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SUMMARY

The Used Fuel Disposition (UFD) Campaign supports the Fuel Cycle Technology (FCT) Program
established by the United States Department of Energy Office of Nuclear Energy (DOE-NE). The mission
of the UFD Campaign is to identify alternatives and conduct scientific research and technology
development to enable storage, transportation and disposal of used nuclear fuel (UNF) and wastes
generated by existing and future nuclear fuel cycles (DOE 2010c).

One element of the UFD Campaign is the generic disposal system modeling (GDSM) of different disposal
environments and waste form options. GDSM has the following three-year goal (fiscal year (FY) 2014):

Have in place the necessary system architecture and computational environment to
support the evaluation of postclosure risk. Maintain the flexibility in the system model
architecture to meet the evolving needs of the DOE-NE/UFD mission. Provide risk
information throughout the potential future phases of the mission including the following:
Viability

Screening

Selection

Characterization / Engineering Design

5. Licensing

N~

Currently, the GDSM team is investigating four main disposal environment options: mined repositories in
three geologic media (salt, clay, and granite) and the deep borehole concept in crystalline rock (DOE
2010d). For each of these disposal options, the rock type is identified at a broad level. Salt includes both
bedded and domal rocks; clay includes a broad range of fine-grained sedimentary rocks including shales,
argillites, and claystones as well as soft clays; and granite includes a range of related crystalline rocks.
The options for the waste stream being considered are UNF and high-level radioactive waste (HLW).
Types of HLW include DOE high-level radioactive waste (DHLW) and commercial high-level
radioactive waste (CHLW) generated from hypothetical reprocessing of commercial UNF.

The FY 2011 GDSM activities were conducted through two complementary work packages—Generic
Disposal System-Level Modeling and Repository Science/System-Level Analysis—involving scientists
from Sandia National Laboratories (SNL), Argonne National Laboratory (ANL), Los Alamos National
Laboratory (LANL), and Lawrence Berkeley National Laboratory (LBNL).

The summary below describes the key GDSM accomplishments during FY 2011:

e Further developed the individual generic disposal system (GDS) models for salt, granite, clay, and
deep borehole disposal environments. This work built on the generic disposal system environment
(GDSE) modeling conducted in FY's 2009 and 2010. It was coordinated with the development of the
initial Generic Performance Assessment Model (GPAM) architecture to facilitate the integration of
the capabilities of the individual GDS models into the GPAM.

e Mapped the four individual GDS models in terms of the relevant UFD features, events, and processes
e Developed the initial GPAM architecture

- Designed with the flexibility to evaluate different disposal environments as well as
inventory/waste form options and to handle different levels of scientific detail and sophistication
in a fashion that supports and utilizes evolving science efficiently

- Created a Latin hypercube sampling (LHS) dynamic linked library (DLL) to work with the
GPAM GoldSim" model file. The LHS DLL ensures reproducible results and allows the user
more flexibility in selecting distributions to describe input data. The primary documentation for
the LHS DLL is not this report, but another one entitled Implementation of New Tools and



Generic Disposal System Modeling—
Fiscal Year 2011 Progress Report
Vi August 2011

Methods for Uncertainty Treatment (Sallaberry 2011). Sallaberry (2011) also documents the
creation of a method for distinguishing between aleatory and epistemic uncertainty within
GoldSim.

- Worked on the initial design for an external computational database called the GDS Parameter
Database, which will be a key part of the long-term configuration management strategy. In the
meantime, an interim strategy was established.

e Applied a systems engineering approach to learn from past PA efforts and to develop a more detailed
description of the engineered barrier system (EBS) and systems architecture for consideration in the
future

e Conducted process-level investigation of diffusion modeling in a clay repository. Data sets of
parameters relevant to diffusive transport in clay were reviewed from literature and compiled. A
review was completed of phenomenological approaches to model diffusive transport versus
mechanistic approaches. An improved modeling approach was proposed to combine the advantages
of both approaches.

This report presents these accomplishments and addresses two milestones:

o Level 2 Milestone, Quality Rigor Level (ORL) 3—Report describing the integrated generic disposal
system environment (GDSE) model (SNL) (M21UF034101)

e Level 4 Milestone, QRL3—General GoldSim model architecture report (M41UF035102)

Results from the individual GDS models or GPAM are provided in this report solely to demonstrate the
current capabilities of the models (e.g., what do they include, how do they function, what kinds of
analyses can they do). These results should not be construed as being indicative of the true performance
of a disposal system or compared to any regulatory performance objectives regarding repository
performance. Drawing these types of conclusions is premature and not supported by the current pedigree
of the models or the underlying data.

In fact, given the early development stage of the models, formal quality assurance (QA) processes are
considered not applicable (N/A). In other words, the models are QA-N/A. Their development has not
typically been subjected to the requirements of an established QA program from the FCT (DOE 2010b) or
individual laboratories. However, the QA status will need to be reviewed if, as may happen in the future,
there is a desire to use the software to support decision making within the UFD Campaign. Consideration
will need to be given to ensuring the software is consistent with any UFD software QA requirements,
which may include complying with the relevant laboratory software QA requirements, in force at the
time.

With the development of the initial GPAM architecture, FY 2011 marks the start of the transition away
from the four individual GDS models and to the holistic approach of GPAM. This transition will continue
in FY 2012. Future refinements to the modeling capability for the different generic disposal environments
are expected. However, once the transition to the GPAM is complete, those refinements or improvements
will be made within the GPAM framework rather than the individual GDS models. FY 2012 plans also
include further development of the functionality and structure of the GPAM system architecture,
including a preliminary model interface to the GDS Parameter Database. Additionally, GDSM activities
will utilize the current information available from the natural system, EBS, and loading management and
design subject matter experts. Note that this early stage of model development has been done using
GoldSim, but other framework tools are available as well. It is expected that a systematic evaluation will
be conducted to investigate the capabilities of these other framework tools.

The GPAM is envisioned as being used to provide disposal risk information to DOE-NE/UFD decision
makers to help support and defend decisions through the use of sensitivity and uncertainty studies and PA



Generic Disposal System Modeling—
Fiscal Year 2011 Progress Report
August 2011 vii

evaluations. Potential uses of GPAM include the following: (1) inform the prioritization of research and
development activities within the UFD Campaign, (2) provide metric information regarding waste
management that could be used by the FCT systems engineering effort in evaluating various advanced
fuel cycle alternatives, and (3) provide viability assessments of Blue Ribbon Committee
recommendations.
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USED FUEL DISPOSITION
GENERIC DISPOSAL SYSTEM MODELING—
FISCAL YEAR 2011 PROGRESS REPORT

1. INTRODUCTION

The generic disposal system modeling (GDSM) activities are focused on developing the capability of
modeling different disposal environments and waste form options. The GDSM is part of the Used Fuel
Disposition (UFD) Campaign, which itself is a part of the Fuel Cycle Technology (FCT) Program
established by the United States Department of Energy Office of Nuclear Energy (DOE-NE).

The fiscal year (FY) 2011 GDSM activities involved scientists from Sandia National Laboratories (SNL),
Argonne National Laboratory (ANL), Los Alamos National Laboratory (LANL), and Lawrence Berkeley
National Laboratory (LBNL). The GDSM team built on the generic disposal system environment (GDSE)
modeling conducted in FY's 2009 and 2010 (Wang and Lee 2010). The earlier work emphasized

(1) development of four individual generic disposal system (GDS) performance assessment (PA) models
for salt, granite, clay, and deep borehole disposal, and (2) detailed process-level studies to support generic
PA model development, specifically in the clay environment. In FY 2011, the process-level studies were
continued, with the subject being diffusion modeling in a clay repository. The work also included further
development of the four individual GDS models. In addition, development began on an integrated model
called the Generic Performance Assessment Model (GPAM). Ultimately, the goal is to migrate the
capabilities of the individual GDS models to GPAM and then to move forward with development of
GPAM, rather than the individual GDS models, as a resource for the UFD Campaign and the broader
FCT Program.

This report documents the FY 2011 progress of GDSM activities with an emphasis on model
development. These activities were conducted through the two complementary work packages, Generic
Disposal System-Level Modeling and Repository Science/System-Level Analysis. This report addresses
two milestones associated with these work packages:

o Level 2 Milestone, Quality Rigor Level (ORL)3—Report describing the integrated generic disposal
system environment (GDSE) model (SNL) (M21UF034101)

o Level 4 Milestone, QRL3—General GoldSim model architecture report (M41UF035102)
The report is organized into six sections and two appendices:
e Section [—Provides this introduction to the report.

e Section 2—Summarizes the effort to map the four individual GDS models in terms of relevant
features, events, and processes (FEPs). The mapping was done using the UFD list of 208 FEPs
identified in FY 2010 as being important to disposal system performance for various disposal
alternatives (i.e., combinations of waste forms, disposal concepts, and geologic environments).

e Section 3—Documents the continued development of the four individual GDS models: 3.1 for the salt
GDS model, 3.2 for the granite GDS model, 3.3 for the clay GDS model, and 3.4 for the deep
borehole GDS model. These models are being developed with the flexibility to evaluate not only
different properties, but also different waste streams/forms as well as different repository designs and
engineered barrier configurations/materials that could be used to dispose of these wastes.

e Section 4—Describes the development of the GPAM architecture, including initial efforts regarding
configuration management and the development of the GDS Parameter Database. The flexibility of
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the individual GDS models is being incorporated into the GPAM, but with the added capability of
evaluating different disposal environments. The GPAM is also being designed with the flexibility to
handle different levels of scientific detail and sophistication to meet the unique needs of future
applications consistent with the goals of the UFD Campaign.

e Section 5—Provides a forward look at applying system engineering principles to the development of
successively more detailed generic PA models (e.g., GPAM) in FY 2012 and beyond, with the
specific example of the development of a more detailed engineered barrier system (EBS) architecture.

e Section 6—Presents the conclusions of the report including a brief summary of FY 2011
accomplishments and a look at future GDSM activities.

e Appendix A—Documents the progress on process-level modeling of diffusion in a clay repository. A
review of the scientific literature for parameter data sets relevant to diffusive transport in clay was
conducted, the result being a compilation of the data sets. In addition, a review was completed of
phenomenological approaches to model diffusive transport versus mechanistic approaches. Results of
this review are provided and a proposal made for an improved modeling approach that combines the
advantages of both approaches.

e Appendix B—Provides the results to the FEPs mapping of the four individual GDS models. Table B-1
contains the results for the salt and granite GDS models, and Table B-2 contains the results for the
clay and deep borehole GDS models.

o Appendix C—Documents preliminary estimates of the solubility and equilibrium linear sorption
coefficient of some minor radionuclides for use in the disposal zone of the deep borehole GDS model.
The estimates are also used for the salt GDS model as appropriate.

As mentioned above, the GDS models and GPAM are being developed with the capability of evaluating
different waste form options. For clarity, this report uses the following terminology:

e UNF—Used nuclear fuel’
e HLW—High-level radioactive waste, which is the waste resulting from the reprocessing of UNF
e DHLW— DOE high-level radioactive waste

e CHLW—Commercial high-level radioactive waste (i.e., HLW generated by commercial reprocessing
of UNF)

The FY 2011 GDSM activities included work (1) to develop a Latin Hypercube Sampling (LHS) dynamic
linked library (DLL) for use with GoldSim® models and (2) to develop a method for distinguishing be-
tween aleatory and epistemic uncertainty within GoldSim. While the LHS DLL is mentioned in

Section 4.2.2.3 of this report, the primary documentation for this work is a report entitled Implementation
of New Tools and Methods for Uncertainty Treatment (Sallaberry 2011).

Results from the individual GDS models or GPAM are provided in this report solely to demonstrate the
current capabilities of the models (e.g., what do they include, how do they function, what kinds of
analyses can they do). These results should not be construed as being indicative of the true performance
of a disposal system or compared to any regulatory performance objectives regarding repository
performance. Drawing these types of conclusions is premature and not supported by the current pedigree
of the models or the underlying data.

 In this report, UNF refers to fuel that has been withdrawn from a nuclear reactor following irradiation. After any potential
interim storage period, the disposition of UNF may involve (1) providing constituent elements for reprocessing, and/or
(2) permanent disposal in a geologic repository. UNF that is intended for permanent disposal may be referred to as spent
nuclear fuel (SNF).
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Given the early development stage of the models discussed in this report, formal quality assurance (QA)
processes are not applicable (N/A). In other words, the models are considered QA-N/A. Their
development has not typically been subjected to the requirements of an established QA program from the
FCT (DOE 2010Db) or individual laboratories. However, the QA status will need to be reviewed if, as may
happen in the future, there is a desire to use the software to support decision making within the UFD
Campaign. Consideration will need to be given to ensuring the software is consistent with any UFD
software QA requirements, which may include complying with the relevant laboratory software QA
requirements, in force at the time.

In addition, this early stage of model development has been done using GoldSim, but other framework
tools are available as well. A systematic evaluation is planned for the future to investigate the capabilities
of other potential framework tools.

2. FEPS MAPPING OF FOUR INDIVIDUAL GDS MODELS

The FEPs mapping activity consists of describing the four individual GDS models for salt, granite, clay,
and deep borehole disposal (Section 3) in terms of the relevant FEPs. The goal is to provide the FEPs
mapping as an aid to model developers in future GDSM efforts. The mapping also improves defensibility
and confidence through increased transparency and traceability of the technical content. It provides a
common framework to document the baseline capabilities of the four individual GDS models, which is
important to help support the ongoing transition to the GPAM. Moreover, the mapping was completed
using the UFD list of 208 FEPs identified in FY 2010 (Freeze et al. 2010) and updated in FY 2011
(Freeze et al. 2011a) as being important to disposal system performance for various disposal alternatives
(i.e., combinations of waste forms, disposal concepts, and geologic environments). According to the UFD
Campaign Research and Development (R&D) Roadmap (DOE 2010d, Section 1.2), these UFD FEPs
provide the context for the identification of knowledge gaps, which can then be prioritized using system-
level PA modeling:

The current knowledge base can be mapped to corresponding FEPs to identify any gaps
in knowledge. Potential information gaps, and hence research opportunities, lie in the
areas of the data underlying, the representativeness of, confidence in, and defensibility
of the mathematical representation of important phenomena in a safety assessment
model used to support the safety case. An appropriate approach to identifying and
prioritizing the importance of these information gaps is through system-level modeling
which can then be used to evaluate the importance of these gaps with respect to overall
disposal system performance. This results in a risk-informed prioritization of R&D
needs where the results can be used to prioritize R&D projects towards the most critical
knowledge gaps.

Thus, using the UFD FEPs for mapping provides a common context recognized throughout the UFD
Campaign and facilitates coordination between the GDSM team and other teams in support of the UFD
mission.

The identification of these 208 UFD FEPs is documented in Freeze et al. (2010). The identification
process involved the conceptualization of a system with components, domains, and phenomena common
to most of the disposal alternatives considered. According to the FY 2010 progress report, “the
phenomena that can affect the components and domains include, at a high level, the coupled THCMBR
[thermal-hydrologic-chemical-mechanical-biological-radiological] processes that describe (1) waste form
degradation and the source term, (2) radionuclide transport through the engineered components,

(3) radionuclide transport through the geosphere, and (4) radionuclide transport, uptake, and health effects
in the biosphere. In addition to their direct effects on radionuclide transport, the coupled THCMBR
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processes also influence the physical and chemical environments in the EBS, geosphere, and biosphere,
which in turn affect water movement, degradation of EBS components, and radionuclide transport.”

Each of the 208 UFD FEPs identified in the FY 2010 progress report is characterized by the following
information (Freeze et al. 2010, Table A-1):

UFD FEP Number—The numbering scheme is based on a hierarchical system that groups similar
FEPs together. The numbers associated with various domains, features, events, and processes in
Figure 2-1 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.).

Description—The “Description” provides a coarse level of detail. The intent is that the “Description”
be broad enough to be potentially applicable to the full range of disposal system alternatives. For
example, “Sorption of Dissolved Radionuclides in the EBS” is potentially relevant to all waste form
types and disposal concepts/geologic settings.

Associated Processes—Each FEP is further defined by additional details under “Associated
Processes”. The level of detail collectively captured by the FEP Descriptions and Associated
Processes is appropriate for the current FEP identification step of FEP analysis.

2.1. ENGINEERED BARRIERS 2.2 GEOSPHERE 2.3 BIOSPHERE

Source: Freeze et al. 2010, Figure 2.2.

Figure 2-1. Categorization of UFD FEPs
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Until a licensing environment is reached, the FEPs information and level of detail will evolve as the UFD
Campaign matures and develops, e.g., supporting viability, option screening, site selection, licensing and
programmatic decisions. The current focus is on establishing FEPs at a level of detail necessary to support
viability assessments.

The same information regarding each FEP was included in a Microsoft” (MS) Excel“-based tool
developed to facilitate the mapping activity. However, the entries for a few FEPs were updated to
maintain consistency with the FY 2011 UFD FEPs numbering and language (Freeze et al. 2011a). In
addition, the naming terminology was changed slightly from UFD FEP Number, Description, and
Associated Processes to UFD FEP ID, UFD FEP Title, and Process/Issue Description, respectively. For
each of the four individual GDS models, the FEPs mapping tool provides three pick-list options for
specifying whether a particular FEP is included: yes, partially, no. For mature models in a regulatory
environment, a FEP is normally included or excluded. However, at this early stage of model development,
the “partially” designation was added to better describe the situation in which only a portion of the
capabilities needed to address a FEP have been implemented. There is also a “Description” field allowing
for comment or explanation.

The results of the FEPs mapping activity are located in Appendix B. The FEPs mapping reflects the
Freeze Point 2 versions of the individual GDS models and represents a step toward the level of detail
needed to support viability assessments. As described in Section 4.2.3.2, the Freeze Point 2 versions of
the models represent the farthest stage of development for FY 2011. If a particular FEP is included, the
“Description” typically indicates where and how in the model the FEP is included. For partially included
FEPs, the entry also indicates what aspects of the FEP are included. For FEPs (or aspects of FEPS) that
are not included, the entry may provide additional information such as whether there are plans to include
the FEP in the future or whether such inclusion is unlikely. It is important to remember that the
capabilities of the individual GDS models are being integrated into the GPAM. Afterwards,
improvements to the capability to simulate a particular disposal option, including the inclusion of new
FEPs, will be done in GPAM. Therefore, any discussion in the results tables about potentially including a
FEP in an individual model should be viewed in the context of adding the FEP to the modeling capability
for that disposal option rather than to that specific model, since implementation will actually be in the
GPAM.

Unlike the four individual models, the GPAM was not selected for FEPs mapping at this time because of
its early stage of development. Moreover, the transition to the GPAM involves incorporating the
capability to model all of the FEPs included in the individual GDS models. Consideration can be given to
mapping GPAM in the future when it is more stable and the effort more likely to yield useful results. In
the meantime, there is a crosswalk showing how aspects of the four individual models are being
integrated into GPAM (Table 4-5).

Note that there have been no FEP screening evaluations conducted as yet. Currently, FEP evaluations are
limited to an ongoing effort to compile existing information that might be relevant in identifying
important considerations (i.e., phenomena) for the range of potential disposal system designs (Freeze et
al. 2010, Section 3). Because there have been no formal screening evaluations, the decision to include or
exclude a FEP or aspects of a FEP at this point is based solely on the expert opinions of subject matter
experts. The current emphasis is on building a PA capability. Screening evaluations can be conducted at
some point in the future as the modeling effort evolves to meet the needs of the UFD Campaign and as
relevant regulations are identified.
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3. FOURINDIVIDUAL GDS MODELS

The GDSM effort is focused on developing the tools needed to conduct and analyze comparative studies
of different disposal environments and waste forms options. The modeling activities summarized in this
section are focused on four generic disposal environments, i.e. clay, granite, salt, and deep borehole. For
each of these disposal options, the rock type is identified at a broad level. Salt includes both bedded and
domal rocks; clay includes a broad range of fine-grained sedimentary rocks including shales, argillites,
and claystones as well as soft clays; and granite includes a range of related crystalline rocks. The
immediate goal of the generic repository studies is to develop modeling tools to evaluate the viability of
different options and to improve understanding of potential repository system response to processes
relevant to the long-term disposal of UNF and HLW.

There are multiple uses for building the capability to model these generic disposal environments within
the UFD Campaign:

¢ Inform the prioritization of R&D activities
e Provide the basis for system level PA of varied disposal environments

e Provide risk and other metric information for assessing potential performance of different disposal
environments being evaluated by the UFD Campaign

To support these uses, the GDS models and associated database are being developed with the flexibility to
evaluate different host rock properties, different waste streams/forms, and different repository designs and
engineered barrier configurations/ materials that could be used to dispose of the wastes. This section
describes the status of the individual GDS models, at their current stage of development. Each subsection
includes a description of the conceptual model of the disposal environment and the mathematical
implementation of that conceptual model. The models draw on data available from the published
literature to the extent possible. Existing scientific models describing the various repository processes and
the parameter values supporting them will be replaced as appropriate and as data become available from
other UFD work packages (e.g., Natural Systems and EBS).

Each main subsection includes preliminary results and discussion of results for the models as a
demonstration of capability. There is also a discussion of confidence-building activities that have been
conducted. If available, published results from the literature are used for comparison in these confidence-
building activities. Some sensitivity analyses have also been performed to improve the understanding of
the models. At this stage, it is important that model results not be construed as being indicative of the true
performance of a disposal system or compared to any regulatory performance objectives regarding
repository performance. Drawing these types of conclusions is premature and not supported by the current
pedigree of the models or the underlying data.

In the future these models will be incorporated into GPAM, which is described in Section 4. The
individual GDS models will be retired, and all calculations and further model development will be
completed using GPAM.
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3.1 Salt GDS Model

The development of the salt GDS model, the model implementation, and the model analysis results are
discussed in the subsections of Section 3.1.

311 Introduction

The immediate goal of the generic salt repository study is to develop the necessary modeling tools to
evaluate and improve understanding on the repository system response and processes relevant to long-
term disposal of UNF and HLW in salt. This initial phase of study considered, where applicable,
representative geologic settings and features adopted from literature data for salt repository sites. The
conceptual model and scenario for radionuclide release and transport from a salt repository was developed
utilizing literature data. The current version of the salt GDS model consists of four major model
components: source term, near field, far field, and biosphere. The salt generic repository model was
implemented in GoldSim (GoldSim Technology Group 2009). The repository performance analysis was
performed probabilistically, with 100 realizations for each case and for a time period of 1,000,000 yr.

The model analysis discussion includes the key attributes of a salt repository that are potentially important
to the long-term safe disposal of UNF and HLW. It also discusses the model analysis results showing the
repository response to the effects of different waste stream types (commercial UNF, DHLW, and
CHLW), and two different radionuclide release scenarios (nominal (or undisturbed) and human intrusion
(or disturbed)). In addition, there is a discussion of the identified knowledge gaps and paths forward for
future R&D efforts to advance understanding of salt repository system performance for UNF and HLW
disposal. Section 3.1.2 describes the salt conceptual model for each of the model components and
scenarios considered. Section 3.1.3 describes the implementation of the conceptual models. Section 3.1.4
demonstrates the use of the model, and Section 3.1.5 provides a summary and conclusions relevant to the
salt GDS model. The capabilities of the salt GDS model are being incorporated into the GPAM

(Section 4) along with the capabilities of the models for the granite, clay, and deep borehole repository
options. Afterwards, GPAM can be used to provide guidance on the development of strategy for long-
term disposal of UNF and HLW in a salt repository.

3.1.2 Model Description

3.1.2.1 Conceptual Model

Because comprehensive information is readily available for the Waste Isolation Pilot Plant (WIPP), the
geologic settings and features of the generic salt repository were adopted, where applicable, from the
WIPP site (Helton et al. 1998). Figure 3.1-1 shows a schematic of the geologic setting and the conceptual
model for radionuclide release and transport in a generic salt repository. The model assumes that
repository is located in a bedded salt formation in a saturated, chemically reducing environment. The
waste package is placed horizontally in an emplacement alcove and backfilled with crushed salt. Over a
period of time following the emplacement, the confined space around the waste disposal area will be
slowly closed by creep deformation of salt rock, and the crushed salt backfill will undergo consolidation.
This would result in close contact of the waste package with the consolidated salt rock and potential
encapsulation of the waste package by salt rock.

A horizontal interbed with a significant thickness of relatively more permeable anhydrite is assumed to
exist below the repository, and runs in parallel with the repository horizon to an extended distance; a
carbonate aquifer is assumed to exist above the repository. Two scenarios are considered for repository
radionuclide release and transport: the reference (or nominal) case, and the disturbed case. The reference
case releases radionuclides by a sequence of typical processes that are expected to occur in a generic salt
repository; the case assumes that the interbed provides the major pathway for radionuclide release and
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transport from the repository, and this is supported by the model results from WIPP (Helton et al. 1998).
The disturbed case considers a process that results in a fast pathway for radionuclides to the far field, and
the case is represented by a “stylized” human intrusion scenario, which assumes that a single borehole
penetrates a waste package and a pressurized brine reservoir below the repository and dissolved
radionuclides are released directly into the overlying aquifer. The current human intrusion scenario does
not consider the potential dose impacts of the waste that could be brought up directly to the surface as a
result of the drilling activities. The modeling assumption for the disturbed case will be updated as the
study progresses.

In the postclosure repository, the waste decay heat would cause near-field brines (present in small
quantities in undisturbed bedded salt as pore water) to boil during the peak thermal perturbation period,
driving the water away from the waste disposal area leaving behind salt minerals in the pore space. This
would create a dry-out zone around the waste disposal area, and its duration would depend mostly on the
waste heat output characteristics, repository thermal loading, and thermal characteristics of the salt. The
thermal perturbation and its associated moisture movement would also enhance creep deformation of salt
and closure of the open space of the waste disposal area. As the temperatures decrease following the peak,
brines could start flowing toward and into the waste disposal area driven by higher (i.e., near lithostatic)
pore pressure in the far field.

Cutting, Caving, Spalling

— T»Overlaying carbonate aquifer
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Figure 3.1-1. A Schematic Showing the Conceptual Model for Radionuclide Release
and Transport from a Salt Generic Repository
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Corrosion of waste package and other engineered materials in the disposal area 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 pressurize
the disposal area; this could result in brine flows and potential transport of dissolved radionuclides away
from the disposal areas to some distance.

Because information on thermal perturbation and the associated repository processes such as brine flow,
salt creeps, corrosion, gas generation, etc. for a representative generic salt repository are not available, the
model assumes an isothermal condition at 25°C for the generic repository. Because of the lack of
information at this early stage, the current salt GDS model does not consider conservatively the barrier
performance of the waste package and waste form canisters. They are assumed to fail immediately (at
time zero), and waste form degradation occurs from the beginning of the analysis. Results from these
analyses are only meant for demonstration purposes and should not be used to support any decisions. The
performance of these barriers will be included in future GDSM efforts as information becomes available
from subject matter experts involved in other UFD work packages.

