operational period, brine will flow down the pressure gradient from the higher
(near lithostatic) pressure in the far field to the atmospheric pressure in the mined opening, and decay heat
will further mobilize near-field moisture by vaporization, leaving behind salt minerals in the pore space.
The initial pore water may be swept away completely by ventilation and possibly condensed elsewhere,
away from heat-generating waste, or it may be hygroscopically absorbed by the salt in a cooler area where
the relative humidity exceeds 75% (Hansen and Leigh 2011). It is possible that fluid inclusions could
migrate through intact salt toward the heat source. However, in the early period when thermal gradients
are steep, the migrating inclusions will encounter grain boundaries or microfractures, where they will
move down the stress gradient toward the repository ventilation.

Thus, after excavation and waste emplacement, vaporization and fluid migration processes will create a
dry-out zone around the waste disposal area, but the duration and extent of the dry-out zone will depend
on the waste heat output characteristics, repository thermal loading, and thermal characteristics of the salt.
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In particular, as the temperature decreases following the peak heating period, brine will no longer
vaporize as it flows toward the waste disposal area, driven by the higher (i.e., near lithostatic) pore
pressure in the far field. Thus, although this fluid pressure gradient after closure (i.e., after removal of
ventilation) might cause re-saturation of the near-field salt (both backfill salt and DRZ salt), it is likely
that the DRZ of a heat-generating waste repository in salt could heal completely, i.e., return to its pre-
emplacement state, via creep deformation (facilitated by the thermal perturbation), within a 100-year
period (Hansen and Leigh 2011). Temperature effects on salt deformation are dramatic, as shown by
laboratory tests on natural salt specimens. Elevated temperature in a salt repository will enhance creep
deformation upon placement of the heat-generating waste in the rooms. As salt creep closes a disposal
room, the stress gradient decreases, fractures heal, and crushed salt (if present) reconsolidates. Rapid
healing of the DRZ would cause the fluid permeability to return to its original state of near zero
permeability, thereby preventing brine from re-saturating the salt around the waste package, resulting in a
permanent dry-out zone “encapsulating” the package. This dry “halo” would severely reduce the potential
effects of changes in brine chemistry induced by the thermal pulse. For example, it would limit corrosion
of the waste packages, as well as transport of radionuclides away from the near field (if corrosion does
somehow breach the waste packages). Also, without brine in the near field, production of gas through
radiolysis would be limited, which would eliminate another possible transport mechanism, i.e., fluid
phase pressure in the near field (increased by gas production) would not exceed ambient pore pressures in
the far field.

As conjectured by Hansen and Leigh (2011), if models (and/or experiments) indicate that heated salt does
not completely encapsulate the waste to create a dry environment, the possibility would remain that brine
is accumulated in the near field during the thermal period. This would necessitate that the design basis of
a high-activity waste repository in salt include waste packages engineered to survive the thermal period.
Brines from the surrounding bedded or domal salt formation or brines introduced by human intrusion
would then interact with the waste packages and not with the waste form itself, reducing the chance of
radionuclide mobilization during the time of greatest thermal-mechanical property changes (the thermal
period). If steel waste packages are emplaced, the oxygen from the excavation and emplacement phase
can be consumed by interaction with the brine, and the closed repository could become anoxic. In the
absence of oxygen, water could react with steel or other metallic components of the waste packages and
produce hydrogen (H,) gas via anoxic corrosion. Eventually, either oxic or anoxic corrosion of the waste
packages could proceed to waste package failure, allowing brines to interact with the waste form. If waste
form(s), canisters, and/or backfill materials interact with brines, substantial changes could occur. For
example, alteration of oxide wastes or backfill materials, degradation of glass and/or ceramic waste, and
corrosion of waste metals or metal canister materials might alter the oxidation state and pH of the near
field. These processes may also change the nature of the solubility controlling phases for radionuclide
solubilities. The solubility-controlled dissolved concentrations of radionuclides under hypothesized salt
repository conditions define the source term for releases (e.g., any sort of direct brine release or advective
transport to the biosphere).

For the undisturbed scenario, the foregoing alteration processes may not be important for the waste
isolation capability of a salt repository because there is no credible mechanism for movement of
radionuclides from a properly sited and sealed salt repository to the biosphere except by diffusion, which
is extremely slow. Thus, the only potentially harmful releases are from human intrusion scenarios where
flooding of the repository and/or pressure increases lead to releases to the surface through boreholes
(Hansen and Leigh 2011; National Academy of Sciences 1996). The robustness of the seal system must
be demonstrated in order to build confidence in the repository containment capability during the evolution
of the undisturbed scenario.

The human intrusion scenario for WIPP consists of three sub-scenarios that are site specific and depend
on the presence of a pressured brine reservoir underneath the repository and whether an exploratory well
intersects only the repository or both the repository and the brine reservoir. The probabilities of the sub-
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scenarios are a function of the local exploratory drilling rates and the size of the brine reservoir, if it
exists. In the WIPP safety assessment, cumulative releases from the repository consist almost entirely of
direct releases to the surface resulting from unintentional human intrusion by drilling. Direct releases
comprise solids removed by the drill (cuttings), material eroded from the borehole walls by the drilling
fluid (cavings), contaminated brine (direct brine releases), and pressure-driven releases of solids
(spalling). Unless repository pressure exceeds hydrostatic, direct brine releases are zero; spalling releases
are also zero unless repository pressure approaches lithostatic. Consequently, the volume of brine in the
repository significantly affects releases from the repository through its effect on repository pressure.

As in the nominal scenario, it is expected that the releases from a human-initiated borehole intrusion
scenario in a generic bedded salt repository for used nuclear fuel and high-level radioactive waste would
be lower because there is less moisture available and lower permeability around the emplaced waste.

4.2.3.2.2 Generic Clay Repository Scenarios

This section describes (1) the expected initial state of a generic clay disposal system, and (2) the likely
temporal evolution to a final state under undisturbed (hominal) conditions. The nominal evolution
scenario considers perturbations caused by repository excavation and emplacement of heat-generating
waste, including mechanical and hydrologic alteration of the engineered components and near field during
and after the thermal pulse. Potential effects from disturbed scenarios, such as human intrusion, are also
discussed.

The information is based largely on experience from other national repository programs (e.g., France’s
clay concept (Andra 2005b)).

4.2.3.2.2.1 Generic Clay Repository Initial State
The following initial conditions are characteristic of typical clay formations (Hansen et al. 2010):
« Hydrologic Properties—Low hydraulic conductivity, typically 10~ m/s or less

e Mechanical Properties—Based on the clay properties assumed by Hansen et al. (2010) for a generic
U.S. repository, fractures formed by excavation and heating will close and seal during repository
operation and during the first few hundred years after closure. Fluid movement through repository
access tunnel and shaft seals will likewise be limited by the low permeability of candidate seal
materials.

e Chemical Environment—It is expected that a repository excavated in saturated clay formations
would have a reducing environment.

e Physical Properties—High specific surface area
These conditions are consistent with the assessment basis developed in Section 3.3.2.2.

The foregoing beneficial properties of clay formations have been investigated over the last several
decades through extensive research being conducted in a number of countries. The most advanced
programs considering clay repository concepts for disposal of spent fuel and high-level radioactive waste
are in Belgium (plastic clay), France (argillite), and Switzerland (claystone). The U.S. has many possible
clay/shale/argillite basins with similar attributes for permanent disposal, providing a wide array of siting
options, as indicated in Figure 2-5.

Potentially suitable mudstone, clay, shale, and argillite formations share many characteristics favorable to
repository development and waste isolation (Hansen et al. 2010). For example, these types of sedimentary
media have persisted tens of millions to hundreds of millions of years in almost all geologic provinces in
the U.S., and have mostly remained in the same state that was attained by lithification (Gonzales and
Johnson 1984).



Generic Deep Geologic Disposal Safety Case

132 August 2013, Revision 1

A comprehensive study by the “Clay Club” (Organisation for Economic Co-operation and Development
1996) described the basic physical and chemical processes that combine to control the flow of water, gas,
and solute through clay media. Much is known about these processes, but without a specific site, a range
of properties must be considered for a generic clay repository in the U.S. The generic clay repository
concept considered by Hansen et al. (2010) drew upon the three aforementioned clay concepts being
considered internationally, and assumed that these three are reasonably representative of potential host
rocks in the U.S. These three sites are:

e The Opalinus claystone at Mont Terri, Switzerland
e The Callovo-Oxfordian argillite/mudstone near Bure, in eastern France
e The Boom clay at Mol, Belgium

Table 4-1 summarizes some of the most pertinent mechanical and hydrologic properties for these three
well-characterized clay formations. The most important of these formation characteristics with respect to
long-term performance are low hydraulic conductivity and high sorption. For example, as stated by Andra
(2005h): “Given the low permeability of the Callovo-Oxfordian formation (5x10™ to 5107 m/s on
average), these water flows are very low (a few hundredths of a milliliter per year per meter squared) as is
their velocity (approximately a few centimeters per 100,000 years). In this context, the transport of solutes
in the Callovo-Oxfordian layer takes place mostly by diffusion.” Regarding mechanical properties, if the
formation exhibits a brittle style of deformation in laboratory and field-scale tests, then advective fluid
flow may occur in fractures induced by excavation or heating. If the host material is plastic, fracture flow
is less important because fractures tend to seal or heal, and diffusion becomes the dominant transport
process. To a certain extent, engineering can mitigate operational difficulties associated with weaker rock
types, so strength properties are not critical (Hansen et al. 2010). The same repository concept (layout,
packaging, etc.) can be applied to both types of lithology.

Table 4-1. Typical Properties of Well-Characterized Clay Formations

Formation |Approximate| Typical Clay |Classification |Mineralogy [Carbonate| Hydraulic |Compressive|Organic| In-situ
Geologic |Thickness|Content Content |Conductivity| Strength |Content| Water
Age (Ma) (m) (wt. %) (wt. %) (m/s) (MPa) (wt. %) | Content
(vol. %)
Opalinus 180 160 50-65 | Claystone Kaolinite, 10-50 |Est. 5x107" 12 0.5 4-6
Clay illite, illite/ —6x10™
smectite
Callovo- 155 130 45 Mudstone Illite/ 20-30 |Est. 3x107" 25 <3 5-8
Oxfordian smectite
Argillite
Boom 30 100 55 | Bedded mud | Smectite 1-5 | Est.6x107 2 1-5 | 22-27
Clay fillite

Source: Hansen et al. 2010; Andra 2005b; Hansen and VVogt 1987; Nagra 2002; Organisation for Economic Co-operation and
Development 2003b; Neuzil 2000; Volckaert et al. 2005.

Table 4-1 indicates typical pre-excavation host rock properties. However, excavation and construction
effects, ventilation, and the thermal pulse will lead to changes in these rock properties prior to repository
closure, including clay dehydration and deformation. Based on prior research and modeling, these effects
will be confined to an DRZ within a few meters of the repository and within a few centuries after waste
emplacement, overburden pressures will seal fractures, resaturate the dehydrated zones, and provide a
repository setting that strongly limits radionuclide movement to diffusive transport (Hansen et al. 2010),
as described below in Section 4.2.3.2.2.2. As stated by Andra (2005b): “The hydraulic disturbance caused
by the repository remains limited to the repository itself and the Callovo-Oxfordian formation on account
of its low permeability. It disappears after approximately 100,000 years and a new state of hydraulic
equilibrium is then established in the repository and the Callovo-Oxfordian layer.”
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To characterize these effects of construction on the initial host rock state, some engineered barrier system
design information is necessary. To select design information and clay properties for a generic U.S.
repository, Hansen et al. (2010) examined advanced repository programs in other countries that are
focused on clay media. Based on disposal concepts in Europe, disposal operations for a generic repository
would be horizontal. For example, the French program opted for horizontal placement because vertical
handling would require additional overhead space, and horizontal waste handling allows more compact
design. This concept of operations, along with the waste form characteristics (which depend on the
duration of surface storage prior to emplacement in the repository), will determine the repository areal
footprint. For example, the French design for disposal of vitrified high-level radioactive waste (“C
waste™) maintains a distance between two adjacent horizontal disposal boreholes sufficient to meet a
thermal management requirement that limits the temperature to 90°C in the geologic medium (Andra
2005b). This basic design layout results in a borehole spacing distance of at least ten times the diameter of
the emplacement boreholes. Also, by orienting the boreholes parallel to the maximum principal stress
direction, fracturing and microfissuring in the DRZ is minimized.

As noted by Hansen et al. (2010), comparison studies of programs in other countries performed to date
(U.S. Nuclear Waste Technical Review Board 2009) have concluded that the long-term performance of an
engineered barrier system is unimportant to the safety case for clay repositories. However, it can be
important for retrievability and reversibility during the operational phase. For example, the French
engineered barrier system design consists of vitrified waste placed in stainless steel containers within a
steel overpack. The steel overpack was chosen for high-level radioactive waste disposal to “prevent water
reaching the glass for a period of several thousand years,” in order to “avoid the risk of piercing the
primary stainless steel container by corrosion through water contact...and a dissemination of radioactive
nuclides which would make package retrievability operations trickier (reversible management),” and to
“prevent early alteration of the glass, accelerated by the temperature, which would be accompanied by
radionuclides release (safety).” (Andra 2005b).

Other clay repositories described by Hansen et al. (2010) also include steel containers as part of the
engineered barrier system. For example, the Belgian “supercontainer” concept envisions an engineered
barrier consisting of stainless steel canisters holding high-level radioactive waste inside a carbon steel
overpack surrounded by thick concrete. The Swiss engineered barrier concept envisions cast iron canisters
for spent nuclear fuel and high-level radioactive waste, where high-level radioactive waste is contained in
a stainless steel flask inside the canister. The iron canisters are to be surrounded by bentonite clay.
Furthermore, both the Belgian and Swiss concepts include a backfill around the waste packages, in order
to enhance the waste isolation capability of the engineered barrier system and, in the case of the Belgian
repository, to provide structural support for the emplacement tunnels. The Swiss concept will install
waste canisters in emplacement tunnels, which will then be backfilled. The waste canisters will be placed
on highly compacted bentonite clay blocks, co-axially with the tunnel axis, with a distance of 3 m
between canisters. No steel liner is currently designed for the horizontal disposal concept because of
favorable rock mechanical properties. The clay buffer material used to backfill the tunnels will act as an
extra measure of compartmentalization and isolation of the waste canisters. Retrievability is believed
possible, but is not the highest priority design requirement. On the other hand, in Belgium, the repository
concept is adapted to a geologic formation with less mechanical strength, so the disposal galleries in the
Boom clay will be structurally supported by a liner built from circumferential concrete wedge blocks.

Seal systems are also an important part of the engineered barrier, and the fundamental design principle for
seal systems in a clay repository is to ensure that radionuclide transport is controlled by diffusive rather
than advective processes. The shaft seal system would limit entry of formation water into the repository
and restrict the release of fluids that might carry contaminants. Seals are designed to limit fluid transport
through the opening itself, along the interface between the seal material and the host rock, and within the
disturbed rock surrounding the opening. Given the timescale for natural resaturation of swelling clay seal
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materials, corresponding activities must be developed to provide evidence that seals will function as
designed, without having to monitor the seals in their long-term configurations.

The DRZ for any excavation is created by changes to the preexisting stress state and is a function of the
material properties in relation to the stress conditions. Fractures, in particular, are perhaps the most
important excavation effect, because they can have an appreciable effect on the isolation capability of the
host rock formation due to the increase in fluid permeability. In clay media, rock fractures are not only
induced directly by mechanical stresses from the tunnel openings but also by near-field desaturation and
dessication that might lead to local fracturing and material weakening. As described by Andra (2005b), in
the French concept, fractures are of two types around the drift openings: (1) a deconfinement-induced
fractured zone in the immediate vicinity of the excavation, produced if the maximum mechanical strength
of the rock is exceeded, and characterized by the appearance of more or less connected fractures parallel
to the drift axis; and (2) a microfissured zone, formed when the fissuring threshold is exceeded, either
immediately at the excavation wall (if the fractured zone has not yet developed), or behind the fractured
zone. Based on in-situ testing, the permeability in both zones is still very low, with the fractured zone
having a hydraulic conductivity less than 10 m/s and the microfissured zone having a conductivity less
than 10 m/s. Regarding the potential effect of desaturation on material strength, in the Callovo-
Oxfordian argillite being considered in France, testing has shown that its effect is quite limited.

Safety assessments for clay repositories, such as that described in Section 4.3.2.2, must consider these
excavation perturbations to the host rock, and especially changes to fluid permeability, and whether
postclosure evolution of the host rock will tend to return the disturbed rock properties to their initial state.

4.2.3.2.2.2 Generic Clay Repository Evolution

Clays naturally have a significant water content (Table 4-1), which will influence the evolution of
processes that initiate in response to repository excavation and waste-form decay heating. These
responses include desiccation, alteration of pore-fluid chemistry and mineralization, and mechanical
weakening and/or creep. These specific features and processes need to be considered in concert with the
geometry, thickness, depth, and stability of the repository host rock, to assess long-term containment of
radionuclides. Safety assessments for clay repositories must consider whether increased permeability in
the DRZ, through fracturing and fissuring, could support a pathway for radionuclide transport either to the
radial limit of the zone, or along the DRZ parallel to the excavated openings.

Excavation in many geologic media causes mechanical damage to the rock around the opening, which
forms and then stabilizes during excavation (Hansen et al. 2010). The initial extent of the DRZ around
openings in clay formations is determined by rock strength and deformation properties, initial liquid
saturation, in-situ stress conditions, the opening size, and the resulting pore pressure changes. These
processes will produce micro- and macro-scale fractures that increase permeability (Nagra 2002). Partial
desaturation is likely to occur by evaporation during ventilation for a few years during the operational
phase of a repository, and cause shrinkage and stiffening of the clay, and resistance to creep (Andra
2005b). After the emplacement openings are sealed, resaturation will occur gradually (requiring perhaps
100,000 to 200,000 years), accompanied by swelling and creep of the buffer and disturbed host rock.
Thus, the increased permeability will eventually be reversed, at least in part, by “sealing” processes,
which include swelling, disintegration, creep, and consolidation (Bernier et al. 2007). Hence, although
fractures may be formed and/or opened by stress changes and deformation in the DRZ, if no permanent
alteration occurs they can subsequently close after resaturation, with low permeability re-established
through self-sealing of the DRZ, assuming temperatures are kept below 100°C as described in Section
2.2.3.3.2.

