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SUMMARY

The Generic Disposal System Environment (GDSE) model development is focused on the
comparative study of different disposal environments to support the development of long-term
Used Fuel Disposition (UFD) strategy:

1. Develop a fundamental understanding of disposal system performance in a range of
environments for potential wastes that could arise from future nuclear fuel cycle alternatives
through theory, simulation, testing, and experimentation.

2. Develop a computational modeling capability for the performance of storage and disposal
options for a range of fuel cycle alternatives, evolving from generic models to more robust
models of performance assessment.

The GDSE work develops necessary modeling tools that can be used to support management
decision and task prioritization related to the development of alternative nuclear waste disposal
strategies.

The GDSE modeling activities summarized in this report follow the two main themes: (1)
development of simplified performance assessment (PA) models for different disposal
environments, and (2) detailed process-level studies to support PA model development. For
FY10, the former is focused on four generic disposal environments (salt, granite, clay, and deep
borehole) and the latter on the thermal-hydrologic-mechanical-chemical couplings in the near-
field of a clay repository. Parallel to the main themes, the GDSE modeling work in FY 10 also
intends (1) to impose a uniform set of assumptions on different GDSE models to facilitate inter-
model comparisons and (2) at the same time to develop the GDSE models that will be flexible
enough to deal with future repository configurations and engineering designs.

This report, consisting of six self-contained chapters, summarizes the work accomplished for the
GDSE model development in FY10:

e Chapter 1 intends to provide a unified source-term model and dose calculation module for
different GDSE models. The description of inventory data synthesis, thermal output
calculations for various waste forms, and our initial attempt to capture the thermal effect on
radionuclide solubilities are provided.

e Chapters 2, 3, and 5 describe the initial version of GDSE models for salt, granite, and deep
borehole disposal environments and discuss the preliminary results of model analyses. The
model simulations show that soluble, non-sorbing fission products, particularly **°I and "Se,
are major contributors to the total radionuclide dose release. The sensitivity analyses indicate
that groundwater flow rate, waste form degradation rate, and radionuclide sorption are among
the main factors that control total dose release.

e The work described in Chapter 4 is focused on the enhancement of structural flexibility for
the clay GDSE model. The general model framework has been established and preliminary
demonstration testing has been performed. Preliminary results indicate that a wide range of
output can be generated for different fuel cycle scenarios. The modeling approach presented
in this chapter may be applicable to other disposal environments as well.
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Chapter 6 is focused on the development of process-level models for capturing complex
thermal-hydrologic-mechanical-chemical couplings in the near-field of a clay repository.
The purpose of this study is to demonstrate the current modeling capabilities in dealing with
coupled processes in a potential clay repository. The process-level understanding is the key
to the confidence building of a PA-level model.

GDSE model development is a continuing process, and the models described in this chapter are
all preliminary. Nevertheless, the work presented in this report constitutes the first necessary
step toward the ultimate goal for fully comparable and highly flexible GDSE models. The future
work may include:

Refining repository performance scenarios for each disposal environment based on more
systematic Feature, Event, and Process (FEP) analysis. This work will be closely coordinated
with other FEP analysis and screening activities.

Continuing develop a unified source term model and impose a consistent set of assumptions
on all GDSE models. This may require development of a centralized GDSE PA database.
Enhancing GDSE model capabilities by integrating more physical/chemical process
components into the models. For example, it is desirable to explicitly incorporate near-field
thermal evolution and its impacts on water flow and radionuclide mobility. To do so requires
the thermal models with various levels of complexity.

Closely working the engineered barrier system (EBS) evaluation and tool development team
to incorporate EBS components into the GDSE models as they become available.

Continuing key physical/chemical process studies related to nuclear waste disposal. The
work documented in Chapter 6 provides a good example for future studies in this area. The
similar approach can be extended to other systems.
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Chapter 1 Toward Comparative Generic Disposal System Environment
(GDSE) modeling: Development of Unified Reference Source-Term Model

Joon H Lee, Carlos Jove-Colon and Yifeng Wang
Sandia National Laboratories
1. Introduction

In order to make meaningful comparisons of waste isolation performance for different
geological disposal system environment (GDSE) options, it is necessary to employ, to the extent
applicable, uniform modeling assumptions and approaches in the analysis. For this effort, a
reference source-term model was developed for use across GDSE options. The reference source-
term model has incorporated the following model components and/or analyses:

e Reference repository layout

e Waste package configurations

e Inventory for different waste types [the commercial used nuclear fuels (UNF), the
existing DOE high-level waste (HLW), and the hypothetical reprocessing high-level
waste of commercial UNF]

e Waste package thermal heat output

e Waste package temperature

e Solubility of key radionuclides

e Waste form degradation

e Near-field volume

¢ Repository waste inventory scenarios

e Repository radionuclide release and transport scenarios

e Reference biosphere model

The reference source-term model was implemented in Goldsim and provided as a model
template to GDSE option analysis. Although it is not part of the reference source-term model,
the biosphere model is included in the Goldsim model template to allow application of uniform
dose conversion calculations for the GDSE analysis. This chapter discusses the implementation
of the reference source-term model.