3.1.22 Waste Inventory

Three different types of UNF and HLW are considered in the source-term model: commercial UNF,
existing DHLW, and “hypothetical” CHLW of commercial UNF. The source-term model radionuclide
inventory analysis is based on the detailed fuel cycle waste inventory analysis provided by Carter and
Luptak (2010). The salt GDS source-term model inventory includes 36 radionuclides, accounting for both
in-growth of daughters and isotopic mixing among radionuclides.

Commercial UNF Inventory—The once-through fuel cycle waste inventory analysis considers four
scenarios to evaluate the projected increases in the commercial light water reactor (LWR) UNF inventory.
The four once-through fuel cycle scenarios are considered to provide a wide range of LWR fuel inventory
for use in future analysis (Carter and Luptak 2010, Section 3.2). The salt GDS source-term inventory
analysis is based on once-through fuel cycle inventory Scenario 1, which assumes no replacement of
existing nuclear generation reactors. Selection of this UNF inventory scenario for the salt GDS source-
term inventory analysis is arbitrary, and it can be revised as needed in future analyses. For this scenario,

a total of 140,000 metric tons uranium (MTU) used fuel is estimated to be discharged from reactors
(Carter and Luptak 2010, Table 3-5). Out of the total inventory, 91,000 MTU is from the pressurized
water reactors (PWRs) UNF with an estimated total of 209,000 assemblies. This is equivalent to 0.435
MTU per PWR assembly.

For simplification of the source-term model, the total inventory was converted to an equivalent PWR
inventory, resulting in a total of 321,540 PWR assemblies. The source-term model assumes that a waste
package contains 10 PWR assemblies; therefore a total of 32,154 waste packages are needed for disposal
of the commercial UNF (140,000 MTU).

The isotopic inventory of the UNF is assumed to be represented by the PWR fuel with a burn-up of

60 GWd/MTHM (metric tons heavy metal) and 4.73% enrichment and aged 30 yr after discharge from
reactor (Carter and Luptak 2010, Table C-1). The isotopic inventory for the radionuclides of the
commercial UNF included in the source-term model is shown in Table 3.1-1.
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Table 3.1-1. Isotopic Inventory for Commercial UNF for Salt GDS Source-Term Model

Isotope Half Life Fractional Mass Isotope Mass per
(yr) Inventory Waste Package
(9)

2Ipc 2.18E+01 2.7469E-13 1.1960E-06
2Am 4.32E+02 8.7003E-04 3.7882E+03
3Am 7.37E+03 1.8796E-04 8.1841E+02
“c 5.71E+03 3.1524E-07 1.3726E+00
*Cl 3.01E+05 3.4808E-07 1.5156E+00
*°Cm 8.50E+03 6.6221E-06 2.8833E+01
%Cs 2.30E+06 5.3570E-04 2.3325E+03
¥cs 3.01E+01 7.2561E-04 3.1593E+03
129 1.70E+07 2.1754E-04 9.4720E+02
%Nb 1.36E+01 4.9591E-04 2.1592E+03
“'Np 2.14E+06 8.5892E-04 3.7398E+03
Blpgy 3.25E+04 7.1103E-10 3.0959E-03
210py, 2.26E+01 7.8324E-15 3.4103E-08
107pg 6.50E+06 2.8663E-04 1.2480E+03
238py, 8.77E+01 3.4170E-04 1.4878E+03
29y 2.41E+04 5.1487E-03 2.2418E+04
240p 6.54E+03 2.8427E-03 1.2377E+04
#1py 1.44E+01 2.6198E-04 1.1407E+03
242p 3.76E+05 5.6750E-04 2.4709E+03
2°Ra 1.60E+03 2.2081E-12 9.6141E-06
22Ra 6.70E+00 1.4339E-18 6.2431E-12
1265p 3.61E-05 1.6470E-12 7.1713E-06
“Se 6.50E+04 7.2769E-06 3.1684E+01
12650 1.00E+05 3.4663E-05 1.5092E+02
Ogr 2.91E+01 3.0809E-04 1.3414E+03
“Tc 2.13E+05 8.8739E-04 3.8638E+03
29Th 7.90E+03 4.4252E-12 1.9267E-05
20T 7.54E+03 1.5838E-08 6.8961E-02
2Th 1.41E+10 4.2412E-09 1.8466E-02
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Table 3.1-1. Isotopic Inventory for Commercial UNF for Salt GDS Source-Term Model (continued)

Isotope Half Life Fractional Mass Isotope Mass per
(yr) Inventory Waste Package
(9)
22y 6.89E+01 3.1642E-09 1.3777E-02
23y 1.59E+05 9.7002E-09 4.2235E-02
24y 2.45E+05 2.1220E-04 9.2392E+02
25y 7.04E+08 3.7329E-03 1.6253E+04
28y 2.34E+07 4.3349E-03 1.8874E+04
28y 4.46E+09 6.3215E-01 2.7524E+06
®7r 1.53E+06 1.0193E-03 4.4382E+03

DHLW Inventory—All existing DHLW is assumed to be immobilized in borosilicate glass logs as it is
the candidate waste form (Carter and Luptak 2010). The source-term model uses the best-estimate
projected total number of DHLW canisters documented in the fuel cycle inventory analysis report (Carter
and Luptak 2010, Table 2-2); the best estimate projection is 25,016 canisters. The source-term model
assumes that each waste package contains 5 DHLW canisters; therefore a total of 5,003 waste packages
are needed for disposal of the DHLW.

The isotope inventory of the DHLW is given for each radionuclide in terms of the total radioactivity (Ci)
in the fuel cycle inventory analysis report (Carter and Luptak 2010, Table F-1). The radioactivity was
converted to the equivalent mass (m;) for each radionuclide as follows:

Ai'tl i MW;

. = —2z -
m; (g) 0693, Eq. 3.1-1

where 4, is the radioactivity of radionuclide i, #;,, is the half-life of radionuclide i, MW; is the molecular
weight of radionuclide 7, and N, is the Avogadro constant (6.023 x 107). The total mass of radionuclides
of the existing DHLW is estimated 1,759 metric tons (MT). This gives 0.07 MT of radionuclides per
DHLW canister, and 0.35 MT of radionuclides per waste package. The isotopic inventory per DHLW
canister and per waste package is given in Table 3.1-2. The fuel cycle inventory analysis reports zero
inventory for **Cl for the DHLW (Carter and Luptak 2010), and the inventory analysis is currently under
review to confirm the *°Cl inventory.
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Table 3.1-2. Isotopic Inventory for DHLW for Salt GDS Source-Term Model

Isotope Mass per

Isotope Half Life Fractional Mass Isotopt_a Mass Waste Package
(yr) Inventory per Canister (g) @)

Z'pc 2.18E+01 1.139E-09 8.010E-05 4.005E-04
#1Am 4.32E+02 4.022E-04 2.829E+01 1.414E+02
#5Am 7.37E+03 2.732E-05 1.922E+00 9.608E+00

e 5.71E+03 1.747E-08 1.228E-03 6.142E-03
*cl 3.01E+05 0.000E+00 0.000E+00 0.000E+00
#5Cm 8.50E+03 5.428E-07 3.817E-02 1.909E-01
%Cs 2.30E+06 1.759E-03 1.237E+02 6.184E+02
¥cs 3.01E+01 2.219E-03 1.561E+02 7.804E+02

b 1.70E+07 1.802E-04 1.268E+01 6.338E+01
“Nb 1.36E+01 0.000E+00 0.000E+00 0.000E+00
*"Np 2.14E+06 3.004E-04 2.113E+01 1.056E+02
#'Pa 3.25E+04 3.452E-06 2.427E-01 1.214E+00
%Pp 2.26E+01 1.317E-13 9.264E-09 4.632E-08
"pg 6.50E+06 2.188E-05 1.539E+00 7.696E+00
#py 8.77E+01 2.070E-04 1.456E+01 7.279E+01
2Py 2.41E+04 1.749E-03 1.230E+02 6.151E+02
%Py 6.54E+03 1.865E-04 1.312E+01 6.559E+01
#1py 1.44E+01 2.468E-06 1.736E-01 8.678E-01
#2py 3.76E+05 2.154E-05 1.515E+00 7.573E+00
**Ra 1.60E+03 5.747E-11 4.042E-06 2.021E-05
**Ra 6.70E+00 4.563E-11 3.209E-06 1.604E-05
1%°sb 3.61E-05 5.728E-12 4.029E-07 2.014E-06
°Se 6.50E+04 3.085E-04 2.169E+01 1.085E+02
'%8n 1.00E+05 1.215E-04 8.548E+00 4.274E+01
sr 2.91E+01 9.262E-04 6.514E+01 3.257E+02
*Tc 2.13E+05 3.212E-03 2.259E+02 1.129E+03
#9Th 7.90E+03 9.980E-09 7.019E-04 3.509E-03
#Th 7.54E+03 4.546E-09 3.197E-04 1.599E-03
#2Th 1.41E+10 9.894E-02 6.958E+03 3.479E+04
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Table 3.1-2. Isotopic Inventory for DHLW for Salt GDS Source-Term Model (continued)

Isotope Half Life Fractional Mass Isotopt_a Mass IW;Z‘:: gla acsksag:r
(yr) Inventory per Canister (g) @)
22y 6.89E+01 1.141E-09 8.022E-05 4.011E-04
2y 1.59E+05 5.300E-05 3.727E+00 1.864E+01
24U 2.45E+05 7.431E-05 5.226E+00 2.613E+01
2y 7.04E+08 3.732E-03 2.625E+02 1.312E+03
2y 2.34E+07 2.863E-04 2.014E+01 1.007E+02
2%y 4.46E+09 8.821E-01 6.204E+04 3.102E+05
%zr 1.53E+06 1.739E-03 1.223E+02 6.115E+02

CHLW Inventory—The fuel cycle inventory analysis report discusses several candidate reprocessing

methods for commercial UNF and their potential waste streams (Carter and Luptak 2010, Section 4). For
simplification, the following assumptions or steps were made to calculate the isotopic inventory of
CHLW resulting from “hypothetical” reprocessing of commercial UNF in this report:

¢ Ninety nine percent (99%) of uranium and plutonium are recovered. All others including minor

transuranic elements and fission products of the commercial UNF inventory (140,000 MTU) remain
in the waste streams.

e The fractional isotopic mass inventory of the CHLW is calculated after removing 99% of the uranium
and plutonium mass from the commercial UNF inventory. As in the DHLW, no inventory is assumed

for *°Cl.

e CHLW is immobilized in borosilicate glass, the same as for the DHLW.

e CHLW is encapsulated at the same radionuclide mass loading as for the DHLW (i.e., 0.07 MT

radionuclide mass per canister).

Note that the above assumptions result in higher concentrations of fission products in the CHLW waste
streams and glass waste form than the DHLW. The total radionuclide mass of the CHLW is estimated

1,426 MT (after removing 99% of uranium and plutonium). With a radionuclide mass loading of 0.07 MT

per canister, this is equivalent to a total of 20,276 canisters. The source-term model assumes that each
waste package contains five CHLW canisters; therefore a total of 4,055 waste packages are needed for

disposal. The isotopic inventory for CHLW is given in Table 3.1-3.
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Table 3.1-3. Isotope Inventory for CHLW for Salt GDS Source-Term Model

Isotope Half Life Fractional Mass Isotopt_a Mass IW:;?: Iyzla acsksagzr
(yr) Inventory per Canister (g) @)

Z'pc 2.18E+01 2.6969E-11 1.8967E-06 9.4833E-06
#1Am 4.32E+02 8.5419E-02 6.0073E+03 3.0037E+04
#5Am 7.37E+03 1.8454E-02 1.2978E+03 6.4892E+03
e 5.71E+03 3.0950E-05 2.1766E+00 1.0883E+01
*cl 3.01E+05 0.0000E+00 0.0000E+00 0.0000E+00
#5Cm 8.50E+03 6.5015E-04 4.5724E+01 2.2862E+02
¥Cs 2.30E+06 5.2594E-02 3.6989E+03 1.8494E+04
¥cs 3.01E+01 7.1239E-02 5.0101E+03 2.5051E+04
b 1.70E+07 2.1358E-02 1.5021E+03 7.5104E+03
“Nb 1.36E+01 6.8717E-07 4.8327E-02 2.4164E-01
*"Np 2.14E+06 8.4328E-02 5.9306E+03 2.9653E+04
#'Pa 3.25E+04 6.9808E-08 4.9094E-03 2.4547E-02
%Pp 2.26E+01 7.6897E-13 5.4080E-08 2.7040E-07
"pg 6.50E+06 2.8141E-02 1.9791E+03 9.8956E+03
#py 8.77E+01 3.3547E-05 2.3593E+00 1.1797E+01
2Py 2.41E+04 5.0549E-04 3.5550E+01 1.7775E+02
%Py 6.54E+03 2.7909E-04 1.9628E+01 9.8141E+01
#1py 1.44E+01 2.5721E-05 1.8089E+00 9.0446E+00
#2py 3.76E+05 5.5717E-05 3.9184E+00 1.9592E+01
**Ra 1.60E+03 2.1679E-10 1.5246E-05 7.6230E-05
**Ra 6.70E+00 1.4077E-16 9.9004E-12 4.9502E-11
1%°sb 3.61E-05 1.6170E-10 1.1372E-05 5.6861E-05
*Se 6.50E+04 7.1444E-04 5.0245E+01 2.5122E+02
'%8n 1.00E+05 3.4031E-03 2.3933E+02 1.1967E+03
sr 2.91E+01 3.0248E-02 2.1273E+03 1.0636E+04
*Tc 2.13E+05 8.7123E-02 6.1272E+03 3.0636E+04
#9Th 7.90E+03 4.3446E-10 3.0554E-05 1.5277E-04
#Th 7.54E+03 1.5550E-06 1.0936E-01 5.4680E-01
#2Th 1.41E+10 4.1639E-07 2.9284E-02 1.4642E-01
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Table 3.1-3. Isotope Inventory for CHLW for Salt GDS Source-Term Model (continued)

Isotope Half Life Fractional Mass Isotopt_a Mass IW;Z‘:: gla acsksag:r
(yr) Inventory per Canister (g) @)
22y 6.89E+01 3.1066E-10 2.1848E-05 1.0924E-04
2y 1.59E+05 9.5236E-10 6.6977E-05 3.3489E-04
24U 2.45E+05 2.0833E-05 1.4652E+00 7.3258E+00
2y 7.04E+08 3.6649E-04 2.5775E+01 1.2887E+02
2y 2.34E+07 4.2559E-04 2.9931E+01 1.4966E+02
2%y 4.46E+09 6.2063E-02 4.3648E+03 2.1824E+04
®zr 1.53E+06 1.0008E-01 7.0381E+03 3.5191E+04

3.1.2.3  Waste Package Configuration

The waste package configuration for the salt GDS source-term model is based on the waste cask design
for SNF of the German salt disposal program (Janberg and Spilker 1998). The outer diameter of a waste
package is 1.56 m, and the outer length is 5.5 m. Each waste package is assumed to hold 10 PWR UNF
assemblies, 5 DHLW canisters, or 5 CHLW canisters. As noted in Section 3.1.2.1, the current salt GDS
analysis does not consider the barrier performance of the waste package. The assumed waste package
configuration is used in other submodel components such as repository footprint and waste package
radionuclide inventory.

3.1.2.4  Reference Repository Layout

For simplification, it is assumed that the repository has a square footprint. Knowing the total number of
waste packages (Nyp) to be disposed of in the repository, the side length (Lg,p) of a square repository
footprint can be calculated as follows:

LRep X LRep

Lwp+Swp  Sarift

where Ly, p is the length of waste package (5.5 m), Syp is the spacing between waste packages (6 m), and
Sarife 18 the spacing between emplacement tunnels (25 m). The waste package length is specified in
Section 3.1.2.3. The values for the waste package spacing and emplacement tunnel spacing were taken
from the Swedish Nuclear Fuel and Waste Management Company (SKB) repository design (Claesson and
Probert 1996; SKB 2006).

3.1.2.5 Waste Form Degradation

The three different waste inventories described in Section 3.1.2.2 contain two different waste form types.
For commercial UNF, the waste form is the UNF matrix, which is predominantly UO,. For the DHLW
and CHLW, the waste form is borosilicate glass. For both waste form types, the waste form degradation
in the source-term model is represented with an annual fractional degradation rate (i.e., fraction of
remaining waste mass degraded per year), with a distribution that captures potential range of degradation
rates that could be expected in a generic salt repository environment. The generic salt repository is
expected to be in chemically reducing conditions with varying degrees of redox conditions of water in
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contact with the waste form. In the current salt GDS model, for a given realization, a (sampled) constant
degradation rate is applied to the entire inventory; no temperature or spatial dependence is modeled at this
time.

For the commercial UNF waste form, uncertainty in the degradation rate is modeled with a log-triangular
distribution with the mode of 10~7 yr~! and lower and upper bounds of 1078 yr~1 and 1076 yr~1
respectively. The rate range is from the SKB SNF degradation model for its repository situated in a
chemically reducing environment (SKB 2006, Sections 10.5.3 and 10.6.4).

For the borosilicate glass waste form, degradation is much less sensitive to the redox condition of water
contacting the waste form. A fractional degradation rate model was developed using the literature data for
degradation of similar glasses exposed in geologic environments (Ojovan et al. 2005; BSC 2004,

Table 6-14). The rate model is expressed as log-uniform distribution with the minimum and maximum
values of 3.4 X 107¢ yr~! and 3.4 X 1073 yr~1 respectively.

Waste form degradation is assumed to release radionuclides into a large uniformly mixed container
representative of the source-term water volume. The source-term water volume is obtained by multiplying
the source-term bulk volume by its porosity. The dissolved concentrations of radionuclides in the source
term mixing cell are then calculated based on the mass of radionuclides released from the waste form, the
source-term water volume, and the radionuclide solubility. In the salt GDS source-term model, the
source-term mixing cell is conceptualized to include the bulk volume of all of the near-field components
(waste form, waste package, crushed salt backfill, near-field salt rock, etc.). This is a reasonable
assumption for the current GDS analysis, considering that waste package performance is not taken into
account for the analysis and that the entire waste inventory becomes available for reactions in the near
field from time zero. As the model matures and information becomes available, more realistic
representations of the processes will replace this initial simplified approach.

3.1.2.6 Near Field

As described in Section 3.1.2.5, the source-term bulk volume in the salt GDS model is represented by the
near-field bulk volume. The near-field bulk volume is defined as the square repository footprint area
(Section 3.1.2.4) times the near-field height. For a salt GDS, in which the remaining space of the waste
emplacement area is likely closed by the salt creep deformation, the near-field height is defined as the
waste package outer diameter. The near-field height currently used in the salt GDS source-term model is
arbitrary and will be updated as needed in future analyses. The disturbed rock zone that will develop
around the excavation (i.e., the excavation disturbed zone (EDZ)) is not included in the near-field model
as the zone will be healed by salt consolidation processes. The so-defined near field has two major
constituents: (1) degraded engineered materials (e.g., waste form, waste package, crushed salt backfill,
etc.), and (2) host rock. The salt GDS source-term model calculates the water volume available in each of
the two constituents by multiplying the bulk volume of each constituent with its respective porosity. The
total water volume available in the near field is the sum of the water volume in each constituent.

The near-field brine will experience elevated temperature conditions from the thermal perturbations
caused by the decay heat of emplaced waste. A study was conducted for the conduction-only thermal
analysis of a generic salt repository for disposal of vitrified HLW from reprocessing of commercial UNF
(Clayton and Gable 2009). However, the analysis was performed only for the first 50-yr period after
waste emplacement, and it does not provide long-term (repository time-scale) thermal-hydrologic
conditions necessary for the salt GDS analysis. Because the near-field thermal evolution information is
not available, the salt GDS analysis assumes the site ambient temperature of 25°C for the near-field
exposure condition.
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The current salt GDS model assumes conservatively no radionuclide sorption on the near-field constituent
materials. As many radionuclides are known to sorb on geologic materials and, in particular, strongly on
metal corrosion products in chemically reducing condition, the impact of this conservative assumption
needs to be evaluated in a future iteration of the salt GDS performance analysis.

Dissolved radionuclide concentrations in the near field are determined by the mass of radionuclides
released from the waste form (constrained by the waste form degradation rate), the volume of brine
available in the near field, and the radionuclide solubility if it is subject to its solubility limit.
Radionuclide solubility is affected at varying degrees by various geochemical conditions, including redox
condition of contacting water, temperature, pH, and presence and concentration of other dissolved
species. As an initial effort to address the effect of geochemical conditions on radionuclide solubility, the
salt GDS analysis considers two redox conditions for salt brine: (1) chemically reducing condition brine,
and (2) less reducing or slightly oxidizing brine. Solubility calculations for these two redox conditions
were based on the chemical compositions of two well-studied brines from the WIPP site: (1) a
concentrated brine derived either from the repository horizon or the pressurized brine reservoir beneath
the repository, representative of a chemically reducing condition; and (2) a dilute brine from the interface
between the near field and the far field, representative of a much less reducing condition. The chemical
compositions of the two brines are given in Wang and Lee (2010). Solubility calculations for U, Pu, Am,
Np, Th, and Sn were performed with computer code EQ3/6 and an enhanced Pitzer thermodynamic
database (Wolery and Jarek 2003). Details of the solubility analysis for the representative groundwaters
are found elsewhere (Wang and Lee 2010). In the salt GDS model, the reducing condition is
representative of the brine in the near field, and the less reducing or slightly oxidizing condition is
representative of the brine away from the near field (i.e., in the interface area between the near field and
far field, in the far-field interbed, and in the overlying aquifer).

The resulting elemental solubilities for the ambient temperature condition of 25°C applied to the salt GDS
near-field model are shown in Table 3.1-4. In addition to the calculated solubilities for the elements
described above, elemental solubilities for other radionuclides (Ac, C, Cl, Cm, Cs, I, Nb, Pa, Pd, Ra, Sb,
Se, Sr, and Zr) are shown. Elements C, Ra and Sr are implemented as unlimited solubility in the near-
field model because their solubility calculations have not been completed. Elemental solubilities
corresponding to the salt GDS interface area, far-field interbed and overlying aquifer are shown later in
Table 3.1-6. The impact of the ambient-temperature condition assumption and the use of the 25°C
solubility for the salt GDS near-field model will be evaluated when the necessary information becomes
available.

The salt GDS model includes a region of interface rock block between the repository and underlying
interbed (Figure 3.1-1). The interface rock region is assumed to have the same area as the repository
footprint and a thickness of 5 m. The salt GDS model simulates release of dissolved radionuclides from
the repository near field to the interface region and subsequent transport through the interface region, both
by diffusion and advection. As for the near field, the model conservatively assumes no sorption of
radionuclides in the interface region, and the far-field elemental solubility (Section 3.1.2.7) is applied to
radionuclides in the interface region.

The brine flow rates in the near-field and interface region are sampled from 100 time-dependent brine
flow rate histories, which are abstracted from detailed brine migration process simulations as discussed in
Section 3.1.3. The salt GDS model parameters for the near-field and interface region are summarized in
Table 3.1-5.
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Table 3.1-4. Elemental Solubility of Radionuclides in Near Field Concentrated Brine at 25°C
Element D'SEI'."bUt'on Solubility (molal) Source
ype
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)
. . - Wang and Lee
Np Triangular 4.79E-10 (min); 1.51E-09 (mode); 4.79E-09 (max) (2010)
Th Triangular 2.00E-03 (min); 4.00E-03 (mode); 7.97E-03 (max)
Tc Log-triangular | 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 Appendix C of
Pd Constant 4.00E-04 this report
Sb Constant 6.30E-05
Se Constant 2.00E-05
Zr Constant 1.00E-10
C,Cs, |,Ra, Sr N/A Unlimited solubility
Table 3.1-5. Model Parameters for the Near-Field and Interface Region
for the Reference Case of Salt GDS Model
Distribution Parameter Value and
Parameter o Source
Type Description
Near Field
Thickness Constant 1.56 m (equal to waste
package diameter)
Porosity (salt bedrock) Log-uniform | 0.01 (min); 0.1 (max)
Vaughn et al. (2000
Density (salt bedrock) Constant 2500 kg/m3 aughn etal. ( )
Porosity (degraded waste Uniform 0.3 (min); 0.5 (max)
package)
Brine Flow Rate to Sampled from 100 brine flow : .
Interface Rock Block (m/yr) N/A rate histories Section 3.1.3 of this report
Radionuclide Sorption N/A Assume no sorption
Radionuclide Solubility N/A Near-field solubility Table 3.1-4 of this report
Interface Rock Block
Thickness Constant 50m
Porosity (salt bedrock) Log-uniform | 0.01 (min); 0.1 (max)
Vaughn et al. (2000
Density (salt bedrock) Constant 2500 kg/m3 aughn etal. ( )
Brine Flow Rate to Sampled from 100 brine flow . .
Underlying Interbed (m/yr) N/A rate histories Section 3.1.3 of this report
Radionuclide Sorption N/A Assume no sorption
Radionuclide Solubility N/A Far-field solubility Table 3.1-6 of this report
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Table 3.1-6. Elemental Solubility of Radionuclides for Far-Field Dilute Brine at 25°C
Element Dis!ll_';t::ion Description (solubility in molal) Source
U Triangular 9.16E-05 (min); 2.64E-04 (mode); 7.62E-04 (max)
Pu Triangular 7.80E-07 (min); 2.58E-06 (mode); 8.55E-06 (max)
Am Triangular 3.34E-07 (min); 1.06E-06 (mode); 3.34E-06 (max) | Wang and
Np Log-triangular | 1.11E-06 (min); 1.11E-05 (mode); 1.11E-04 (max) | Lee (2010)
Th Triangular 8.84E-06 (min); 1.76E-05 (mode); 3.52E-05 (max)
Sn Triangular 1.78E-08 (min); 4.80E-08 (mode); 1.29E-07 (max)
Ac, Cm Constant 5.85E-07
Cl Constant 4.20
Nb Constant 1.60E-05
Pa Constant 1.51E-09 Appendix C of
Pd Constant | 4.00E-04 this report
Sb Constant 6.30E-05
Se Constant 2.00E-05
Zr Constant 1.00E-10
C, gf e N/A Unlimited solubility
3.1.2.7  Far Field

As discussed in Section 3.1.2.1, the reference case (the undisturbed scenario) assumes that an interbed
below the repository is the major pathway for radionuclide release and transport from the repository, and
this assumption is supported by the model results from WIPP (Helton et al. 1998). The interbed is
assumed to be composed of a mixture of evaporite minerals (such as anhydrite) and clay, and is assumed
to run horizontally in parallel with the repository (Figure 3.1-1). The interbed is assumed to be 1-m thick,
with its width to be the same as that of repository; the interbed cross sectional area to water flow is the
bed thickness times the width. The interbed features were adopted from the dominant underlying marker
bed of the WIPP (Helton et al. 1998). As depicted in Figure 3.1-1, dissolved radionuclides are transported
into the interbed over its length below the repository; this portion of the interbed is referred to as the

repository interbed in the analysis.