The initial rock hydraulic conductivity (Table 4-1) of the DRZ near the openings for a repository in clay
would be increased by orders of magnitude compared to the initial undisturbed conductivity, to as much
as 10~ m/s, followed by reduction due to sealing over the next few years. Sealing of fractures and other
voids that form during excavation will cause the final hydraulic conductivity of the DRZ to be less than
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10> m/s after a few years (Hansen et al. 2010), especially if the opening is backfilled with a swelling
material such as bentonite (considering the Opalinus clay to be representative; Blimling et al. 2007). This
is effectively the same as the initial, undisturbed permeability of clay, which is so small that liquid-phase
advective transport is negligible, which implies that radionuclide migration in the long term will be
effectively limited to very slow diffusive transport through the (mostly undisturbed) clay. According to
Andra (2005b), “creep, accompanied by the resaturation of the argillites, gives rise to the closure of any
fracturing of the rock and compresses the micro-fracturing of the damaged zone. This gradual healing of
the rock tends to re-establish a degree of permeability close to the sound rock one.” While this healing
process is expected for more plastic clay formations, it is not necessarily true for indurated shales.

Heating of the host rock will begin as soon as heat-generating waste is emplaced. Thermal response will
be dominated by thermal expansion, principally of the pore water, which has higher thermal expansivity
than the solid framework. The resulting elevated pore pressure, combined with stress redistribution near
excavated openings, reduces strength and increases deformation in clay media. However, the potential
contribution from thermal effects to the nature and extent of the DRZ is likely to be negligible if
maximum temperature is limited, e.g., less than 100°C (Hansen et al. 2010). As indicated by Andra
(2005b): “Given the limited duration of the thermal processes and the maximum temperatures reached in
the various zones of the repository, the argillite layers initial properties and the repository components
characteristics are not, or only to a small extent, affected. In particular, the mineralogical transformations
in the Callovo-Oxfordian formation are small.”

For the nominal, undisturbed scenario, the largest driving force for fluid flow and radionuclide migration
away from a clay repository may be thermally induced pore pressure transients. However, the engineered
barriers will be designed to function through and well beyond the duration of the thermal pulse to prevent
radionuclide migration during this period, in the case of a prematurely breached canister. Furthermore, the
thermal peak will occur within a few hundred years, after which water must return to the repository to
mobilize radionuclides, but can do so only after cooling, and after rehydration.

After the decay-heat thermal pulse, if drift closures and shaft seal systems perform as expected,
radionuclide transport to and within the far-field host rock would be limited by low permeability, so that
diffusion is the dominant transport mechanism for 1,000,000 years or longer. Both liquid and gaseous
advection are limited by intrinsic permeability on the order of 10 '* m? or less. For example, the presence
of overpressured fluid in the Opalinus clay (estimated to have head as much as 100 m greater than a water
column to the ground surface (Nagra 2002)) gives strong evidence of low permeability. For this excess
head to persist over geologic time signifies that advective transport is not significant in the repository
timeframe.

Based on the above consideration and an evaluation of appropriate FEPs for a clay repository, Hansen

et al. (2010) developed three scenarios whereby radionuclides could be transported to a hypothetical
aquifer, from which they would be pumped to the biosphere: (1) short-term, advective transport through
the repository openings or the DRZ, and up the shafts; (2) long-term, diffusive transport through the host
clay upward from the emplacement boreholes; and (3) a stylized human intrusion scenario.

It was decided that the first scenario is not of much consequence because of its short-term nature, the
likely effectiveness of engineered seals, and the lack of a strong hydraulic pressure gradient to drive water
through the repository and up the shafts.

For the second scenario, thermal, hydrologic, and geochemical calculations suggest that radionuclides in a
clay repository will not migrate far from the disposal horizon (Hansen et al. 2010). The reducing
environment typical for clays would limit radionuclide solubility, thus limiting mobility. Also, the
minerals present in clay formations readily sorb many radionuclides, further attenuating releases. Much of
the inventory will decay before transport to the biosphere can occur. The calculated dose was found to be
significantly less than any plausible regulatory limits, and this was based on assumptions such as
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instantaneously degraded waste packages and waste forms, unlimited availability of moisture for waste
form degradation and transport, and no sorption on degraded waste package materials.

The third scenario is highly dependent on specific siting and design considerations. A human intrusion
scenario in clay would likely involve advective transport up one or more sealed or unsealed boreholes
drilled in the future after repository closure (e.g., a borehole for hydrocarbon exploration drilled through
the repository and later abandoned). A vertical hydrologic gradient would transport radionuclides to a
shallow aquifer from which they would be pumped to the biosphere. Probabilities of occurrence of human
intrusion are site- and regulation-specific.

4.2.3.2.3 Generic Granite Repository Scenarios

This section describes (1) the expected initial state of a generic granite disposal system, and (2) the likely
temporal evolution to a final state under undisturbed (hominal) conditions. The nominal evolution
scenario considers perturbations caused by repository excavation and emplacement of heat-generating
waste, including mechanical and hydrologic alteration of the engineered components and near field during
and after the thermal pulse. Potential effects from disturbed scenarios, such as glaciation, are also
discussed.

The information is based largely on experience from other national repository programs (e.g., Sweden’s
granite concept (SKB 2006b) and Finland’s granite concept (Posiva 2010b)).

4.2.3.2.3.1 Generic Granite Repository Initial State

Granite is common across the U.S. at depths suitable for a mined repository for nuclear waste. A
repository in granite that incorporates the Swedish KBS-3 repository concept (SKB 2006b) is anticipated
to satisfy safety criteria. However, unlike the safety cases for disposal in salt, clay, or deep boreholes, the
safety case for a mined granite repository depends strongly on waste package performance (Mariner et al.
2011). In crystalline rock, waste packages are preserved by the high mechanical stability of the
excavations, the diffusive barrier of the buffer, and favorable chemical conditions. The buffer is preserved
by low groundwater fluxes, favorable chemical conditions, backfill, and the rigid confines of the host
rock. Because of this ability of a granite repository to preserve waste canisters, canister failure in less than
one million years would have a low probability, affecting a small fraction of the waste packages. For
those that fail, slow waste form degradation, low solubility, and sorption to buffer materials would
substantially delay release of much of the radionuclide inventory from the repository and allow for
significant radioactive decay. Beyond the repository, the low permeability of the granite host rock would
strongly inhibit radionuclide transport to the biosphere. An added advantage of a mined granite repository
is that waste packages would be fairly easy to retrieve, should retrievability be an important objective.
Granitic formations are extensive in the U.S.; surface outcrops of granite are shown in Figure 2-6 and
depth to basement crystalline rock in the U.S. is shown in Figure 2-7.

Granitic repository programs in Europe (e.g., Sweden and Finland), North America (Canada), and Asia
(Japan), which have matured over the past three decades and have generated large sets of data from
laboratory experiments and in-situ tests performed in underground research laboratories, provide a
valuable resource for investigating a potential U.S. repository in granitic or crystalline host rock. A full-
scale emplacement demonstration in an underground research laboratory at the Climax Stock on the
Nevada National Security Site also demonstrated the feasibility and safety of spent fuel storage and
retrieval from an underground facility in granite (Patrick 1986). Two of these programs have either
entered the license application phase (Forsmark, Sweden) or are very close to doing so (Olkiluoto,
Finland). For the generic repository described here, design and operational concepts from these other
programs are used as the technical basis. This use of existing work permits a credible analysis that applies
to granitic formations in the U.S. that have the potential to host a repository for used nuclear fuel and
high-level radioactive waste.
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The following initial conditions are characteristic of typical granite formations (Rechard et al. 2011;
Mariner et al. 2011):

e Mechanical Properties—High mechanical strength and minimal rock pressure

e Thermal Properties—High heat resistance and moderate thermal conductivity. Granite is composed
largely of silicate minerals, which crystallize at high temperatures. Therefore, it is unlikely that the
silicates would be significantly affected by the heat generated from radioactive waste.

e Hydrologic Properties—Low permeability and low water content. The rock matrix permeability of
granitic rocks is very low (comparable to clay media) and most of the hydraulic conductivity is
associated with interconnectivity of fracture networks, which tends to decrease with depth. In granite
plutons, lighter freshwater is found near the surface and heavier saline water is found at depth.

e Chemical Properties—It is expected that a repository excavated in saturated granite formations
would have a reducing environment.

These conditions are consistent with the assessment basis developed in Section 3.3.2.3.

Table 4-2 summarizes some of the pertinent hydrologic and mechanical properties for well-characterized
granite formations in the Canadian, Swedish, and Finnish programs. These data show that rock strength is
high and porosity is generally less than 1%. The wide range of hydraulic conductivity observed is highly
correlated with the number, aperture, and connectivity of fractures. Granite bodies are intersected by
fracture zones of varying hydraulically conductivity; thus, the higher measurements reflect the effects of
fracture zones. The decrease in hydraulic conductivity with depth is consistent with observations of fewer
open, interconnected fractures at depth.

Table 4-2. Typical Properties of Well-Characterized Granite Formations

Location | Reference Lithologic |Porosity Bulk Hydraulic Young's|Poisson’s [Compressive
Classification | (95) Conductivity Modulus| Ratio Strength
(m/s) (GPa) (MPa)

Atikokan, | Gascoyne Granite 107? - 107° (<400 m)

Ontario | et al. (1987) 102 - 10™° (>400 m)
Olkiluoto, Posiva Pegmatitic |0.01-0.2| 107" (near surface) 65 0.29 108
Finland (2010b)? granite 107" (at depth)

Laxemar, |SKB (2006a,| Granite to 0.14 |10™°-107° (<200 m) 165-210
Sweden |Table A-42);| granodiorite 107" - 107° (>200 m)

SKB (2006b)

Forsmark, |SKB (2006a,| Granite to 0.09 76 0.24

Sweden | Table A-42) | granodiorite

NOTE: ? Approximate range of flow porosities, which are 1/10" the approximate diffusion porosities (Tables C-3, C-4, and
C-5 ; Posiva (2010b)). Hydraulic conductivity values are from Posiva (2010b, p. 249).

Similar to the hydrologic and mechanical properties, the chemical environment in the repository host rock
is important for a number of reasons, as alluded to above, related to performance of both the engineered
barrier system (e.g., waste package corrosion, radionuclide solubility and mobilization) and the natural
barrier system (e.g., sorption capacity). At the depth of a potential repository in granite (approximately
500 m), brackish groundwater typically saturates the fractures and interconnected pores (Mariner et al.
2011), and the redox conditions are reducing, which is beneficial because these conditions prevent rapid
oxidation of waste canisters, decrease aqueous solubilities of many redox-sensitive radionuclides, and can
limit waste form degradation rates. For example, in Canada, all Eh measurements from groundwater
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samples from four research areas in the Canadian Shield indicate redox potentials at or below the
Fe(I)/Fe(l1l) boundary (Gascoyne et al. 1987).

As with any mined repository, excavation and construction effects, ventilation, and the thermal pulse can
lead to changes in granite host rock properties in the near field prior to repository closure. This affects the
initial state of the repository at the time of closure; to characterize this state it is necessary to address
repository and engineered barrier design. Because Sweden, Finland, and Canada have advanced concepts
for a repository in granite, their experience was used by Mariner et al. (2011) as a basis for a generic
repository design in a U.S. host rock granite. The conceptual granite repositories for these countries are at
depths of 420 m (Finland) and 500 m (Sweden and Canada) (SKB 2006b; Posiva 2010b; Garisto et al.
2009). The reference layout and arrangement of waste packages is similar among the three countries.
Sweden and Finland are studying waste package emplacement in vertical boreholes drilled into the floor
in horizontal emplacement tunnels but are also considering emplacement in horizontal boreholes drilled in
the tunnel walls. Canada is considering these two options in addition to in-room horizontal emplacement
(Gierszewski et al. 2004). Each of these concepts includes a clay buffer surrounding the waste packages, a
mixture of clay and crushed rock to be used as backfill, and various grouting and sealing processes.
Because the temperature in the repository will be elevated during the first few thousand years, waste
package thermal loads and spacing within the repositories at the time of emplacement are designed in
most programs to prevent temperatures at the waste package surface from exceeding 100°C. This limit is
primarily imposed to prevent damage to the clay buffer due to alteration of the dominant clay mineral
from montmorillonite to illite (SKB 2011). Conversion to illite eliminates the swelling function of the
buffer clays, the purpose of which is to create a low permeability seal around the waste canister (SKB
2010). To satisfy this thermal requirement in the Forsmark repository design, the emplacement tunnels are
spaced about 40 m apart and have vertical disposal boreholes about 6 m apart (SKB 2006b).

Similar to their role in clay repository concepts, engineered barriers have an important role for waste
isolation in fractured, crystalline rock (Mariner et al. 2011). Whereas the natural setting may attenuate
sorptive or redox-sensitive waste species that are released from the repository, the more mobile species
(e.g., *°1) may be transported rapidly by fracture flow. Thus, the KBS-3 disposal concept (SKB 2006b),
developed by the Swedish repository program, calls for disposal of spent fuel in long-lasting, corrosion-
resistant copper canisters (1.05-m diameter), with a cast-iron insert for strength and shielding. The copper
canisters are to be emplaced in large-diameter (1.75 m) deposition boreholes drilled into the floor in
access tunnels (5.5-m diameter) approximately 500 m below the surface. The space between the canister
and borehole walls is filled with a low-permeability buffer material containing bentonite or other swelling
clay emplaced initially in its dry, compacted form. The principal buffer function is to limit the transport of
aqueous solutes between the waste package and the geosphere. Molecular diffusion is the dominant
transport process. For many radionuclides and other solutes, transport through the buffer is further limited
by sorption. The buffer material contains expansive clay as a major constituent and is emplaced in the
compacted, dry state. Buffer swelling and transport performance are only slightly or moderately sensitive
to temperature and saline solutions (i.e., seawater). Once hydrated the buffer not only limits outward
transport but also limits the rates of inward transport of dissolved reactants that control degradation of the
canister and its contents.

Section 4.2.3.2.3.2 describes the evolution of these engineered materials, as well as the DRZ region of the
host rock, and the far-field region of the host rock (via glaciation) from this initial state to a state that will
exist following the decay-heat thermal pulse and hydrologic-mechanical re-equilibration of the DRZ.

4.2.3.2.3.2 Generic Granite Repository Evolution

In a typical granitic or crystalline host rock repository, chemically-reducing conditions, buffer-limited
advection of groundwater, and long-term stability of excavations would provide a physical and chemical
environment that would likely preserve copper waste canisters for millions of years. This is important for
limiting releases of radionuclides to the accessible environment because subsequent to diffusion through
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the bentonite buffer, radionuclides may be transported relatively quickly through the fracture network of
the granite host rock.

This section summarizes the expected evolution of the repository over one million years. The text
presented here is taken directly from Mariner et al. (2011), which was based on Gierszewski et al. (2004)
and McMurry et al. (2003). Additional information originated from calculations conducted specifically
for the safety assessment of a generic repository analyzed by Mariner et al. (2011), as well as from reports
issued by the Swedish (SKB) and Finnish (Posiva) programs.

0 to 100 Years—Repository tunnels, rooms, and/or emplacement boreholes would be excavated during a
period of approximately 30 years. A DRZ would form within a few tens of centimeters of these
excavations but would not form a continuous pathway for water movement (SKB 2006b). Waste
packages would be emplaced and surrounded by a clay buffer. Emplacement tunnels or rooms would be
backfilled and sealed, but access tunnels would remain open. During this period, temperatures within the
repository would peak (less than 100°C by design) and begin to decline (SKB 2006b; Posiva 2006). The
initially low hydraulic pressures in the tunnels and clay buffer would induce water migration toward the
waste packages, causing the clay buffer to swell as it hydrates. Minor corrosion of the copper canisters
would occur due to the presence of oxygen but after backfilling, the oxygen would be limited; so, copper
corrosion by direct reaction with oxygen would be limited to a few tens of micrometers (SKB 2006b;
Posiva 2006). Heat from the waste packages would warm the compacted clay buffer from the inside out.
Any water vapor produced by evaporation near the waste package would condense further away where
temperatures would be cooler. Hydration would thereby proceed inward. A small increase in alkalinity
could result from groundwater interaction with cementitious engineered materials, such as grout, but the
effects would be negligible (SKB 2006b). Microbial activity would be inhibited within the hydrated clay
buffer by lack of nutrients, swelling pressure, and the attendant small pore size.

100 to 1,000 Years—At approximately 100 years, the repository would likely be closed and all access
tunnels and shafts would be backfilled and sealed. Large thermal, hydraulic, chemical, and mechanical
gradients would slowly dissipate as heat, water, and solutes disperse and swelling of the buffer helps to
redistribute rock stresses. Temperatures in the repository would decline but remain elevated (SKB 2006b,
Section 9.3.4), while air in the repository would be replaced by water. Any oxygen introduced during
excavation and emplacement would be consumed by organic and inorganic processes, causing reducing
conditions to be established throughout the repository, which would significantly limit corrosion rates.
Buffer material surrounding the waste packages and mixed into the backfill would swell as it hydrates,
distributing loads across repository components. Loads from the surrounding rock would be transmitted
through the backfill and buffer onto the container. These loads would be high enough to compress the
copper canister onto the steel inner vessel but too low to deform the inner vessel. They would also be high
enough to eliminate microbes and prevent canister sinking (SKB 2006b; Posiva 2006).

1,000 to 10,000 Years—The large thermal and hydraulic gradients of the first one thousand years would
continue to dissipate, but more slowly as the geosphere absorbs and disperses the effects of the repository.
Temperatures in the repository would slowly decline and level off at near ambient values near the end of
this period (SKB 2006b; Posiva 2006), while cementitious seals and plugs would degrade allowing new
flow pathways to develop (Posiva 2006). However, the hydrated buffer material surrounding the waste
packages would prevent significant advection of water, dissolved solutes, and colloids through the buffer.
Corrosion of the copper canister would be limited by lack of oxygen and a very low flux of other
reactants, most notably hydrogen sulfide, through the hydrated buffer to the waste package surface (SKB
2006b).