The elemental solubilities applied to the far-field brine at 25°C in the salt GDS far-field interbed are
shown in Table 3.1-6. As described in Section 3.1.2.6, these elemental solubilities are based on the data
and calculation from Wang and Lee (2010) and in Appendix C of this report. Elements C, Ra, Sr and Tc
are implemented as unlimited solubility in the far-field model because their solubility calculations have
not been completed. Sorption of radionuclides on the interbed filling medium is modeled with an
equilibrium Kd approach. The model parameters for radionuclide transport in the interbed for the
reference scenario are listed in Table 3.1-7. Element Pb is implemented as nonsorbing in the interbed
because analysis for its sorption behavior on the interbed filling materials has not been completed.
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Table 3.1-7. Far-Field Model Parameters for Radionuclide Transport
in the Underlying Interbed for the Reference Case of Salt GDS Model
Parameter D'St.lf;::,l::'on Parameter Value and Description Source
Thickness Constant Tm
. Vaughn et al.
Porosity Constant 0.01 (2000)
Density Constant | 2500 kg/m®
Brine Flow Rate Sample from 100 time-dependent flow | Section 3.1.3 of
N/A o -
(m/yr) rate histories this report
I[_)(_)ngltuql_nal Constant 10% of flow conduit length
ispersivity
Kd for radioelements (mL/g):
U Uniform 0.2 (min); 1 (max)
Pu Uniform 70 (min); 100 (max) Lappin et al.
Np Uniform 1 (min); 10 (max) (1989);
Am Uniform | 25 (min); 100 (max) McKinley and
X — Scholtis (1992);
Th Uniform 100 (min); 1000 (max) Muller et al.
Tc Uniform 0 (min); 2 (max) (1_981 );
Cs Uniform | 1 (min); 20 (max) Tien et al. (1983)
Sr Uniform 1 (min); 80 (max)
Ac,Cm Log-uniform | 5 (min); 500 (max)
C Uniform 0 (min); 0.6 (max) McKinley and
Nb, Pd Constant 0.1 Scholtis (1992)
’ (Kd values
Pa Log-uniform | 1 (min); 500 (max) reduced by a
Sb Constant 10 factor of 10 to
: , account for the
Se Uniform 0.2 (min); 0.5 (max) high salinity of
Sn Uniform 2 (min); 10 (max) brine.)
Zr Log-uniform | 3 (min); 500 (max)
Cl, 1, Pb Constant 0 (no sorption)

The salt GDS model assumes that the interbed extends well beyond the repository boundary.
Radionuclides are transported in the interbed by advection and diffusion to a distance of 5 km down-
gradient from the edge of the repository, where it is assumed that contaminated brine is released to an
aquifer and a “hypothetical” drinking water pumping-well (biosphere) withdraws water from the aquifer.
This portion of the interbed is referred to as the far-field interbed in the analysis.

3.1.2.8

Biosphere Model

Radiation exposure, or dose, to a receptor in the biosphere is used as a performance metric for the all of
the GDS analyses. The salt GDS model includes a hypothetical reference biosphere that is assumed to be
located at 5-km down-gradient from the salt GDS boundary. The International Atomic Energy Agency’s
(IAEA) BIOMASS Example Reference Biosphere 1B (ERB 1B) dose model (IAEA 2003) is used to
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convert the dissolved radionuclide concentrations in groundwater at a hypothetical drinking well location
to an estimate of annual dose to a receptor based on drinking well water consumption. The ERB 1B is
deliberately designed to be very simple, being focused on a simple biosphere system and single exposure
pathway. It is characterized by a drinking water well bored through the overburden into an aquifer that
has been contaminated by radionuclide releases from the repository. Previous experience from more
comprehensive biosphere modeling studies has shown that a drinking water well may sometimes
represent a significant or even, depending on other aspects of the assessment context, a dominant pathway
for release and exposure (IAEA 2003). The ERB 1B dose model calculates dose to the receptor using
Equations 4-27 through 4-30.

The model assumes a dilution rate of 1x10* m*/yr in the aquifer and an individual water consumption rate
of 1.2 m’/yr (IAEA 2003). For the above dilution rate, the far-field interbed brine is assumed to be diluted
to a potable level. It is assumed that recharge in the interbed and aquifer would sustain the well
withdrawal rate for the full duration of the simulation. The ERB 1B parameters used to represent the salt
GDS biosphere are provided in Table 3.1-8.

Table 3.1-8. IAEA ERB 1B Parameters for the Salt GDS Biosphere

Aquifer dilution rate: 1.00E+04 m3/yr
Well-water consumption rate: 1.2 m3/yr
ERB 1 Dose Coefficient

Isotope Sv/Bq Isotope Sv/Bq
e 0.00E+00 #2py 2.40E-07
1Am 2.00E-07 Ra 2.17E-06
3Am 2.01E-07 Ra 0.00E+00
“c 5.80E-10 125Sb 0.00E+00
el 9.30E-10 se 2.90E-09
*°Cm 2.15E-07 12631 4.70E-09
3Cs 2.00E-09 Ogr 3.07E-08
cs 1.30E-08 ®Tc 6.40E-10
129) 1.10E-07 29Th 6.13E-07
“Nb 0.00E+00 20Th 2.10E-07
SN 1.11E-07 2321, 1.06E-06
#1pg 1.92E-06 22y 0.00E+00
21%pp 0.00E+00 23y 5.10E-08
%7pq 3.70E-11 24y 4.90E-08
28py 2.30E-07 25y 4.73E-08
2¥py 2.50E-07 2%y 4.70E-08
#0py 2.50E-07 8y 4.84E-08
#py 0.00E+00 B7r 1.22E-09

Source: IAEA 2003, Table C.5.
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Note that applying the ERB 1B dose model at the boundary location is an arbitrary modeling choice to
produce the uniform performance measure for comparative studies of the considered GDS options and
does not indicate any realistic dose implications. In addition, the determination of the dose model
parameter values and resulting dose conversion factors does not depend on the GDS, but rather on the
biosphere beyond the GDS, the habits of the population in that biosphere, and potentially the regulatory
framework. A variety of biospheres and local populations could be present over a given GDS and the
resulting dose conversion factors may vary significantly. Therefore, the results presented in this report
should not be construed as being indicative of the true performance of the GDS options or compared to
any regulatory performance objectives regarding repository performance.

3.1.2.9  Disturbed Scenario Analysis

The salt GDS disturbed scenario is designed to analyze the impact of an atypical process that provides a
fast pathway for radionuclide release to the far field and the effect of the far-field performance in
response to the fast-pathway releases. The current salt GDS model uses a “stylized”” human intrusion for
the disturbed scenario (Figure 3.1-1). The scenario assumes that a single borehole penetrates a waste
package and a pressurized brine reservoir below the repository at 1,000 yr after repository closure and
provides a fast pathway for dissolved radionuclides to the overlying aquifer. In a “tight” repository
environment, such as in a salt repository, waste packages are expected to be isolated by consolidated salt
rock as a result of salt creep deformation, thus limiting the inventory available for release from the human
intrusion scenario. To capture this effect, the number of waste packages affected (one penetrated plus, if
any, neighboring packages affected) is randomly sampled between one and five (uniform distribution).
This represents the total amount of waste inventory that becomes available for the fast pathway release by
the human intrusion scenario.

The associated processes for the fast pathway release are specific to the geologic settings and features of a
salt GDS. Unlike the reference (or undisturbed) scenario, the human intrusion scenario assumes that the
waste packages that are affected remain intact until a borehole penetration occurs and that, once it has
occurred, affected waste packages and waste form canisters inside the waste packages provide no barrier
performance. The waste forms inside affected waste packages start to degrade when the human intrusion
occurs (i.e., 1,000 yr after repository closure). This is a reasonable approach considering that the scenario
is to analyze the impacts of a potential fast pathway for the affected inventory (typically much smaller
than the reference scenario) and the far-field performance in response to the event. The modeling
assumption will be refined as the model and analysis progress.

Dissolved radionuclides from the affected waste packages are carried upward through the borehole by
pressurized brines from the repository and brine pocket, and released to an overlying carbonate aquifer.
The steady-state brine flow rate through the borehole is sampled between 0.1 and 5.0 m*/yr (uniform
distribution). The overlying aquifer is assumed to comprise primarily dolomite matrix with clays
dispersed in the matrix. The current human intrusion scenario does not consider the potential dose impacts
of the waste that could be brought up directly to the surface as a result of the drilling activities as the
analysis is designed to evaluate the impact of the geosphere and system responses to human intrusion.
The model assumes that location of the borehole penetration in the repository is uncertain, and does not
consider the distance from the penetration location to the repository boundary.

The mass of radionuclides released to the overlying aquifer are evaluated against the solubility for the far-
field dilute brine (Table 3.1-6). If the concentrations of radionuclides exceed their solubility limits, the
excess mass of the radionuclides precipitates out of the water and remains as a solid until it dissolves back
to the water. The dissolved radionuclides are transported in the aquifer to a hypothetical drinking well
location 5 km down-gradient from the repository boundary. Sorption of radionuclides on the aquifer
filling medium is modeled with an equilibrium Kd approach. Table 3.1-9 lists key transport parameters
and their values for the overlying aquifer. Element Pb is implemented as nonsorbing in the assumed
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carbonate aquifer because analysis for its sorption behavior on the aquifer filling materials has not been
completed. As for the reference scenario analysis, the same hypothetical biosphere is assumed to exist at

that location, and the reference biosphere model (IAEA ERB 1B model) (IAEA 2003) is applied to

calculate the dose.

Table 3.1-9. Far-Field Parameters for Overlying Carbonate Aquifer for the Disturbed Scenario

Parameter D'St.lf;:::::'on Parameter Value and Description Source
Aq_u ter Constant 4 m
Thickness :
Lappin et al. (1989),
Matrix Porosity Uniform 0.07 (min); 0.3 (max) Table E-6; Brush and
Bulk Density Constant 2800 kg/m® Storz (1996)
Matrix Tortuosity Uniform 0.03 (min); 0.5 (max)
Brine Flow Rate
Upward through Uniform 0.1 (min); 5.0 (max) Helton et al. 1998
Borehole (m3/yr)
Aquifer Water . . Helton et al. (1998),
Flow Rate (m/yr) Log-uniform 3.15E-03 (min); 3.15E+01 (max) Figure 12.1.1
Ilagngltughpal Constant 10% of flow conduit length
ispersivity

Kd for radioelements (mL/g):

U Uniform 0.03 (min); 20 (max)
Pu Log-uniform 20 (min); 1.0E+04 (max)
Np Log-uniform 1 (min); 200 (max)
Am Uniform 20 (min); 400 (max) (B1rg§2);and Storz
Th Log-uniform 7.0E+02 (min); 1.0E+04 (max) Muller et al. (1981);
Tc Triangular | O (min); 50 (mode); 100 (max) _'?iz%pg:% ft(% 8(;;983)?
Cs Triangular 40 (min); 500 (mode); 3000 (max)
Sr Triangular 5 (min); 13 (mode); 4.0E+04 (max)
I Uniform 0.01 (min); 100 (max)
Ac, Cm Log-uniform 100 (min); 1.0E+05 (max)
C Log-uniform 1.0E-04 (min); 2000 (max)
Nb Constant 10
Pa Log-uniform 10 (min); 1000 (max) _ _
Pd Uniform 4 (min); 100 (max) I(\glgggley and Scholtis
Sb Constant 100
Se Uniform 1 (min); 8 (max)
Sn Log-uniform 50 (min); 700 (max)
Zr Log-uniform 10 (min); 8300 (max)
Cl, Pb Constant 0 (no sorption)
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3.1.3 Brine Flow Analysis

Once heat-generating UNF and/or HLW are emplaced in a salt repository, it is likely that moisture in the
surrounding materials will be driven out by the heat, forming a dry-out region around the waste (Hansen
and Leigh 2011). This section documents an analysis that was conducted to evaluate how long this dry-
out region around the waste could persist and to estimate brine flow rate out of the waste disposal area
and in the underlying interbed. The brine flow rates resulting from this analysis are abstracted and input to
the salt GDS analysis.

3.1.3.1  Approach

The BRAGFLO software (Nemer 2007) is currently used to model the brine and gas flow in and around
the WIPP. BRAGFLO models two phase flow through porous media and includes the effects of many
other processes such as gas generation from iron corrosion and rock compressibility. BRAGFLO was
used to evaluate the persistence of the dry-out region in this analysis.

The NUTS software (Gilkey 2006) simulates the transport in and around the WIPP. NUTS draws on the
flow fields determined by BRAGFLO and utilizes a tracer to track the flow of the fluid of interest. NUTS
was used to determine the brine flow from the waste package to the surroundings and to determine the
portion of the brine that has contacted waste.

3.1.3.2 Model Geomeftry

The initial geometry for the brine flow analysis is a 6 m by 6 m by 12 m alcove completely filled with
38% porosity crushed salt and a 1.6 m diameter, 5.5 m length waste package placed against the back wall
(Figure 3.1-2). After the placement of the waste package in the alcove, it is assumed that the crushed salt
dries out due to the elevated temperatures and subsequently reconsolidates to a final porosity of 1%. This
is reasonable given the rapid consolidation time relative to repository timeframes. Elevated temperatures
would increase the consolidation process (Hansen and Leigh 2011). Taking into account the
reconsolidation of the crushed salt and the creep of the surrounding salt rock, the final alcove dimensions
were determined to be 4.8 m by 4.8 m by 12 m, assuming that the length of the alcove remained the same
(Figure 3.1-2). To convert the waste package dimension to rectangular coordinates, the 1.6-m diameter
waste package was approximated as a 1.4-m by 1.4-m rectangular waste package to preserve the volume
of the waste package.

As the alcove is mined out, the surrounding rock is disturbed. The depth of the disturbed zone was
estimated by approximating the stress trajectories around the alcove and determining the maximum
distance between the stress trajectories and the alcove walls. Drawing a circle that connects the four
corners of the 6 m by 6 m alcove to represent the stress trajectories gives a maximum distance between
the circle and the edge of the alcove of 1.24 m. This depth was then multiplied by 135% to account for

12m 12m

6m 4.8m
N —> 6/’)

6m

4.8m

Figure 3.1-2. Illustration of Initial and Final Alcove Geometry
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surrounding intact rock that may have been disturbed by the drying, heating or reconsolidation processes.
The moisture from the disturbed zone is also assumed to be driven out by the elevated temperatures. The
disturbed zone is assumed to be completely reconsolidated at the commencement of the calculation
resulting in a dry intact salt material. This is reasonable given the rapid reconsolidation time relative to
repository timeframes. For this analysis, the alcove was placed in the center of a salt bed with a 260 m
vertical dimension and 1,035 m horizontal dimension, with impermeable layers both above and below the
salt bed. A horizontal anhydrite layer (interbed) was connected to the lower disturbed zone. The
boundaries were selected to be far enough away from the alcove so as not to influence the calculations
near the alcove over the duration of the numerical simulation.

The primary objective in creating the modeling grid is to capture the effects of potential brine flow into
the initial dry-out region. This can be accomplished by using a vertical two-dimensional (2D) grid,
oriented along the length of the alcove (Figure 3.1-3). The grid is shown as a logical grid in Figure 3.1-3,
with the length (Ax), width (Az) and height (Ay) of each grid cell indicated (in meters). A technique of
“radial flaring” was used to capture three-dimensional (3D) flow effects. The width of each grid cell
increases with distance away from the center of the alcove, simulating the convergent or divergent flow
centered on the alcove.

Ay
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Figure 3.1-3. Long-term Brine Flow Grid Used in Analysis
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The resulting grid contains six different materials: (1) impermeable (gray); (2) saturated intact salt (light
blue); (3) dry intact salt (yellow); (4) dry reconsolidated crushed salt (light yellow); (5) waste material
(pink); and (6) interbed (or marker bed) (blue). The properties of an anhydrite layer were used for the
interbed material.

Two locations were selected to obtain for the brine velocity information for use in developing the
abstraction to be used in the salt GDS (Figure 3.1-3): (1) brine velocities from the repository chosen at the
edge of the initial dry-out region right below the waste disposal area; and (2) brine velocities in the
underlying interbed chosen at 8 m from the edge of initial dry-out region. The 8-m brine velocities were
used for the far-field interbed brine velocities. This is conservative because brine velocities are expected
to decrease with the distance from the repository due to increased spread-out of brines with distance and
associated pressure drop.

3.1.3.3 Initial Conditions

The initial conditions were chosen to represent a dry, low pressure state for the alcove and waste material,
with a saturated, high pressure state for the surrounding formation. The initial brine pressures in the dry-
out regions and waste package were set to a range from atmospheric to lithostatic pressure. The waste
package was set to initially be completely dry (0% brine saturation), while the dry-out regions were given
a range of initial brine saturations from 0.15% to 10%. A range was used so that the sensitivity of the
results to the initial pressure and brine saturation of the dry-out region could be determined. For the
impermeable, intact salt and interbed materials, the initial brine pressures were set to correspond to the
lithostatic pressure, which is based on the relative depth, and initial brine saturations were set to 100%,
which is consistent with the characterization of intact salt. The initial amount of iron present in the alcove
was determined by assuming that the outer 0.05 m of the waste package was iron. A 1.6-m outer diameter,
5.5-m long, 0.05-m thick annulus of iron would contain 1.34 m® of iron. Using a density of 7,870 kg/m’,
the total initial mass of iron (10,500 kg) was calculated. For the brine outflow tracer calculations, an
initial tracer concentration of 1 kg/m® was used in the waste area. This is somewhat arbitrary as
contaminated brine concentrations will be determined relative to this initial tracer concentration.

3.1.3.4 Model Parameters

There is a significant amount of uncertainty associated with characterizing the physical properties of
geologic materials. Properties such as permeability and porosity are usually measured indirectly and can
vary significantly depending on location. This uncertainty is dealt with by running multiple realizations in
which the values of uncertain parameters are varied. For this analysis, a range of values were used for

19 parameters (Table 3.1-10). The LHS software (Vugrin 2006) was used to create 100 distinct
parameters sets that span the full range of parameter uncertainty.

The properties used for the impermeable, intact salt and interbed materials in this analysis correspond to
the properties used in the WIPP analysis (Clayton 2010). The dry intact salt and dry reconsolidated
crushed salt material properties were aligned with the intact salt material properties, except the
permeability was increased by a factor of one thousand. The ranges of the initial pressure and saturation
of the dry-out region, the waste material permeability and porosity, and the iron corrosion rate were
chosen to be able to determine the sensitivity of the results to these input values. The iron corrosion rate
was converted from a corrosion depth rate to a volumetric rate by multiplying by the waste package
surface area times a 1.2 factor intended to account for surface roughness.
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Table 3.1-10. Ranges and Distributions Used for Uncertain Parameters

Parameter IB':‘l'Jvr?; gggﬁ; Dlst;;t;uetlon Unit
Intact Salt Permeability 1.0E-24 1.0E-21 Log-uniform m?
Intact Salt Porosity 0.001 0.0519 Log-uniform none
Intact Salt Compressibility 3.0E-12 2.0E-10 Log-uniform Pa’
Relative Permeability Model vGP BC 50/50 split none
Dry Intact Salt Permeability 1.0E-21 1.0E-18 Log-uniform m?
Dry Intact Salt Porosity 0.001 0.0519 Log-uniform none
Dry Intact Salt Compressibility 3.0E-12 2.0E-10 Log-uniform Pa™
Dry Crushed Salt Permeability 1.0E-21 1.0E-18 Log-uniform m?
Dry Crushed Salt Porosity 0.001 0.0519 Log-uniform none
Dry Crushed Salt Compressibility 3.0E-12 2.0E-10 Log-uniform Pa™
Initial Pressure of Dry-out Region 1.01E+05 1.48E+07 Uniform Pa
Initial Saturation of Dry-out Region 0.015 0.1 Uniform none
Interbed Permeability 1.0E-21 1.0E-17 Log-uniform m?
Interbed Porosity 0.006 0.017 Uniform none
Interbed Lambda 0.5 0.85 Uniform none
Interbed Residual Brine Saturation 0.005 0.2 Log-uniform none
Waste Material Permeability 1.0E-15 1.0E-12 Log-uniform m?
Waste Material Porosity 0.01 0.05 Uniform none
Waste Package Iron Corrosion Rate 3.17E-16 3.17E-14 Log-uniform m/s

3.1.3.5  Analysis Results and Brine Flow Rate Abstraction

The analysis is to evaluate the persistence of the dry, low pressure region surrounding the waste package.
It also analyzed the amount of brine that enters the dry-out region from the surrounding formations, the
pressure in dry-out region, and the amount of brine that exits the dry-out region. The final results for the
brine outflow rate histories were abstracted for each of the 100 distinct parameters sets, and input to the
salt GDS analysis. The analysis results are summarized as follows:

Brine flow into the dry-out region begins as early as approximately 1 yr, with all parameter sets
showing brine inflow by about 100 yr. Some of the parameter sets show up to 29 m’ of brine entering
the dry-out area, with the majority indicating that on the order of ~3 m’ of brine enters the dry-out
region after about 1,000 yr.

As brine enters the dry-out region, it can react with the iron in waste package, causing it to corrode
and produce gas. The brine inflow and gas production trigger an increase in the pressure in the dry-
out region. The pressure in the dry-out region begins to increase as early as about 1 yr, with the
majority of the parameter sets showing an increased pressure by 1,000 yr. The pressures at
1,000,000 yr can be near the surrounding lithostatic pressure of 14.8 MPa at repository elevation.

When the pressure in the dry-out region is above the surrounding pressure, there is flow out of the
dry-out region. Brine flow out of the dry-out region begins as early as ~100 yr. The total brine flow
out of the dry-out region is 3 to 4 times less than the total brine flow into the dry-out region. Some
brine is consumed during the generation of gas by corrosion.
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e Not all of the brine that flows into the dry-out region contacts the waste and dissolves radionuclides.
Likewise, not all of the brine that flows out of the dry-out region boundary has contacted the waste
and is contaminated with dissolved radionuclides. In order to estimate the flow rate of contaminated
brines flowing out of the dry-out region, a tracer with a unit concentration was applied to the brine in
the waste disposal area. Then the maximum concentration of the tracer outside of the dry-out region
was determined as a function of time. The analysis showed that the tracer concentration is
significantly delayed and decreases with distance, and that the contaminated brine from the waste
disposal area is limited to the immediate area of the dry-out region. The majority of the brine that
flows out of the dry-out region has not mixed with the waste disposal area brine.

o The analysis showed that interbed permeability is the only interbed property to which the results are
noticeably sensitive. The analysis results also showed that the main driver for brine flow is the
pressure gradient and more than sufficient brine enters the dry-out region to saturate and pressurize
the dry-out region between 1 and 1,000 yr.

The time-dependent velocity of the contaminated brine flowing out the repository and interbed was
determined and used in the salt GDS performance analysis. This was determined by dividing the
volumetric brine flow out of the dry region by the projected area of the pores, all multiplied by the
concentration of the tracer. The projected area of the pores was calculated as the area of the grid cell
perpendicular to the brine flow times the porosity of the interbed.

Figure 3.1-4 shows the results of the brine velocity histories from the repository and underlying interbed
that are abstracted into the salt GDS model. For each location, a set of 100 flow rate histories (or 100
realizations) were calculated to represent the uncertainty in the brine flow rate that is derived from the
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input parameter uncertainties (Table 3.1-10). The velocities are lower the further from the dry-out region
due to the dilution of the surrounding uncontaminated brine. As the brine flow rates are very low for most
of the realizations, especially in the interbed, radionuclide release and transport from a salt GDS would be
dominated by diffusion as discussed in the model demonstration (Section 3.1.4).

The flow rate histories are implemented in the salt GDS model as a look-up table. The histories are
sampled randomly in the GDS performance analysis, having the histories at the two locations perfectly
correlated.

314 Model Demonstration

This section discusses analysis of the capability demonstration for the current version of the salt GDS
model. The model results are presented in terms of the mean radionuclide mass release rate from the near
field and far field as the intermediate metrics of performance, and the mean annual dose (mrem/yr) by
individual radionuclide at the hypothetical accessible environment. The current model is part of an on-
going effort to develop the capability of modeling the repository performance of a nuclear waste
repository located in a generic salt host rock. Further improvements and refinements will be made as
information from other UFD work packages (e.g., Natural System, EBS) matures. These further
improvements and technical detail will be implemented in the GPAM described in Section 4 rather than in
the salt GDS model, which will be retired. The use of the mean annual dose is an arbitrary choice to
present and discuss the analysis results in order to facilitate a consistent and useful comparison among
GDS options. The scientific basis for the results presented is immature, therefore should not be utilized
for decision making at this time. The purpose remains a demonstration of modeling capability and as such
represents a first look at viability. As the pedigree of the baseline matures, use for decision analysis, GDS
option screening, and regulatory comparisons will be appropriate and remains a future goal.

The salt GDS model was implemented in GoldSim (GoldSim Technology Group 2009). The model
demonstration was performed probabilistically, with 100 realizations for each case and over a time period
of 1,000,000 yr.

3.1.4.1  Reference Scenario Analysis

This subsection discusses the model results for the reference scenario. Two repository waste inventory
cases are considered for the analysis. For the reference scenario (undisturbed scenario), the waste
inventory for Case 1 comprises the commercial UNF and DHLW. The waste inventory for Case 2
comprises the DHLW and hypothetical CHLW of the commercial UNF. As discussed in Section 3.1.2.2,
the following assumptions are made for the hypothetical CHLW: (1) Ninety nine percent (99%) of
uranium and plutonium are recovered from the commercial UNF inventory, and all others including
transuranic elements and fission products remain in the waste stream; (2) CHLW contains the same
radionuclides as in the DHLW; and (3) CHLW is encapsulated in borosilicate glass at the same
radionuclide mass loading as for the DHLW.

Waste Inventory Case 1 takes a square repository footprint with a side of 3,270 m for disposal of a total of
37,157 waste packages (32,154 commercial UNF waste packages plus 5,003 DHLW waste packages)
(Section 3.1.2.2). Inventory Case 2 needs a smaller square repository footprint with a side of 1,615 m for
a total of 9,058 waste packages (5,003 DHLW waste packages plus 4,055 CHLW waste packages)
(Section 3.1.2.2).
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3.14.1.1 Waste Inventory Case 1

Figure 3.1-5 shows the model results for the mean advective and diffusive radionuclide mass release rate
from the repository for Waste Inventory Case 1 (commercial UNF plus DHLW) of the reference scenario.
As expected from the very low calculated brine flow rates from the repository (Figure 3.1-4), the release
rates are dominated by diffusion and contribution from advection are negligible. As discussed in

Section 3.1.2.6, sorption of radionuclides is not considered in the near field and interface rock below
repository, so even these releases are over-estimated. “>Th shows the highest mean release rate by both
diffusion and advection, followed by 2Py and *°Cs. The mean release rate of >’ (nonsorbing, mobile
radionuclide with unlimited solubility and a very long half-life) becomes important at later times (after
about 10° yr). The broken curves shown for some radionuclides (e.g., >*’Np, *'°Pb, **°Ra, **Ra, etc.) in the
bottom figure are due to the back-diffusion (negative mass flux) and the inability to present negative
values on a log plot.

Figure 3.1-6 shows the mean advective and diffusive release rates from the underlying interbed at the
boundary of the repository footprint. Consistent with the conceptual model, radionuclides are transported
into the underlying interbed over its entire length that underlies the repository (see Section 3.1.2.1 for the
conceptual model discussion). As for the release from the repository, the mean diffusive release rate is
much greater than the mean advective release rate. Sorption of radionuclides on the interbed filling
materials is considered in the interbed, and '*°I (nonsorbing and unlimited solubility) becomes the
dominant radionuclide released.

Figure 3.1-7 shows the mean advective and diffusive release rates from the far-field interbed at 5 km from
the edge of the repository. Transport of radionuclides in the far-field interbed is similarly dominated by
diffusion and is greatly retarded by sorption on the interbed filling materials. The calculated mean release
rates are so low that there would be no meaningful consequence for the repository performance under this
scenario and for this waste inventory case. This is demonstrated by the negligibly small mean annual dose
at the hypothetical accessible environment shown in Figure 3.1-8.

3.14.1.2 Waste Inventory Case 2

Compared to Waste Inventory Case 1 (commercial UNF plus DHLW), Waste Inventory Case 2 (DHLW
plus hypothetical CHLW) requires a smaller number of waste packages (9,058 waste packages vs. 37,157
waste packages) and one-fourth of the repository footprint area. This in turn results in a smaller volume of
near field and available near-field water, and higher concentrations of soluble radionuclides (such as '*T)
in the near-field water provided solubility limits are not exceeded. Because of the assumptions made for
the hypothetical CHLW (Section 3.1.2.2), the fission products inventory on a per-waste package basis is
higher than that for Waste Inventory Case 1. For example, each CHLW waste package contains about
7,500 g of '°I, which is about eight times greater than the per-waste package inventory mass of the
radionuclides of commercial UNF. In addition, the fractional degradation rate of glass waste form (a
mean rate of 4.9x10™* per year) for the DHLW and CHLW is greater than the UNF degradation rate (a
mean rate of 1.5x107" per year) (Section 3.1.2.5), releasing a greater amount of radionuclides into the
near-field water per unit time. Note that both the DHLW and CHLW do not have **Cl inventory as
discussed in Section 3.1.2.2. The fuel cycle inventory analysis reports zero inventory for *°Cl for the
DHLW (Carter and Luptak 2010), and the analysis is currently under review to confirm the **Cl
inventory.



Generic Disposal System Modeling—
Fiscal Year 2011 Progress Report

August 2011

31

Mean Advective Mass Flux from Near-Field

LE+05 ¢
1E+08 1
1E+03 1
1E+02 {
1E+01 £
LE+00 {
1601 {
1602 {
1603 §
1604 {
1E05
1E06 {

Mass Flux (g/yr)

1607
1E08 {
1609
1610 +

1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05

Time (years)

1.0E+06

Ac-227
Nb-93

e PUu-242
Th-230

Am-241 Am-243  em—C-14 e CI-36 e CM-245 Cs-135 === (Cs-137
Np-237 === Pa-231 ==——=Pb-210 ===Pd-107 Pu-238 e Py-239 == Pu-240
e=———Ra-226 ~————Ra-228 ==—=5b-126 =————Se-79 ==Sn-126 == Sr-90 === Tc-99
Th-232 U-232 U-233 U-234 U-235 U-236 U-238

—|-129

—— Pu-241
Th-229
Zr-93

Mean Diffusive Mass Flux from Near-Field

LE+05 ¢
1E+04 {
16403 £
1E+02 {
1E+01
1E+00 {
1601 £
1E02 {
1603 {
1604
1E05 £

Mass Flux (g/yr)

1E06
1607
1E08 {
1609 £
1e-10 £

1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05

Time (years)

1.0E+06

o— AC-227
Nb-93

e Pu-242
Th-230

Am-241

Am-243 em—C-14 = CI-36

Cm-245 === (s-135 === (s-137

== Ra-226 = Ra-228 ==———5b-126 =——Se-79 m==Sn-126 === S5r-90 === Tc-99
== Th-232 U-232 U-233 U-234 U-235 U-236 U-238

Np-237 ===Pa-231 ===Pb-210 =—=Ppd-107 =—=Puy-238 ==—=Pu-239 =——=Py-240 =—=Pu-241

—-129

Th-229
Zr-93

Figure 3.1-5. Model Results for Waste Inventory Case 1 of the Reference Scenario:
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Figure 3.1-6. Model Results for Waste Inventory Case 1 of the Reference Scenario: Mean Advective and
Diffusive Release Rate from the Underlying Interbed at the Boundary of Repository Footprint
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Figure 3.1-7. Model Results for Waste Inventory Case 1 of the Reference Scenario: Mean Advective and
Diffusive Release Rate from the far-Field Interbed at 5 km from the Boundary of Repository Footprint
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Figure 3.1-8. Model Results for Waste Inventory Case 1 of the Reference Scenario: Mean Annual Dose
at the Hypothetical Accessible Environment at 5 km from the Boundary of Repository Footprint

Figure 3.1-9 shows the mean advective and diffusive radionuclide mass release rate from the repository
for Waste Inventory Case 2 of the reference scenario. Again the diffusive releases are much greater than
the advective releases. **Th is the dominant radionuclide in terms of the release rate from the repository
at early time, followed by 135¢Cs, 17pd, '*°T and *’Pu. *’Th becomes the dominant radionuclide after about
3x10° yr. The broken curves shown for some radionuclides in the diffusive release rate figure are due to
the back-diffusion (negative mass flux). Compared to the repository release rates for Waste Inventory
Case 1 (Figure 3.1-5), the release rates for Waste Inventory Case 2 are higher as the individual
radionuclide curves are shifted higher, although the dominant radionuclide (**Th) release rate remains
about the same as its dissolved concentration is limited by the solubility.

Figure 3.1-10 shows the mean advective and diffusive release rates from the underlying interbed at the
edge of the repository. The mean diffusive release rate is much greater than the mean advective release
rate. Because sorption of radionuclides on the interbed filling materials is modeled for the interbed, '*I
(nonsorbing and unlimited solubility) becomes the dominant radionuclide in terms of the mean release
rate from the interbed. Its release rates are one to two orders of magnitude greater than calculated for the
Waste Inventory Case 1 because of the factors discussed above (greater inventory and higher waste form
degradation rate).

Figure 3.1-11 shows the mean advective and diffusive release rates from the far-field interbed at 5 km
from the boundary of repository footprint. Diffusive transport of radionuclides in the far-field interbed is
greatly retarded by sorption on the interbed filling materials. Because it does not sorb, '*°I is the single
dominant radionuclide in terms of the mean release rate, but its calculated mean release rates are still
negligibly small. Because of the very low release rate of '*’I, there would be no meaningful consequence
for the repository performance under this scenario and for this waste inventory case. This is shown by the
calculable, but negligibly small mean annual dose by the radionuclide at the hypothetical accessible
environment (Figure 3.1-12).
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Figure 3.1-9. Model Results for Waste Inventory Case 2 of the Reference Scenario: Mean Advective and
Diffusive Release Rate from Repository
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Figure 3.1-10. Model Results for Waste Inventory Case 2 of the Reference Scenario: Mean Advective
and Diffusive Release Rate from the Underlying Interbed at the Boundary of Repository Footprint
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Figure 3.1-11. Model Results for Waste Inventory Case 2 of the Reference Scenario:

Mean Advective and Diffusive Release Rate from the Far-Field Interbed

at 5 km from the Boundary of Repository Footprint
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Figure 3.1-12. Model Results for Waste Inventory Case 1 of the Reference Scenario: Mean Annual Dose
at the Hypothetical Accessible Environment at 5 km from the Boundary of Repository Footprint

3.1.4.2  Human Intrusion Scenario Analysis

Similar to the reference (or nominal) scenario analysis, tWwo waste inventory cases are analyzed for the
disturbed (or human intrusion) scenario analysis. For simplification, Waste Inventory Case 1 considers
the situation in which only the commercial UNF waste packages are affected by the human intrusion
activity; for Waste Inventory Case 2, only the DHLW waste packages are affected. Consistent with the
conceptual model discussed in Section 3.1.2.1, the dissolved radionuclides that are released from the
affected waste package(s) into the near-field water are transported upward by pressurized brine from the
underlying pressurized brine reservoir through a borehole and released directly to the overlying aquifer.
The aquifer water flow rate is several orders of magnitude greater than the brine flow rate in the interbed,
and the radionuclides are transported advectively at much greater rates (Table 3.1-9 and Figure 3.1-4).
The model assumes that the location of the borehole penetration in the repository is uncertain and does
not consider the distance from the penetration location to the repository boundary. Refer to

Section 3.1.2.9 for the human intrusion scenario discussion.

3.14.2.1 Waste Inventory Case 1

Figure 3.1-13 shows the model results of the mean mass release rate from the repository through a
borehole that has penetrated the repository at 1,000 yr after repository closure. The release rate is at the
location where the borehole has penetrated the repository. The number of waste packages affected

(i.e., the amount of inventory that becomes available) by the human intrusion activity is sampled between
one and five (Section 3.1.2.9 for more detailed descriptions). ***U is the dominant radionuclide in term of
the mean release rate for the entire analysis time period. The dissolved ***U concentration in the near-field
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water is limited by the solubility for the entire analysis time period. **’Pu is the second dominant
radionuclide for up to about 8x10* yr, then **Nb, **U, **'Np, "**Cs and ***U become important by about
the same degree. *°Nb is a stable isotope and does not have dose consequence.

Figure 3.1-14 shows the mean mass release rate from the far-field overlying aquifer at 5 km from the
boundary of repository footprint. For most radionuclides, the far-field mean release rates are substantially
lower than the mean repository release rates due mainly to transport retardation by sorption on the aquifer
materials and dilution in the aquifer. 2**U shows the highest mean release rate for the entire analysis time
peri0(3ié except the very early time period for up to about 1,400 yr, for which the highest mean release rate
is by "Cl.

The calculated mean annual doses by individual radionuclides at the hypothetical accessible environment
are shown in Figure 3.1-15. Although the far-field mean mass release rate is dominated by ***U, other
radionuclides dominate in terms of mean annual dose at different times: '“C is the dominant mean annual
dose contributor for about first 3x10° yr; >*’Np is the dominant mean annual dose contributor from about
3x10° yr to about 3.5x10* yr and again from about 2x10° yr to the end of analysis (1,000,000 yr); and
9Py is the dominant mean dose contributor from about 3.5x10* yr to about 2x10° yr This is the result
mainly of much higher specific activity of the radionuclides ('*C: 4.47 Ci/yr, *°Pu: 0.06 Ci/yr, ***Pu:
0.004 Ci/yr, and >*"Np: 0.0007 Ci/yr) than >**U (3.4x10”" Ci/yr).
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Figure 3.1-13. Model Results for Waste Inventory Case 1 of the Human Intrusion Scenario:
Mean Release Rate from Repository
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Figure 3.1-14. Model Results for Waste Inventory Case 1 of the Human Intrusion Scenario: Mean release
Rate from the Far-Field Overlying Aquifer at 5 km from the Boundary of Repository Footprint
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Figure 3.1-15.

Model Results for Waste Inventory Case 1 of the Human Intrusion Scenario:

Mean Annual Dose at the Hypothetical Accessible Environment at 5 km
from the Boundary of Repository Footprint
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3.14.2.2 Waste Inventory Case 2

Figure 3.1-16 shows the mean mass release rate from the repository through a borehole that has
penetrated the repository at 1,000 yr after repository closure. The release rate is at the location where the
borehole has penetrated the repository. Unlike Waste Inventory Case 1, 2**Th has the highest mean release
rate until about 1.1x10° yr, thereafter ***U becomes dominant for the mean mass release rate and ***Th
remains as the second dominant radionuclide. The high mean release rate of 2**Th is the outcome of the
following factors: (1) high ***Th inventory in the DHLW (3.5x10* g per waste package); (2) higher
degradation rate of the glass waste form for the DHLW (mean fractional degradation rate of 4.9x10™* per
yr) than the UNF (mean fractional degradation rate of 1.5x107" per yr); and (3) higher solubility for
thorium (mean solubility of 1,080 mg/L) than uranium (0.03 mg/L) in the near-field brine. As for Waste
Inventory Case 1, dissolved ***U concentration in the near-field water is limited by the solubility for the
entire analysis time period.

The model results for the mean mass release rate from the far-field overlying aquifer at 5 km from the
boundary of repository footprint are shown in Figure 3.1-17. The far-field mean release rates are
substantially lower than the mean repository release rates because of transport retardation by sorption and
dilution in the aquifer. U has the highest mean release rate for the entire analysis time period except the
first 500 yr after the borehole penetration during which '*C is dominant. Although ***Th has the highest
mean repository release rate until about 1.1x10° yr and the second highest mean release rate thereafter, its
far-field mean release rate is very low except during the very late time period of the analysis (after about
8x10° yr). This is the result of strong sorption of thorium on the aquifer materials (Table 3.1-9). The *°U
releases are also important for the entire analysis time period, with its mean release rate being comparable
to that of >**U until up to about 1x10* yr. It is interesting to note that the "’Se mean release rate is
comparable to the **°U release rate until about 2.5x10* yr before it begins to decrease significantly. The
early high mean release rates for °Se are not seen for Waste Inventory Case 1, and this is caused by the
higher ’Se inventory in the DHLW (109 g "Se per DHLW WP versus 32 g "Se per UNF waste package,
see Tables 3.1-1 and 3.1-2) and the higher degradation rate of the glass waste form for the DHLW. %*"Np
and *Tc are also important contributors to the long-term mean release rate from the far field.

Figure 3.1-18 shows mean doses by individual radionuclides at the hypothetical accessible environment
located 5 km from the boundary of repository footprint. Similar to the Waste Inventory Case 1, although
38U is the dominant radionuclide for the far-field mass release rate for the entire analysis time period,
other radionuclides dominate in terms of mean annual dose at different time periods: '“C is the dominant
dose contributor until about 2.2x10° yr; ”Se is the dominant dose contributor from about 2.2x10° yr to
about 3.7x10" yr; *°Pu is the dominant dose contributor from about 3.7x10* yr to about 1.7x10° yr; and
*"Np is the dominant dose contributor from about 1.7x10° yr to the end of analysis (1,000,000 yr). This is
mainly the result of higher specific activity of the radionuclides (‘*C: 4.47 Ci/yr, ***Pu: 0.06 Ci/yr, ”Se:
0.015 Ci/yr, and >*’Np: 0.0007 Ci/yr) than >*U (3.4x107" Ci/yr).

The mean mass release rate and mean annual dose histories for the human intrusion scenario analysis are
very different from those for the reference scenario analysis. Compared to the reference scenario results,
the relative annual dose contributions by soluble, nonsorbing fission products, particularly '*’I, are much
lower than by actinides including *’Pu, ***Pu and >*’Np. The lower relative mean annual dose
contributions by the fission product radionuclides are due to their lower total inventory available for
release (i.e., up to five affected waste packages), and the higher mean annual doses by the actinides are
the outcome of the direct release of the radionuclides into an aquifer characterized by high water flow
rates, thereby resulting in an early arrival of higher concentrations of the radionuclides at the biosphere
drinking water well prior to their significant decay.
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Figure 3.1-16. Model Results for Waste Inventory Case 2 of the Human Intrusion Scenario:
Mean Release Rate from Repository
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Figure 3.1-17. Model Results for Waste Inventory Case 2 of the Human Intrusion Scenario: Mean
Release Rate from the Far-Field Overlying Aquifer at 5 km from the Boundary of Repository Footprint
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Figure 3.1-18. Model Results for Waste Inventory Case 2 of the Human Intrusion Scenario:
Mean Annual Dose at the Hypothetical Accessible Environment at 5 km
from the Boundary of Repository Footprint

3.1.5 Summary and Conclusions

Sections 3.1.1 through 3.1.4 document the current version of the salt GDS model and the preliminary
results for the purpose of demonstrating capability. The immediate goal of the generic salt repository
study is to develop the necessary modeling tools to evaluate and improve understanding on the repository
system response and processes relevant to long-term disposal of UNF and HLW in salt. The current
model represents a snap shot in the development process and will be further improved and refined as
information from other UFD work packages matures. The vehicle for making these technical
improvements will be the GPAM, which, because of its flexible architecture, will simulate repository
performance for a variety of host rock and waste form options and at varying levels of sophistication that
is appropriate to the applications at hand.

The current phase of the effort considered, where applicable, representative geologic settings and features
adopted from literature data for salt repository sites. The conceptual model and scenario for radionuclide
release and transport from a salt repository was developed utilizing literature data. The current salt GDS
model consists of four major model components: source term, near field, far field, and biosphere.
Specifically, the source-term and near-field model include the following components: (1) waste package
configurations, (2) inventory for different waste types, (3) repository layout, (4) waste form degradation,
(5) solubility of key radio-elements, (6) near-field volume, (7) repository waste inventory scenarios, and
(8) repository radionuclide release scenarios.
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The salt GDS model was developed in a probabilistic analysis framework. The example analysis for
demonstration of model capability is for an isothermal condition at the ambient temperature for the near
field.

The capability demonstration emphasizes key attributes of a salt repository that are potentially important
to the long-term safe disposal of UNF and HLW. The analysis presents and discusses the results showing
repository responses to different waste types (commercial UNF, existing DHLW, and hypothetical
CHLW), and radionuclide release scenarios (undisturbed and human intrusion). In addition, knowledge
gaps and paths forward for future R&D efforts to advance understanding of salt repository system
performance for UNF and HLW disposal are provided.

For the reference (or nominal or undisturbed) scenario, the brine flow rates in the repository and
underlying interbeds are very low, and transport of radionuclides in the transport pathways is dominated
by diffusion and greatly retarded by sorption on the interbed filling materials. '*’I (nonsorbing and
unlimited solubility with a very long half-life) is the dominant annual dose contributor at the hypothetical
accessible environment, but the calculated mean annual dose is negligibly small that there is no
meaningful consequence for the repository performance.

For the human intrusion (or disturbed) scenario analysis, the mean mass release rate and mean annual
dose histories are very different from those for the reference scenario analysis. Compared to the reference
scenario, the relative annual dose contributions by soluble, nonsorbing fission products, particularly "I,
are much lower than by actinides including **’Pu, ***Pu and *'Np. The lower relative mean annual dose
contributions by the fission product radionuclides are due to their lower total inventory available for
release (i.e., up to five affected waste packages), and the higher mean annual doses by the actinides are
the outcome of the direct release of the radionuclides in the aquifer with high water flow rates, thereby
resulting in an early arrival of higher concentrations of the radionuclides at the biosphere drinking water
well prior to their significant decay.

The salt GDS model analysis has also identified the following future recommendations and/or knowledge
gaps to improve and enhance the confidence of the future repository performance analysis.

e Repository thermal loading by UNF and HLW, and the effect on the engineered barrier and near-field
performance.

e Closure and consolidation of salt rocks by creep deformation under the influence of thermal
perturbation, and the effect on the engineered barrier and near-field performance.

e Brine migration and radionuclide transport under the influence of thermal perturbation in generic salt
repository environment, and the effect on the engineered barrier and near-field performance and far-
field performance.

e Near-field geochemistry and radionuclide mobility in generic salt repository environment (high ionic
strength brines, elevated temperatures and chemically reducing condition).

e Degradation of engineer barrier components (waste package, waste canister, waste forms, etc.) in a
generic salt repository environment (high ionic strength brines, elevated temperatures and chemically
reducing condition).

e Waste stream types and inventory estimates, particularly for reprocessing high-level waste.
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3.2 Granite GDS Model

The development of the granite GDS model and the preliminary model results are discussed in the
subsections of Section 3.2. For consistency between generic disposal environments, many of the
assumptions about model configurations developed for the salt GDS model (Section 3.1) were also
applied to the granite GDS model.

3.21 Introduction

The granite GDS model is comprised of two major components: the near field and the far field. The
granite GDS model adopts the near-field model template from the salt GDS model and incorporates an
additional submodel of radionuclide diffusion through the bentonite buffer around waste packages in the
near field. The far-field component of the granite GDS model is developed by incorporating the Finite
Element Heat and Mass Transfer (FEHM) code (Zyvoloski et al. 1997; Zyvoloski 2007) into the GoldSim
model (GoldSim Technology Group 2007).

The granite GDS model couples the near-field and the far-field components and a demonstration of
capabilities is presented using PA simulations. The versions of codes used for this study are GoldSim
(version 10.11) and FEHM (version 3.0). The model results were compared with simulation results

(SKB 2010) from the SKB for confidence-building purposes. Monte Carlo simulations with the combined
near- and far-field transport models were performed, and the model input parameter sensitivities were
evaluated. A subset of radionuclides that could be potentially important to repository performance was
identified and used as inventory. The analyses were conducted for two different repository radionuclide
release scenarios. The capabilities of the tool presented here are being incorporated into the GPAM
(Section 4) along with the capabilities of the models for the salt, clay, and deep borehole repository
options. Technical improvements and capture of increased fundamental science describing the repository
science associated with a generic granite host rock will in the future be developed within the GPAM
framework. Once developed, GPAM will be used to provide guidance on the development of strategy for
long-term disposal of UNF and HLW in a granite repository.

3.2.2 Model Description

The granite GDS model is comprised of two major components, the near field and the far field.

The near-field component encompasses waste form, the EBS, and the interface with the host rock. Note
that some of the subject matter experts consider differing refinements in identifying the system model
components (e.g. calling out the EBS as separate from the near field). These will be consistent in the
GPAM framework. In the current granite GDS model, the near-field component includes the following:

e Repository layout and waste package configurations

e Radionuclide inventory and waste form degradation

¢ Solubility control and radionuclide release from waste panels

e Solubility control at the near-field and far-field interface

The current version of the model considered two radionuclide release scenarios:
e Disturbed - Human intrusion

e Undisturbed - Diffusion through bentonite buffer

The far-field component represents contaminant transport through the natural system from the near-field
host rock to 100s or 1000s of meters; The FEHM code was coupled into the GoldSim system level model
to represent the far-field component; it includes:
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¢ Radionuclide decay and ingrowth

e Advection (residence time distribution (RTD)-based transport model, enable study of potentially very
heterogeneous domains)

e Matrix diffusion (Generalized Dual Porosity Model, diffusive exchange between flowing porosity and
surrounding rock matrix)

e Sorption
¢ Runtime input data altering program INPUTDAT

The granite GDS model is developed in GoldSim and couples the near-field and far-field components for
PA simulations. Uncertainty in the expected behavior of a generic granite repository requires that the
granite GDS model analyses be probabilistic in order to capture the likely range of potential outcomes.
The granite GDS model evaluates likely future outcomes by conducting Monte Carlo multi-realization
probabilistic simulations with LHS using probability distributions of uncertain parameters that may be
important to a generic granite repository performance.

Two radionuclide release scenarios were considered using the granite GDS model: a disturbed scenario
and an undisturbed scenario.

1. The disturbed scenario represents a situation that can be characterized using a fast pathway for
radionuclide release to the far-field, and is modeled as a stylized human intrusion. In this
implementation, the human intrusion scenario considers a single borehole penetration through a waste
package at 1,000 yr after repository closure. The number of waste packages destroyed (one penetrated
plus, if any, neighboring packages affected) is randomly sampled between one and five (uniform
distribution). This represents the total amount of waste inventory that becomes available for release to
an aquifer. This treatment of the human intrusion scenario does not consider a potential that waste
could be directly brought up to the surface as a result of the drilling activities.

2. The undisturbed scenario represents a situation that can be characterized by potential radionuclide
release resulting from a sequence of nominal processes that are expected to occur in a generic
repository. Diffusion through bentonite buffer is considered as one potential undisturbed release
process. Fractures in the surrounding granite may directly intersect some waste packages.
Radionuclides released from these waste packages may be transported to the aquifer through fast
fracture flows. The full inventory of breached waste packages that are intersected by a fracture
provides the source term in this scenario. The number of breach waste packages is treated with
uncertainty and is sampled between 0.1% to 1% of the total number of waste packages. The small
fraction of breached waste packages is consistent with detailed analyses from the SKB program
(SKB 2010).

Separate near-field models were developed and implemented for each of the two release scenarios. For
both scenarios, the near-field model does not consider potential barrier performance of the waste
packages, so the waste form starts to degrade and release radionuclides at time zero at the degradation rate
used.

3221 Overall Model Structure

The structure of the overall granite GDS model is shown in Figure 3.2-1. The near-field and far-field
models are coupled through the near-far interface (NF _interface) component. This implementation of the
model assumes that the repository is located in saturated granite with a chemically reducing environment
below the water table. Consistent with the current reference design, the granite repository is assumed to
have the same square footprint as the salt repository (Section 3.1.2.4) with 25-m spacing between
emplacement tunnels and 6 m between waste packages. The granite GDS model also includes the same
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three waste types—commercial UNF, DHLW, and CHLW—and the same 36 radionuclides as the salt
GDS model (Section 3.1.2.2). The granite GDS model assumes the same hypothetical biosphere as the
salt GDS model (Section 3.1.2.8), located 5 km from the repository edge. The granite GDS model
analysis runs 100 Monte-Carlo realizations for a time period of 1,000,000 yr.

The near-field model shown in Figure 3.2-2a includes the following major components:

o Waste form_degradation—Calculate radionuclide release rates from waste degradation based on the
assigned value of annual fraction waste form degradation rate.

e WF RN release—Calculate the radionuclide release rate to the near field as a function of waste form
degradation, radionuclide solubility, and available water volume in the near field.

e Repository config & In_Package volume—Calculate the near-field void volume (i.e., the near-field
water volume) of the granite GDS.

The far-field model shown in Figure 3.2-2b includes the far-field reactive transport model FEHM, which
is implemented in GoldSim as a DLL and is discussed in Section 3.2.2.6. The NF _interface component
shown in Figure 3.2-1 calculates the total radionuclide flux from the near field to the far field.