10,000 to 100,000 Years—From 10,000 to 100,000 years, the thermal pulse would be dispersed and
temperatures within the repository (and within the waste packages) would nearly equal the temperature of
the original host rock (SKB 2006b). By the end of this time interval, the earth could be in the middle of
the next glacial period. Depending on the latitude of the repository, permafrost followed by an ice sheet or
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glaciers could advance over the ground surface above the repository. Although permafrost could develop
near the surface as the mean surface temperature decreases, freezing temperatures would not likely reach
the repository (SKB 2006b). Additional rock stresses, creep deformation, and fracturing around the
repository due to the increased load of a potential glacier or ice sheet would not likely significantly affect
waste package integrity or repository performance (SKB 2006b). If the repository were located in the
northern U.S. latitudes, groundwater flow rates at the repository level would decrease with the onset of
permafrost at the ground surface due to decreasing infiltration. This effect could be counteracted by the
presence of glaciers or a possible ice sheet. If the repository were located in the southern U.S., increased
rainfall could increase the circulation of deep groundwaters. Corrosion of the copper outer barrier would
continue to be limited and would not threaten containment as long as the buffer surrounding the waste
package remained intact (SKB 2006b). Some replacement of sodium in the buffer material by calcium
from groundwater and by dissolution of gypsum in the buffer would occur, but the extent would be
limited and would not significantly affect buffer performance.

100,000 to 1,000,000 Years—*For repositories located in northern latitudes, glacial periods could occur
on a regular basis during this time interval. Based on multiple lines of evidence, including ice core data
from Greenland and Antarctica, a glacial phase has occurred on average every 120,000 years over the past
650,000 years. However, major changes in ocean circulation, atmospheric composition, or the earth’s
crust could potentially disrupt the glacial cycle. Retreating ice, which could occur multiple times during
glacial periods, would enhance deep circulation of groundwater and could potentially cause the erosion of
buffer materials surrounding waste packages. Large vertical movements in the host rock could occur as a
result of ice loads, slow crustal movements, and associated seismic events. Shear movements along
existing fractures intersecting the repository could cause a small number of canister failures. The
probability of such failures is expected to be low partly due to active avoidance of significant fractures
during waste emplacement (Posiva 2006). Hydraulic erosion of the buffer during periods of deep
groundwater circulation could expose a small fraction of the waste packages to advective groundwater
flow (SKB estimates this fraction to be 0.004 within the reference evolution of its license application
(SKB 2011)). This exposure would enhance corrosion rates by allowing a larger influx of corrosive
reactants like hydrogen sulfide. In addition, erosion of the buffer would allow sulfate-reducing bacteria to
live near the waste package and generate hydrogen sulfide from an advective influx of sulfate. A small
number of copper canisters exposed to advective flow (due to buffer erosion) could fail within one million
years. Degradation of the canister insert and the waste form would begin soon thereafter, and
radionuclides would be released from these waste packages. These glacial effects are much less likely to
impact disposal systems in areas distant to northern zones of ice accumulation.

4.2.3.2.4 Generic Deep Borehole Disposal Scenarios

This section describes (1) the expected initial state of a generic deep borehole disposal system, and (2) the
likely temporal evolution to a final state under undisturbed (nominal) conditions. The nominal evolution
scenario considers perturbations caused by borehole drilling and emplacement of heat-generating waste,
including mechanical and hydrologic alteration of the engineered components during and after the
thermal pulse.

The information is based largely on preliminary conceptual work at the Massachusetts Institute of
Technology and Sandia National Laboratories (Brady et al. 2009).

4.2.3.2.4.1 Generic Deep Borehole Initial State

The deep borehole disposal concept consists of drilling deep boreholes into crystalline rocks for
permanent disposal of used nuclear fuel and high-level radioactive waste. The disposal concept relies on
the presence of crystalline basement rock (e.g., granite) at many stable continental locations, and on
existing drilling technology to construct boreholes at an acceptable cost.

The following initial conditions are characteristic of typical crystalline rocks (Brady et al. 2009):
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e Rock Type—Desirable crystalline basement rocks are relatively common at 2- to 5-km depth, as
shown in Figure 2-7

e Mechanical Properties—Crystalline rocks such as granites are particularly attractive for borehole
emplacement because of their large size, relatively homogeneous nature, low permeability and
porosity, and high mechanical strength (to resist borehole deformation). In addition, high overburden
pressures contribute to sealing of some of the fractures that provide transport pathways.

e Thermal Properties—High heat resistance and moderate thermal conductivity

e Hydrologic Properties—Deep crystalline rocks typically have low porosities (< 1%), very low
permeabilities (10™° — 10 m?), and low water content. Minimal flow is thought to occur, primarily
through discontinuous fractures. Several lines of evidence indicate that groundwater at depths of
several kilometers in continental crystalline basement rocks has long residence times and low
velocity. Basement rocks do not typically contain pressurized aquifers or other flow features that
would produce significant upward flow gradients under ambient conditions.

e Chemical Properties—High salinity fluids and reducing environment.

These conditions are consistent with the assessment basis developed in Section 3.3.2.4. Table 4-3
summarizes some typical characteristics of deep borehole locations.

Table 4-3. Typical Deep Borehole Characteristics

Borehole Maximum Depth of Minimum Depth to High | Permeability below
Water Circulation (m) Salinity Water (m) 1000 m (m?)

USA-10 900 1800 107

FRG-2 500 3500 Not Reported

SWT-1 1050 1326 10°-107%

URS-1 800 1200 107

SWE-1 1200 >6000 10*°-107"

Source: Brady et al. 2009, from Juhlin and Sandstedt 1989.

Numerous factors suggest that deep borehole disposal of high-activity waste is inherently safe but, as with
mined waste repositories, the excavation (in this case, drilling) activities introduce mechanical, chemical,
and hydrologic perturbations to the native host rock, which must be accounted for when establishing the
initial repository state prior to permanent closure. In addition, the decay heat from the emplaced waste
introduces a thermal perturbation. To understand these perturbations, a generic emplacement design must
be assumed. As suggested by Brady et al. (2009), waste is envisioned to be emplaced as fuel assemblies
stacked inside drill casing that is lowered and emplaced, using off-the-shelf oilfield and geothermal
drilling techniques, into the lower 1-2 km portion of a 3-5 km deep, vertical, ~ 45 cm diameter borehole.
Waste emplacement is followed by sealing the 1 km borehole length above the waste and plugging and
backfilling the upper 2 km of the borehole.

In a more specific “reference” design, Arnold et al. (2011) envision waste canisters emplaced in strings of
40 canisters, separated by bridge plugs and cement plugs in 13%-in. casing inside a 17-in. wellbore in
order to accommodate waste canisters with 10.75 in. (0.27 m) outside diameter over a depth interval from
approximately 3,000 to 5,000 m. The total number of waste canisters emplaced in the 3- to 5-km interval
is 400, assuming about 350 pressurized water reactor fuel rods per canister, which requires disassembling
the fuel rod assemblies to achieve this density of rods in a canister (Arnold et al. 2011), for a total of
about 250 MTHM per borehole (Arnold et al. 2011). This approach limits the mechanical stresses on the
lower canisters from the weight of the overlying canisters and provides a degree of isolation for each
canister string. An oil-based fluid with bentonite would be used in the waste disposal zone for
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emplacement of the canister strings. The borehole would be sealed using a series of compacted bentonite
seals, bridge plugs, cement plugs, and backfill. The seals and plugs would be seated against the borehole
wall from a depth of about 1,500 to 2,900 m. Large diameter casing (36-in. and 28-in.) that has been
cemented into the borehole would be left in the upper 1,500 m of the borehole and the casing would be
sealed with bridge plugs, cement plugs, and sand/crushed rock backfill (Arnold et al. 2011). [Note that
13%;-in. slotted guidance casing in the waste emplacement zone from 3,000-5,000 m is left in place after
waste emplacement (but it is not cemented to the wellbore), while the upper portion of the 13%-in. case
from 3,000 m to the surface is cut and removed.]

4.2.3.2.4.2 Generic Deep Borehole Evolution

After closure, thermal effects from decay of the disposed high-activity waste would initially drive the
evolution of a deep borehole repository. Vertical fluid flow in the borehole and surrounding DRZ would
be driven by the thermal gradient arising from this decay heat. As described by Brady et al. (2009),
temperatures at the borehole wall will peak relatively quickly (within about ten years of waste
emplacement) at about 30°C higher than the ambient temperature of the host rock, assuming a single
pressurized water reactor assembly aged for 25 years. This represents only a little more than half the
number of fuel rods per disposal canister compared to the design described in Arnold et al. (2011).
However, this temperature peak is highly dependent on the aging and fuel isotopic content (i.e., burn-up);
for example, reprocessed commercial used nuclear fuel aged for 10 years showed a 150°C increase above
ambient host rock temperatures (Brady et al. 2009). The heat generated from the waste will not only cause
the fluid temperature to rise in the vicinity of the waste, but also the fluid pressure. The elevated pressure
will drive fluid away from the heated zone, and the path of least resistance will be up the sealed borehole
and adjacent disturbed zone, where permeabilities are likely to be higher than that of the undisturbed
bedrock. The model results indicate that upward fluid flow in the heated borehole only persists for a
relatively short period of time (<1,000 years) after emplacement. Fluid movement is primarily caused by
the local elevated pressures due to thermal expansion of the pore water. As the heat generation decreases,
the temperature of the waste decreases and the fluid begins to contract, lowering pressure. Buoyancy
forces are not significant in this system because heat flow is primarily conductive rather than advective.
The permeability of the sealed borehole would have to be significantly higher and there would have to be
a source of water connected to the borehole by a high-permeability conduit in order for buoyancy-driven
flow (i.e., a chimney effect) to be an important factor. Because the actual pore water density will likely
increase with depth due to salinity stratification, the assumed conditions probably represent an upper
bound on the fluid flow rates.

Both Brady et al. (2009) and Clayton et al. (2011) have conducted a preliminary safety assessment of a
deep borehole repository that assumed transport of released radionuclides vertically upward through both
the borehole and the disturbed zone annulus. The radionuclides must migrate through some portion of the
2-km waste disposal zone at the bottom of the borehole, followed by migration through the 1-km
bentonite seal zone above the disposal zone, before encountering a region of the upper borehole that is
assumed to intersect a potable aquifer. The driving force for the upward hydrologic gradient from the
source (waste disposal) zone occurs for only 200 years, corresponding to the duration of the thermally
driven flow. Subsequent to the thermal period, ambient conditions are not expected to provide any
upward gradient, and upward radionuclide transport is assumed to cease.

Because the period of thermally driven flow (200 years) is short relative to the hydrologic travel time up
the sealed borehole (~2,000 years), the only radionuclide with a non-zero concentration 1,000 m above
the waste disposal zone in the sealed borehole is *°1, which is assumed to have no retardation. The non-
zero *°| concentration represents the leading edge of the dispersive transport front. However, the center
of mass never reaches the top of the 1,000 m sealed section of the borehole because there is no further
movement after 200 years.
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Human intrusion directly into the waste disposal sections of a deep borehole is very unlikely because the
waste is located in the lower 2 km of a borehole with the upper 3 km sealed with concrete and backfill.
Depending on site dependent characteristics such as resource availability and future drilling rate
estimates, human intrusion is likely to be excluded from the analysis.

In summary, Brady et al. (2009) conclude that the vast majority of radionuclides, and the fuel itself, will
be thermodynamically stable and will therefore resist dissolution into borehole fluids, or movement into
and through the adjacent rocks. Vertical transport velocities during the early upward flow window will be
low enough that total vertical fluid movement in, and adjacent to, deep borehole disposal zones should not
exceed roughly 100 meters during this time. In the absence of advection, chemical diffusion cannot move
radionuclides from boreholes through discontinuous, stagnant, and density-stratified waters over distances
much greater than about 200 meters in the 1,000,000 years needed for the vast bulk of the radioactivity to
decay away. Thus, simplified safety assessment calculations indicate that radiological dose to a human
receptor via the vertical groundwater pathway up the borehole would be limited to a single radionuclide
(***1) and would be negligibly small, ~10s order of magnitude below current criteria.

4.2.3.3 Scenario Screening for the Generic Safety Case

Scenarios can be screened using similar criteria to those used for the screening of FEPs, for example the
same regulatory, probability, and consequence criteria defined in Section 4.2.2.1.2. However, scenario
screening requires site-, design-, and regulation-specific information. This is particularly true for
assigning scenario probabilities, which are needed to evaluate the likelihoods of the scenarios. As a result,
a formal scenario screening cannot be done generically. Instead, an informal scenario screening was
performed to identify generic baseline scenarios for each of the four disposal options for implementation
in simplified safety assessment models. As described below, these simplified baseline scenarios do not
necessarily represent all aspects of expected or nominal conditions for each disposal option, but they do
provide a consistent basis for preliminary generic disposal system evaluations and sensitivity analyses.

The following three scenario classes were identified as being of interest for the four generic geologic
disposal options:

1. Undisturbed Scenarios
a. Pathway 1: Liquid Phase Advective Transport
b. Pathway 2: Liquid Phase Diffusive Transport
C. Pathway 3: Gas Phase Transport
2. Defective EBS Scenarios
a. Defective Waste Package
b. Defective Backfill/Buffer
C. Defective Sealing System
3. Disturbed Scenarios
a. Human Intrusion
b. Seismic Activity
C. Igneous Event
d. Glaciation

These scenario classes capture simplified high-level characteristics of (a) the descriptions of the initial
state and the evolution to the final state in Section 4.2.3.2, and (b) the scenarios of interest in repository
programs in other countries (Section 3.6 and Appendix C).
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The undisturbed scenario class includes three release pathways. Multiple release pathways may be present
in a single disposal system, and different release pathways may be dominant across different domains
within a single disposal system.

The defective EBS scenario class includes three possible scenarios. Where these engineered components
are present in a specific disposal system design, enhanced failure and/or degradation of these components
may be included in the undisturbed scenario, thus eliminating the need for consideration of explicit
defective EBS scenarios.

The four disturbed scenarios are caused by external events. Often during site selection, some of these
disturbed scenarios may be excluded. For example, avoiding seismically-active or volcanically-active
locations can reduce the probability of occurrence of these scenarios to below regulatory thresholds.

At this stage in the U.S. disposal program the focus is on generic options and feasibility. Disturbed
scenarios, including human intrusion, are highly dependent on site specific information and regulatory
considerations. Thus, evaluations of all but the undisturbed scenario are deferred in this Generic Safety
Case at this stage. In some cases, defective EBS scenarios are incorporated into the undisturbed scenario.
In the following subsections, details of these selected scenarios are summarized. Implementation of the
selected scenarios in safety assessment models is described in Section 4.3.

The selected scenarios were constructed to represent a simplified baseline set of conditions for each
disposal option, with some consistent conditions across disposal options. Each baseline scenario shares
the following characteristics:

e Undisturbed conditions with the potential for advective and diffusive aqueous-phase transport. Gas-
phase transport is not considered. Details of transport pathways for each disposal option are described
in the following subsections.

o Defective waste packages that are assumed to fail instantaneously (i.e., at the beginning of the
postclosure period)

e A radionuclide inventory that consists entirely of commercial used nuclear fuel, specifically
pressurized water reactor fuel with a burn-up of 60 GWd/MTHM and 4.73% enrichment aged 30
years after discharge from a reactor.

e A hypothetical reference biosphere based on the International Atomic Energy Agency Example
Reference Biosphere (ERB) 1B model (IAEA 2003b, Sections A.3.2 and C.2.6.1). The ERB 1B dose
model assumes that the receptor is an individual adult who obtains his drinking water from a
hypothetical drinking well drilled into the far field of the natural system. The ERB 1B model is used
to convert the dissolved radionuclide concentrations in groundwater at the hypothetical drinking well
location to an estimate of annual dose to a receptor based on the well dilution/pumping rate (assumed
to be 10,000 m*/yr), individual water consumption rate (1.2 m*yr), and radionuclide-specific dose
conversion factors. The drinking well is assumed to capture all radionuclides transported out of the
far field.

The selected baseline scenarios do not necessarily represent all aspects of expected or nominal conditions
for each disposal option (e.g., instantaneous waste package failure in a granite repository), but they do
provide a consistent basis for preliminary generic disposal system evaluations and sensitivity analyses.
The baseline scenarios also provide a convenient starting point for future formal FEP analysis, scenario
development, and safety assessment modeling as site- and/or design-specific information becomes
available.
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4.2.3.3.1 Generic Salt Repository Baseline Scenario

The description of the initial state and expected evolution of a generic salt repository in Section 4.2.3.2.1
identified diffusion as the only mechanism for radionuclide transport away from a salt repository under
undisturbed conditions. The salt baseline scenario includes radionuclide transport pathways based on the
WIPP (Appendix C, Section C-3.1.2). Specific baseline scenario transport pathways include:

e Near field—Vertical diffusive transport through a 5-m thickness of (a) creep consolidated crushed
salt backfill, and (b) the disturbed rock zone halite between the excavation and an underlying
anhydrite interbed. Chemically reducing conditions, consistent with a concentrated brine.

e Far field—Horizontal transport through an underlying anhydrite interbed. Brine flow in the interbed
is assumed to vary over a range of flow rates. At the high end of the range, advective transport can
occur. The drinking water well (i.e., the receptor location) intersects the interbed at a distance of
5,000 m from the repository. Less chemically reducing conditions than in the near field, consistent
with a more dilute brine.

The focus here is on bedded salt but the baseline can be extended to domal salt formations. One area
where there is a difference is that a domal formation would not contain interbed pathways.

4.2.3.3.2 Generic Clay Repository Baseline Scenario

The description of the initial state and expected evolution of a generic clay repository in Section 4.2.3.2.2
identified the following radionuclide transport pathways:

Undisturbed Scenario Pathways:

e Advective Transport through the Disturbed Rock Zone and Shaft Seals—FIluid flow through the
repository openings or DRZ and up the shafts transports radionuclides to a shallow aquifer from
which they are pumped to the biosphere. This pathway scenario requires sufficiently high
permeability within the repository, the DRZ, and seals, and a sustained upward hydraulic gradient. An
upward gradient could result from: (1) ambient hydrologic conditions, (2) thermal pressurization of
fluid within the waste disposal zone from waste heat, (3) buoyancy of heated fluid within the waste
disposal zone, or (4) thermo-chemical reactions that release water and/or gases within the waste
disposal zone.

Only ambient hydrologic conditions would operate over long timescales; the thermally driven
mechanisms would cease within a few hundred years. Self-sealing of the DRZ, and eventual
consolidation of clay components in the shaft and emplacement borehole seals, would limit such a
high permeability pathway. Finally, advection along the DRZ and up the access shafts requires a
source of water inflow from the clay with sufficient strength to result in water saturation above
residual saturation so there is a continuous water phase present, and with greater hydraulic head than
the overlying aquifer to maintain flow. Such a pressure drive could result if sufficient gas generation
results from corrosion, radiolysis, or biodegradation.

o Diffusive Transport in Host Clay—Diffusion transports radionuclides upward from the repository,
through the clay host rock, to a shallow aquifer from which they are pumped to the biosphere.
Advective transport (under realistic hydraulic gradients) is likely to be modest during the repository
performance period, given the low permeability of clay media. The chemically reducing environment
typical for clays and shales would limit the solubility of most radionuclides, thus limiting mobility.
Also, minerals present in clay formations readily sorb many radionuclides, further attenuating
releases. Finally, because of the long- transport times, radioactive decay can be an important process.

The clay baseline scenario considers vertical diffusive transport through a 150-m thickness of host clay.
The drinking water well intersects an aquifer immediately above the host clay. The advective transport
pathway through the DRZ and shaft seals is screened out due to the low probability of maintaining (1) an
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ambient upward hydraulic gradient over long timescales, and (2) a high permeability in the DRZ and seals
as they consolidate over time.

4.2.3.3.3 Generic Granite Repository Baseline Scenario

The description of the initial state and expected evolution of a generic granite repository in Section
4.2.3.3.2 identified the following radionuclide transport pathways:

Undisturbed Scenario Pathways—Waste packages and engineered barriers are assumed to perform as
designed. No releases are likely because the waste form remains contained within the waste package
during the entire performance period (Mariner et al. 2011). This scenario maintains that in the absence of
external events, the buffer will protect the waste packages from significant damage during the
performance period, preventing canister failure and radionuclide release. This scenario is consistent with
the base scenario of the third case study for the Canadian concept (Gierszewski et al. 2004) and the
expected performance of the Swedish repository, barring an unexpectedly large earthquake or significant
buffer erosion (SKB 2006Db).

Defective EBS Scenario Pathways:

e A Major Defect in a Waste Package Allows Early Radionuclide Release—One or more waste
packages are assumed to have a major defect at the time of emplacement. The number of waste
packages experiencing defects is determined by specific waste packaging designs and manufacturing
and emplacement methods. The release of radionuclides under such a scenario also depends on
specifics of the waste form. For example, used fuel cladding would have to also fail in the defective
waste package. This scenario assumes that both the cladding and the waste package fail. The
consequences of a waste package defect are bounded by assuming the failed waste package provides
no barrier performance. Under this scenario, radiolytic phenomena may increase waste form
degradation rates above solubility limited rates. The buffer, backfill, and seals perform as designed,
causing the primary pathway to be through the geosphere. Released radionuclides diffuse through the
bentonite buffer and migrate to the biosphere via far-field fractures.

o Buffer Failure Scenario—Corrosion of a number of waste canisters is enhanced by the erosion of
buffer materials caused by hydrologic changes brought on by the next glacial cycle. The
consequences from such a scenario are site specific and depend on the frequency, duration, and
intensity of glacial cycles at the site, which will affect the amount and degree of buffer erosion. Some
assumptions can be obtained from an SKB analysis (SKB 2006b) where it is assumed that the earth’s
glacial cycle continues such that an ice sheet or glacier advances over the top of the repository site
and then, at approximately 100,000 years in the future, retreats during a subsequent warming period.
The warming period causes deep penetration of melt waters at the repository site as the ice retreats.
The increased flow conditions at depth last approximately 25,000 years and erode the buffer to
expose some of the waste packages to advective groundwater flow. The increased corrosion rate due
to flowing groundwater causes a small fraction of these waste packages to fail within 1,000,000 years.
Internal waste package components, such as the used fuel cladding, are pessimistically assumed to
fail when the canister fails, initiating degradation of all waste in the failed packages. Thus,
radionuclides released from breached waste packages are assumed to migrate directly to the host rock.

The granite baseline scenario includes horizontal transport through a 0.78-m near-field pathway
(bentonite buffer and granite DRZ) and a 5,000-m far-field pathway (granite fractures and matrix) under
chemically reducing conditions. The drinking water well intersects the fractured granite at a distance of
5,000 m from the repository. The baseline scenario also includes the effects of defective waste packages;
1% of the waste packages (and cladding) are assumed to fail instantaneously, the other 99% are assumed
to remain intact for 10,000,000 years. This differs from the other baseline scenarios, where all waste
packages are assumed to fail instantaneously, to reflect the expected longevity of waste packages and the
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buffer in a granite repository (Section 4.2.3.2.3.2). The buffer failure scenario is screened out of this
generic baseline scenario because it is a site-specific phenomenon.

4.2.3.3.4 Generic Deep Borehole Disposal Baseline Scenario

The description of the initial state and expected evolution of a generic deep borehole disposal facility in
Section 4.2.3.2.4 identified the following radionuclide transport pathways:

Undisturbed Scenario Pathways:

e Transport in the Borehole—Fluid flow up the borehole transports radionuclides to a shallow aquifer
from which they are pumped to the biosphere. This scenario requires sufficiently high permeability
within the borehole and a sustained upward gradient in hydrologic potential for it to occur. Vertical
permeability within the borehole in the waste disposal zone may be relatively high. Rapid degradation
of the disposal canisters stacked within the borehole is assumed. Vertical permeability within the
borehole above the level of waste emplacement will be engineered to be very low, significantly
reducing fluid flow and creating diffusion-dominated transport conditions in this portion of the
borehole. Some upward gradient in hydrologic potential (i.e., advection) within the borehole could
result from (a) ambient hydrologic conditions, (b) thermal pressurization of fluid within the waste
disposal zone from waste heat, (c) buoyancy of heated fluid within the waste disposal zone, or (d)
thermo-chemical reactions that release water and/or gases within the waste disposal zone. The
duration of the thermal pulse is small compared to the regulatory period and occurs during the time
when the upper sealing system is likely to be the most robust.

e Transport in Disturbed Rock around the Borehole—Fluid flow up the annulus of disturbed rock
surrounding the borehole transports radionuclides to a shallow aquifer from which they are pumped to
the biosphere. This scenario requires sufficiently high permeability in the disturbed zone surrounding
the borehole and a sustained upward gradient in hydrologic potential for it to occur. Vertical
permeability within disturbed rock in the waste disposal zone and in the overlying rock may be higher
than that of the surrounding intact rock or intact sealing system components. Vertical permeability in
the crystalline rock immediately outside the heated volume near the waste disposal zone could be
increased because thermo-mechanical effects would reduce the vertical mechanical stress. An upward
gradient in hydrologic potential within the annulus of the borehole could result from (a) ambient
hydrologic conditions, (b) thermal pressurization of fluids within the waste disposal zone from waste
heat, (c) buoyancy of heated fluids within the waste disposal zone, or (d) thermo-chemical reactions
that release water and/or gases within the waste disposal zone.

e Transport in Surrounding Rock Away from the Borehole—Fluid flow up through the crystalline
basement and sedimentary cover transports radionuclides to a shallow aquifer from which they are
pumped to the biosphere. This scenario requires sufficiently high permeability within fracture zones
and/or faults in the crystalline basement and sedimentary cover and a sustained upward gradient in
hydrologic potential for it to occur. Given the low vertical permeability of the crystalline basement
rocks and the stratified sedimentary cover, a through-going feature such as an interconnected group of
fracture zones or faults would be required to conduct significant quantities of fluid to a shallow
aquifer.

Defective EBS Scenario Pathways: These scenarios have the same three pathways as the undisturbed
scenario but the consequences conditional on failed seals and backfill are likely to be larger because of
their condition. These include: failed borehole sealing in the upper 3 km of the borehole, and failed or
improper grouting during borehole construction and/or abandonment. This would result in increased
vertical flow through the borehole and DRZ as well as increased lateral connectivity between the borehole
and surrounding intact host rock.

The deep borehole baseline scenario combines the first two undisturbed transport pathways: up the
borehole; and up the DRZ around the borehole. The transport pathway includes a 2,000-m waste disposal
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zone and a 1,000-m seal zone under chemically reducing conditions. The drinking water well is assumed
to intersect the borehole upper zone (spanning from 0 — 2,000 m depth). The third undisturbed transport
pathway, into the surrounding rock away from the borehole, is screened out due to the low permeability
of basement crystalline rock relative to the borehole pathways and the low probability of a continuous
3,000-t0-5,000-m fracture or fault from the deep basement to a hypothetical overlying aquifer. The
defective EBS scenarios are also screened out. Their effects are partially accounted for in the
characterization of the DRZ and in sensitivity analyses.

4.3 Generic Disposal System Model Development

4.3.1 Introduction

A postclosure safety assessment is performed to provide a quantitative estimation of the behavior of a
geologic disposal system and its component subsystems. Within the safety assessment methodology
described in Section 2.3.1, the quantitative safety assessment includes the following steps (as numbered in
Section 2.3.1):

4. Build models and abstractions

a. Conceptual models
b. Mathematical models
c. Computational models
Quantify uncertainty
Construct integrated safety assessment model and perform calculations
Perform uncertainty and sensitivity analyses
Evaluate performance

To support this Generic Safety Case, simplified postclosure safety assessments were performed for each
of the four geologic disposal options outlined in Section 1.4: mined disposal in salt, clay, and granite
formations; and deep borehole disposal in crystalline rock. The remainder of Section 4.3 describes the
conceptual, mathematical, and computational models used to represent the selected baseline scenarios
(from Section 4.2.3.3) for each of the four disposal options. Section 4.4 presents and discusses the safety
assessment model results for each of the disposal options, including sensitivity analyses. Section 5.2.3
provides a synthesis of the results in the context of the generic safety case.

O N o U

The four safety assessment models were developed within a common conceptual framework, organized
around four common disposal system regions (Figure 2-1): Source; Near Field; Far Field; and Biosphere.
Each of the four regions, in turn, consists of one or more common features. These regions and features are
consistent with the generic disposal system regions shown in Figure 4-1 supporting the FEP identification
and classification. Within the common conceptual framework, representations of the system components
and relevant phenomena (i.e., the included FEPs and scenarios) can range from simple abstractions to
complex coupled processes.

To support this Generic Safety Case, the safety assessment models focus on the generic baseline scenarios
for each of the four disposal options described in Section 4.2.3.3. Each of the four baseline scenarios
includes both advective and diffusive aqueous-phase transport, although one or the other may be
dominant in specific regions depending on the engineered and natural barrier properties. The baseline
scenarios also include the effects of the defective waste packages, which results in the early onset of
waste form degradation and early-time radionuclide release.

In site-specific safety assessments, the disturbed scenarios — human intrusion, seismic, and igneous —
often provide the dominant radionuclide releases contributing to dose. However, as noted in Section
4.2.3.3, the relative importance of the disturbed scenarios can be minimized through site selection.
Therefore, for the four generic safety assessments presented here, the potential consequences of the
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disturbed scenarios are not explicitly evaluated at this time. As site-specific considerations become
important in future safety assessments, the impact of disturbed scenarios to each of the four disposal
options will be re-evaluated as appropriate.

For these generic safety assessments, simple mathematical representations of the FEPs (e.g., reduced-
dimension geometry, minimal multi-physics process coupling) were used. These simple representations
are sufficient to perform high-level generic safety calculations of the four disposal system baseline
scenarios and to demonstrate the process of safety assessment evaluation. The simplified mathematical
models used to represent the source term, radionuclide transport in the near field and far field, and
radionuclide doses are presented in Clayton et al. (2011, Section 4.1.1). The conceptual framework and
mathematical representations were implemented within the GoldSim computational framework (GoldSim
Technology Group 2010a). The GoldSim Contaminant Transport Module (GoldSim Technology Group
2010Db) provides numerical solutions to the simple mathematical models.

4.3.2 Safety Assessment Model Descriptions

In Fiscal Year (FY) 2011, simplified generic disposal system (GDS) models were developed and applied
to generic salt, clay, granite and deep borehole disposal options (Clayton et al. 2011, Section 3). These
four models, referred to as the FY 2011 GDS models, provide the basis for the four GDS safety
assessment baseline scenario models developed to support this Generic Safety Case. Specific details of
each of the safety assessment baseline scenario models are summarized in the following subsections,
including the identification of input parameter values.

An important difference from the modeling approach used for the FY 2011 GDS models (Clayton et al.
2011, Section 3) is in the treatment of uncertainty. In the FY 2011 GDS simulations, uncertain
parameters were defined by a parameter distribution. Parameter uncertainty was propagated into the
models by conducting multiple realizations for each scenario; for each realization a different set of values
for the uncertain parameters was sampled from the distributions of possible values (e.g., Monte Carlo
simulation). In a statistical sense, each individual realization represents a different possible representation
of the future overall performance of the system, consistent with the uncertainty in the input parameters.

In the Generic Safety Case simulations described here, each baseline scenario is modeled with a single
deterministic simulation, where uncertain parameters are represented by their mean value. The effects of
parameter uncertainty are examined by performing “one-off” simulations, where an uncertain parameter
is varied from its mean value. Uncertainty treatment is described in more detail in Sections 2.3.1 (Step 6)
and 5.2.

For each GDS safety assessment baseline scenario, the following deterministic simulations were
performed:

o Baseline Analysis—A single deterministic simulation of the baseline scenario. Each uncertain
parameter (i.e., those parameters defined by a distribution in the probabilistic models) was
represented by its mean value. Baseline analysis results are presented in Section 4.4.1.

e Sensitivity Analyses—A set of “one-off” deterministic simulations. A single uncertain parameter
value was varied from the baseline mean value in each simulation. Sensitivity analysis results are
presented in Section 4.4.2.

In each of the following subsections the GDS safety assessment baseline model descriptions include
modifications that were made to the FY 2011 GDS models for the deterministic application and to
provide increased consistency across the four disposal options. In addition, the following other common
changes were made to the FY 2011 GDS models; these changes resulted in more consistency across the
four GDS safety assessment baseline scenarios used to support the safety case:
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e The waste inventory for each of the three mined disposal options assumed a repository capacity of
70,000 MTHM. The entire 70,000 MTHM radionuclide inventory was assumed to be commercial
UNF, specifically pressurized water reactor fuel with a burn-up of 60 GWd/MTHM and 4.73%
enrichment aged 30 years after discharge from a reactor (Carter and Luptak 2010, Table C-1). The
70,000 MTHM UNF inventory was assumed to be contained in 16,000 waste packages, with each
waste package containing 10 pressurized water reactor assemblies. For deep borehole disposal the
repository capacity affects the total number of boreholes required (approximately 400 boreholes
would be required to dispose of 70,000 MTHM), but does not affect the conceptualization of an
individual borehole. A discussion of the radionuclide makeup of 70,000 MTHM model inventory is
presented in Appendix E.

e The fractional waste form degradation rate for each of the four disposal options was assumed to be
2x107° yr ', which is the most likely (mode) value from the FY 2011 clay GDS model (Clayton et al.
2011, Section 3.3.3.3.2). At this fractional rate, 50% of the radionuclide mass is released from the
waste form in the first 35,000 years, 95% of the mass is released by 150,000 years, and 99.9% of the
mass is released by about 350,000 years. A slower fractional degradation rate of 1x10" yr ™,
consistent with the FY 2011 salt, granite and deep borehole GDS models, was examined as part of the
sensitivity analyses.

o Simulations were run to 10,000,000 years and used consistent time stepping for the purpose of
investigating performance out to peak dose.

4.3.2.1 Deterministic Salt GDS Model

The deterministic salt GDS safety assessment model supporting the safety case derives from the FY 2011
salt GDS model (Clayton et al. 2011, Section 3.1). The salt baseline scenario, described in Section
4.2.3.3.1, includes transport through the near-field (creep consolidated backfill and salt DRZ) and far-
field (anhydrite interbed) pathways. The baseline scenario does not attribute any barrier capability to the
waste packages; they are assumed to fail instantaneously. The baseline scenario also does not attribute
any sorptive capacity to the corrosion products or backfill.

Changes from the FY 2011 salt GDS model (Clayton et al. 2011, Section 3.1.4.1.1) to support the safety
case include the following:

e Deterministic 10,000,000-year simulation with mean values for uncertain parameters
e Waste inventory of 70,000 MTHM UNF in 16,000 waste packages
« Fractional waste form degradation rate of 2x107 yr™'

e Reduced repository length from 3,270 m to 2,146 m to be consistent with the smaller number of waste
packages

o Brine flow rates through the near-field salt DRZ and far-field interbed assumed to remain constant at
the 1,000,000-year value until 10,000,000 years.

Additional details describing the deterministic salt GDS model input parameters are presented in
Appendix E. The resulting salt baseline scenario model supporting the safety case is summarized in Table
4-4,

Simulation results from the deterministic salt baseline scenario are presented in Section 4.4.1.1. Results
from one-off sensitivity simulations are presented in Section 4.4.2.1.

It should be noted that the salt baseline scenario simulated here is representative of bedded salt. For a
domal salt scenario, the far-field host salt would have properties of intact halite rather than an anhydrite
interbed, but would not extend as far as the interbed.
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Table 4-4. Summary of the Salt Baseline Scenario Model

Region Feature Salt Model Baseline Scenario Representation
Source Inventory Used Nuclear 70,000 MTHM
Fuel
Used Nuclear 2x107° yr* fractional degradation rate,
Waste Form ; .
Fuel no cladding credit
Near Field Waste Package | Waste Package Instantaneous failure
Buffer / Backfill | Included in DRZ Not applicable
Seals / Liner Not modeled Not applicable
Near-Field Salt Diffusive transport,
DRZ ;
(5 m) no sorption
Far Field Host Rock Salt Interbed Diffusive transport
(5,000 m) with sorption
. IAEA BIOMASS 3 _
Aquifer ERB1B 10,000 m*/yr dilution rate
Receptor Surface / IAEA BIOMASS 1.2 m3/yr water consumption rate
Biosphere ERB1B ERB 1 Dose Coefficients

4.3.2.2 Deterministic Clay GDS Model

The deterministic clay GDS safety assessment model supporting the safety case derives from the FY 2011
clay GDS model (Clayton et al. 2011, Section 3.3). The clay baseline scenario represents the host clay
diffusive transport pathway identified in Section 4.2.3.3.2, which includes transport through near field
(bentonite buffer and clay DRZ) and far field (host clay). For this safety assessment, the clay baseline
scenario does not attribute any barrier capability to the waste packages; they are assumed to fail
instantaneously.