P—F

near_field RM_Inventory
\7g
MF _Interface \

Human_Intrusion

P
Far_Field \

g
@
@ InutDat_fehm

Results

Figure 3.2-1. Overview of Structure of Granite GDS Model
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Figure 3.2-2. Granite GDS (a) Near-Field and (b) Far-Field Model Component Structure

3.22.2 Waste Form
3.2.2.2.1 Waste Inventory

The waste inventory for the granite GDS model is the same as for the salt GDS model (Section 3.1.2.2),
based on a once-through fuel cycle waste inventory analysis (Carter and Luptak 2010). The three different
types of waste—commercial UNF, DHLW, and CHLW—are summarized below. Further details are
provided in Section 3.1.2.2.

Commercial UNF Inventory—A total of 140,000 MTU UNF is estimated to be discharged from reactors
(Carter and Luptak 2010). For the granite GDS near-field model, this total commercial UNF inventory is
represented by an equivalent inventory of 321,540 PWR assemblies. For the near-field model a single
waste package is assumed to contain 10 PWR assemblies, for a total of 32,154 waste packages containing
commercial UNF. The radionuclide inventory for commercial UNF is shown in Table 3.1-1.

DHLW Inventory—All existing DHLW is assumed to be immobilized in borosilicate glass logs. For the
granite GDS near-field model, the DHLW is assumed to be contained 25,016 canisters (Carter and Luptak
2010). Each waste package is assumed to contain 5 DHLW canisters, for a total of 5,003 waste packages
containing DHLW. The radionuclide inventory for DHLW is shown in Table 3.1-2.

CHLW Inventory—CHLW is assumed to be immobilized in the same borosilicate glass logs as DHLW,
but with greater concentrations of fission products than the DHLW. The total radionuclide mass of
CHLW is estimated to be 1,426 MT contained in a total of 20,276 canisters. The granite GDS near-field
model assumes that each waste package contains five CHLW canisters, for a total of 4,055 waste
packages containing CHLW. The radionuclide inventory for CHLW is shown in Table 3.1-3.

3.2.2.2.2 Waste Form Degradation

Waste form degradation for the granite GDS model is treated the same as for the salt GDS model (Section
3.1.2.5). For commercial UNF, the waste form is the UNF matrix, which is predominantly UO.. For the
DHLW and CHLW, the waste form is borosilicate glass. For both waste form types, the waste form
degradation in the granite GDS near field is modeled with an annual fractional degradation rate (i.e.,
fraction of remaining waste mass degraded per year), with a distribution that captures potential range of
degradation rates consistent with a generic granite host rock environment. The granite GDS near field is
expected and assumed to be in water-saturated and chemically reducing conditions with varying degrees
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of redox conditions of groundwater in contact with the waste form. The chemically reducing conditions
for the granite GDS are assumed to be same conditions as for the salt GDS. Therefore the same
probabilistic degradation rate models for the UNF matrix and for the borosilicate glass were used
(Section 3.1.2.5). As more information becomes available these may diverge in future analyses.

3223 Waste Package
3.2.23.1 Waste Package Configurations

The waste package configuration for the granite GDS near-field model is the same as was assumed for the
salt GDS model (Section 3.1.2.3), based on the waste cask design for SNF of the German salt disposal
program (Janberg and Spilker 1998). The outer diameter of a waste package with bentonite buffer
(0.36-m thickness) is 1.56 m, and the outer length is 5.5 m. Each waste package is assumed to hold

10 PWR commercial UNF assemblies, 5 DHLW canisters, or 5 CHLW canisters. Note that current
thermal analyses suggest this will be too hot and that the model will need to be revised. The granite GDS
analysis does not consider performance of waste package. Future conceptualizations are expected to take
into account difference in waste package designs (and barrier potential) that might take advantage of the
differing environments among salt, granite, and clay.

3.2.23.2 Reference Repository Layout

The reference repository layout for the granite GDS model is assumed to be the same square footprint as
used in the salt GDS model (Section 3.1.2.4). The square repository footprint can be calculated from
Equation 3.1-1 based on the number of waste packages, the length of waste package (5.5 m), the spacing
between waste packages (6 m), and the spacing between emplacement tunnels (25 m). As for the salt
GDS model, the waste package spacing and emplacement tunnel spacing were taken from the SKB
repository design (Claesson and Probert 1996, SKB 2006).

3.2.2.3.3 Source-Term Water Volume

As described in Section 3.1.2.5, waste form degradation is assumed to release radionuclides into a large
uniformly mixed container representative of the source-term water volume. The dissolved concentrations
of radionuclides in the source-term mixing cell are then calculated based on the mass of the degraded
radionuclides, the source-term water volume, and the radionuclide solubility. In the granite GDS model,
the source-term bulk volume includes all of the degraded waste package materials (e.g., waste form,
waste package internal materials, waste package, and bentonite buffer). This is a reasonable assumption
for the granite GDS scoping analysis, considering that waste package performance is not taken into
account and that the entire waste inventory becomes available from the beginning of analysis for
interactions with the near-field environment releasing radionuclides into the near field. Note that this is a
smaller source-term volume than is used in the salt GDS model, which assumes that the entire near field
is included in the source-term volume (Sections 3.1.2.5 and 3.1.2.6).

3.2.2.4  Engineered Barrier System (EBS)

Bentonites have been proposed as buffer material for geological disposal of radioactive waste. In a water-
saturated environment, the fluid in the bentonite buffer is almost static because of the very low
permeability in the medium, and the advective transport through it is negligible (SKB 2010). The only
significant transport process in the near field is the diffusion of radionuclides through the bentonite buffer
coupled with radionuclide sorption to bentonite material. The granite GDS near-field model does not
consider the potential performance benefits of waste packages; that is, waste forms start to degrade at
time zero. This is a conservative assumption. The granite GDS near-field model includes a 0.36-m-thick
bentonite buffer outside the waste package; the remaining space is filled with granite rock. The
radionuclides are released through diffusion out of the bentonite buffer and into the intersected fracture.
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The bentonite buffer properties, diffusivities, and sorption coefficients that affect the transport of key
radionuclides are listed in Table 3.2-1.

3225 Near Field

The near field represents physical domains and flow paths that control waste form dissolution, release of
radionuclides, and radionuclide transport prior to radionuclides reaching the far field. Because the near-
field thermal evolution information is not available, the implementation assumes an isothermal near field
at an ambient temperature of 25°C. The current implementation of the granite GDS near-field model does
not include waste package barrier performance or an EDZ. The near-field host rock is represented by
granite bed rock with porosity range from 0.0005 to 0.01. Near-field model parameters are listed in

Table 3.2-2.

Radionuclide solubility is an important parameter that controls dissolved concentrations of mobilized
radionuclides in groundwater. Radionuclide solubility is affected at varying degrees by various
geochemical conditions, including redox condition of contacting water, temperature, pH, and presence
and concentration of other dissolved species. Because solubility analysis for representative groundwater
for a generic granite repository site was not available, the granite GDS analysis considered the same two
redox conditions for groundwater that were used in the salt GDS model (Section 3.1.2.6): (1) chemically
reducing conditions based on a concentrated brine, and (2) less reducing or slightly oxidizing conditions
based on a dilute brine. Because of expected thermal effects and the resulting concentration of the near-
field groundwater in a granite GDS, the reducing-condition, concentrated brine is assumed to represent
the groundwater in the granite GDS near field, and the less reducing or slightly oxidizing dilute brine is
assumed to represent the groundwater in the granite GDS far field. The near-field water may experience
elevated temperature conditions from the thermal perturbations caused by the decay heat of emplaced
waste, but the current granite GDS model assumes the site ambient temperature (25°C) because the near-
field thermal evolution information is not currently available and the thermal transients will be short lived
with respect to the time frames involved and restricted spatially. Thermal aspects will be considered in the
future as associated necessary information becomes available from other UFD work packages. The
resulting elemental solubilities of key radionuclides used in the granite GDS analysis are given in

Tables 3.2-3 and 3.2-4. The granite GDS elemental solubility values for U, Pu, Am, Np, Th, and Sn,
derived from Wang and Lee (2010), are the same as for the salt GDS model. However, the elemental
solubilities for Ac, C, Cl, Cm, Cs, I, Nb, Pa, Pd, Ra, Sb, Se, Sr, and Zr are all assumed to be unlimited in
the granite GDS model. The current information is adequate from demonstrating capability and the
solubility behavior in the granite GDS model will be replaced with behavior that is more representative of
a granite environment as information becomes available.

3.2.2.6 Far Field
3.2.2.6.1 Reactive Transport Model - FEHM

The FEHM code (Zyvoloski et al. 1997; Zyvoloski 2007) is coupled to the GoldSim model as a DLL in
order to represent processes that occur in the far-field component of the granite GDS model. This
approach enables the full capabilities of FEHM to be employed in the calculation. In some instances, a
process model of the natural system will be developed with a full 3D representation using a code like
FEHM (e.g. the unsaturated and saturated zone components of the Yucca Mountain system). This
capability is a significant improvement in the ability to integrate process level models in disposal system
analyses.
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Table 3.2-1. Bentonite Buffer Parameters Used in Granite GDS Model
Parameter Stochassli_;:earameter Ba\s,:I(l";:se Distribution Parameters
Density (kg/m®) Constant 2780 N/A
Porosity Constant 0.18 N/A
Tortuosity Constant 0.13 N/A
Thickness (m) Constant 0.36 N/A
Effective Diffusivity Uniform 2.52x1078 Range: 5.1x107'° — 5.0x107®
De (M?/s), Ac
De (M?/s), Am Uniform 2.52x10°8 Range: 5.1x107'°- 5.0x107®
De (m?/s), C Constant 8.8x107"° N/A
D, (m%s), Cl Uniform 8.55x107"2 Range: 4.1x107"? - 1.3x10™"
De (M?/s), Cm Uniform 2.52x10°® Range: 5.1x107"° - 5.0x10°®
De (m?/s), Cs Uniform 9.52x10°° Range: 2.04x107° — 1.7x107®
De (M?/s), | Uniform 1.14x107° Range: 3.0x107"" - 2.24x107°
De (m%s), Np Uniform 8.76x107° Range: 5.13x107"° — 1.7x10°®
De (M%s), Pa Uniform 8.76x107° Range: 5.13x107"° — 1.7x10°®
De (M?/s), Pu Uniform 1.44x107° Range:2.55x107"% - 2.86x107°
D, (m%s), Ra Uniform 2.59x10°° Range: 8.53x10™"" — 5.1x107°
De (m?/s), Se Uniform 2.92x10°™" Range: 7.1x107"? - 5.13x107""
D, (M?/s), Sn Uniform 7.81x107"° Range: 1.8x107"° — 1.38x107°
De (M?/s), Sr Uniform 2.59x10°° Range: 8.53x10™"" - 5.1x107°
De (m?/s), Tc Uniform 9.35x107° Range: 8.5x107° — 1.02x10~’
De (M?s), Th Uniform 2.0x10°8 Range: 1.07x107"° — 4.0x10°®
De (M?/s), U Uniform 9.27x10° Range: 1.53x107° — 1.7x10°®
D, (m?/s), Nb Constant 8.97x10™" N/A
D, (m%s), Pb Constant 8.97x10™" N/A
D, (m?/s), Pd Constant 8.97x107" N/A
D, (m%s), Sb Constant 8.97x107" N/A
D, (m*/s), Zr Constant 8.97x107" N/A
Sorption Coefficient Uniform 14850 Range: 300 — 29400
Ky (cc/g), Ac
Kq (cc/g), Am Uniform 14850 Range: 300 — 29400
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Table 3.2-1. Bentonite Buffer Parameters Used in Granite GDS Model (continued)

Parameter Stochassli_;:earameter Ba\s,:I(l";:se Distribution Parameters
Kq (cc/g), C Constant 5 N/A
Kq (cc/g), Cm Uniform 14850 Range: 300 — 29400
Kq (ccl/g), Cs Uniform 560 Range: 120 — 1000
Kq (cc/g), | Uniform 6.5 Range: 0 - 13
Ky (cc/g), Np Uniform 515 Range: 30 — 1000
K4 (ccl/g), Pa Uniform 515 Range: 30 — 1000
K4 (cc/g), Pu Uniform 8475 Range: 150 — 16800
Kq (cc/g), Ra Uniform 1525 Range: 50 — 3000
K4 (cclg), Se Uniform 17 Range: 4 — 30
Kq (cc/g), Sn Uniform 485.5 Range: 112 — 859
Ky (cc/g), Sr Uniform 1525 Range: 50 — 3000
Kg (cc/g), Tc Uniform 55000 Range: 50000 — 60000
Kg (cc/g), Th Uniform 11782 Range: 63 — 23500
K (cc/g), U Uniform 545 Range: 90 — 1000
Kq4 (cc/g), Cl Constant 0 N/A
Kq (cc/g), Nb Constant 0 N/A
Kq (cc/g), Pb Constant 0 N/A
Kq (cc/g), Pd Constant 0 N/A
K4 (cc/g), Sb Constant 0 N/A
Kq (cclg), Zr Constant 0 N/A

Source: SKB 2010, Hansen et al. 2010; Itdla 2009; Montes-H et al. 2005; Pusch and Svemar 1993.

NOTE: For the species Nb, Pb, Pd, Sb, Zr and Cl, diffusion and/or sorption parameters were not readily available, and because
this run was performed as a generic version to investigate the feasibility of the modeling system, placeholder values for

diffusion and a sorption coefficient of 0 were used for computational expediency.
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Table 3.2-2. Near-Field Parameters for 36 Radionuclides

Stochastic Base Case Distribution
Parameter Parameter
T Value Parameters
ype
UNF Matrix Degradation Rate (1/yr) Log-triangular 1.528x10~" 1x107, 1x107,
1x107°

DHLW and CHLW Degradation Rate Log-uniform 4.917x107* 3.4x107° 3.4x107
(borosilicate glass) (1/yr)
Porosity, Inside Waste Package Uniform 0.4 Range: 0.3 -0.5
Porosity, Bed Rock Uniform 0.00525 Range: 0.0005 - 0.01
Porosity, Overlaying Aquifer Uniform 0.1 Range: 0.05-0.15
Waste Package Temperature (°C) Constant 25 N/A
Waste Package Size, Outer Diameter (m) Constant 1.56 N/A
Waste Package Size, Outer Length (m) Constant 5.517 N/A
Number of Waste Packages — Constant 32154 N/A
Commercial UNF
Number of Waste Packages - DHLW Constant 5003 N/A
Number of Waste Packages - CHLW Constant 4055 N/A
Number of Waste Packages Affected by a Uniform 3 Range: 1 -5
Single Drilling through Repository
Percent of Waste Packages Affected by Uniform 0.55 Range: 0.1 -1
Canister Failure and Diffuse through
Bentonite Buffer (%)
Portion of DHLW Waste Packages Uniform 0.5 Range: 0 — 1
Affected by Canister Failure and Diffuse
through Bentonite Buffer
Water flow Rate up a Single Borehole Uniform 2.55 Range: 0.1 -5
through Granite GDS - Human Intrusion
Scenario (m®/yr)
Water Flow Rate to Fracture Intersecting Constant 0.45x107° N/A
Commercial UNF Waste Package -
Undisturbed Scenario (m*/yr/per canister)
Water Flow Rate to fracture Intersecting Constant 0.14x10°3 N/A

DHLW/CHLW Waste Package -
Undisturbed Scenario (m*/yr/per canister)

Source: Neretnieks 1982; also see Section 3.1.2 for inventory and some near-field parameter references.
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Table 3.2-3. Elemental Solubility of Select Radionuclides in
Near-Field Concentrated Groundwater at 25°C

Element Distribution Solubility (mol/L)

Type

4.89E-08 (min);
U Triangular 1.12E-07 (mode);
2.57E-07 (max)

1.40E-06 (min);
Pu Triangular 4.62E-06 (mode);
1.53E-05 (max)

1.85E-07 (min);
Am Triangular 5.85E-07 (mode);
1.85E-06 (max)

4.79E-10 (min);
Np Triangular 1.51E-09 (mode);
4.79E-09 (max)

2.00E-03 (min);
Th Triangular 4.00E-03 (mode);
7.97E-03 (max)

4.56E-10 (min);
Tc Log-triangular 1.33E-08 (mode);
3.91E-07 (max)

9.87E-09 (min);

Sn Triangular 2.66E-08 (mode);
7.15E-08 (max)
C, Cl, Cs, |, Se, Sr N/A Unlimited solubility

NOTE: Elements Ac, Cm, Nb, Pa, Pd, Ra, Sb, Zr are known to be solubility
limited, but are implemented as unlimited solubility in the near- and far-
field model because their solubility calculations have not been completed.

In this implementation for demonstration, a generic approach to representing the far field captures the key
hydrologic, and physical and chemical transport processes. A simple yet flexible far-field pathway model
using FEHM has been developed for this purpose. The model consists of radionuclide decay and in-
growth, advection, matrix diffusion, and sorption, all features that are implemented using FEHM’s
reactive transport modeling capability. The advection term is parameterized using a feature that enables
the user to prescribe a distribution of advective travel times through a hydrologic pathway. This flexibility
accounts for potentially very heterogeneous domains that may give rise to a broad distribution of
advective transport times. Statistical parameters of the RTD, or an arbitrary distribution, are used and the
model constructs a simplified pathway model that reproduces that distribution. This approach is called an
RTD-based transport model. The groundwater velocity for generic granite GDS simulations is sampled
through stochastic distribution with a mean value of 10 m/yr, the uncertainty about the mean is site
specific and can vary plus or minus an order of magnitude (Joyce et al. 2010). In addition to the advective
component, the model uses FEHM’s Generalized Dual Porosity Model feature to account for diffusion
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Table 3.2-4. Elemental Solubility of Select Radionuclides for Far-Field Dilute Groundwater at 25°C

Element D'StT"b“t'°" Solubility (mol/L)
ype

9.16E-05 (min);
U Triangular 2.64E-04 (mode);
7.62E-04 (max)

7.80E-07 (min);
Pu Triangular 2.58E-06 (mode);
8.55E-06 (max)

3.34E-07 (min);
Am Triangular 1.06E-06 (mode);
3.34E-06 (max)

1.11E-06 (min);
Np Log-triangular 1.11E-05 (mode);
1.11E-04 (max)

8.84E-06 (min);
Th Triangular 1.76E-05 (mode);
3.52E-05 (max)

1.78E-08 (min);

Sn Triangular 4.80E-08 (mode);
1.29E-07 (max)
C,Cl, Cs, |, Se, Sr, Tc N/A Unlimited solubility

NOTE: Elements Ac, Cm, Nb, Pa, Pd, Ra, Sb, Zr are known to be solubility limited,
but are implemented as unlimited solubility in the near- and far-field model
because their solubility calculations have not been completed.

between the flowing porosity and the surrounding rock matrix. Because the model is established using a
numerical modeling approach in FEHM, the other relevant transport processes that are included in FEHM
are also made available for inclusion. In this study, diffusion, radioactive decay and tracking of decay
chains, and sorption (with an equilibrium “Kd approach”) are used to generate the results that follow. An
extensive theory was developed to implement this RTD-based model, the details of which are provided in
Chu et al. (2008, Appendix B.1). Table 3.2-5 lists the far-field hydrologic parameters for 36 species.
Parameters for representative radionuclides are summarized in Table 3.2-6.

3.2.2.6.2 FEHM Coupled with GoldSim

The FEHM code was modified to facilitate the coupling with GoldSim for probabilistic simulations for
granite GDS studies. In the coupled model, GoldSim controls the overall time steps of the model run, and
radionuclide mass is transferred to and from FEHM at each time step. This capability was implemented
by using GoldSim Contaminant Transport Module External pathway, which calls FEHM as a DLL. At
each time step, GoldSim passes a string of variables into each FEHM simulation to initialize the coupled
simulation. These variables include: time, the number of species that FEHM will be simulating, and the
amount of mass entering the groundwater pathway.
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Table 3.2-5. Far-Field Hydrologic Parameters for 36 Radionuclide Species

Parameter Stochas!li_;:earameter Ba\slzlﬁzse Distribution Parameters
Flow Parameters
Mean of Ln Travel Time | Normal distribution for 23.482 23.482,0.8
Distribution, s, Hin (In(s))
Std. Dev. of Ln Travel Normal distribution for 0.026487 0.026487, 7.946x10™°
Time Distribution, a, T =0 e
Geometric Parameters
Aperture (m) Uniform 0.000255 Range: 1.0x107° - 5.0x107*
Fracture Spacing (m) Constant 25 N/A
Transport Parameters
Diffusive Tortuosity m, Normal distribution for 0.0144 0.0144, 4.176x102
all species =D/ D
Free-Water diffusion Constant 9.49x10°" N/A
coefficient
Dires (M?/s), AM
Diree (M?/s), C Constant 1.18x107° N/A
Diree (M?/s), Pa Constant 6.04x107"° N/A
Diree (M?/s), Ra Constant 8.89x10"° N/A
Diree (M/s), Th Constant 5.97x107"° N/A
Diree (mz/s), Sn Constant 1.55x10° N/A
Diree (M?/s), Cl Constant 2.03x107° N/A
Diree (M?/s), Cs Constant 2.06x107° N/A
Diree (M?/5), | Constant 2.05x107° N/A
Diree (M?/s), Np Constant 6.18x107"° N/A
Diree (M?/s), Se Constant 1.04x10° N/A
Diree (M?/s), ST Constant 7.91x107"° N/A
Diree (M?/s), TC Constant 1.95x10~° N/A
Diree (m2/s), U Constant 6.64x107"° N/A
Matrix Diffusion Truncated normal 1.37x107"° Range:3.75x10"" - 3.21x107",
Coefficient (pore distribution 1.37x107"°, 1.08x10°™°
diffusivity)
D (m%s), Cl
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Table 3.2-5. Far-Field Hydrologic Parameters for 36 Radionuclide Species (continued)

Stochastic Parameter Base Case C
Parameter Type Value Distribution Parameters
D (m’/s), Cs Truncated normal 2.11x107"° Range:1.03x107"% - 3.75x107"°,
distribution 2.11x107°, 1.05x107"°
D (m%s), | Truncated normal 1.57x107"° Range:7.96x10™"" — 3.38x107"°,
distribution 1.57x107", 6.02x10°™°
D (m?/s), Np Truncated normal 6.99x107" Range:2.8x10™"" = 1.1x107"°,
distribution 6.99x10™"", 2.75x10™"
D (m?/s), Pu Truncated normal 4.1x10°" Range:2.61x10™"" - 5.63x10°"",
distribution 4.1x10™", 1.07x10™"
D (m%s), Se Truncated normal 8.93x10™ " Range:8.26x10™"" — 9.46x10™",
distribution 8.93x107"", 5.0x10°"
D (m?/s), Sr Truncated normal 6.65x107"" Range:2.86x107"" — 4.0x107"°,
distribution 6.65x107"", 9.66x10™""
D (m%s), Tc constant 4.2x107" N/A
D (m2/s), U Truncated normal 5.14x107" Range:3.14x1 0% -6.29x107%,
distribution 5.14x1072, 1.42x10°"
D (m?/s), Ac Constant 5.0x107" N/A
D (m?/s), Pb Constant 5.0x107" N/A
D (m?/s), Sb Constant 5.0x10™" N/A
D (m?/s), Zr Constant 5.0x10°" N/A
D (m?/s), Nb Constant 5.0x107" N/A
D (m?/s), Pd Constant 5.0x107" N/A
D (m%s), Cm Constant 5.0x10°" N/A
Matrix Sorption CDF 3000 (1000,0) (3000,0.5) (5000,1)
Coefficient
Ky (cc/g), Ac
K (cc/g), Am CDF 3000 (1000,0) (3000,0.5) (5000,1)
Kq (cclg), C CDF 1 (0.5,0) (1,0.5) (2,1)
Ky (cc/g), Cl Nonsorbing 0 0
Kq (cc/g), Cm CDF 3000 (1000,0) (3000,0.5) (5000, 1)
Kq (cc/g), Cs CDF 500 (100,0) (500,0.5) (1000,1)
Ky (ccl/g), | Nonsorbing 0 N/A
Kq (cc/g), Nb CDF 1000 (500,0) (1000,0.5) (3000,1)
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Table 3.2-5. Far-Field Hydrologic Parameters for 36 Radionuclide Species (continued)

Parameter Stochas!li_;:earameter Ba\slzlﬁzse Distribution Parameters
Kq (cc/g), Np CDF 5000 (1000,0) (5000,0.5)(10000,1)
Kq (cc/g), Pa CDF 1000 (500,0) (1000,0.5) (5000,1)
Kq (cc/g), Pd CDF 100 (10,0) (100,0.5) (500,1)

Ky (cc/g), Pu CDF 5000 (1000,0) (5000,0.5)(10000,1)
Kq (cc/g), Ra CDF 100 (50,0) (100,0.5) (500,1)

Kq (cc/g), Se CDF 1 (0.5,0) (1,0.5) (5,1)

Kq (cc/g), Sn CDF 1 (0,0) (1,0.5) (10,1)

Kq (cc/g), Sr CDF 10 (5,0) (10,0.5) (50,1)

Kq (cc/g), Tc CDF 1000 (300,0) (1000, 0.5) (3000,1)
Kq (cc/g), Th CDF 5000 (1000,0) (5000,0.5)(10000,1)
Kq (cc/g), U CDF 5000 (1000,0) (5000,0.5)(10000,1)
Kq (cclg), Zr CDF 1000 (500,0) (1000,0.5) (3000,1)
Kq (cc/g), Pb Constant 0 N/A

Kq (cc/g), Sb Constant 0 N/A

Source: Carbol and Engkvist 1997; JAEA n.d.; Chu et. al. 2008.

NOTE: For Ac, Pb, Sb, Zr, Nb, Pd and Cm, diffusion parameters were not readily available (sorption parameters are not readily
available for Pb, Sb), and because the model analysis was performed for a generic repository to investigate the
feasibility of the modeling system, placeholder values for diffusion and a sorption coefficient of 0 were used for
expediency.

GoldSim initializes the simulation by passing the first time increment to FEHM. In the FEHM simulation,
GoldSim passes the mass associated with each radionuclide arriving into the groundwater pathway during
that time step. FEHM accepts the incoming mass and adds it to the ongoing calculation of transport
through the RTD-based representation of pathways in the far field. The cumulative transport of each
species, accounting for radioactive decay, is calculated. FEHM can be invoked in a way that enables
multiple, smaller time steps to be taken within each GoldSim time step to ensure that the tracer transport
solution converges to an accurate solution. At the end of each GoldSim time step, FEHM passes back into
GoldSim any mass reaching the far-field boundary. Mass reaching the far-field boundary originates either
from the initial source term or in-growth of daughter products formed during transport along the
groundwater pathway.