Changes from the FY 2011 clay GDS model (Clayton et al. 2011, Section 3.3.4.2.1) to support the safety
case include the following:

e Deterministic 10,000,000-year simulation with mean values for uncertain parameters
e Waste inventory of 70,000 MTHM UNF in 16,000 waste packages
e Instantaneous waste package failure

e Clay thickness of 150 m overlying the emplaced waste, consistent with Hansen et al. (2010, Figure
2.1-1 and Section 4)

o Equivalent diffusive releases to the far-field clay in both the upward and downward directions

Additional details describing the deterministic clay GDS model input parameters are presented in
Appendix E. The resulting clay baseline scenario model supporting the safety case is summarized in
Table 4-5.

Simulation results from the deterministic clay baseline scenario are presented in Section 4.4.1.2. Results
from one-off sensitivity simulations are presented in Section 4.4.2.2.
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Table 4-5. Summary of the Clay Baseline Scenario Model
Region Feature Clay Model Baseline Scenario Representation
Source Inventory Used Nuclear 70,000 MTHM
Fuel
Used Nuclear 2x107° yr* fractional degradation rate,
Waste Form ; .
Fuel no cladding credit
Near Field Waste Package | Waste Package Instantaneous failure
. Bentonite Diffusive transport
Buffer / Backiill (1.025 m) with sorption
Seals / Liner Not modeled Not applicable
DRZ Fissured Clay Diffusive transport
(1.15 m) with sorption
Far Field Clay Diffusive transport
Host Rock (150 m) with sorption
. IAEA BIOMASS 3 _
Aquifer ERB1B 10,000 m*/yr dilution rate
Receptor Surface / IAEA BIOMASS 1.2 m3/yr water consumption rate
Biosphere ERB1B ERB 1 Dose Coefficients

4.3.2.3 Deterministic Granite GDS Model

The deterministic granite GDS safety assessment model supporting the safety case derives from the

FY 2011 granite GDS model (Clayton et al. 2011, Section 3.2). The granite baseline scenario, described
in Section 4.2.3.3.3, includes transport through the near-field (bentonite buffer and granite DRZ) and far-
field (fractured granite) pathways. For this safety assessment, the granite baseline scenario includes the
effects of defective waste packages; 1% of the waste packages (and cladding) are assumed to fail
instantaneously.

Changes from the FY 2011 granite GDS model (Clayton et al. 2011, Section 3.2.3.2.1) to support the
safety case include:

o Deterministic 10,000,000-year simulation with mean values for uncertain parameters
e Waste inventory of 70,000 MTHM UNF in 16,000 waste packages
« Fractional waste form degradation rate of 2x107 yr™'

e Replace the three-dimensional representation of far-field fractured granite using the FEHM
dynamically-linked library with a one-dimensional GoldSim pipe with matrix diffusion.

e Replace the two-dimensional representation of bentonite buffer with a set of one-dimensional
GoldSim cells

o Update solubility values to be more representative of granite pore waters (based on Mariner et al.
2011, Table 2-5)

e Update distribution coefficients (kq’s) to be more representative of bentonite in the waste package and
buffer, based on the waste package and bentonite kq values used in the clay GDS model (Table E-2
and Clayton et al. 2011, Section 3.3.3.3)

e Update distribution coefficients (kq’s) to be more representative of granite in the host rock (based on
Carbol and Engkvist 1997).
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o Instantaneous failure of 1% (160) of the waste packages. This replaces the FY 2011 GDS model
assumption that between 0.1% and 1% of the waste packages directly intersect a far-field fracture.

Additional details describing the deterministic granite GDS model input parameters are presented in
Appendix E. The resulting granite baseline scenario model supporting the safety case is summarized in
Table 4-6.

Simulation results from the deterministic granite baseline scenario are presented in Section 4.4.1.3.
Results from one-off sensitivity simulations are presented in Section 4.4.2.3.

Table 4-6. Summary of the Granite Baseline Scenario Model

Region Feature Granite Model Baseline Scenario Representation
Source Inventory Used Nuclear 70,000 MTHM
Fuel
Used Nuclear 2x107° yr* fractional degradation rate,
Waste Form . .
Fuel no cladding credit
Near Field Instantaneous failure of 1%

Waste Package | Waste Package
of waste packages

. Bentonite Diffusive transport
Buffer / Backiill (0.36 m) with sorption
Seals / Liner Not modeled Not applicable
DRZ Granite Advective transport
(0.42 m) with sorption
Far Field Host Rock Granite Advective transport in fractures,
(5,000 m) with sorption and matrix diffusion
: IAEA BIOMASS 3 _
Aquifer ERB1B 10,000 m*/yr dilution rate
Receptor Surface / IAEA BIOMASS 1.2 m3/yr water consumption rate
Biosphere ERB1B ERB 1 Dose Coefficients

4.3.2.4 Deterministic Deep Borehole GDS Model

The deterministic deep borehole GDS safety assessment model supporting the safety case derives from
the FY 2011 deep borehole GDS model (Clayton et al. 2011, Section 3.4). The deep borehole baseline
scenario, described in Section 4.2.3.3.4, combines two transport pathways: up the borehole; and up the
DRZ around the borehole. The baseline scenario does not attribute any barrier capability to the waste
packages; they are assumed to fail instantaneously.

Changes from the FY 2011 deep borehole GDS model (Clayton et al. 2011, Section 3.4.2.2.1) to support
the safety case include the following:

e Deterministic 10,000,000-year simulation with mean values for uncertain parameters
e Waste inventory of 174 MTHM UNF in 400 waste packages in a single borehole
 Fractional waste form degradation rate of 2x107 yr™'

e Fluid flow rates up the borehole assumed to remain constant at the 1,000,000-year values until
10,000,000 years
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Additional details describing the deterministic deep borehole GDS model input parameters are presented
in Appendix E. The resulting deep borehole baseline scenario model supporting the safety case is

summarized in Table 4-7.

Simulation results from the deterministic deep borehole baseline scenario are presented in Section 4.4.1.4.
Results from one-off sensitivity simulations are presented in Section 4.4.2.4.

Table 4-7. Summary of the Deep Borehole Baseline Scenario Model

Region Feature Deep Borehole Baseline Scenario Representation
Model
Source Inventory Used Nuclear Fuel 174 MTHM
-5 -1 . .
Waste Eorm Used Nuclear Euel 2x10 > yr fract|0n_al degra_datlon rate,
no cladding credit
Near Field Waste Package Waste Package Instantaneous failure
Disposal Zone .
Buffer / Backfill Degraded Waste Ad\ﬁﬁﬁ\;%:r?{:;port
(2,000 m) P
Seal Zone ep
Seals / Liner Bentonite D|f:‘/tlji?r|]v:()trra3cs)ﬁort
(1,000 m) P
DRZ Included in Seals Included in seals
Far Field Host Rock Not modeled Not applicable
Upper Borehole
Aquifer Rock Materials 10,000 m®yr dilution rate
(2,000 m)
Receptor Surface / IAEA BIOMASS 1.2 m3/yr water consumption rate
Biosphere ERB1B ERB 1 Dose Coefficients

4.4 Generic Safety Assessment Model Results

This section presents the results from the application of the four deterministic safety assessment baseline
models described in Section 4.3.2. As noted in Section 1.1, it is not the intention of this Generic Safety
Case to identify, screen, and/or prioritize specific disposal options, designs, and sites for their suitability
for a geologic disposal facility. As such, these initial simplified safety assessment results are not intended
to provide absolute indications of dose or to provide for comparisons between disposal options. Rather,
these results for four generic disposal options seek to provide confidence that used nuclear fuel and high-
level radioactive waste can be disposed of safely in the U.S. in mined disposal facilities in salt, clay, and
granite formations, in deep borehole disposal in crystalline rocks.

Safety assessment results for the four baseline scenarios are presented in Section 4.4.1. The baseline
scenario results, from deterministic simulations, provide a preliminary indication of estimated dose, given
the baseline assumptions about source term, near-field, far-field, and biosphere properties.

Sensitivity analyses are presented in Section 4.4.2. These sensitivity analyses are one-off deterministic
simulations from the baseline simulations and provide preliminary insights into which parameters,
features, and/or barriers most significantly contribute to the overall capability of a specific disposal
system to isolate waste from the biosphere under baseline scenario conditions.
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4.4.1 Baseline Scenario Analyses
4.41.1 Deterministic Salt GDS Model Results

The deterministic salt baseline scenario is summarized in Section 4.3.2.1 and Table 4-4. Input parameters
are listed in Clayton et al. (2011, Section 3.1) and Table E-1. As described in Section 4.2.3.2.1.2, there is
no credible mechanism for movement of radionuclides from a salt repository under undisturbed
conditions, except by diffusion, which is extremely slow.

The salt baseline scenario assumes an undisturbed transport pathway, but takes only minimal credit for
the engineered barrier system; 95% of waste form degradation occurs in 150,000 years, all waste
packages fail instantaneously, and there is no sorption in the near-field salt DRZ between the repository
and the underlying interbed. The dose receptor is located 5,000 m from the repository. The resulting
deterministic annual dose over 10,000,000 years is shown in Figure 4-2.
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Figure 4-2. Salt Baseline Scenario Annual Dose for a Receptor 5,000 m from the Repository

In the first 10,000 years, the peak annual dose is < 1x10 3 mrem/yr; in the first 1,000,000 years, the peak
annual dose is 9.0x10™"* mrem/yr (at 1,000,000 years). The peak annual dose over the entire 10,000,000-
year simulation is 5.6x10® mrem/yr, occurring at 10,000,000 years. It should be noted that the salt
baseline scenario does not consider a vertical diffusion pathway to the surface, a distance of several
hundred meters as compared to the 5,000-m distance along the interbed to the receptor well. A vertical
diffusion pathway, with subsequent surface transport to a receptor, could result in a somewhat higher
peak annual dose than that shown in Figure 4-2 (see Section 4.4.2.1 for further discussion).

The baseline scenario dose is dominated by **I, with a minor contribution from *CI. These are the only
two radionuclides assumed to have no sorption (kg = 0 mL/g) throughout the disposal system, unlimited
solubility, and long half-lives — 15,700,000 years for **°1 and 301,000 years for **Cl. The larger initial
mass (1,363 g/WP of '*I as compared to 2.2 g/WP of *Cl) and longer half-life explain why the dose
contribution is much larger from '#1 than from *ClI.

The deterministic safety case annual dose history in Figure 4-2 is similar to mean annual dose history
estimated with the FY 2011 salt GDS probabilistic model (Clayton et al. 2011, Figure 3.1-8). Both dose
histories are dominated by '#1, with a minor contribution from **CI. The deterministic annual dose
supporting the safety case is generally about two orders of magnitude higher due to the faster waste form
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degradation rate (2x107 yr ' vs. a range from 1x10~® to 1x107° yr'). Lesser effects result from the
shortened repository length (2,146 m vs. 3,270 m), which increases the dose, and the reduced inventory
(~70,000 MTHM vs. ~90,000 MTHM), which decreases the dose. The sensitivity analyses in Section
4.4.2.1 further examine processes affecting generic salt disposal system performance.

The relative distribution of I mass in the natural and engineered barriers of the salt disposal system at
three different times during the deterministic simulation supporting the safety case is shown in Figure 4-3.
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NOTE: % Void Volume provides an indication of the relative distribution of water volume across the components of the disposal
system. The Waste Form, Receptor, and Decay components do not have any void volume.

Figure 4-3. Distribution of **I in the Salt GDS Model Components

At 10,000 years, 85.8% of the initial **’I mass is still bound in the waste form. Less than 1% of the initial
mass has been transported (by diffusion) beyond the 5-m thick near-field salt DRZ between the repository
and the underlying interbed. At 1,000,000 years, the waste form has completely degraded, but only 3.5%
of the initial **°1 mass has diffused beyond the near-field salt to the underlying interbed. The small dose
at 1,000,000 years (9.0x10™"* mrem/yr) is due to a negligible mass of **°1 (2x10™® g out of an initial
repository *° mass of 21,830 kg) actually reaching the receptor. This negligible calculated mass at the
receptor is effectively zero as it is of the same magnitude as the numerical precision of the solution. At
10,000,000 years, 35.7% of the initial *°I mass has decayed. Most of the undecayed mass has still not
diffused to the underlying interbed. Even at 10,000,000 years, only 0.01 g has reached the receptor.

Based on these deterministic salt GDS model results, the following observations can be made regarding
the performance of a generic salt disposal system under baseline scenario conditions:
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Radionuclide releases to the receptor location in the biosphere are minimal; for long-lived non-
sorbing '*°1, releases are effectively zero after 10,000,000 years. The peak dose is 5.6x10°° mrem/yr
at 10,000,000 years.

Radionuclide transport through the near field (the engineered barrier system and the near-field salt
DRZ between the repository and the underlying interbed) is slow due to:
- Very low brine flow rates resulting in diffusion-dominated transport, and

- Salt creep closure of the repository excavation and DRZ which minimizes the potential for high-
permeability fracture connections to the underlying interbed.

Radionuclide transport through the far field (anhydrite interbed) is slow due to:

- Very low brine flow rates resulting in diffusion-dominated transport,
- Radionuclide sorption,

- Absence of well-connected fractures in the interbed, and

- Long migration distance (5,000 m) to the receptor location.

The factors identified above as having a significant impact on near-field and far-field radionuclide
transport are generally consistent with those of previous safety assessments of salt disposal systems, as
discussed in Section 3.6 and Appendix C-3.1. For example, the studies in the United States (generic and
WIPP) and Germany (Gorleben) also point to very low flow rates and the self-healing nature of salt as
contributing to barrier performance.

Additional characteristics of a generic salt disposal system which were not captured in the deterministic
salt GDS baseline scenario model include:

Enhanced performance due to:

- Radionuclide sorption in the engineered barrier system and near-field salt DRZ
- Slower waste form degradation due to reducing chemical conditions
- Thermally enhanced creep closure and dry out

- Removing the model assumption that all radionuclides diffuse downward to the underlying
interbed; the dose would be halved if upward diffusion were assumed and there were no
equivalent overlying interbed.

Degraded performance due to:

- Instantaneous release of gap and grain boundary inventory from the waste form

- Increased brine flow rates through the near-field DRZ and far-field interbed resulting from
(a) well-connected fractures, and/or (b) repository pressurization from creep closure and gas
generation

- Reduced distance to the receptor location

Some of these characteristics are examined in the sensitivity analyses in Section 4.4.2.1.

4.4.1.2 Deterministic Clay GDS Model Results

The deterministic clay baseline scenario is summarized in Section 4.3.2.2 and Table 4-5. Input
parameters are listed in Clayton et al. (2011, Section 3.3) and Table E-2. As described in Section
4.2.3.2.2.2, radionuclide releases from a clay repository disposal horizon would be limited by low
advection, the reducing chemical environment, and sorption under undisturbed conditions (i.e., in the
absence of defective waste packages or buffer failure).
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The clay baseline scenario assumes an undisturbed transport pathway, but takes only limited credit for the
engineered barrier system; 95% of waste form degradation occurs in 150,000 years (i.e., fractional
degradation rate of 2x10° yr *) and all waste packages fail instantaneously. Additionally, the receptor is
effectively assumed to be located at the edge of the clay host rock formation, only 150 m from the
repository. This differs from the receptor distance of 5,000 m used for the salt and granite baseline
scenarios, so direct comparisons to those disposal options cannot be made. The resulting deterministic
annual dose over 10,000,000 years is shown in Figure 4-4.
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Figure 4-4. Clay Baseline Scenario Annual Dose for a Receptor 150 m from the Repository

In the first 10,000 years, the peak annual dose is 0 mrem/yr; in the first 1,000,000 years, the peak annual
dose is 0.016 mrem/yr (at 1,000,000 years). The peak annual dose over the entire 10,000,000-year
simulation is 5.9 mrem/yr, occurring at 5,400,000 years.

The dose is dominated by *°I, with minor contributions from *Cl and "Se. As in the salt GDS model
(see Section 4.4.1.1), ***I and *°Cl are the only two radionuclides with no sorption (ks = 0 mL/g)
throughout the disposal system, unlimited solubility, and long half-lives. "Se is a minor contributor to
the dose because it is assumed to have no sorption along the 150 m flow pathway except for a small k4 of
4.6 mL/g in the 1-m thick bentonite layer. The dissolved concentration of "Se is controlled by a
solubility limit, which further limits its dose contribution. Even though the initial mass of "Se (45.7
g/WP) is larger than the initial mass of **CI (2.2 g/WP) and they have similar half-lives (290,000 yrs for
Se and 301,000 yrs for **Cl), the dose contribution from **Cl is larger due to the effects of "Se sorption
in the bentonite and the "Se solubility limit.

The behavior of **°1, **Cl and "Se in the deterministic safety assessment (Figure 4-4) is similar to the
behavior in the FY 2011 clay GDS probabilistic model (Clayton et al. 2011, Figure 3.3-27). The
deterministic annual dose supporting the safety case is generally three to four orders of magnitude higher
due to a combination of significant increases from the larger inventory (~70,000 MTHM vs. 1 MTHM)
and moderate decreases due to the increased clay host rock thickness (150 m vs. 65 m). The reduction in
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the waste package lifetime from 10,000 years to 0 years (i.e., instantaneous failure) has little effect on the
dose because 10,000 years is short relative to the 350,000-year lifetime of the waste form.