The FEHM input data files contain inputs such as diffusion and sorption parameters that are to be
generated from a stochastic distributions. To accomplish this in a flexible way, a separate DLL was
developed and used to alter the data in the FEHM input files at the beginning of each realization. The
DLL INPUTDAT is invoked by GoldSim initially, before GoldSim executes FEHM, to generate an input
data file for each FEHM realization run. For each realization, the INPUTDAT program samples the input
parameters from a stochastic distribution generated by GoldSim, and places them in the correct places in
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Table 3.2-6. Parameters for Representative Radionuclides

- Solubility | Far-Field
. Solubility — - i Dose
Species c\;o_mlc Half-Life | Near Field | _ Neqr-l Sorp_tlpn Spe_<:|_f|c Conversion
D eight (yr) (mglL) Far-Field | Coefficient Activity Factor
(g/mol) Interface Kd (Cilg) Svv'/Bqy"
(mglL) (cclg) (Svy /Bay
Actinide Parent Species
Np 237 | 2.14x10° | 5.36x10™* 4.003 5000 0.00070487 1.33x107"
Pu 238 87.7 1.721 0.961 5000 17.127 2.76x107"
239 2.41x10* 0.062066 3.00x107"
240 6.54x10° 0.22776 3.00x10™"
242 3.76x10° 0.0039289 2.88x107"
Am 241 432 2.12x107" | 3.83x10™" 3000 3.4338 2.40x107"
243 7.37x10° 0.19962 2.41x107"
U 232 68.9 3.315x1072 | 8.857x10" 5000 22.365 6.7x10™"
233 1.59x10° 0.0096498 6.12x10°"?
234 | 2.45x10° 0.0062357 5.88x10 12
235 | 7.04x10° 2.1609x10° |  568x10-"2
236 2.34x10; 6.4736 x10° | 5 64x10"2
238 4.46x10 3.3679x107 | 581x10"2
Fission Products and Others
Tc 99 2.13x105 | 3.165x10° | unlimited 1000 0.016953 7.68x10°"
| 129 1.57x107 | unlimited | unlimited 0 0.00017651 1.32x10°"
Cs 135 2.3x106 | unlimited unlimited 500 0.0011514 2.40x10°"®
Se 79 3.27 x105 | unlimited | unlimited 1 0.013839 3.48x10° "
Cl 36 3.01 x105 | unlimited | unlimited 0 0.032991 1.116x10°"

Source: Carbol and Engkvist 1997; JAEA n.d.; Chu et al. 2008.

the input data template to create a new input data file for that FEHM realization. This development was
done in a general way, such that any parameter in the FEHM input file can be generated stochastically
and placed into the file at runtime.

3.2.2.7 Aquifer

The granite GDS model assumes a shallow bedrock aquifer near the surface; the current version of model
treats the aquifer as part of the far field.

3228 Biosphere

A hypothetical biosphere is assumed to be located 5 km from the repository edge. The IAEA BIOMASS
ERBI1B dose model is used to convert the output radionuclide concentrations in the ground water at the
hypothetical drinking well location to an estimate of annual dose based on drinking well water
consumption (IAEA 2003). The biosphere model and parameter values for the granite GDS biosphere are
the same as for the salt GDS biosphere (Section 3.1.2.8).
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3.2.3 Confidence Building and Demonstration of Capability

3.2.3.1  Confidence Building

This subsection discusses the confidence-building simulations performed for the granite GDS model. The
results generated by the granite GDS model were compared with results (SKB 2010) from the SKB safety
assessment SR-site for the deterministic isostatic collapse scenario. The scenario, a hypothetical scenario
used to assess barrier function (SKB 2010), postulates a single waste package failure at 10,000 yr. The
barrier function of the waste package is lost, but the bentonite buffer remains intact.

The SKB assessment modeled three transport paths:

e (QI—A fracture intersecting the deposition hole at the vertical position of the canister lid. This
fracture is placed on the opposite side of the buffer to the canister defect, hence minimizing the
transport distance and the diffusional transport resistance. Thermally induced spalling is assumed to
have occurred in the wall of the deposition hole meaning that the transport resistance at the interface
QI is decreased.

e  (2—An EDZ in the floor of the deposition tunnel. In the hydrogeological model, EDZ is treated as a
thin conductive layer.

e (3—A fracture intersecting the deposition tunnel. The distance to Q3 is obtained in the
hydrogeological model by tracing advectively transported particles released in the deposition tunnel
just above the deposition hole. Since the distance from the deposition hole to Q3 differs, the
longitudinal dimensions of the modeled deposition tunnel are different for different deposition holes.

Table 3.2-7. SKB Canister Failure Simulation Parameters

Parameter 129) ®se “c
Inventory (g/canister) 348.3 10.744 0.5166
Solubility (mg/L) Unlimited 5.293x107* Unlimited
Effective Diffusion Coefficient 7.922x107"? 7.922x107"2 1.33x107"°
(m?/s), Buffer
Effective Diffusion Coefficient 6.338x107"° 6.338x107"° 1.996x107"*
(m?/s), Rock
Sorption Coefficient (m3/kg), Buffer Nonsorbing Nonsorbing Nonsorbing
Sorption Coefficient (m®kg), Rock Nonsorbing Nonsorbing Nonsorbing
Porosity, Buffer 0.18 0.18 0.45
Porosity, Rock 0.0018 0.0018 0.0018
Half-Life (yr) 1.57x10’ 3.27x10° 5.71x10°
Dose Conversion Factors (Sv/yr 6.46x107"° 1.21x107° 5.44x107"
per Ba/yr)

Source: SKB 2010.
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Table 3.2-8. Hydrologic and Transport Parameters for Case with SKB Canister Failure at 10,000 yr

Parameter Value
Far-Field Path Length (m) 500
Buffer Thickness (m) 0.35
Buffer Porosity 0.18
Buffer Density (kg/m3) 2780
Flow Rate for Q1 Release Path (m*/yr) 4.2x10°°
Rock Transport Resistance for Path Q1 (yr/m) 4.00x10°
Rock Advective Travel Time for Path Q1 (yr) 1.8x10?
Flow Rate for Q2 Release Path (m®/yr) 9.3x107°
Rock Transport Resistance for Path Q2 (yr/m) 2.30x10°
Rock Advective Travel Time for Path Q2 (yr) 1.6x10?
Flow Rate for Q3 Release Path (m*/yr) 1.2x107*
Rock Transport Resistance for Path Q3 (yr/m) 1.90x10°
Rock Advective Travel Time for Path Q3 (yr) 1.5x10?

Source: SKB 2010.

A deterministic calculation of the one canister failure at 10,000 yr was performed. Table 3.2-1 shows the
input parameters for 3 species '*’I, ”’Se, and '*C. Table 3.2-2 lists the hydrologic and transport parameters
for this simulation.

The results from the SKB assessment one canister failure at 10,000 yr scenario are shown in Figure 3.2-3,
and the results from the granite GDS model with similar radionuclides release scenario are shown in
Figure 3.2-4. Note, for the granite GDS model simulation, it is assumed the inventories are not bound
within matrix. The waste will be all available for release once the canister fails at 10,000 yr. This was not
the case for the SKB simulation, which had some fraction of inventories bound within matrix and some
fraction not bound.

Overall, the patterns are very similar in terms of breakthrough time and peak in comparison with SKB
results. For Q1 release path, granite GDS model (Figure 3.2-4) '*I having highest peak dose of 1.48
uSv/yr (1.48 x 10" mrem/yr), "*C peak annual dose of 0.033 pSv/yr (3.3 x 10~ mrem/yr), and "°Se peak
annual dose of 0.00037 pSv/yr (3.7 x 10~ mrem/yr). The difference in detailed release mechanisms for
different radionuclide and model configuration may contribute to the lower selenium dose rate. The
current version of the granite GDS model does not include waste package barrier performance or an EDZ,
as was the case in the SKB model.
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Figure 3.2-3. SKB Far-Field Annual Effective Dose for a Deterministic Calculation
of Case with One Canister Failure at 10,000 yr
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Figure 3.2-4. Granite GDS Model Far-Field Annual Dose for a Deterministic Calculation of Case with
Canister Failure at 10,000 yr Assuming Waste Not Bound to Matrix (Q1 Release Path)
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3.2.3.2 Demonstration of Capability
3.2.3.2.1 Disturbed and Undisturbed Scenarios

This subsection discusses the preliminary results of the granite GDS model analysis. The coupling
between the near-field and the far-field model is handled as follows: the far-field model takes the total
mass flux output from the near-field model as the input mass flux to carry out the far-field transport by
FEHM. Parameters for representative radionuclides, bentonite buffer, near and far-field transport can be
found in Section 3.2.2. Note that parameter ranges and distributions are selected just for a demonstration
purpose of the granite GDS model analysis (Hansen et al. 2010; Itidld 2009; Montes-H et al. 2005; Pusch
and Svemar 1993; Neretnieks 1982; Carbol and Engkvist 1997; JAEA n.d.).

As noted in Section 3.2.2, two independent radionuclide release scenarios are simulated with the granite
GDS model:

1. Disturbed Scenario (human intrusion)—Assume a single borehole penetrates through the repository
at 1,000 yr, thus creating a fast pathway for radionuclide transport to the aquifer. The flow rate up the
borehole is sampled through a stochastic distribution with a mean value 2.55 m*/yr. The number of
waste packages affected (i.e., waste inventory affected) by a single borehole penetration is sampled
between 1 and 5. It is assumed that only commercial UNF waste packages are affected by human
intrusion. No DHLW inventory is affected. This assumption was chosen as a simplification and is
consistent with the Human Intrusion Scenario Case 1 evaluated with the salt GDS model
(Section 3.1.4.2).

2. Undisturbed Scenario (diffusion through bentonite buffer)—In this scenario radionuclides released
from degrading waste form are transported away from the waste package by diffusion through the
bentonite buffer; the advective transport through it is negligible (SKB 2010). Some waste packages
directly intersect with fractures in the surrounding granite rock, and radionuclides released from these
waste packages directly enter into the fractures for fast pathway transport. The flow rate upward in
the intersected fractures is sampled with a mean value of 0.45x107> m*/yr per waste package for
commercial UNF and 0.14x107° m*/yr per waste package for DHLW and CHLW. The upward flow
rate can be influenced by the waste package geometry. Here different flow rates are sampled for
different types of waste package to reflect this effect. For those waste packages releasing
radionuclides to the fractures, the model assumes that a fraction (between 0.1% and 1%) of the
considered inventory is available for the advective transport in the fractures, and the fraction is
sampled uniformly between the bounds. Inventory considered for this scenario includes commercial
UNF plus DHLW.

The radionuclide mass fluxes (converted to an annual dose) at the location of the hypothetical biosphere
(5 km downstream from the repository boundary) were analyzed. The simulations were run for
1,000,000 yr with 100 Monte Carlo realizations for each scenario listed above.

The granite GDS model has the capability to simulate the same two waste inventory cases considered for
the salt GDS model (Section 3.1.4.1): Waste Inventory Case 1, which comprises the commercial UNF and
DHLW, and Waste Inventory Case 2 comprises the DHLW and CHLW. These two inventory cases are
incorporated in the granite GDS near-field model with a simple module to switch from one case to the
other. The granite GDS model results presented in this subsection all use Waste Inventory Case 1, which
considers a total of 37,157 waste packages (32,154 commercial UNF waste packages plus 5,003 DHLW
waste packages) within a square repository footprint with a side of 3,270 m. However, as noted above,
for the human intrusion scenario, no DHLW is affected, so Human Intrusion Case 1 includes only
commercial UNF waste packages.
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Figure 3.2-5 shows the mean annual doses of individual radionuclides at the hypothetical biosphere
location (5 km downstream from the repository boundary) for Human Intrusion Case 1, calculated from
100 realizations simulations. The '*’I mean annual dose (the highest dose brown color line in Figure
3.2-5) surpasses >*' Am, **Am, **’Pu and **’Pu after a few thousand years, and eventually becomes the
dominant contributor toward the end of the 1,000,000-yr time period. The long half-life, high solubility,
and weak sorption in the far field of '*°I contribute to its higher mean dose. ***Ra shows as the second
highest mean annual dose species.

Figure 3.2-6 shows mean annual doses of individual radionuclides at the hypothetical biosphere location
for undisturbed scenario, release by diffusion through bentonite buffer. Compared with human intrusion
scenario, the dose rates are much lower at early time. Again the '*’I mean annual dose (the highest dose
brown color line in Figure 3.2-6) catches up after a few thousand years, eventually becomes the dominant
contributor toward the end of the 1,000,000-yr time period.

3.2.3.2.2 Sensitivity Analysis

A benefit of probabilistic analysis of GDSs is that the relative importance of various uncertain processes
can be examined through a statistical analysis of the Monte Carlo results. This analysis can guide future
work planning to prioritize research needs, to reduce uncertainties in the model analysis or in other ways
improve the model. Figures 3.2-7(a) and 7(b) illustrated this process.

The annual doses were analyzed using a sensitivity analysis tool (Saltelli and Tarantola 2002) provided as
part of the GoldSim software. The importance analysis of the input variables to the results are statistical
measures computed by analyzing multiple realizations of the model in which all of the stochastic
variables are simultaneously sampled for each realization of a Monte Carlo simulation. The importance
measure is a metric that varies between 0 and 1 representing the fraction of the result’s variance that is
explained by a given variable treated with uncertainty. This measure is useful in identifying nonlinear,
nonmonotonic relationships between an input variable and the result (which conventional correlation
coefficients may not reveal).

Important parameter uncertainties influencing the overall uncertainty in performance (as measured by the
annual dose in this study) depends on the time frame of interest. Each relevant parameter was ranked in
order of importance to the overall uncertainty with respect to the annual dose reached at 10*, 10°, and

10° yr. The importance measures shown in following figures are normalized for each time stage so that
they can be compared among different time frame of interest.

Figure 3.2-7(a) shows the sensitivity analysis of input parameters with respect to the uncertainties of '*I

annual dose at different times for the Human Intrusion Case 1 release scenario using commercial UNF
only. It shows that uncertainty in the mean travel time of water in the far-field (LnorMean), granite
bedrock porosity (Porosity bedrock) and the commercial UNF waste form degradation rate

(UNF_WF _rate) have dominant influences on uncertainty in the '*’I annual dose at 10,000 yr. The
LnorMean and bedrock porosity have decreasing influences with time. The UNF_WF rate’s influence
increases near the end of simulation duration. This shows that at lower UNF fractional degradation rate
for nonsorbing (in far field) radionuclides such as '*’I, the annual dose is controlled more by the
uncertainties in the near field than by the uncertainty in the far-field transport as time increases.

Figure 3.2-7(b) shows sensitivity analysis of input parameters with respect to the uncertainties of '*’I

annual dose at different times for the Undisturbed Case 1 release scenario using commercial UNF and
DHLW. It shows that the granite bedrock porosity (Porosity bedrock) has dominant influence to '*I
annual dose throughout the 1,000,000-yr time frame. In this case, the DHLW glass degradation rate
(Glass_ WF _rate) shows strong influence at the earlier times while the commercial UNF degradation rate
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NOTE: Larger values for a parameter denote that the uncertainties in that parameter have a larger influence on the overall
uncertainty in the '*I annual dose.

Figure 3.2-7. Importance Analysis of Input Parameters with Respect to Uncertainties in the
'I Annual Dose at 5-km Compliance Boundary for (a) Human Intrusion Case 1
(Commercial UNF only) and (b) Undisturbed Case 1 (Commercial UNF plus DHLW)
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(UNF_WF rate) shows strong influence toward the end of simulation. The mean travel time of water in
the far field (LnorMean) has comparable influence as DHLW glass degradation rate, and its influence is
also stronger at earlier times. The '*’I sorption coefficient for bentonite buffer (Kd I bentonite) shows
comparable effect as the number of waste packages affected and the waste form degradation rates on the
uncertainty in the annual dose, and with a relative strong influence towards the end of simulation
duration.

3.24 Concluding Remarks

The granite GDS model and the results presented in Sections 3.2.1 through 3.2.3 are preliminary and
therefore not indicative of the performance of an actual geologic disposal environment or the potential
radiation exposures that could occur in that environment. Nevertheless, they can be used to identify the
important processes that may affect repository performance. The intermediate applications of this model
may include the following:

e Identifying which radionuclides are important to the disposal system performance;

e Determining which processes (i.e., solubility, sorption) significantly affect the disposal system
performance;

e Determining how a waste form with a specific radionuclide inventory affects the disposal system
performance.

Future work includes continual improvement of the existing model by incorporating more detailed
physical, chemical and hydrological processes; continual improvement of the granite GDS model to
enhance flexibility and integration to address technical issues with minimal changes; and performing
comparative studies among the different disposal environments. These technical improvements,
incorporation of increased fundamental describing the science of waste disposal in a generic granite
repository, and comparative studies will occur within and using the GPAM framework, the initial version
of which is described in Section 4 of this report.



Generic Disposal System Modeling—
Fiscal Year 2011 Progress Report
68 August 2011

3.3 Clay GDS Model

The development of the clay GDS model is discussed in the subsections of Section 3.3.

3.31 Introduction

The feasibility of disposing UNF and HLW in clay media has been investigated and has been shown to be
promising (Hansen et al. 2010). In addition the disposal of these wastes in clay media is being
investigated in Belgium, France, and Switzerland. Thus, argillaceous media is one of the environments
being considered by UFD. As identified by researchers at SNL, potentially suitable formations that may
exist in the United States include mudstone, clay, shale, and argillite formations (Hansen et al. 2010).
These formations encompass a broad range of material properties. In this report, reference to clay media
is intended to cover the full range of material properties.

Sections 3.3.1 through 3.3.5 describe the status of the development of a simulation model for evaluating
the performance of generic clay media. There are multiple uses for developing this modeling capability
within the UFD Campaign and the broader FCT Program:

e Inform the prioritization of R&D activities within the UFD Campaign

e Provide metric information regarding waste management that could be used by the FCT systems
engineering effort in evaluating various advanced fuel cycle alternatives

e Provide metric information to the FCT System Analysis Campaign in the development of fuel cycle
system analysis tools

To support these uses, the clay GDS repository performance simulation tool has been developed with the
flexibility to evaluate not only different properties, but different waste streams/forms and different
repository designs and engineered barrier configurations/ materials that could be used to dispose of these
wastes. The capabilities of the clay GDS model are being incorporated into the GPAM (Section 4) along
with the capabilities of models for the salt, granite, and deep borehole repository options. Afterwards,
GPAM can be used to provide guidance on the development of strategy for long-term disposal of UNF
and HLW in a clay repository.

3.3.2 Model Description

The development of a clay GDS model was initiated in FY 2009 under the FCT Separations/Waste Form
Campaign (Nutt, Wang, and Lee 2009). The initial model, which focused on diffusive radionuclide
transport through the far field, served as the starting point for the development of the UFD clay GDS
model presented herein. Model development continued in FY 2010 under the UFD Campaign (Wang and
Lee 2010), focusing on adding capabilities to model the EBS of a generic clay disposal environment.
Development continued in FY 2011, resulting in the model and capabilities discussed herein. Specific
enhancements included improved representation of EBS components, improved representation of the
EDZ and far field, development of flexible fast pathway simulation capabilities, and additional flexibility
to change parameter inputs and scenarios externally. Further development in FY 2012 and beyond will
occur within the GPAM framework.

The development of the clay GDS model centered on a requirement of having the flexibility to
accommodate a variety of different scenarios. These scenarios range from different material properties,
different waste forms with varying radionuclide inventories, and different repository and EBS designs. As
such, tool development did not begin with defining a specific scenario around which models would be
developed, but rather focused on developing modeling tools that could then be used to evaluate a wide
range of alternative scenarios.
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The clay GDS model is envisioned primarily as a “stand-alone” tool, but includes the ability to link to
external tools and ancillary calculations. The coupling of these models and their linkage to input data and
the results of ancillary calculations and model output is shown in Figure 3.3-1. This report discusses the
development of the clay GDS model (orange box). Other analytic tools, models, and input information are
being developed within the UFD Campaign or other campaigns within the FCT Program (i.e., the
Separations/Waste Form Campaign). As these tools are developed they can either be directly incorporated
into future versions of the clay GDS model or can link to it, as necessary.

The objective of the clay GDS model is to integrate all of the key FEPs (Section 2 and Appendix B) for a
generic clay system into an integrated framework. It is developing using the GoldSim dynamic simulation
software (GoldSim Technology Group 2011), but is intended to be universally used by non-GoldSim
practitioners through the use of the free GoldSim Player. All inputs are contained in an MS Excel format
that is linked to the GoldSim model. This allows the user the flexibility to evaluate multiple scenarios
and conduct sensitivity analyses without having to make changes to the GoldSim model itself, rather only
the input needs to be changed.

The overall linkage between the clay GDS model, the input spreadsheet, and the broad FEPs categories
being used by the UFD Campaign is shown in Figure 3.3-2.

Temperature Profiles at Key Points  Repository Configuration to Satisfy Thermal Constraints
- Waste Package Surface - Waste Package Spacing
- Boundary of Natural System - Emplacement drift/tunnel/panel spacing

Waste Form Inputs | |
- Waste Form Geometry

- Waste Form Composition

- Radionuclide Inventory

- Engineered Barriers: Materials and
Configuration

Disposal Environment Inputs

- Stratigraphy

- Thermal Properties

- Hydrologic Properties

- Radionuclide Transport Properties
(Diffusion Coefficient, Distribution
Coefficient)

Input Data

Figure 3.3-1. Clay GDS Model Structure
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The general components of the clay GDS model are

Source Term—Waste form and radionuclide inventory

Primary Engineered Barrier—Waste package

Secondary Engineered Barrier—Buffer or other material surrounding a waste package
EDZ—Host rock effected by facility construction and the emplacement of waste

Far Field—Host rock not affected by the emplacement of waste

Fast Pathways—Generic capability to simulate the presence of fast pathways either intersecting the
emplaced waste or occurring at some location within the far field (either directly intersecting the
waste or the EBS, or affecting far-field transport behavior).

UFD FEPs Structure

SOURCE NEAR FIELD FAR FIELD BIOSPHERE

ENGINEERED BARRIER SYSTEM (EBS) GEOSPHERE RECEPTOR

[GRANITE]
[CLAY/SHALE]
[SALT]

Seals/Liner

Waste Package(WP)

Biosphere Environment
and Dose Factors

UED Clay GDSE Model Structure

EBS Environment ‘ Geosphere Environment

Primary
Engineered
Barrier

: | . |

Input Data
(Excel Spreadsheet — Define Configuration, Properties, Scenario)

NOTE: For the purposes of this report, the “Excavation Damage Zone” referred to in the model structure above is considered

the same as the EDZ (excavation disturbed zone).

Figure 3.3-2. Clay Long-Term Repository Performance GDS Model Linkages
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3321 Overall Model Framework

The underlying basis behind the clay GDS model is a “waste unit cell.” Except near the edges, repository
designs in general are repeatable configurations of emplaced waste separated by constant distances on the
horizontal plane. This symmetry allows for the development of simplified 2D representations of an
emplacement location and the surrounding natural media. A wide range of configurations can be modeled
using the same overall modeling framework by changing input parameters. This is shown schematically
in Figure 3.3-3 for different conceptualizations of waste emplacement.

The “waste unit cell” is defined by a width, height, and depth as shown in Figure 3.3-3. The clay GDS
model assumes one-dimensional (1D) radionuclide transport within the EBS and 2D radionuclide
transport (X — z plane in Figure 3.3-3) in the far field. The domain height (z direction in Figure 3.3-3)
represents the height to an overlying conductive flow unit (an aquifer). The radionuclide concentration in
the overlying aquifer is assumed to equal zero. A zero-flux boundary condition is applied at the bottom of
the far-field domain, and a symmetry boundary condition (zero flux) is applied at the sides of the far-field
domain.

The depth (y plane in Figure 3.3-3) represents the distance between adjacent waste emplacements and is
used to determine EBS component volumes and resultant radionuclide concentrations.

In evaluating a specific site and design, more elaborate models would likely be used to evaluate 3D and
asymmetric effects. However, the use of symmetrical and prescribed boundary conditions is appropriate
when using simplified modeling tools to evaluate generic sites. The architecture of the GPAM, which will
subsume the individual GDS models including this clay GDS model, has the flexibility to span the range
of model detail from the simple to the complex.

Prescribed Boundary Condition

Prescribed Boundary Condition |
Prescribed Boundary Condition

Model Domain Model Domain

Model Domain

Domain Height

Symmetry Boundary Condition

Symmetry Boundary Condition

Symmetry Boundary Condition
Symmetry Boundary Condition

Domain Depth
N — . — . — [

Zero Flux Boundary Condition T
Zgro Flux Boundary Condition

Zero Flux Boundary Condition

Horizontal Vertical “Room”
Emplacement Emplacement Emplacement

Figure 3.3-3. Conceptual Framework for Clay GDS Models
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3.3.2.2  Source Term, Degraded Waste Form, Primary and Secondary Engineered
Barriers

The source term, degraded waste form, and degraded primary engineered barrier components of the clay
GDS model are shown schematically in Figure 3.3-4 and the secondary engineered barrier component is
shown schematically in Figure 3.3-5. Also shown on these figures are the data and ancillary
calculation/modeling results that serve as input to the model. As discussed previously, the user has the
capability to change the input parameters through the GDS input spreadsheet and thus is able to model a
wide variety of alternatives within the engineered system of a generic clay conceptual repository design.

3.3.2.2.1 Radionuclide Inventory

The source term for the clay GDS model begins with the inventory. This implementation of the model
includes 36 radionuclides important to repository performance. These are input into the model from a
spreadsheet as shown in Table 3.3-1 as constants that represent the inventory emplaced in a “single waste
unit cell”. A multiplier that can be used to conduct inventory-related sensitivity studies is also included on
the input spreadsheet.