In addition to *°1, **Cl and "Se, several other radionuclides (e.g., ***Cs, ’Np, **Pu) contributed to the
mean annual dose in the FY 2011 clay GDS probabilistic model (Clayton et al. 2011, Figure 3.3-27). The
presence of these radionuclides as mean annual dose contributors in the FY 2011 GDS probabilistic
model, but not as annual dose contributors in the deterministic safety assessment model, is due to the
probabilistic treatment of the distribution coefficient, ky, which controls the sorption of radionuclides onto
the porous medium. Equation 3-1 shows the relationship between kg, porosity, and retardation factor, Ry,
where the retardation factor indicates the travel time of a sorbed radionuclide along a travel pathway
relative to the travel time of a non-sorbing radionuclide (a non-sorbing radionuclide has kq = 0 and Ry =
1). Equation 3-1 shows that the probabilistic treatment of porosity could also affect the retardation factor,
for a radionuclide with a non-zero K.

In the FY 2011 clay GDS probabilistic model, kq values (and porosity and available porosity values) for
each of 100 realizations were selected from a distribution using Monte Carlo sampling. The mean annual
doses for radionuclides such as ***Cs, *’Np, and ***Pu were dominated by realizations where low kg
values were sampled, corresponding to low retardation factors. In the far-field clay host rock, retardation
factors were as low as 36 for ***Cs and 83 for ?*’Np and 2*Pu. These low retardation factors, combined
with long half-lives, result in the minor dose contributions from **Cs, %’Np, and #**Pu in the probabilistic
model (Clayton et al. 2011, Figure 3.3-27).

In the deterministic safety assessment model, a single ky value was specified for each radionuclide,
calculated as the mean value of the probabilistic distribution. As a result, retardation factors were 16,850
for **Cs and 37,900 for ?*’Np and 2**Pu in the clay host rock. These very large retardation factors explain
why **Cs, #'Np, and 2*Pu are not dose contributors in the deterministic safety case model (Figure 4-4).

The differences in results between the FY 2011 clay GDS probabilistic model and the deterministic safety
assessment model provide an indication of the sensitivity of the clay model to sorption. The sensitivity
analyses in Section 4.4.2.2 further examine sorption and other processes affecting generic clay disposal
system performance.

The relative distribution of I mass in the natural and engineered barriers of the clay disposal system at
three different times during the deterministic simulation supporting the safety case is shown in Figure 4-5.

At 10,000 years, 81.8% of the initial **’I mass is still bound in the waste form. Less than 10% of the
initial mass has been transported (by diffusion) beyond the 2.175-m thick near-field (bentonite buffer and
clay DRZ) to the far-field clay host rock. At 1,000,000 years, the waste form has completely degraded
and 91.6% of the initial **°| mass has diffused into the 150-m thick far-field clay. The dose at 1,000,000
years (0.016 mrem/yr) is due to the small mass of I (389 g out of an initial repository **° mass of
21,830 kg) reaching the receptor. At 10,000,000 years, 35.7% of the initial *°I mass has decayed, 30.3%
of the initial mass remains in the far-field clay, and 33.8% (7,370 kg) has reached the receptor location.
The calculated peak annual dose (5.9 mrem/yr at 5,400,000 years) assumes, somewhat conservatively,
that the entire mass from all 16,000 waste packages that is transported out of the far-field clay host rock to
the overlying aquifer is captured by the pumping well at the receptor location.
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NOTE: % Void Volume provides an indication of the relative distribution of water volume across the components of
the disposal system. The Waste Form, Receptor, and Decay components do not have any void volume.

Figure 4-5. Distribution of *°l in the Clay GDS Model Components

Based on these deterministic clay GDS model results, the following observations can be made regarding
the performance of a generic clay disposal system under baseline scenario conditions:

Radionuclide releases to the receptor location in the biosphere are small; for long-lived non-sorbing
1291, releases are ~0.002% of the initial mass after 1,000,000 years and 33.8% of the initial mass after
10,000,000 years. The peak dose is 5.9 mrem/yr at 5,400,000 years.

Radionuclide transport through the far field (clay host rock) is slow due to:

- Diffusion-dominated transport,

- Radionuclide sorption, and

- Sufficient clay formation thickness (150 m).

Radionuclide transport through the near field (the bentonite buffer and clay DRZ) is slow due to:

- Diffusion-dominated transport,
- Radionuclide sorption,

- Clay DRZ healing which minimizes the potential for high-permeability fissure connections to the
far-field clay.

The factors identified above as having a significant impact on near-field and far-field radionuclide
transport are generally consistent with those of previous assessments for clay disposal systems, as
discussed in Section 3.6 and Appendix C-3.2. For example, diffusion-dominated transport and
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radionuclide sorption are also cited by studies in the United States (generic), Switzerland (Opalinus Clay),
France (Dossier 2005), and Belgium (SAFIR 2) as contributing to barrier performance.

Additional characteristics of a generic clay disposal system which were not captured in the deterministic
clay GDS baseline scenario model include:

e Enhanced performance due to:

- Slower waste form degradation due to reducing chemical conditions
- Slow waste package degradation due to reducing chemical conditions
- Increased distance to the receptor location

o Degraded performance due to:

- Instantaneous release of gap and grain boundary inventory from the waste form

- Increased flow rates through the near field resulting from (1) well-connected fissures, and/or (2)
bentonite/clay dryout and desiccation

- Increased flow rates through the far field
Some of these characteristics are examined in the sensitivity analyses in Section 4.4.2.2.

4.4.1.3 Deterministic Granite GDS Model Results

The deterministic granite baseline scenario is summarized in Section 4.3.2.3 and Table 4-6. Input
parameters are listed in Clayton et al. (2011, Section 3.2) and Table E-3. As described in Section
4.2.3.2.3.2, under undisturbed conditions long-lived waste packages are expected to limit radionuclide
releases from a granite repository.

The granite baseline scenario assumes an undisturbed transport pathway and takes only minimal credit for
the waste form; 95% of waste form degradation occurs in 150,000 years (i.e., fractional degradation rate
of 2x107° yr Y). The waste package provides some performance credit; only 1% (160) of the waste
packages are assumed to fail instantaneously. The dose receptor is located 5,000 m from the repository.
The resulting deterministic annual dose over 10,000,000 years is shown in Figure 4-6.

granite4
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Figure 4-6. Granite Baseline Scenario Annual Dose for a Receptor 5,000 m from the Repository
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In the first 10,000 years, the peak annual dose is 0 mrem/yr; in the first 1,000,000 years, the peak annual
dose is 0.41 mrem/yr (at 1,000,000 years). The peak annual dose over the entire 10,000,000-year
simulation is 0.95 mrem/yr, occurring at 1,730,000 years.

The dose is dominated by *°I, with a minor contribution from *CI. As in the salt GDS and clay GDS
models (see Sections 4.4.1.1 and 4.4.1.2, respectively), *°1 and **Cl are the only two radionuclides with
no sorption (ks = 0 mL/g) throughout the disposal system, unlimited solubility, and long half-lives. Se,
which was a minor contributor to the clay GDS dose because it was only sorbed in the 1-m thick
bentonite buffer, does not contribute to the granite GDS dose because it has a small, but non-zero, kq of
2.0 mL/g in both the granite DRZ and the far-field granite.

The behavior of *°1 and **Cl in the deterministic safety assessment (Figure 4-6) is similar to the behavior
in the FY 2011 granite GDS probabilistic model (Clayton et al. 2011, Figure 3.2-6). The deterministic
annual dose supporting the safety case is two to three orders of magnitude higher due to (1) the faster
waste form degradation rate (2x107° yr ' vs. a range from 1x10® to 1x10 ® yr™"), and (2) the reduced
transverse spreading (diffusion in the bentonite buffer, mechanical dispersion in the far-field granite) due
to the one-dimensional geometry used in the buffer and far field. Lesser effects result from the reduced
inventory (~70,000 MTHM vs. ~90,000 MTHM), which decreases the magnitude of the dose.

In addition to **°1 and **ClI, several other radionuclides (e.g., "°Se, ***Sn) contributed to the mean annual
dose in the FY 2011 granite GDS probabilistic model (Clayton et al. 2011, Figure 3.2-6). As in the clay
GDS model (Section 4.4.1.2), the presence of these radionuclides as mean annual dose contributors in the
FY 2011 GDS probabilistic model, but not as annual dose contributors in the deterministic safety
assessment model is due to the probabilistic treatment of the distribution coefficient, ky, which controls
the sorption of radionuclides onto the porous medium. In the FY 2011 granite GDS probabilistic model,
the mean annual doses for radionuclides such as’°Se and *?°Sn were dominated by realizations where low
kq values (as low as 0 for **°Sn and 0.5 for "°Se), corresponding to low retardation factors, were sampled
in the far-field granite. These low retardation factors, combined with long half-lives, result in the minor
dose contributions from "°Se and *#°Sn in the probabilistic model (Clayton et al. 2011, Figure 3.2-6). In
addition, the dissolved concentration of "°Se was not controlled by a solubility limit in the FY 2011
granite GDS probabilistic model, which further enhanced its dose contribution.

An additional difference is that small doses (> 1 x 10” mrem/yr) appear as early as 2,000 years in the
probabilistic model but not until about 60,000 years in the deterministic model. This difference reflects
differences in the characterization of far-field flow; the early doses in the probabilistic model result from
realizations where a large far-field flow velocity was sampled. The sensitivity analyses in Section 4.4.2.3
further examine sorption, flow velocity, and other processes affecting generic granite disposal system
performance.

The relative distribution of I mass in the natural and engineered barriers of the granite disposal system
at three different times during the deterministic simulation supporting the safety case is shown in
Figure 4-7.
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Figure 4-7. Distribution of **I in the Granite GDS Model Components

The effectiveness of the waste packages (1% fail instantaneously, 99% remain intact) is demonstrated by
the initial **° mass that remains bound in the waste form. At 10,000 years, 99.8% of the initial **° mass is
still bound in the waste form and less than 0.1% of the initial mass has been transported (by diffusion)
beyond the 0.36-m thick bentonite buffer to the granite DRZ. At 1,000,000 years, 94.7% of the initial **°I
mass is still bound in the waste form and 0.8% of the initial mass has diffused beyond the bentonite buffer
—and is mostly present in the far-field granite. The dose at 1,000,000 years (0.41 mrem/yr) is due to the
small mass of I (10.7 kg out of an initial repository **°I mass of 21,830 kg) reaching the receptor. At
10,000,000 years, 35.7% of the initial **°I mass has decayed, 63.7% of the initial mass remains bound in
the waste form, and 0.6% (140 kg) has reached the receptor location. The calculated peak annual dose
(0.95 mrem/yr at 1,730,000 years) assumes that the entire mass from all 160 failed waste packages that is
transported out of the far-field granite to the overlying aquifer is captured by the drinking water well at
the receptor location.

Based on these deterministic granite GDS model results, the following observations can be made
regarding the performance of a generic granite disposal system under baseline scenario conditions:

o Radionuclide releases to the receptor location in the biosphere are small; for long-lived non-sorbing
129) releases are 0.05% of the initial mass after 1,000,000 years and 0.6% of the initial mass after
10,000,000 years. The peak dose is 0.95 mrem/yr at 1,730,000 years.

e Radionuclide releases from the waste form are limited by long-lived waste packages.
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o Radionuclide transport through the near field (the bentonite buffer and granite DRZ) is slow due to:

- Diffusion-dominated transport in the bentonite,
- No defects in the buffer that produce direct connection to the far-field granite fractures, and
- Radionuclide sorption.

e Radionuclide transport through the far field (granite fractures and matrix) is slow due to:

- Matrix diffusion associated with fracture transport,
- Radionuclide sorption in the matrix, and
- Long migration distance (5,000 m) to the receptor location.

The factors identified above as having a significant impact on near-field and far-field radionuclide
transport are generally consistent with those of previous assessments for granite disposal systems, as
discussed in Section 3.6 and Appendix C-3.3. For example, studies in the United States (generic), Sweden
(Forsmark), Finland (Posiva), and Canada (Third and Fourth Case Studies) also point to the role of waste
package lifetime, diffusion, and radionuclide sorption in the engineered and natural barrier systems.

Additional characteristics of a generic granite disposal system which were not captured in the
deterministic granite GDS baseline scenario model include:

e Enhanced performance due to:

- Slower waste form degradation due to reducing chemical conditions
- Removing the assumption that 1% of the waste packages fail instantaneously.
e Degraded performance due to:

- Instantaneous release of gap and grain boundary inventory from the waste form

- Increased connection to the far-field fractures due to (1) buffer erosion (failure), or (2) increased
flow rates through the near field

- Increased flow rates through the far field
- Larger and/or better-connected far-field granite fractures
- Reduced distance to the receptor location
Some of these characteristics are examined in the sensitivity analyses in Section 4.4.2.3.

4.4.1.4 Deterministic Deep Borehole GDS Model Results

The deterministic deep borehole baseline scenario is summarized in Section 4.3.2.4 and Table 4-7. Input
parameters are listed in Clayton et al. (2011, Section 3.4) and Table E-4. As described in Section
4.2.3.2.4.2, in the absence of an advective pathway, diffusion cannot move radionuclides a significant
distance through the borehole seal zone.

The deep borehole baseline scenario assumes an initial period of thermally induced advection followed by
diffusion. Only minimal credit is taken for the engineered barrier system; in the disposal zone (3,000 —
5,000 m depth) 95% of waste form degradation occurs in 150,000 years (i.e., fractional degradation rate
of 2x107° yr ") and all waste packages fail instantaneously, and in the seal zone (2,000 — 3,000 m depth)
an annulus of disturbed rock around the borehole is assumed to enhance the effective permeability.
Additionally, no credit is taken for the upper zone (0 — 2,000 m depth) of the borehole; the drinking water
well that transports radionuclides to the receptor at a surface location directly above the borehole is
assumed to intersect the borehole upper zone. There is no lateral distance from the borehole to the
pumping well, whereas a lateral distance of 5,000 m from the repository to the pumping well is assumed
in the salt and granite baseline scenarios. Therefore direct comparison to the other disposal options cannot
be made.

The resulting deterministic annual dose over 10,000,000 years is shown in Figure 4-8.
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Figure 4-8. Deep Borehole Baseline Scenario Annual Dose for a Receptor Directly Above the Borehole

In the first 10,000 years, the peak annual dose is 0 mrem/yr; in the first 1,000,000 years, the peak annual
dose is 5.1x10~" mrem/yr (at 1,000,000 years). The peak annual dose over the entire 10,000,000-year
simulation is 0.0025 mrem/yr, occurring at 10,000,000 years. The peak annual dose at 10,000,000 years
assumes that the externally-calculated, thermally driven flow rates up the borehole at 1,000,000 years
remain constant over the next 9,000,000 years.

The dose is dominated by *°I, with a minor contribution from **CI. As in the salt, clay, and granite GDS
models, **°I and *Cl are the only two radionuclides with no sorption (ks = 0 mL/g) throughout the
disposal system, unlimited solubility, and long half-lives. "°Se, which was a minor contributor to the clay
GDS dose, does not contribute to the deep borehole GDS dose because it has a small, but non-zero, kg in
all borehole zones.

The behavior of *°1 and **Cl in the deterministic safety assessment (Figure 4-8) is similar to the behavior
in the FY 2011 deep borehole GDS probabilistic model (Clayton et al. 2011, Figure 3.4-9). The
deterministic annual dose supporting the safety case is two to three orders of magnitude higher due to the
faster waste form degradation rate (2x10° yr ! vs. a range from 1x10°® to 1x10 ® yr %) and an increased
inventory (174 MTHM per borehole vs. 121 MTHM per borehole). The sensitivity analyses in Section
4.4.2 4 further examine processes affecting deep borehole GDS performance.

In addition to **°1 and **Cl, **Tc also contributed to the mean annual dose in the FY 2011 deep borehole
GDS probabilistic model (Clayton et al. 2011, Figure 3.4-9). As in the clay and granite GDS models, the
additional dose contribution in the FY 2011 GDS probabilistic model is due to the probabilistic treatment
of the distribution coefficient, kq, which controls the sorption of radionuclides onto the porous medium.
In the FY 2011 deep borehole GDS probabilistic model, the mean annual dose for **Tc was dominated by
realizations where low kq values were sampled (as low as 0.00001 mL/g in the disposal zone and 0.0001
in the seal zone), corresponding to low retardation factors. In the deterministic safety case model, the kq
values were 1.7 mL/g in the disposal zone and 17 in the seal zone.

The relative distribution of I mass in the natural and engineered barriers of the deep borehole disposal
system at three different times during the deterministic simulation supporting the safety case is shown in
Figure 4-9.
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Figure 4-9. Distribution of ***I in the Deep Borehole GDS Model Components

At 10,000 years, 85.8% of the initial *’I mass is still bound in the waste form. Only 1.3% of the initial
mass has been transported (by thermally induced advection) out of the disposal zone and into the 1,000-m
thick seal zone. At 1,000,000 years, the waste form has completely degraded, and 14.8% of the initial **°|
mass has been transported into the seal zone. The transport of *°I out of the disposal zone is advection
dominated in the first approximately 300,000 years until the thermally induced flow rates have declined
significantly. After about 700,000 years, the transport of **’I out of the disposal zone is diffusion
dominated. Further away from the thermal effects of the disposal zone, transport is diffusion dominated
even in the first 300,000 years. The small dose at 1,000,000 years (5.1 x 10" mrem/yr) is due to a small
mass of *°l (5.1 x 10”° g out of an initial borehole disposal zone **°I mass of 54.6 kg) actually reaching
the receptor. At 10,000,000 years, 35.7% of the initial **°| mass has decayed, 44.0% of the initial mass
remains in the disposal zone, 18.1% is in the seal zone, and 2.3% (1.3 kg) has reached the receptor
location. The calculated peak annual dose (0.0025 mrem/yr at 10,000,000 years) assumes that all non-
sorbing radionuclides leaving the seal zone are rapidly transported through the upper zone to the receptor.

Based on these deterministic deep borehole GDS model results, the following observations can be made
regarding the performance of a generic deep borehole disposal system under baseline scenario conditions:

o Radionuclide releases to the receptor location in the biosphere (directly above the borehole at the
surface) are small; for long-lived non-sorbing **I, releases are ~0.000001% of the initial mass after
1,000,000 years and 2.3% of the initial mass after 10,000,000 years. The peak dose is 0.0025
mrem/yr at 10,000,000 years.
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e Radionuclide transport through the bentonite seal zone is slow due to:

- Very low thermally induced fluid flow rates resulting in diffusion-dominated transport,
- Durability of the seals with only minor DRZ bypass,
- Radionuclide sorption, and
- Long migration distance (1,000 m).
e Radionuclide transport through the disposal zone is slow due to:
- Low thermally induced fluid flow rates that decrease over time, resulting in diffusion-dominated
transport after about 700,000 years,
- Radionuclide sorption, and
- Long migration distance (as much as 2,000 m) for the deepest waste packages.
e Radionuclide transport through the basement deep granite is negligible due to:

- Very low permeability and lack of significant fracture connection to overlying formations.

The factors identified above as having a significant impact on radionuclide transport up the borehole are
generally consistent with those of the generic study for deep borehole disposal systems, as discussed in
Section 3.6 and Appendix C-3.4. Conducted in the United States, this study also cites diffusion-
dominated transport, radionuclide sorption, and the long migration distance as contributing to barrier
performance.

Additional characteristics of a generic deep borehole disposal system which were not captured in the
deterministic deep borehole GDS baseline scenario model include:

e Enhanced performance due to:

- Slower waste form degradation due to reducing chemical conditions

- Removing the model assumption that all radionuclides diffuse upward through the borehole; the
dose would be lower if some radionuclides diffused radially outward into deep granite host rock
that was isolated from shallower formations.

- Continually declining thermally driven flow rates up the borehole between 1,000,000 and
10,000,000 years

- Radionuclide delay in the borehole upper zone
o Degraded performance due to:

- Instantaneous release of gap and grain boundary inventory from the waste form

- Increased transport through the seal zone (1) a more significant DRZ bypass, and/or (2) more
significant bentonite seal degradation

Some of these characteristics are examined in the sensitivity analyses in Section 4.4.2.4.
4.4.2 Baseline Scenario Sensitivity Analyses

As discussed in Section 2.3.1, estimates of disposal system performance must consider uncertainty. As a
geologic disposal system program matures, uncertainties in disposal system performance models are
typically treated using probabilistic methods. However, to support this initial safety case, the effects of
uncertainties in the safety assessments for the four baseline scenarios are investigated using sensitivity
analyses in the form of one-off deterministic simulations. A one-off simulation is performed by changing
the value of a single uncertain parameter from its baseline value to other values within its distribution, or
to a reasonable bounding value, and examining the corresponding effect on system performance. These
one-off sensitivity simulations, described in the following subsections, provide additional insights into
which parameters, features, and/or barriers contribute to the overall capability of a specific disposal
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system to isolate waste from the biosphere under the assumed baseline scenario conditions. Sensitivities
are examined with respect to impact on '#I release and migration because **I is the dominant (and in
some cases the only) contributor to annual dose. The insights provided by these deterministic one-off
simulations are informative during generic safety assessment analyses. As safety assessments become
more site specific and more information describing parameter values becomes available, probabilistic
sensitivity analyses provide more detailed insights, particularly into the effects of couplings between
uncertain processes and parameters.

4.4.2.1 Salt GDS Model Sensitivity Analyses

Annual dose results from the deterministic salt GDS baseline scenario are shown in Figure 4-2. The
following one-off sensitivity simulations were performed to investigate the effects on I movement
through the disposal system:

e Waste form fractional degradation rate (Figure 4-10)

e Integrity of the near-field salt DRZ between the repository and the underlying interbed (Figure 4-11)
o Brine flow rate in the engineered barrier system, DRZ, and anhydrite interbed (Figure 4-12)

e Molecular diffusion coefficient (Figure 4-13)

« Sorption (**1 distribution coefficient) in the anhydrite interbed (Figure 4-14)

o Distance to receptor location (Figure 4-15)

Waste Form Degradation—The effect of waste form degradation rate on **°I annual dose is shown in
Figure 4-10. The sensitivity analysis includes three fractional degradation rate cases:

o Fast Waste Form Degradation (0.1 yr_')—100% of the radionuclide mass is released from the waste
form in the first 250 years. This provides a bounding case for instantaneous release of gap and grain
boundary inventory from the waste form. An estimate of the *°I gap fraction from used fuel is the
following: 0.0204 (minimum); 0.1124 (most likely); 0.2675 (maximum) (Sandia National
Laboratories 2008c, Table 6.3.7-29).

o Baseline Waste Form Degradation (2x10~ yr ')—50% of the radionuclide mass is released from the
waste form in the first 35,000 years, 95% of the mass is released by 150,000 years, and 99.9% of the
mass is released by about 350,000 years.

o Slow Waste Form Degradation (1x10” yr')—50% of the radionuclide mass is released from the
waste form after 4,800,000 years, and 76% of the mass is released by 10,000,000 years. This slow
degradation rate, consistent with reducing chemical conditions, was the assumed to be the most likely
rate in the FY 2011 salt, granite, and deep borehole GDS models (Clayton et al. 2011).
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Figure 4-10. Effect of Waste Form Degradation Rate on Annual Dose from #| in the Salt GDS Model

In the fast degradation rate (0.1 yr ™) case, all mass is released (degraded) from the waste form in the first
250 years. This is roughly equivalent to assuming that all **°I mass is instantaneously released as gap and
grain boundary inventory (i.e., a I gap fraction of 1.0 as compared to the estimated range of 0.0204—
0.2675). The mass released from the waste form diffuses vertically downward through the repository and
5-m thick near-field salt DRZ, and into the 1-m thick interbed underlying the repository. This vertical
diffusion occurs across the repository footprint (a 2,146-m per side square with a porosity of 0.039)
corresponding to a diffusion area of approximately 180,000 m” In the fast degradation rate case, 73% of
the initial **° mass reaches the near-field salt DRZ and underlying interbed by 100,000 years, whereas in
the baseline case, only 57% of the initial mass reaches the DRZ and interbed by 100,000 years, and 22%
of the mass is still undegraded. Despite the greater early transport of **’I mass away from the repository
in the fast degradation rate case, the effect on annual dose is not significant. This is because, in a
diffusion-dominated system, the effect of the early mass on annual dose is attenuated in the 5,000-m far-
field interbed by (1) diffusive fluxes into the interbed that decline over time as a function of the
concentration gradient, (2) the conceptual model assumptions about the system geometry, and (3) slow
diffusive travel times through the interbed.

In the fast degradation rate case, the early mass results in a larger diffusive flux into the interbed at early
time. However, this concentration gradient quickly equilibrates. Conversely, in the baseline case, the
early-time diffusive flux is not as large, but the concentration equilibration is slower. Over longer
timescales, the cumulative flux into the interbed is similar in the two cases. The effect of the larger early-
time diffusive flux in the fast degradation case is further limited by the system geometry. While the
vertical diffusion from the DRZ to the interbed occurs across a 180,000-m? diffusion area corresponding
the repository footprint void volume, the subsequent horizontal diffusion along the interbed toward the
receptor location is across a 21.5-m? diffusion area corresponding to the interbed cross-section void
volume (2,146-m wide by 1-m thick with a porosity of 0.01). Therefore, the large early-time
concentration gradient due to the extra early mass present in the underlying interbed in the fast
degradation rate case has a limited effect on the diffusion rate along the interbed (ranging from 0.001 to
0.01 g/yr) due to the relatively small diffusion area, resulting in only about an extra 0.4 kg of **I (out of
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an initial mass of 21,830 kg) in the interbed after 100,000 years and an extra 0.2 kg after 10,000,000
years. And finally, in both the baseline and fast waste form degradation cases, the degradation time is
shorter than the travel time horizontally along the 5,000-m interbed; therefore, the horizontal travel time
through the interbed is the dominant process, and increases in the waste form degradation rate have little
effect on annual dose.

For the slow fractional degradation rate (1x10” yr ), 50% of the radionuclide mass is not released from
the waste form until 4,800,000 years, and only 76% of the mass is released by 10,000,000 years. In this
case, the degradation time is slower than the travel time through the far-field interbed and the effect of the
slower degradation rate is to reduce the peak dose by about a factor of 4 at 10,000,000 years.

Near-Field DRZ Integrity—The effect of the integrity of the near-field salt DRZ on 1 annual dose is
shown in Figure 4-11. The sensitivity analysis includes two cases:

o Baseline Intact Near-Field Salt—The near-field salt DRZ between the repository and the underlying
interbed is 5-m thick and lacks any fast fracture pathways. The brine flow rate is low enough that
transport through the DRZ is diffusion dominated. Specific flow values are described below in the
discussion of sensitivity to flow rate.

o Damaged Near-Field Salt—The effective thickness of the near-field salt DRZ is 1 m and a multiplier
of 1,000 is applied to the baseline brine flow rate history. The brine flow multiplier results in
advective transport through the DRZ. These enhanced transport properties are considered to
represent the effects of better-connected, non-healing fractures between the repository and the
underlying interbed.

The effect of the more damaged near-field salt DRZ has a minor effect on annual dose, increasing the
peak dose by about a factor of 3 at 10,000,000 years.
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Brine Flow Rate—The effect of the brine flow rate on **°1 annual dose is shown in Figure 4-12. The
sensitivity analysis includes three brine flow cases:

o Baseline Brine Flow—The brine flow rate through the engineered barrier system, near-field salt DRZ,
and interbed is based on a single flow rate history realization from Clayton et al. (2011, Section
3.1.3). The baseline flow history, summarized below in Table 4-8, results in diffusion-dominated
transport throughout the disposal system.

e Brine Flow Increased by a Factor of 10—A multiplier of 10 is applied to the baseline brine flow rate
histories in all regions. The increased brine flow represents the potential effects of repository
pressurization from creep closure and gas generation and/or higher permeability. These increased
flow rates result in advective transport that is of the same order of magnitude as diffusive transport.

o Brine Flow Increased by a Factor of 100—A multiplier of 100 is applied to the baseline brine flow
rate histories in all regions. These increased flow rates result in advection-dominated transport
throughout the system.

The case where the brine flow rates are multiplied by 100 has a much more significant effect on dose than
when the flow rates are multiplied by 10. This is because the factor-of-100 multiplier changes the
disposal system to advection-dominated transport. A significant flow rate increase at around 500,000
years drives the increase in annual dose for the case with the factor-of-100 multiplier. The effects of the
factor-of-10 brine flow multiplier are much smaller (only about a factor of 2 increase in dose) because the
increase in flow is only increasing the contribution from advective transport to a level similar to that
already provided by diffusive transport.
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Table 4-8. Summary of the Baseline Brine Flow

Time Darcy Velocity in EBS Darcy Velocity in
(yrs) and Near-Field DRZ Interbed
(mfyr) (mlyr)
0 0 0
9,000 0 0
10,000 3.36x107° 2.79x107*
100,000 2.57x107° 6.92x107°
480,000 8.89x107° 1.47x107°
1,000,000 8.56x107" 3.96x107’
10,000,000 8.56x107’ 3.96x107’

Diffusion—The effect of the diffusion coefficient on I annual dose is shown in Figure 4-13. The

sensitivity analysis includes two cases:

Baseline Molecular (Free Water) Diffusion Coefficient (2.30x10"° m?*/s)—The corresponding

129] Annual Dose {(mrem/yr)

effective diffusion coefficient for *I in each region is based on the local porosity and tortuosity.
Enhanced Molecular (Free Water) Diffusion Coefficient (1.15x10 ® m%/s)—This results in a

corresponding effective diffusion coefficient for **I in each region that is a factor of 5 larger than the
baseline value. The increased molecular diffusion coefficient reproduces potential changes in the

effective diffusion coefficient for **I that might result from changes in available porosity (e.g., due to
anion exclusion) or tortuosity.
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The factor-of-5 increase in diffusion coefficient has a significant effect on dose. This is because of the
corresponding factor-of-5 increase in diffusive flux rate in a diffusion-dominated system, which shifts the
dose curve to the left by a factor of five on the time axis.

Interbed Sorption—The effect of sorption in the interbed on ***I annual dose is shown in Figure 4-14.
The sensitivity analysis includes three cases:

« Baseline "I Sorption (ky = 0.00 mL/g)—The corresponding retardation factor in the interbed is 1.0.
« Increased "I Sorption (ky = 0.01 mL/g)—The corresponding retardation factor in the interbed is 3.5.

« Increased "I Sorption (ky = 0.10 mL/g)—The corresponding retardation factor in the interbed is 26.0.

Changes in *°I kq have a significant effect on annual dose. This is because of the delay in transport that is
represented by the associated retardation factor. For the case with kq = 0.01 mL/g and R = 3.5, the dose
curve shifts to the right by a factor of 3.5 on the time axis. For the case with kq = 0.10 mL/g and Ry =
26.0, the dose curve shifts to the right by a factor of 26 on the time axis.
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Receptor Distance—The effect of distance to the receptor on I annual dose is shown in Figure 4-15.
The sensitivity analysis includes three cases:

o Baseline interbed length to receptor (5,000 m)

e Reduced interbed length to receptor (3,000 m)

o Reduced interbed length to receptor (1,000 m)

The annual dose is quite sensitive to the distance to the receptor. The effects of reducing the interbed
length are greater than linear because, in these salt disposal system simulations, diffusion is the dominant
transport mechanism in the interbed and the peak dose is controlled by the leading edge of the diffusion
front. The sensitivity case with a 1,000-m interbed length also provides an indication of the potential dose
from a vertical diffusion pathway of 1,000 m (i.e., corresponding to a 1,000-m deep repository).
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Summary—Based on these six sensitivity analyses examining “one-off” conditions from the baseline
scenario, the following observations can be made regarding the performance of a generic salt disposal
system under baseline scenario conditions:

Processes and parameters affecting radionuclide transport through the 5,000-m far-field interbed can
have a significant effect on annual dose. These include sorption, ky, and distance to receptor.

Processes and parameters affecting radionuclide transport through the entire salt disposal system can
have a significant effect on annual dose. These include brine flow rate and diffusion coefficient.
These system-wide effects are most important in the far-field interbed.

Processes and parameters affecting waste form degradation can have a moderate effect on annual
dose. Increasing the degradation rate does not significantly increase the dose because the effects are
mitigated by slow diffusion into and through the far-field interbed. Decreasing the degradation rate
decreases the annual dose.

Processes and parameters affecting radionuclide transport through the 5-m near-field salt DRZ have a
minimal effect on dose.

4.4.2.2 Clay GDS Model Sensitivity Analyses

Annual dose results from the deterministic clay GDS baseline scenario are shown in Figure 4-4. The
following one-off sensitivity simulations were performed to investigate the effects on **°I movement
through the disposal system:

Waste form fractional degradation rate (Figure 4-16)

Waste package lifetime (Figure 4-17)

Integrity of the bentonite buffer and DRZ clay (Figure 4-18)

Flow rate in the engineered barrier system and far field (Figure 4-19)
Molecular diffusion coefficient (Figure 4-20)

Sorption (**I distribution coefficient) in the far-field clay (Figure 4-21)
Thickness of the far-field clay (Figure 4-22)

Waste Form Degradation—The effect of waste form degradation rate on **°I annual dose is shown in
Figure 4-16. The sensitivity analysis includes the same three fractional degradation rate cases described
in Section 4.4.2.1 for the salt analyses:

Fast Waste Form Degradation (0.1 yr*)—100% of the radionuclide mass is released from the waste
form in the first 250 years. This provides a bounding case for instantaneous release of gap and grain
boundary inventory from the waste form.

Baseline Waste Form Degradation (2x10 ° yr ')—50% of the radionuclide mass is released from the
waste form in the first 35,000 years, 95% of the mass is released by 150,000 years, and 99.9% of the
mass is released by about 350,000 years.

Slow Waste Form Degradation (1x10 " yr \)—50% of the radionuclide mass is released from the
waste form after 4,800,000 years, and 76% of the mass is released by 10,000,000 years.
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Figure 4-16. Effect of Waste Form Degradation Rate on Annual Dose from 1 in the Clay GDS Model

In the fast degradation rate (0.1 yr ") case, all mass is released (degraded) from the waste form in the first
250 years. This is roughly equivalent to assuming that all **°I mass is instantaneously released as gap and
grain boundary inventory (i.e., a I gap fraction of 1.0 as compared to the estimated range of 0.0204—
0.2675). The mass released from the waste form diffuses vertically through the 1.025-m thick bentonite
buffer and the 1.15-m thick fissured clay DRZ, and into the 150-m thick clay host rock. In the fast
degradation rate case, 86% of the initial **’I mass reaches the far-field clay host rock by 100,000 years,
whereas in the baseline case, only 71% of the initial mass reaches the far-field clay by 100,000 years, and
14% of the mass is still undegraded. Despite the greater early transport of **’| mass away from the
repository in the fast degradation rate case, the effect on annual dose is not significant. This is because, in
a diffusion-dominated system, the effect of the early mass on annual dose is attenuated in the 150-m far-
field clay by (1) diffusive fluxes into the far field that decline over time as a function of the concentration
gradient, and (2) slow diffusive travel times through the far-field clay.

In the fast degradation rate case, the early mass results in a larger diffusive flux into the far-field clay at
early time. However, this concentration gradient quickly equilibrates. Conversely, in the baseline case,
the early-time diffusive flux is not as large, but the concentration equilibration is slower. Over longer
timescales, the cumulative flux into the far field is similar in the two cases. Also, in both the baseline and
fast waste form degradation cases, the degradation time is shorter than the travel time through the 150-m
far-field clay; therefore, the travel time through the far-field clay is the dominant process, and increases in
the waste form degradation rate have little effect on annual dose.

For the slow fractional degradation rate (1x10" yr %), 50% of the radionuclide mass is not released from
the waste form until 4,800,000 years, and only 76% of the mass is released by 10,000,000 years. In this
case, the degradation time is slower than the travel time through the far-field clay and the effect of the
slower degradation rate is to reduce the magnitude of the peak dose by about a factor of 3 and delay the
time of the peak dose by about a factor of 2.
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Waste Package Degradation—The effect of waste package lifetime on ?°I annual dose is shown in

Figure 4-17. The sensitivity analysis includes four cases:

o Baseline Waste Package Lifetime (0 years)—All 16,000 waste packages fail instantaneously, no

performance credit for the waste package.

o Moderate Waste Package Lifetime (100,000 years)—All 16,000 waste packages fail at 100,000 years.

o Long Waste Package Lifetime (500,000 years)—All 16,000 waste packages fail at 500,000 years.

o Very Long Waste Package Lifetime (1,000,000 years)—All 16,000 waste packages fail at 1,000,000

years.