Table 3.3-1. Radionuclide Inventory

Inventory
Multiplier 1.00E+00
Mass
Mass (g / Waste Unit
Isotope (g / Waste Unit Cell) Isotope Cell)
N 0.00E+00 242p 1.03E+01
2 Am 1.81E+03 2%Ra 0.00E+00
3Am 1.19E+03 *2Ra 0.00E+00
“c 1.00E+00 1265p 0.00E+00
e 0.00E+00 Se 0.00E+00
245Cm 4.21E+01 12650 2.20E+02
¥Cs 3.39E+03 Dgy 3.54E+03
¥cs 8.19E+03 %Tc 5.63E+03
129) 0.00E+00 29Th 2.38E-05
Nb 3.15E+03 0Th 2.24E-02
B'Np 5.28E+03 22T 6.91E-03
pg 0.00E+00 B2y 7.06E-06
210py, 0.00E+00 =3y 3.78E-06
07py 0.00E+00 B4y 1.76E-01
28py 1.58E+00 B8y 4.73E+00
Z9py 2.46E+01 =6y 5.49E+00
240py 6.04E+02 =8y 8.02E-01
py 3.32E+00 97y 0.00E+00

NOTE: The inventory values shown are for example only.
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3.3.2.2.2 Waste Form and Primary Engineered Barrier

The configuration of the engineered barriers is controlled from the input spreadsheet as shown in

Table 3.3-2. A parameter is included to change the number of discrete units that are represented by the
single “unit cell” within the clay GDS model. This allows the user to simulate the disposal of waste (with
identical characteristics) at multiple identical locations within the model. The “unit cell” approach could
be used to estimate the results of a full generic repository inventory through linear scaling. For example,
if a scenario considers the disposal of two waste forms, two separate “unit cell” representations, one for
each waste form, could be developed and executed. The resultant release and annual dose from each
waste form could then be linearly scaled to the total inventory of each to provide an estimate of overall
generic repository performance. It must be noted that this approach is only an approximation and does not
consider any interactions between the waste packages (all assumed to behave independently).

Table 3.3-2. Waste Form and Primary Engineered Barrier Parameters

General

Number of Discrete Units (i.e., waste
packages) Represented

Waste Form

Waste Form Fractional Degradation
Rate 1.00E-05

)
Primary Engineered Barrier (i.e., Waste Package)

Primary Engineered Barrier Present

(0=no; 1=yes) 1

Waste Package Failure Time
(yr)

NOTE: The values shown are for example only.

30,000

A parameter (flag) is used to define if a primary engineered barrier is included. If it is assumed that no
primary barrier is present waste form degradation is assumed to immediately begin when the simulation is
initiated. If a primary engineered barrier is included, its failure is represented as a single failure mode
where the barrier fails completely at a defined time, exposing the waste form. If the clay GDS model is
being used to represent multiple identical waste disposal locations, it is assumed that the primary
engineered barrier at each of these locations fails at the same time.

The degradation of the waste form is currently represented as a single fractional degradation rate that does
not vary with time. The clay GDS model assumes congruent release of all radionuclides as the waste
degrades (i.e., gap/grain boundary radionuclide release from directly disposed fuel is not considered).

The clay GDS model assumes 1D radionuclide transport through the waste form and primary engineered
barrier with each being modeled as single batch-reactor mixing cells. The properties of the waste form
and primary engineered barrier are shown in Table 3.3-3 and are input as scalar values that do not change
with time. In general, it is expected that the properties representing the fully degraded state of these
barriers would be modeled; however the user can change the properties to represent different conditions.
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Table 3.3-3. Waste Form and Primary Engineered Barrier Properties

Property VI\:’::;T E:;:?e;rxed
Barrier
Material Density (kg/m°) 4830 5240
Porosity 0.175 0.4
Volume (m°) 2.6 0.400
Thickness (m) 0.40 0.03
Diffusion Area (m?) 12.7 13.8
Advective Flow Rate (m®/yr) 0.00E+00 0.00E+00

NOTE: The values shown are for example only.

The volume of water in each batch-reactor mixing cell is equal to the product of the volume of the cell
and the porosity and the mass of solid is equal to the product of the volume of the cell and the density
(assumed to be the dry density).

The batch-reactor mixing cells are both diffusively and advectively coupled. The diffusive area and length
are defined by the user. The advective flow rate through the mixing cells is also defined by the user. Thus,
while clay environments are expected to result primarily in diffusive transport conditions through the
engineered barriers, a combination of diffusive and advective radionuclide transport can be modeled.

The diffusive area and diffusion length are input parameters as shown in Table 3.3-3. The effective
diffusive coefficient is given as:

Dy, =D, R, ¢ Eq. 3.3-1
where
Dy = Effective diffusion coefficient for element j (m*/yr)
D,y = Reference diffusivity in water (m*/yr)
Rp, = Relative diffusivity in water for element j

) = Porosity

The reference diffusivity and the element-specific relative diffusivity in water, shown in Table 3.3-4, are
user inputs (scalar values).

The ability to simulate dissolution/precipitation and reversible sorption is included in each batch-reactor
mixing cell. It is assumed that the dissolved concentration limits and distribution coefficients are
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Table 3.3-4. Reference and Relative Diffusivity

Radioelement D?f(felljastii\‘lli‘:y Radioelement D?f(felljastii\‘/li‘:y
Ac 1.000 Pd 1.000
Am 0.413 Pu 0.565

C 0.513 Ra 0.387
Cl 0.883 Sb 1.000
Cm 1.000 Se 0.452
Cs 0.896 Sn 0.674

I 0.892 Sr 0.344
Nb 1.000 Tc 0.848
Np 0.269 Th 0.260
Pa 0.263 u 0.289
Pb 1.000 Zr 1.000

Reference Diffusivity (m*s™") 2.30E-09

NOTE: The values shown are for example only.

represented in the clay GDS model as log-triangular, as shown in Table 3.3-5, with the user having the
ability to define the minimum, best estimate, and maximum values of the distribution from the input
spreadsheet for the waste form and primary engineered barrier (separate input tables for each barrier).

For scenarios where the degraded waste form, the degraded primary engineered barrier, are not part of the
specific option being simulated, these barriers can be by-passed by an appropriate choice of parameter
values can be defined to force immediate transport through the mixing cells by:

e Setting the cell volumes to a very small number (i.e. 10~ m’);
o Setting the advective flow rate out of the mixing cell to a very large number (i.e. 10'° m*/yr)
e Setting the dissolved concentration limit to a very large number (i.e. 10°° mol/L)

e Setting the distribution coefficients for each element to a very small number (i.e. 10~° m’/kg)

3.3.2.2.3 Secondary Engineered Barrier

The clay GDS model currently assumes 1D radionuclide transport through the secondary engineered
barrier using the linked batch-reactor mixing cell structure shown in Figure 3.3-5. This structure allows
the user to select either a single- or a dual-continuum representation of radionuclide transport. This allows
for the representation of a variety of secondary engineered barrier materials (i.e., bentonite or
cementitious) with different radionuclide transport properties.

If a single-continuum representation is chosen, radionuclide transport through the secondary engineered
barrier is represented by three linked batch-reactor mixing cells (top cell network shown in Figure 3.3-5)
that span the thickness of the barrier. It is assumed that diffusion is the primary radionuclide transport
mechanism in a clay disposal environment, so the batch-reactor mixing cells are diffusively coupled.
However, to investigate the effects of advective transport through the engineered barriers, the mixing cells
are also advectively linked with the model user able to input an advective flow rate.
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Table 3.3-5. Dissolved Concentration Limit and Distribution Coefficient Parameters
(Log-triangular Distribution)
Dissolved Concentration Limit
Element (Mol/L) Distribution Coefficient (m*/Kg)
Minimum | Most Likely | Maximum Minimum | Most Likely | Maximum
Actinium 4.00E-09 2.00E-06 2.00E-05 1.00E+00 5.00E+00 5.00E+00
Americium 3.00E-10 2.00E-09 1.00E-08 1.00E+00 5.00E+00 5.00E+00
Antimony 1.00E+50 1.00E+50 1.00E+50 1.00E-51 1.00E-50 1.00E-49
Carbon 9.70E-06 2.00E-04 2.00E-04 1.00E-02 1.00E-01 1.00E-01
Cesium 1.00E+50 | 1.00E+50 1.00E+50 1.00E-51 3.00E-01 3.00E-01
Chlorine 1.00E+50 | 1.00E+50 1.00E+50 1.00E-51 1.00E-50 1.00E-49
Curium 3.00E-10 2.00E-09 1.00E-08 1.00E-51 1.00E-50 1.00E-49
lodine 1.00E+50 | 1.00E+50 1.00E+50 1.00E-51 1.00E-50 1.00E-49
Lead 3.00E-03 2.00E-02 2.00E-02 1.00E-51 1.00E-50 1.00E-49
Neptunium 3.00E-09 5.00E-09 1.00E-08 5.00E-01 1.00E+00 1.00E+00
Niobium 1.00E+50 | 1.00E+50 1.00E+50 1.00E-51 1.00E-50 1.00E-49
Paladium 8.00E-08 8.00E-07 8.00E-06 1.00E-51 1.00E-50 1.00E-49
Protactinium 1.00E-09 1.00E-08 1.00E-07 5.00E-01 1.00E+00 1.00E+00
Plutonium 1.00E-11 4.00E-11 2.00E-10 1.00E+00 5.00E+00 5.00E+00
Radium 1.00E-06 2.00E-02 2.00E-01 1.00E-51 5.00E-01 5.00E-01
Selenium 7.00E-06 1.00E-05 2.00E-05 1.00E-51 1.00E-50 1.00E-49
Strontium 1.00E-03 6.00E-03 6.01E-03 1.00E-51 2.00E-02 2.00E-02
Technetium 3.20E-07 1.00E-04 1.00E-04 1.00E-51 1.00E-50 1.00E-49
Thorium 8.00E-10 3.00E-09 1.00E-08 1.00E+00 5.00E+00 5.00E+00
Tin 1.00E-07 2.00E-07 2.00E-07 1.00E-51 1.00E-50 1.00E-49
Uranium 1.00E-08 5.00E-07 5.01E-07 1.00E-01 1.00E+00 1.00E+00
Zirconium 6.00E-07 6.00E-05 6.01E-05 1.00E-51 1.00E-50 1.00E-49

NOTE: The values shown are for example only.

If a dual-continuum representation is chosen, radionuclide transport through the secondary engineered
barrier is represented by six linked batch-reactor mixing cells (shown in Figure 3.3-5). Three of the linked
batch-reactor mixing cells (top cell network shown in Figure 3.3-5), that span the thickness of the barrier,
represent the matrix continuum and three of the batch-reactor mixing cells (bottom cell network shown in
Figure 3.3-5) represent the fracture continuum. The batch-reactor mixing cells are both diffusively and
advectively coupled. The diffusive area and length are defined by the user. The advective flow rate
through the mixing cells is also defined by the user. Thus, while clay environments are expected to result
primarily in diffusive transport conditions through the engineered barriers, a combination of diffusive and

advective radionuclide transport can be modeled.

The diffusion of radionuclides between the matrix and fracture continua is also included in the dual-
continuum representation. To investigate the effects of advective transport through the engineered
barriers, the dual-continuum representation advectively links the fracture cell network with the user able
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to input an advective flow rate. No advective flow through the matrix continua occurs in the dual-
continuum representation.

The properties of the secondary engineered barrier are shown in Table 3.3-6. The volume, thickness, and
perimeter of the secondary engineered barrier are input as scalar values and the porosity, density,
tortuosity, fracture spacing, and fracture aperture are represented by log-triangular probability
distributions. The properties also do not change with time. In general, it is expected that properties
associated with the fully degraded state of the secondary engineered barrier would be modeled; however
the user can change the properties to represent different conditions.

The ability to simulate dissolution/precipitation and reversible sorption is included in each secondary
engineered barrier batch-reactor mixing cell. It is assumed that the dissolved concentration limits and
distribution coefficients are represented in the clay GDS model as log-triangular, as shown in Table 3.3-5,
with the user having the ability to define the minimum, best estimate, and maximum values of the
distribution from the input spreadsheet for the secondary engineered barrier.

Single-Continuum Representation

In this model version, the single-continuum representation of the volume of water in each batch-reactor
mixing cell is equal to the product of the 1/3™ the volume of the secondary engineered barrier and the
porosity (3 mixing cells). The mass of solid material in the mixing cell is equal to the product of 1/3" the
volume of the secondary engineered barrier and the density (assumed to be the dry density).

For the single-continuum representation, 1D diffusive radionuclide transport is modeled assuming the
diffusive area is equal to the product of the outer perimeter of the secondary engineered barrier and the
model domain depth (Figure 3.3-3). This diffusive area is applied to all three batch reactor mixing cells,
resulting in a larger diffusive area than would result from a more explicit representation of the geometry.
However, this approach will result in larger diffusive fluxes and is a conservative approximation. The
diffusive length in each batch-reactor mixing cell is equal to 1/3™ the thickness of the secondary
engineered barrier.

The effective diffusion coefficient is given as:

De.[f',j :Dref 'RD,j .¢.T.¢A,j Eq. 3.3-2

where

Dy = Effective diffusion coefficient for element j (m*/yr)

D, = Reference diffusivity in water (m*/yr); Table 3.3-4

Rp, = Relative diffusivity in water for element j; Table 3.3-4

¢ = Porosity

T = Tortuosity

Pu; = Available porosity for element j (0-1); Table 3.3-7

This approach for determining the effective diffusion coefficient provides flexibility to the user in
representing diffusive radionuclide transport in the single-continuum representation of the secondary
engineered barrier. As discussed above, both the reference diffusivity and the element-specific relative
diffusivities in water are user inputs (Table 3.3-4). The element-specific available porosities are
represented as triangular distributions with the minimum, most likely, and maximum values being user
inputs, as shown in Table 3.3-7.
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Table 3.3-6. Secondary Engineered Barrier Properties

(a) Scalar Parameters

Property Second?arga/rlr:'ig?ineered
Volume (m°) 18.0
Thickness (m) 0.6
Perimeter (m) 40
Advective Flow Rate (m®/yr) 0.00E+00
(b) Stochastic Parameters
Property Minimum | Most Likely | Maximum
Porosity 0.05 0.1 0.15
Density (kg/m°) 1971 2190 2409
Tortuosity 0.75 0.9 1
Fracture Spacing (m) 0.225 2.50E-01 0.275
Fracture Aperture (m) 0.004 0.005 0.006

NOTE: The values shown are for example only. Fracture Spacing and Fracture
Aperture are required only for a dual-continuum representation.

Table 3.3-7. Available Porosity

Element | Minimum m:’;; Maximum | Element | Minimum ITI?:I; Maximum
Ac 0.998 0.999 1 Pd 0.998 0.999 1
Am 0.998 0.999 1 Pu 0.998 0.999 1
C 0.998 0.999 1 Ra 0.998 0.999 1
Cl 0.998 0.999 1 Sb 0.998 0.999 1
Cm 0.998 0.999 1 Se 0.998 0.999 1
Cs 0.998 0.999 1 Sn 0.998 0.999 1

I 0.998 0.999 1 Sr 0.998 0.999 1
Nb 0.998 0.999 1 Tc 0.998 0.999 1
Np 0.998 0.999 1 Th 0.998 0.999 1
Pa 0.998 0.999 1 U 0.998 0.999 1
Pb 0.998 0.999 1 Zr 0.998 0.999 1

NOTE: The values shown are for example only.
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Dual-Continuum Representation

In this model version, the volume of water in the batch-reactor mixing cells that represent the matrix
continuum, the mass of solid material in the mixing cell, the diffusive area, the diffusive length, and the
effective diffusion coefficient are determined identical to the single-continuum representation discussed
immediately above.

The conceptual representation of the fracture-continuum assumes equally spaced, through-going, parallel
fractures along the outer perimeter of the secondary engineered barrier, as shown schematically in
Figure 3.3-6.

The volume of water in the batch-reactor mixing cells that represent the fracture continuum is determined
as:

v, PS;iEB F, TSE3CEB D, Eq. 333
where
Vi = Volume of water in a fracture continuum batch-reactor mixing cell (m®)
Psgceg = Outer perimeter of the secondary engineered barrier (m)
Tsecer = Thickness of the secondary engineered barrier (m); factor of three applied since
there are three batch-reactor mixing cells spanning the thickness
Fy = Fracture spacing along the outer perimeter of the secondary engineered barrier
(m)
Fy = Fracture aperture (m)
Dpomain - = Model domain depth (m); Figure 3.3-3

Fractureﬂ‘
f— :
Spacing

Fracture
Spacing (m)

Figure 3.3-6. Schematic of Fracture Network Representation in the Secondary Engineered Barrier
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The diffusive length within each fracture-continua cell is equal to 1/3™ the thickness of the secondary
engineered barrier and the diffusive area is determined as:

P,
DA—F = == .FA .Ddomain Eq 334
F,
where
Dyp = Diffusive area in a fracture continuum batch-reactor mixing cell (m?)
Psecpp = Outer perimeter of the secondary engineered barrier (m)
Fs = Fracture spacing along the outer perimeter of the secondary engineered barrier
(m)
Fy = Fracture aperture (m)
Dpomain = Model domain depth (m); Figure 3.3-3

The diffusive area between the fracture and matrix continuums (matrix diffusion) is determined as:

P, SECEB T, SECEB
= e

D, . = D, Eq. 3.3-5
A-M F 3 d
where

Dy = Diffusive area for matrix diffusion between the fracture and matrix continuum
batch-reactor mixing cells (m”)

Psgcpp = Outer perimeter of the secondary engineered barrier (m)

Tseceg = Thickness of the secondary engineered barrier (m); factor of three applied since
there are three batch-reactor mixing cells spanning the thickness, 2 surfaces for
each fracture

Fs = Fracture spacing along the outer perimeter of the secondary engineered barrier
(m)

Dpomain - = Model domain depth (m); Figure 3.3-3

The diffusive length in the fracture continua batch-reactor mixing cell is assumed to be zero meters. The
diffusive length in the matrix continua batch-reactor mixing cell is assumed to equal half the fracture
spacing.

The effective diffusive coefficient in the water with the fracture continua batch-reactor mixing cells is
given as:

Deff}j = Dre?)" .RD,A/‘ Eq. 3.3-6
where
Dy = Effective diffusion coefficient for element j (m*/yr)
D, = Reference diffusivity in water (m*/yr); Table 3.3-4

Rp, = Relative diffusivity in water for element j; Table 3.3-4
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For scenarios where the secondary engineered barrier is not considered, parameters in the input
spreadsheet can be defined to force immediate transport through the mixing cells by:

e Selecting single-continuum for representing radionuclide transport

o Setting the cell volumes to a very small number (i.e. 10~ m®);

e Setting the advective flow rate out of the mixing cell to a very large number (i.e. 10'° m*/yr)
e Setting the dissolved concentration limit to a very large number (i.e. 10°° mol/L)

e Setting the distribution coefficients for each element to a very small number (i.e. 10" m’/kg)

3.3.2.3  Near Field/EDZ

The current near-field/EDZ component of the clay GDS model is shown schematically in Figure 3.3-7.
Also shown are the data and ancillary calculation/modeling results that serve as input to the model. As
discussed previously, the user has the capability to change the input parameters through the GDS input
spreadsheet and thus is able to model a wide variety of near-field/EDZ conditions within generic clay
media.

The current clay GDS model assumes 1D radionuclide transport through the secondary engineered barrier
using the linked batch-reactor mixing cell structure shown in Figure 3.3-7. This structure allows the user
to select either a single- or a dual-continuum representation of radionuclide transport. This allows for the
representation of a variety of EDZ conditions with different radionuclide transport properties.

If a single-continuum representation is chosen, radionuclide transport through the EDZ is represented by
three linked batch-reactor mixing cells (top cell network shown in Figure 3.3-7) that span the EDZ
thickness. Diffusion is the primary radionuclide transport mechanism in a clay disposal environment, so
the batch-reactor mixing cells are diffusively coupled. However, to investigate the effects of advective
transport through the engineered barriers, the mixing cells are also advectively linked with the model user
able to input an advective flow rate.

If a dual-continuum representation is chosen, radionuclide transport through the EDZ is represented by
six linked batch-reactor mixing cells (shown in Figure 3.3-7). Three of the linked batch-reactor mixing
cells (top cell network shown in Figure 3.3-7), that span the thickness of the EDZ, represent the matrix
continuum and three of the batch-reactor mixing cells (bottom cell network shown in Figure 3.3-7)
represent the fracture continuum. Again, diffusion is the primary radionuclide transport mechanism in a
clay disposal environment, so the batch-reactor mixing cells representing the fracture continuum are
diffusively coupled. The diffusion of radionuclides between the matrix and fracture continua is also
included in the dual-continuum representation. To investigate the effects of advective transport through
the engineered barriers, the dual-continuum representation advectively links the fracture cell network with
the user able to input an advective flow rate. No advective flow through the matrix continua occurs in the
dual-continuum representation.

The properties of the secondary engineered barrier are shown in Table 3.3-8. The volume, thickness, and
perimeter of the EDZ are input as scalar values and the porosity, density, tortuosity, fracture spacing, and
fracture aperture are represented by log-triangular probability distributions. The properties also do not
change with time. In general, it is expected that the fully degraded state of the EDZ would be modeled;
however the user can change the properties to represent different conditions.

The ability to simulate dissolution/precipitation and reversible sorption is included in each EDZ barrier
batch-reactor mixing cell of the current model version. It is assumed that the dissolved concentration
limits and distribution coefficients are represented in the current clay GDS model as log-triangular, as
shown in Table 3.3-4, with the user having the ability to define the minimum, best estimate, and
maximum values of the distribution from the input spreadsheet for the secondary engineered barrier.
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Figure 3.3-7. Schematic of Near-Field/EDZ Representation
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Table 3.3-8. EDZ Properties

(a) Scalar Parameters

Property EDZ
Volume (m°) 270
Thickness (m) 1.15
Perimeter (m) 6.9
Advective Flow Rate (m®/yr) 2.8E-06
(b) Stochastic Parameters
Property Minimum | Most Likely Maximum
Porosity 0.15 0.18 0.20
Density(kg/m®) 2000 2250 2500
Tortuosity 0.5 0.75 1.0
Fracture Spacing (m) 0.25 0.5 1
Fracture Aperture (m) 0.0005 0.001 0.005

NOTE: The values shown are for example only. Fracture Spacing and Fracture Aperture
are required only for a dual-continuum representation.

3.3.23.1 Single-Continuum Representation

In the current model version, the single-continuum representation of the volume of water in each batch-
reactor mixing cell is equal to the product of the 1/3™ the volume of the EDZ and the porosity (3 mixing
cells). The mass of solid material in the mixing cell is equal to the product of 1/3™ the volume of the EDZ
and the density (assumed to be the dry density).

For the single-continuum representation, 1D diffusive radionuclide transport is modeled assuming the
diffusive area is equal to the product of the outer perimeter of the EDZ and the model domain depth
(Figure 3.3-3). This diffusive area is applied to all three batch reactor mixing cells, resulting in a larger
diffusive area than would result from a more explicit representation of the geometry. However, this
approach will result in larger diffusive fluxes and is a conservative approximation. The diffusive length in
each batch-reactor mixing cell is equal to 1/3™ the thickness of the EDZ.

The effective diffusion coefficient is given as:

D, . =D, ®R, eperegp, . Eq. 3.3-7
where
Dy = Effective diffusion coefficient for element j (m*/yr)
D,r = Reference diffusivity in water (m?/yr); Table 3.3-4
Rp, = Relative diffusivity in water for element j; Table 3.3-4
¢ = Porosity
T = Tortuosity

Pu; = Available porosity for element j (0 — 1); Table 3.3-7
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This approach for determining the effective diffusion coefficient provides flexibility to the user in
representing diffusive radionuclide transport in the single-continuum representation of the EDZ. As
discussed above, both the reference diffusivity and the element-specific relative diffusivities are user
inputs. The element-specific available porosities are represented as triangular distributions with the
minimum, most likely, and maximum values being user inputs, as shown in Table 3.3-7 (identical input
table for the EDZ).

3.3.2.3.2 Dual-Continuum Representation

The volume of water in the batch-reactor mixing cells that represent the matrix continuum, the mass of
solid material in the mixing cell, the diffusive area, the diffusive length, and the effective diffusion
coefficient are determined identical to the single-continuum representation discussed immediately above.

The conceptual representation of the fracture-continuum assumes equally spaced, through-going, parallel
fractures along the outer perimeter of the EDZ, as shown schematically in Figure 3.3-6.

The volume of water in the batch-reactor mixing cells that represent the fracture continuum is determined
as:

Vy :P;—%:ZOFA 0TE3DZ ®D ) main Eq. 3.3-8
where
Vi = Volume of water in a fracture continuum batch-reactor mixing cell (m°)
Pepz = Outer perimeter of the EDZ (m)
Tepz = Thickness of the EDZ (m); factor of three applied since there are three batch-
reactor mixing cells spanning the thickness
Fs = Fracture spacing along the outer perimeter of the EDZ (m)
Fy = Fracture aperture (m)
Dpomain = Model domain depth (m); Figure 3.3-3

The diffusive length within each fracture-continua cell across the thickness of the EDZ is equal to 1/3™
the thickness. The diffusive area perpendicular to the fracture network is determined as:

P EDZ
DAfF = F .FA .Ddomain Eq 3.3-9
s
where
Dr = Diffusive area in a fracture continuum batch-reactor mixing cell (mz)
Prpy = Quter perimeter of the secondary engineered barrier (m)
Fs = Fracture spacing along the outer perimeter of the secondary engineered barrier
(m)
F, = Fracture aperture (m)

Dpomain = Model domain depth (m); Figure 3.3-3
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The representation of matrix diffusion between the fracture and matrix continuums (matrix diffusion)
determines the diffusive area as:

DA v = PEDZ .2.TEDZ oD

_ omain Eq. 3.3-10
F, 30
where

Dy = Diffusive area for matrix diffusion between the fracture and matrix continuum
batch-reactor mixing cells (m?)

Prpy = Outer perimeter of the secondary engineered barrier (m)

Tepz = Thickness of the secondary engineered barrier (m); factor of three applied since
there are three batch-reactor mixing cells spanning the thickness, 2 surfaces for
each fracture

Fs = Fracture spacing along the outer perimeter of the secondary engineered barrier
(m)

Dpomain = Model domain depth (m); Figure 3.3-3

The matrix representation also assumes that the diffusive length in the fracture continua batch-reactor
mixing cell is zero meters and the diffusive length in the matrix continua batch-reactor mixing cell is
equal to half the fracture spacing.

The effective diffusive coefficient in the water with the fracture continua batch-reactor mixing cells is
given as:

D, =D, ®*R,; Eq. 3.3-11
where
Dy = Effective diffusion coefficient for element j (m*/yr)
D, = Reference diffusivity in water (m*/yr); Table 3.3-4
Rp, = Relative diffusivity in water for element j; Table 3.3-4

This effective diffusion coefficient is used to both represent 1D diffusion along the fracture network and
matrix diffusion with the water-containing fracture, perpendicular to the fracture network. The effective
diffusion coefficient for representing matrix diffusion perpendicular to the fracture network within the
matrix continuum is determined identical to the single-continuum representation discussed immediately
above.

For scenarios where the EDZ is not considered, parameters in the input spreadsheet can be defined to
force immediate transport through the mixing cells by:

e Selecting single-continuum for representing radionuclide transport

e Setting the cell volumes to a very small number (i.e. 10~ m’);

e Setting the advective flow rate out of the mixing cell to a very large number (i.e. 10" m’/yr)
e Setting the dissolved concentration limit to a very large number (i.e. 10°° mol/L)

e Setting the distribution coefficients for each element to a very small number (i.e. 10~ m*/kg)
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Figure 3.3-8. Linkage between the Secondary Engineered Barrier and the EDZ
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3.3.2.4  Far Field

The far-field component of the current clay GDS model is shown schematically in Figure 3.3-9. This
formulation consists of 20x20 node network of batch-reactor mixing cells used to represent 2D
radionuclide transport. Releases from the near field enter the far field at the corner of the far-field cell
network. Radionuclide transport is assumed to occur primarily via diffusive mechanisms. However, the
model includes advective coupling between the mixing cells to evaluate sensitivity.

The following assumptions are inherent in this model.

e The “depth” of each mixing cell equals the “depth” of the unit cell within the model (i.e., distance
between the centers of single waste packages in a horizontal emplacement conceptual design)

e Reflective boundary conditions at (1) the center of each emplacement drift/tunnel, (2) at the centerline
between emplacement drifts/tunnels, and (3) at the plane of the emplacement drifts.

e Dissolved concentration limits are applied in each mixing cell.
e Reversible sorption in each mixing cell.

As discussed above (Figure 3.3-3), the far-field domain height, width, and depth are represented
parametrically within the model and are defined by the user. Thus, the model is extremely flexible and
can accommodate different repository configurations (e.g., spacing of emplaced waste). Thermal
modeling and analysis tools could be used to determine allowable configurations for a prescribed waste
form and conceptual repository design that would then be input into the clay GDS model.

The properties included in the far-field component of the clay GDS model are shown in Table 3.3-9. The
porosity, density, and tortuosity of the far-field media are represented as triangular distributions with the
minimum, most likely, and maximum values being input parameters. Different values for tortuosity can
be defined in the horizontal and vertical directions to represent anisotropic diffusive radionuclide
transport.

Table 3.3-9. Far-Field Properties

Property Minimum | Most Likely Maximum
Porosity 0.15 0.20 0.25
Density (kg/m°) 2000 2250 2500
Tortuosity: X-dimension 0.5 0.75 0.1
Tortuosity: Y-dimension 0.25 0.5 0.75

NOTE: The values shown are for example only.
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Diffusive Length: X/20/2; Y/20/2
Diffusive Area: Dx = Y*Z; Dy = X*Z
Clay Material
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Distribution Coefficients
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NOTE: The “swept-away” boundary condition for Aquifer refers to the assumption of a very large volumetric flow rate in the
aquifer (to a sink), which effectively removes any radionuclides released from the clay far field.

Figure 3.3-9. Schematic of Far-Field Representation
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The volume of each batch-reactor mixing cell is determined assuming each cell is a rectangular
parallelepiped as:

/4 H

Vs = dzg . ”’28 * D, Eq.3.3-12
where
Vel = Volume of each cell in the 20x20 node grid (m3)
Wiomain = Width of the model domain (m); Figure 3.3-3
Hyomain = Height of the model domain (m); Figure 3.3-3
Dyomain = Depth of the model domain (m); Figure 3.3-3

The volume of water in each batch-reactor mixing cell is equal to the product of the cell volume and the
porosity. The mass of solid material in the mixing cell is equal to the product of the volume of the cell and
the density (assumed to be the dry density).

In the current model version, the ability to simulate dissolution/precipitation and reversible sorption is
also included in each far-field batch reactor mixing cell in the same manner as was discussed above for
the EBS and EDZ cells. Again, the model can be modified in the future should future investigations
indicate that different probability distributions should be used or to involve explicit coupling to
geochemical conditions and temperature within the batch reactor mixing cells.

Two-dimensional diffusion is modeled with the diffusive area and diffusive length in the horizontal and
vertical directions determined as:

Diffusive Direction Diffusive Area Diffusive Length
Horizontal __ domain_ o Ddomain domain
20 20
w, . H.
Vertical ___domain_ ° Ddomain domain
20 20

The effective diffusion coefficient is given as:

De_ﬁ.’j :D,_ef ORDJ eper °¢A,_; Eq. 3.3-13
where
Dy = Effective diffusion coefficient for element j (m*/yr)
D,r = Reference diffusivity in water (m?/yr); Table 3.3-4
Rp, = Relative diffusivity in water for element j; Table 3.3-4
¢ = Porosity
T = Tortuosity

Pu; = Auvailable porosity for element j (0 — 1); Table 3.3-7
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This approach for determining the effective diffusion coefficient provides flexibility to the user in
representing diffusive radionuclide transport in the far field. As discussed above, both the reference
diffusivity and the element-specific relative diffusivities are user inputs. The element-specific available
porosities are represented as triangular distributions with the minimum, most likely, and maximum values
being user inputs as shown in Table 3.3-7. To represent anisotropic diffusive radionuclide transport,
different values for the available porosity can be defined in the horizontal and vertical directions.

As discussed above, the far-field component of the current clay GDS model includes advective links
between the batch-reactor cells in both the horizontal and vertical directions. Darcy velocities (V3, V;
m/yr) can be entered in both the vertical and horizontal directions. The volumetric flow rates are
determined as:

Advective Direction Volumetric Flow Rate (m3/yr)

domain

Horizontal VX oe———8o Ddomain
20

Vertical ) e _—domain_ g 1y

z 2 O domain

3.3.2.5 Aquifer

The radionuclide concentration in the Aquifer in the clay GDS model is assumed to equal zero. This is
accomplished by assuming a very large volumetric flow rate in the aquifer (to a sink), which effectively
removes any radionuclides released from the clay far field. The radionuclide mass flux reaching the
aquifer is used to determine the annual dose to the receptor. The mass flux for each radionuclide (g/yr) is
multiplied by the specific activity (Bg/g) to determine the activity flux (Bq/yr) entering the aquifer.

3.3.2.6 Biosphere

The IAEA BIOMASS ERBI1B dose model is used to convert the output radionuclide concentrations in the
ground water at a hypothetical drinking well location to an estimate of annual dose based on drinking well
water consumption (IAEA 2003). The biosphere model and parameter values for the clay GDS biosphere
are the same as for the salt GDS biosphere (Section 3.1.2.8) and the granite GDS biosphere

(Section 3.2.2.8).

3327 Fast Paths

The current clay GDS model includes the capability to represent fast paths that can be parameterized by
the user to evaluate various stylized scenarios.

The current far-field component of the clay GDS model, discussed above, includes the ability to include
vertical advective transport within the far field at 25%, 50%, 75%, and 100% of the domain width within
the 20x20 node network. This allows for the simulation of fast paths that do not directly intersect the
emplaced waste or the engineered barriers, but could degrade the isolation capability of the far field. The
user is able to define the Darcy velocity in these fast paths along with a time and duration that the
increased flow occurs. The input parameters are shown in Table 3.3-10.
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The current clay GDS model also includes the capability to evaluate stylized scenarios of preferential fast
pathways that either directly intersect the emplaced waste or the engineered barriers. This capability is
shown schematically in Figure 3.3-7. The model is comprised of a diffusive and an advective radionuclide
transport component. The diffusive pathway consists of a five node network of batch-reactor mixing cells
to represent 1D diffusion. This diffusive pathway is linked to a two segment “pipe” network that represent
1D advective-dispersive radionuclide transport between the diffusive network and the aquifer. A fast
pathway scenario is defined by:

e Defining whether the fast-path network directly intersects the emplaced waste or other engineered
barriers.

e Defining the distance for diffusive transport between the intersection point and the location where an
advective fast-path is present;

e Defining the cross-sectional area for diffusive radionuclide transport (constant along the 1D direction)
e The length and advective (Darcy) velocity in each of the two advective-dispersive segments.

The properties of the fast path are shown in Table 3.3-11 and are applied to both the diffusive and
advective segment. The ability to simulate dissolution/precipitation and reversible sorption is included in
each batch-reactor mixing cell for the diffusive segment. Reversible sorption is included in each
advective-dispersive “pipe.” The dispersivity in each advective-dispersive “pipe” is assumed to be 10% of
the segment length. It is assumed that the dissolved concentration limits and distribution coefficients are
represented in the current clay GDS model as log-triangular, as shown in Table 3.3-4, with the user
having the ability to define the minimum, best estimate, and maximum values of the distribution from the
input spreadsheet for the fast pathway scenario.

Table 3.3-10. Far-Field Fast Path Parameters

Position in the Far-Field . . .
Domain Velocity (m/yr) Start Time (yr) Duration (yr)
25% 6.31E-06
50% 0
1.00E+06 2.00E+05
75% 0
100% 0

NOTE: The values shown are for example only.

Table 3.3-11. Fast Path Properties

Property Minimum | Most Likely Maximum
Porosity 0.15 0.20 0.25
Density (kg/m°) 2000 2250 2500
Tortuosity 0.5 0.75 0.1

NOTE: The values shown are for example only.
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The volume of each batch-reactor mixing cell is determined as:

LFP— Diffusion
VFP—D{[ﬁtsion = 5 s AFP—D{[ﬁtsion Eq 3.3-14
where
Veppigision =  Volume of each batch-reactor cell in the five-node diffusive network (m?)
Lep-piiusion = Length of the five-node diffusive network (m); 5 cells along the length
App.igision =  Cross-sectional area for diffusive radionuclide transport (m®)

The volume of water in each batch-reactor mixing cell is equal to the product of the cell volume and the
porosity. The mass of solid material in the mixing cell is equal to the product of the volume of the cell and
the density (assumed to be the dry density).

The diffusive length in each cell is determined from the length of the five-node diffusive network
(aS LFP—Diﬁ”uSian /5)

As discussed above, the location where the preferential fast path intersects the EBS is either directly to the
emplaced waste or to the secondary EBS. For the former, the entire inventory of waste is instantaneously
released into the first diffusive batch-reactor mixing cell. If the latter is selected, the entire “base” model
is executed to determine the release rate from the secondary barrier and that mass flux exiting is input into
the first diffusive batch-reactor mixing cell. For both cases, all radionuclides are assumed to be
transported through the preferential fast-pathway network. This neglects any additional radionuclide
transport processes that would occur along the fast pathways (i.e., transverse diffusion into the far field)
and will tend to overestimate release.

Two additional “fine” batch-reactor mixing cells are included before the five-node diffusive cell network.
These cells are assumed to be 0.1-m thick and are included to better capture dissolution/precipitation
processes for scenarios where the preferential fast pathway directly intersects the emplaced waste.

The effective diffusion coefficient is given as:

Dy, =D, ®R, epereg, . Eq. 3.3-15

where

Dy = Effective diffusion coefficient for element j (m*/yr)

D,r = Reference diffusivity in water (m?/yr); Table 3.3-4

Rp, = Relative diffusivity in water for element j; Table 3.3-4

¢ = Porosity

T = Tortuosity

P = Available porosity for element j (0-1); Table 3.3-7

This approach for determining the effective diffusion coefficient provides flexibility to the user in
representing diffusive radionuclide transport in the preferential fast-pathways. As discussed above, both
the reference diffusivity and the element-specific relative diffusivities are user inputs. The element-
specific available porosities are represented as triangular distributions with the minimum, most likely, and
maximum values being user inputs as shown in Table 3.3-7.
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3.3.3 Confidence-Building Activities

This subsection discusses confidence-building activities that were performed with the current clay GDS
model. The purpose of these activities were to build confidence in the results generated by the clay GDS
model with regard to modeling generic clay disposal environments.

3.3.3.1  Far-Field Analytic Comparison

The ability of the numerical model to represent a wide range of dimensions was examined by comparing
numerical and analytic solutions of the same diffusive transport problem. The comparisons indicate that
as the aspect ratio of the numerical grid blocks making up the far field becomes larger, agreement
between the numerical solution produced by GoldSim and the exact analytic solution deteriorates.
However, even with the rather extreme ratio of 15/2, disagreement seems at worst to be only about 10% at
only a few limited locations, primarily in the corners closest to and farthest away from the interface with
the near field/EDZ.

In the absence of advective flow the 20 x 20 matrix of cells used to represent the far field solves a time-
dependent diffusion equation in two spatial dimensions. For species that are not limited by solubility and
not undergoing radioactive decay, in an isotropic medium this equation is

oc 0’c 0O’
EZDEer , Eq. 3.3-16

where ¢ is the time, 0 < x < a and 0 < y < b with a the width of the far field and b the depth, D is

the bulk diffusion coefficient (see Equations 4-6 though 4-9 for further details), and c is the
concentration. Using the technique of separation of variables and applying the initial and boundary
conditions

c(0,x,y) = % when (0<x<5),(0<y<g) and =0, otherwise,

D@ :Dﬁ =0 Eq. 3.3-17
ox |, ox|,_,
at all times ¢ and positions y, and
oc
c(t,x,b)=D— =0 Eq. 3.3-18
|
y=

for all values of ¢ and x, the solution for this equation is found to be

c(t,x,y) = Z Z A, e cos(a,x)cos(B, ). Eq. 3.3-19

n=0 m=0
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In the foregoing equations, M is the mass (per unit length in a direction perpendicular to the x, y plane)
initially confined to the area (0<x <), (0<y<s),

nr
an = )
a
5 - 2m+1)z
" 2b
and
knm = D(aj + ﬁifl)
When n =0,
A, = M sin(f,¢€),
abep,
and when n > 0,
A, = _aM sin(a, 0) sin(f,,€) .
abdea, f,

Except when 7 is near zero, a relatively small number of terms provides adequate convergence for the
series in Equation 3.3-19.

To provide an indication of the robustness of the GoldSim solution in the clay GDS model when the 20 x
20 matrix cells represent a variety of sizes and aspect ratios for the rectangular far-field region, the
numerical GoldSim solution was compared with the exact solution as given by Equation 3.3-19. For this
purpose, 10 grams of a test species was inserted at time zero into the GoldSim cell representing the part of

the region defined by (0 <x< 5), (0 <y< 5) where 0 =a/20and & =b/20. This region has a thickness
perpendicular to the x,y plane of 1.6 m. In the graphs that follow, the cell where the mass is inserted has

the label X1Y1, a cell approximately in the middle of the rectangular region has the label X10Y 10, and
the cell at the opposite corner of the region from the cell X1Y1 has the label X20Y20. A point at the
center of the cell X1Y1 has the coordinatesx =6/2 and y =&/2, a point at the center of the cell

X10Y'10 has the coordinates x =9.50 and y =9.5¢, and a point at the center of the cell X20Y20 has
coordinates x =19.55 and y =19.5¢. The bulk diffusion coefficient has the value 2 x 107'" m?s.

For the first set of comparisons, a square far field with a width ¢ =20 m and a depth 5 =20m is

considered. The time-dependent concentration in the three cells referred to in the foregoing paragraph is
shown in Figure 3.3-11. Comparisons between the two solutions were also made at several other locations
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within the matrix with agreement as good as shown for X10Y 10 and X20Y20. Agreement is not as good
for X1Y1 because the spatial mesh is not sufficient for tracking the step-function behavior of the
concentration at early times. Calculations were also completed for square far fields with dimensions as
large as @ = b =80 m with the same quality of agreement as shown in Figure 3.3-11. The only effect of

changing the size of the square far field is to change the time constants k,, in Equation 3.3-19.

Results for a second set of calculations for a rectangular far field with @ =20m and 5 =80 m.

Comparisons between the GoldSim numerical solution and the exact solution from Equation 3.3-19 are
shown in Figure 3.3-12. While agreement is not quite as good as is shown in Figure 3.3-11, the GoldSim
numerical result is, nevertheless, within a few percent of the exact solution except in the cell X1Y1. As in
the previous case, results were compared at several additional locations within the far field and in all
cases agreement was as good as or better than shown in Figure 3.3-12.

A third set of calculations were carried out for a rectangular far field with a =80 m and b =20 m.

Comparisons for this case are shown in Figure 3.3-13. This case differs from that shown in Figure 3.3-12
in that leakage occurs along the long side of the rectangle rather than the short side. Agreement between
the numerical and exact solutions is slightly worse in this case than in the case shown in Figure 3.3-12,
but even so, the most serious disagreement is only about 4% except in the case of the cell X1Y1.

The fourth set of calculations involved the more extreme aspect ratio in which the rectangular far field has
a=20m and b =150m. Results for this case are shown in Figure 3.3-14. Agreement is very good in the

cell near the center of the far field but GoldSim over-predicts the concentration by slightly more than 10%
at the corner of the rectangle opposite where the mass in inserted. There are other locations in the far field
where the disagreement between GoldSim’s numerical solution and the exact solution is similar to that
shown in Figure 3.3-14 for the cell X20Y20. It is worth noting that even though the magnitude of the
concentration is off, GoldSim seems to make an accurate prediction of the time when the peak
concentration occurs.

Comparisons shown in Figures 3.3-11 through 3.3-14 indicate that as the aspect ratio becomes larger,
agreement between the numerical solution produced by GoldSim and the exact solution given by
Equation 3.3-19 deteriorates. However, even with the rather extreme ratio of 15/2, disagreement seems at
worst to be only about 10%, at only a few limited locations, primarily in the corners closest to and farthest
away from where the source was injected. Inserting mass into a single cell at time zero probably offers a
more serious challenge to the numerical solution algorithm than the gradual release of mass into this cell
over a longer period of time such as occurs in the repository analysis considered in this subsection. The
difficulty could be avoided if it were possible to easily change the number of cells in the x and y

directions and thus keep the ratio of the length to width of individual cells close to unity. However, this is
not easily accommodated within the GoldSim software.
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3.3.32 PAMINA Benchmark
3.3.3.2.1 Purpose of Analysis

The European Commission Performance Assessment Methodologies IN Application (PAMINA) to Guide
the Development of the Safety Case project brought together 25 organizations from ten European
countries and one European Community Joint Research Centre in order to improve and harmonize
methodologies and tools for demonstrating the safety of deep geological disposal of long-lived
radioactive waste for different waste types, repository designs and geological environments. One of the
PAMINA tasks was to conduct several benchmark exercises on specific processes, in which quantitative
comparisons were made between approaches that rely on simplifying assumptions and models, and those
that rely on complex models that take into account a more complete process conceptualization in space
and time. Benchmark calculations were performed and compared for clay, salt, and crystalline geologic
disposal environments.

The current clay GDS model was used to perform the same benchmark calculations that were performed
under the PAMINA project for clay disposal environments (Andra 2005a; Andra 2005b). The benchmark
cases, repository configuration, radionuclide inventory, and parameters can be found in the PAMINA
reports (Andra 2005a; Andra 2005b). Transport through the clay far field was modeled as occurring both
via radionuclide diffusion and advection.

3.3.3.2.2 Model Description

Six radionuclides were included in the PAMINA clay benchmark to evaluate different radionuclide
transport processes:

o '?L Highly soluble and because it migrates as an anion, it does not adsorb on the negatively charged
clay particles and is thus fairly mobile.

e PCs—Highly soluble with very strong sorption on the clay particles.

e ”’Se—Migrates as an unretarded species and its release was assumed to be controlled by its solubility
limit.
o *Np, PU, #Th—In this benchmark, the 4N+1 actinide chain transport was limited to the following

3 members: **’Np 2 ***U > **Th. These radionuclides are both solubility limited and strongly
sorbing in the clay environment.

The disposal cell configuration considered in the PAMINA benchmark is shown in Figure 3.3-15 (Genty,
Mathieu, and Weetjens 2009) and the parameters for this configuration are shown in Table 3.3-12 (Genty,
Mathieu, and Weetjens 2009). This benchmark was executed with the clay GDS model using only the far-
field component. The waste form, primary engineered barrier, secondary engineered barrier, and the EDZ
components of the clay GDS model were not used (batch-reactor cell volumes set to 10 m’, advective
flow rates set to 10" m*/yr, dissolved concentration limits set to 10' kg/m’, and distribution coefficients
set to 0 m’/kg).

In the clay GDS model representation a domain width of 10 m and a domain depth of 30 m were used.
These correspond to parameters Ly and L, in Table 3.3-13. The domain height for Cs, I, and Se was 50 m,
equal to half of the domain height considered in the PAMINA benchmark (parameter Hy, in

Table 3.3-13). For Np, U, and Th, (4N+1 actinide chain) the PAMINA benchmark also considered a
reduced thickness of the clay layer from 100 m to 40 m (parameter Hy, in Table 3.3-13) (Weetjens 2008).
Thus, additional calculations were performed with the clay GDS model considering a reduced domain
height of 20 m for Np, U, and Th.
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Figure 3.3-15. PAMINA Benchmark Configuration
Table 3.3-12. PAMINA Benchmark Configuration Parameters
Name Description Value (m)
Dd Inner drift diameter 6
Ec Concrete drift extension 1
Egedz Drift EDZ extension 2
Ld Drift length 10
Hhr Host rock vertical extension 100
Lc Concrete plug length 4
Lp Bentonite plug length 4
Lw Waste disposal cell length 30
Lcedz Length of the EDZ at the end of the disposal cell 0.175
Lchr Extension of host rock at the end of the disposal cell 10
Dw Waste disposal cell diameter 0.70
Ecedz EDZ extension around waste disposal cell 0.175
Lhr Total Length of the calculation domain 52175
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The PAMINA benchmark assumed a vertical hydraulic conductivity of 10" m/s. Hydraulic heads were
assumed to be 450 m at the bottom of the model domain and 350 m at the top of the model domain. These
heads were used for both the 100-m and 40-m clay thickness cases for the 4N+1 actinide decay chain
calculations. This resulted in Darcy velocities of 3.15x107° m/yr for the 100-m thickness and

7.88 x107° m/yr for the 40-m thickness.

The far-field media properties are shown in Table 3.3-13. Note that the PAMINA benchmark calculations
were deterministic. The properties for each radionuclide considered are shown in Table 3.3-14.

The PAMINA benchmark calculations (Andra 2005a; Andra 2005b) assumed a 4,000-yr waste package
lifetime. However, the calculations performed using the clay GDS model assumed immediate failure of
the waste package. This has an insignificant effect on the results, as shown below, due to the very long
time periods for the peak radionuclide flux to occur (several hundred thousand to millions of years). The
PAMINA benchmark calculations assumed a fractional waste form degradation rate of 10~ yr~', which
was also assumed in the clay GDS model calculations.

Table 3.3-13. Far-Field Properties — PAMINA Benchmark

Property Value
Porosity 0.06

Density (kg/m®) 2000
Tortuosity : X-dimension 0.01
Tortuosity : Y-dimension 0.01

Source: Genty, Mathieu, and Weetjens 2009, Table 6
(except for the density, which was assumed).

Table 3.3-14. Radionuclide Properties — PAMINA Benchmark

Radionuclide Dissolved Retardation Distribution Effective Available
Concentration Coefficient” Coefficient Diffusion Porosity®
Limit (mol/L)* (m*/kg)° Coefficient
(x107* m¥s)?

129) Soluble Nonsorbing Nonsorbing 6.48 0.47
%Cs Soluble 20 5.7x10™ 4.32 0.31
“se 4.68x107° Nonsorbing Nonsorbing 6.78 0.49
*'Np 1.0x10°° 10 2.7x10™ 6.48 0.47
2y 3.2x107° 3 6.0x107° 6.48 0.47
#°Th 5.0x107 5 1.2x107* 6.48 0.47

NOTE: “From Genty, Mathieu, and Weetjens 2009, Table 6
> 137Cs from Genty, Mathieu, and Weetjens 2009, Table 7; 237Np, 23y, 2°Th from Andra 2005b (the PAMINA
benchmark calculations used a factor of 100 reduction in the retardation coefficients for these radionuclides below that
reported in Andra 2005a, Table 7.)
“Calculated from R=1+pKy/; density (p) and porosity (¢) from Table 3.3-13
9From Genty, Mathieu, and Weetjens 2009, Table 8
°The available porosity was calculated using Equation 3.3-13 to yield the effective diffusive coefficient shown for a
free diffusion coefficient of 2.3x10™° m%s, radionuclide-specific relative diffusivities of 1, porosity from Table 3.3-13,
and tortuosity from Table 3.3-13.
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3.3.3.2.3  Analysis Results

The results from the clay GDS model are shown in Figure 3.3-16. The results shown are the activity flux
entering the upper aquifer — the metric computed in the PAMINA benchmark calculations. Individual
radionuclide comparisons are shown and discussed below. It must be recognized that the PAMINA
benchmark allowed for both upward and downward vertical diffusion while the clay GDS model assumes
all radionuclides diffuse upward. This difference alone would result in the clay GDS model over-
estimating the resultant mass flux reaching the overlying aquifer by a factor of approximately two.

Overall, the comparisons of the clay GDS model and PAMINA benchmark results are excellent. This
further indicates that the simplified representation of radionuclide transport in the clay GDS model is
sufficient for the purposes of a generic simulation modeling tool of geologic disposal systems in clay.

LA comparison between the clay GDS model and the PAMINA benchmark results is shown in
Figure 3.3-17. It can be seen that the resultant activity flux to a hypothetical upper aquifer are similar,
both in the magnitude of the flux and the timing of the breakthrough. The peak activity flux calculated
with the clay GDS model occurs approximately 200,000 yr earlier than the results shown for the
PAMINA benchmark. The magnitude of the peak activity is approximately a factor of 1.5 — 3 larger than
the PAMINA benchmark results (direct comparison).

B5Cs—A comparison between the clay GDS model and the PAMINA benchmark results is shown in
Figure 3.3-18. It can be seen that the resultant activity flux to a hypothetical upper aquifer are similar. The
clay GDS model results in earlier breakthrough (~200,000 yr) and a factor of approximately 6 — 10 higher
peak activity flux (direct comparison).

Se—"’Se migrates as an unretarded species and its release was assumed to be controlled by its solubility
limit (4.68x107° mol/L). A comparison between the clay GDS model and the PAMINA benchmark
results shows similar behavior (Figure 3.3-19). It can be seen that the resultant activity flux to a
hypothetical upper aquifer are similar. The clay GDS model results in slightly delayed breakthrough and a
factor of approximately 2 lower peak activity flux when compared to the majority of the PAMINA
benchmark results (direct comparison).

4N+1 Chain—Comparison between the clay GDS model and the PAMINA benchmark results are shown
in Figures 3.3-20 to 3.3-22 for the 4N+1 chain. Results are shown for the 100-m domain height case, for
comparison with the PAMINA benchmark results from Institute of Radioprotection and Nuclear Safety
and for the 40-m domain height case, for comparison with the results from SCKeCEN. It can be seen that
the resultant activity flux to a hypothetical upper aquifer calculated by the clay GDS model are similar to
the PAMINA benchmark for both domain height cases. The clay GDS model results in slightly delayed
breakthrough and a factor of approximately 2 — 5 lower peak activity flux for the both the 40-m and
100-m domain cases (direct comparison).
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Figure 3.3-16. PAMINA Clay Benchmark Results using the Clay GDS Model
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(b) PAMINA Benchmark
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