The effect of waste package lifetime on system performance is to delay the onset of waste form
degradation and radionuclide release from the waste form. The delay is evident in the annual dose curves;
they are all shifted to the right on the time axis (100,000, 500,000, and 1,000,000 years) relative to the

baseline case.
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Bentonite Buffer Integrity—The effect of the integrity of the bentonite buffer and DRZ clay on

129|

annual dose is shown in Figure 4-18. The sensitivity analysis includes two cases:

Baseline Intact Bentonite and DRZ—The bentonite buffer is 1.025-m thick and the fissured clay DRZ
is 1.15-m thick for a total thickness of 2.175 m. There are no significant fractures through the buffer
or DRZ. A constant darcy velocity through the engineered barrier system and far field of 6.3x107
m/yr is assumed. This flow velocity is low enough that transport through the engineered barrier
system and far field is diffusion dominated.

Damaged Bentonite and DRZ—The thickness of the bentonite buffer and the fissured clay DRZ are
both reduced by a factor is 5, for a total effective thickness of 0.435 m. A multiplier of 1,000 is
applied to the flow velocity in the engineered barrier system, resulting in advection-dominated
transport in the engineered barrier system. These enhanced transport properties are considered to
represent the effects of non-healing fractures connecting the repository and the far-field clay.

The damaged buffer has little effect on annual dose because the combined buffer and DRZ thickness of
2.175 m is much less than the overlying clay thickness of 150 m. Enhanced transport through the
engineered barrier system is attenuated by slow diffusive transport in the far-field clay.
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Flow Rate—The effect of the flow rate on *°l annual dose is shown in Figure 4-19. The sensitivity
analysis includes three cases:

o Increased Flow Rate (6.3x10° m/yr)—The baseline darcy velocity through the buffer, DRZ, and far-
field clay is multiplied by a factor of 10. This flow velocity results in advection-dominated transport
at certain times and locations within the disposal system.

« Baseline Flow Rate (6.3x10"" m/yr)—The darcy velocity through the buffer, DRZ and far-field clay
is 6.3x10"" m/yr. This flow velocity results in diffusion-dominated transport throughout the disposal
system.

o Decreased Flow Rate (6.3x10"® m/yr)—The baseline darcy velocity through the buffer, DRZ, and far-
field clay is reduced by a factor of 10. This flow velocity results in diffusion-dominated transport
throughout the disposal system.

The case where the brine flow rates are increased has a much more significant effect on dose than when
the flow rates are decreased. This is because the factor-of-10 increase results in advection-dominated
transport at certain times and locations within the disposal system. The effect of the advective transport is
to increase the magnitude of the peak dose by about a factor of 10 and accelerate the time of the peak
dose by about a factor of 3.

The effects of the factor-of-10 brine flow decrease are much smaller (only about a factor of 2 decrease in
peak dose) because the decrease in flow is only decreasing the contribution from advective transport,
which is already smaller than the contribution from diffusive transport.
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Diffusion—The effect of the diffusion coefficient on I annual dose is shown in Figure 4-20. The
sensitivity analysis includes two cases:

o Baseline Molecular (Free Water) Diffusion Coefficient (2.30x10 ° m?s)—The corresponding
effective diffusion coefficient for *°I in each region is based on the local porosity and tortuosity.

o Enhanced Molecular (Free Water) Diffusion Coefficient (1.15x10"® m?/s)—This results in a
corresponding effective diffusion coefficient for I in each region that is a factor of 5 larger than the
baseline value. The increased molecular diffusion coefficient reproduces potential changes in the
effective diffusion coefficient for **°I that might result from changes in available porosity (e.g., due to
anion exclusion) or tortuosity.
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Figure 4-20. Effect of Diffusion Coefficient on Annual Dose from *?I in the Clay GDS Model

In the high diffusion coefficient case, diffusive fluxes would be expected to be a factor of five higher than
in the baseline case. However, the effect of the high diffusion coefficient on annual dose is not
significant. This is because, in the diffusive-transport-dominated clay disposal system, the effects of a
higher diffusive flux on transport through the buffer and DRZ are attenuated in the 150-m, two-
dimensional, far-field clay by (1) the conceptual model assumptions about the system geometry, and

(2) lateral diffusion in the far-field clay.

At the scale of a single waste package, diffusion into the far-field clay occurs from a single DRZ cell (grid
block) into a single clay inlet cell (grid block) across a 79-m? diffusion area, corresponding to the surface
area of a cylindrical engineered barrier system (bentonite buffer and clay DRZ) around a waste package.
Diffusion within the far-field clay then occurs from the single inlet cell both vertically and horizontally
through a 20 x 20 two-dimensional network of cells, where the vertical diffusion area in a single cell is
1.2375 m? and the horizontal diffusion area is 33.75 m?. Diffusive transport to the receptor location is in
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the vertical direction, through 150 m of clay. Since diffusion into the far-field clay all enters a single cell
and the diffusion area in is greater than the diffusion area out, the single clay inlet cell tends to attenuate
diffusive transport. Furthermore, for the mass that does diffuse out of the clay inlet cell, horizontal
(lateral) diffusion into the rest of the far-field clay tends to be much greater than vertical (longitudinal)
diffusion, due to the larger diffusive area in the horizontal direction. Therefore, the higher diffusive flux
associated with the high diffusion coefficient is offset by attenuation in the far-field clay inlet cell and by
lateral diffusion in the far-field clay.

Far-Field Sorption—The effect of sorption in the far-field clay on **I annual dose is shown in
Figure 4-21. The sensitivity analysis includes four cases:

 Baseline "I Sorption (ky = 0.00 mL/g)—The corresponding retardation factor is 1.0.
« Increased "I Sorption (ky = 0.01 mL/g)—The corresponding retardation factor is 1.1.

« Increased "I Sorption (ky = 0.10 mL/g)—The corresponding retardation factor is 2.1.

« Increased ' Sorption (ks = 1.0 mL/g)—The corresponding retardation factor is 12.1.

Changes in *°I kq have a significant effect on annual dose. This is because of the delay in transport that is
represented by the associated retardation factor. For the case with kg = 0.10 mL/g and Ry = 2.1, the dose
curve shifts to the right by a factor of 2.1 on the time axis. For the case with ky = 1.0 mL/g and Ry = 12.1,
the dose curve shifts to the right by a factor of 12.1 on the time axis.

1.0E+01 |
1.0E+00 W
1.0E-01 /
< 108. ;/
‘E 1.0E-02 / 129] k4 in far-
5 / field clay
£ 1.0E-03 (mLig)
: /
o 1.0E-04 4 =——0.00
o
§ // —0.01
1.0E-05 1
E 0.10
- 1.00
& 1.0E-06 //
1.0E-07 //
1.0E-08 //
1.0E-09 —h
1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07
Time (yrs)

Figure 4-21. Effect of Clay Sorption on Annual Dose from **I in the Clay GDS Model
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Clay Thickness (Receptor Distance)—The effect of far-field clay thickness overlying the emplaced
waste on *°l annual dose is shown in Figure 4-22. The sensitivity analysis includes three cases:

Reduced overlying clay thickness (75 m)

Baseline overlying clay thickness (150 m)

Increased overlying clay thickness (200 m)

The annual dose is quite sensitive to the thickness of the overlying far-field clay, which represents the
effective distance to the receptor location. In these clay disposal system simulations, the effects of
reducing the overlying clay thickness on dose are approximately linear.
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Figure 4-22. Effect of Overlying Clay Thickness on Annual Dose from | in the Clay GDS Model

Summary—Based on these seven sensitivity analyses examining “one-off” conditions from the baseline
scenario, the following observations can be made regarding the performance of a generic clay disposal
system under baseline scenario conditions:

Processes and parameters affecting radionuclide transport through the overlying 150-m far-field clay
can have a significant effect on annual dose. These include sorption, kg, and clay thickness (distance
to receptor).

Processes and parameters affecting radionuclide transport through the entire clay disposal system can
have a significant effect on annual dose. Increasing the flow rate to produce advection-dominated
transport increases the dose. This system-wide effect is most important in the far-field clay.
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e Processes and parameters affecting waste form degradation can have a moderate effect on annual
dose. Increasing the degradation rate does not significantly increase the dose because the effects are
mitigated by slow diffusion through the far-field clay. Decreasing the degradation rate decreases the
annual dose.

e Processes and parameters affecting waste package lifetime can have a moderate effect on annual dose.
Increasing the waste package lifetime delays the onset of waste form degradation and radionuclide
release from the waste form.

e Processes and parameters affecting radionuclide transport through the 2.175-m engineered barrier
system (bentonite buffer and fissured clay DRZ) have a minimal effect on dose.

4.4.2.3 Granite GDS Model Sensitivity Analyses

Annual dose results from the deterministic granite GDS baseline scenario are shown in Figure 4-6. The
following one-off sensitivity simulations were performed to investigate the effects on *°I movement
through the disposal system:

e Waste form fractional degradation rate and gap fraction (Figure 4-23)

e Waste package lifetime (Figure 4-24)

« Sorption (**I distribution coefficient) in the bentonite buffer (Figure 4-25)
e Flow rate in the near-field and far-field granite (Figure 4-26)

e Molecular diffusion coefficient (Figure 4-27)

« Sorption (**I distribution coefficient) in the far-field granite (Figure 4-28)
e Fracture spacing in the far-field granite (Figure 4-29)

o Distance to receptor (Figure 4-30)

Waste Form Degradation—The effect of waste form degradation rate on **°l annual dose is shown in
Figure 4-23. The sensitivity analysis includes four fractional degradation rate cases:

o Fast Waste Form Degradation (0.1 yr*)—100% of the radionuclide mass is released from the waste
form in the first 250 years. This provides a bounding case for instantaneous release of gap and grain
boundary inventory from the waste form equivalent to a gap fraction of 1.0.

o Baseline Waste Form Degradation (2x10° yr )—50% of the radionuclide mass is released from the
waste form in the first 35,000 years, 95% of the mass is released by 150,000 years, and 99.9% of the
mass is released by about 350,000 years.

o Baseline Waste Form Degradation (2x10~° yr ") with 0.2675 gap fraction—The same fractional
degradation rate as the baseline case, but 26.75% of the initial **°I mass is released instantaneously.
This corresponds to the maximum 2| gap fraction in Sandia National Laboratories (2008c, Table
6.3.7-29).

e Slow Waste Form Degradation (1x10 yr )—50% of the radionuclide mass is released from the
waste form after 4,800,000 years, and 76% of the mass is released by 10,000,000 years.
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Figure 4-23. Effect of Waste Form Degradation Rate and Gap Fraction on Annual Dose
from *#I in the Granite GDS Model

In the fast degradation rate (0.1 yr') case, all mass is released (degraded) from the waste form in the first
250 years. This is roughly equivalent to assuming that all **°I mass is instantaneously released as gap and
grain boundary inventory (i.e., a "I gap fraction of 1.0 as compared to the estimated range of 0.0204—
0.2675). The mass released from the waste form diffuses vertically through the 0.36-m thick bentonite
buffer, and then advects through the 0.78-m thick granite DRZ and 5,000 m of far-field fractured granite.
In the fast degradation rate case, 44% of the initial "I mass reaches the granite by 100,000 years,
whereas in the baseline case, only 37% of the initial mass reaches the granite by 100,000 years, and 14%
of the mass is still undegraded. Despite the greater early transport of **’I mass away from the repository
in the fast degradation rate case, the effect on annual dose is not significant. This is because the effect of
the early mass on annual dose is offset by (1) diffusion-dominated transport in the bentonite buffer which
tends to attenuate the releases, and (2) long travel times through the far-field granite.

The result from the case with the baseline degradation rate and a 0.2675 gap fraction falls between the
baseline result (gap fraction of 0.0) and the fast degradation rate case result (gap fraction of 1.0). This
further emphasizes that the gap fraction does not have a significant effect under the granite baseline
scenario assumptions.

For the slow fractional degradation rate (1x10 7 yr %), 50% of the radionuclide mass is not released from
the waste form until 4,800,000 years, and only 76% of the mass is released by 10,000,000 years. In this
case, the degradation time is slower than the travel time through the far-field granite and the effect of the
slower degradation rate is to reduce the magnitude of the peak dose by about a factor of 7 and delay the

time of the peak dose by about a factor of 2.
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Waste Package Degradation—The effect of waste package lifetime on ?°I annual dose is shown in
Figure 4-24. The sensitivity analysis includes four cases:

o Baseline Waste Package Lifetime (0 years)—1% (160) of the waste packages fail instantaneously.

o Moderate Waste Package Lifetime (100,000 years)—160 waste packages fail at 100,000 years.

o Long Waste Package Lifetime (500,000 years)—160 waste packages fail at 500,000 years.

o Very Long Waste Package Lifetime (1,000,000 years)—160 waste packages fail at 1,000,000 years.

The effect of waste package lifetime on system performance is to delay the onset of waste form
degradation and radionuclide release from the waste form. The delay is evident in the annual dose curves;
they are all shifted to the right on the time axis (100,000, 500,000, and 1,000,000 years) relative to the

baseline case.
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Figure 4-24. Effect of Waste Package Lifetime on Annual Dose from **I in the Granite GDS Model
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Bentonite Sorption—The effect of sorption in the bentonite buffer on I annual dose is shown in
Figure 4-25. The sensitivity analysis includes three cases:

« Baseline "I Sorption (ky = 0.0 mL/g)—The corresponding retardation factor is 1.0.

e Increased ' Sorption (ks = 1.0 mL/g)—The corresponding retardation factor is 4.6.

« Increased "I Sorption (ky = 5.0 mL/g)—The corresponding retardation factor is 19.0.

Changes in 1291 k4 in the bentonite buffer have a moderate effect on annual dose. This is because of the
delay in transport that is represented by the associated retardation factor. However, due to the small (0.36
m) transport length of the buffer relative to the 5,000-m transport length of the far-field granite, sorption
in the bentonite buffer is not as important to overall system performance as measured by annual dose. For
the case with ky = 5.0 mL/g and R; = 19.0, the dose curve only shifts to the right by a factor of about 1.2

on the time axis relative to the baseline case.
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Figure 4-25. Effect of Sorption in Bentonite Buffer on Annual Dose from I in the Granite GDS Model
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Flow Rate—The effect of the flow rate on *°l annual dose is shown in Figure 4-26. The sensitivity
analysis includes three cases:

e Increased Volumetric Flow Rate (5.1x10* m*yr)—The baseline volumetric flow rate and darcy
velocity through the granite is increased by a factor of 10. This increased flow velocity results in
advection-dominated transport through the granite.

« Baseline Volumetric Flow Rate (5.1x10"* m*yr)—The corresponding darcy velocity through the
granite is 9.6x10° m/yr. This flow velocity results in advection-dominated transport through the
granite.

o Decreased Volumetric Flow Rate (5.1 x 10° m*/yr)—The baseline volumetric flow rate and darcy
velocity through the granite is reduced by a factor of 10. This reduced flow velocity still results in
advection-dominated transport through the granite.

In the advection-dominated granite disposal system, the effect of changing the flow rate is to shift the
time of peak dose by a corresponding factor along the time axis. The magnitude of peak is lower with
lower flow rates due to greater radioactive decay and greater dispersion as the peak moves further out in
time.
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Diffusion—The effect of the diffusion coefficient on I annual dose is shown in Figure 4-27. The
sensitivity analysis includes two cases:

o Baseline Molecular (Free Water) Diffusion Coefficient (2.30x10 * m?*s)—The corresponding
effective diffusion coefficient for *I in each region is based on the local porosity and tortuosity.

o Enhanced Molecular (Free Water) Diffusion Coefficient (1.15x10"® m?/s)—This results in a
corresponding effective diffusion coefficient for I in each region that is a factor of 5 larger than the
baseline value. The increased molecular diffusion coefficient reproduces potential changes in the
effective diffusion coefficient for **°I that might result from changes in available porosity (e.g., due to
anion exclusion) or tortuosity.

Increasing the diffusion coefficient has no effect on the annual dose in an advection-dominated system.
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Figure 4-27. Effect of Diffusion Coefficient on Annual Dose from *°l in the Granite GDS Model
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Far-Field Sorption—The effect of sorption in the far-field granite on **°l annual dose is shown in
Figure 4-28. The sensitivity analysis includes three cases:

 Baseline "I Sorption (ky = 0.00 mL/g)—The corresponding retardation factor is 1.0.

« Increased ' Sorption (ks = 0.01 mL/g)—The corresponding retardation factor is 16.0.

« Increased "I Sorption (ks = 0.10 mL/g)—The corresponding retardation factor is 151.

Changes in *°I kq in the far field have a significant effect on annual dose. This is because of the delay in
transport that is represented by the associated retardation factor. For the case with kg = 0.01 mL/g and
R¢ = 16.0, the dose curve shifts to the right by a factor of 16 on the time axis. For the case with kq =
0.10 mL/g and R = 151, the dose curve shifts so far to the right on the time axis that it does not show on

the plot.
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Fracture Spacing—The effect of fracture spacing in the far-field granite on I annual dose is shown in
Figure 4-29. The sensitivity analysis includes two cases:

o Baseline fracture spacing (25 m)

e Reduced fracture spacing (10 m)

Fracture spacing in the granite affects the matrix diffusion length. The baseline case with a larger matrix
diffusion length produces more matrix diffusion and a corresponding greater delay in advective transport
through the fracture.
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Figure 4-29. Effect of Fracture Spacing in Granite on Annual Dose from **°I in the Granite GDS Model



Generic Deep Geologic Disposal Safety Case
August 2013, Revision 1 191

Receptor Distance—The effect of distance to the receptor on I annual dose is shown in Figure 4-30.
The sensitivity analysis includes three cases:

o Baseline granite length to receptor (5,000 m)

e Reduced granite length to receptor (3,000 m)

o Reduced granite length to receptor (1,000 m)

The annual dose is quite sensitive to the granite length to the receptor location. In this advection
dominated granite disposal system simulations, the effects of reducing the granite length are
approximately linear.
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Summary——Based on these eight sensitivity analyses examining “one-off” conditions from the baseline
scenario, the following observations can be made regarding the performance of a generic granite disposal
system under baseline scenario con