The GDSE model development is a continuing process. Development of the reference
source model described in this chapter is the first necessary step toward the ultimate goal for
fully comparable GDSE models. Given the fact that each GDSE model described in this report
is still at its preliminary stage, and because of the tight time constraints, not all components
proposed in the reference source model have been implemented in fiscal year 2010. Specifically,
because the thermal history calculation has not been fully implemented in the Goldsim source-
term model by the time of the report preparation, the source-term model in the version described
here uses a constant ambient temperature of 25 °C for the waste package and near-field
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environment. This limits the application of the temperature-dependent radionuclide solubility
model for the near-field water to 25°C. Also, because of time constraint, the GDSE analysis for
this fiscal year did not consider performance of the waste package. However, certain aspects of
waste package configurations are included for use in other sub-model components, including
repository footprint, waste package radionuclide inventory, waste package heat output, etc.

It should be also noted that, because time constraint, the proposed reference source model
has not been uniformly implemented across all GDSE models presented in this report. Up to
date, this model has been implemented only for the salt, granite, and deep borehole disposal
options to the extent applicable.

2. General Model Development Approach

Figure 1 shows the general conceptual approach for modeling each GDSE. The GDSE
models are developed using the GoldSim software (GoldSim 2009), with additional codes linked
to GoldSim as necessary. For simplicity, a disposal system is divided into two regions, termed
the “near field” and “far field” regions. Key processes such as radionuclide
dissolution/precipitation (solubility), dispersion, matrix diffusion, and reversible sorption are
included in each GDSE model. The “near field” region represents the region surrounding the
Engineered barrier system (EBS) (e.g., the first several meters of a GDSE). A one-dimensional
network of “batch reactor” mixing cells is used to model contaminant transport through this
region. Hydrologic and geochemical properties of the mixing cells are determined from
literature. Except the deep borehole GDSE analysis as described in Chapter 5, ambient
geochemical conditions are applied in the near field to determine dissolved concentration limits.
Details regarding the reference source-term model are described in this chapter. Details of the
far-field model for individual GDSEs are described in their respective chapters.

« One-dimensional “batch reactor” mixing cells

» Represents first several meters of natural
system

« Ambient conditions

« Advective transport

« Dissolution/precipitation (solubility limits)

* Sorption

» Represents 100s — 1000s of meters
of natural system

» Ambient conditions

» Advective transport

« Dissolution/precipitation (solubility
limits)

« Matrix diffusion, dispersion, sorption

Advection Advection Advection, Dispersion Mass
EBS | Mass Dissolution/ Q Dissolution/ Q N Matrix Diffusion L Flux
Flux Preciptiation adv Preciptiation adv Dissolution/Precipitation
in Sorption Sorption Sorption out
“ . ” £ M ”
Near Field Far Field

Note: Figure is schematic only and shows the general conceptualization of the GDSE models. The specific representation of the
reference source-term model is discussed in this section, and that of the far-field model of each GDSE is discussed in its respective

section.

Figure 1: Overall conceptual approach for modeling “generic” disposal system environments

3.

(GDSEs)

Reference Repository Layout

-
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For simplification, it is assumed that repository has a square footprint. Knowing the total

number of waste packages (Nwp) to be disposed of in the repository, the side length (zsz ) of a
square repository footprint can be calculated as follows:

LRE o) LRB;J

Lwp + Swe = Saripe
1)

where Lws is the length of waste package (5.5 m), Swe is the spacing between waste packages
(6 m), and Jarire s the spacing between emplacement tunnels (25 m). The waste package length
is from the package design for the German salt repository program (Janberg and Spilker 1998).
The values for the waste package spacing and emplacement tunnel spacing were taken from the
SKB repository design (Claesson and Probert 1996; SKB 2006).

4. Waste Package Configurations

The waste cask design for spent nuclear fuels of the German salt disposal program
(Janberg and Spilker 1998) was used for the waste package configurations for the source-term
model. The outer diameter of waste package is 1.56 m, and the outer length 5.5 m. Each waste
package is assumed to hold 10 PWR commercial used fuel assemblies, 5 DOE HLW canisters, or
5 reprocessing HLW canisters. As mentioned above, this year’s GDSE analysis did not consider
performance of waste package. The assumed waste package configurations are used in sub-
model components such as repository footprint, waste package radionuclide inventory, waste
package heat output, etc.

5. Waste Inventory

Three different types of high-level radioactive waste (HLW) were considered in the source-term
model: commercial used nuclear fuel (UNF), existing DOE HLW, and reprocessing HLW of the
commercial used nuclear fuel. The source-term model radionuclide inventory analysis was
based on the detailed fuel cycle waste inventory analysis provided by Carter and Luptak (2010).

Commercial Used Nuclear Fuel 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 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 source-term
model inventory analysis uses Scenario 1, which assumes no replacement of existing nuclear
generation reactors. Selection of this scenario for the source-term 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 for the pressurized water reactors (PWR) used
fuels with an estimated total of 209,000 assemblies. This is equivalent to 0.435 MTU per PWR
assembly.
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For simplification, the total inventory is converted to the 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, and a total of 32,154 waste packages are needed for
disposal of the commercial UNF.

The isotopic inventory of the UNF is assumed to be represented by the PWR fuel with a
burn-up of 60 GWd/MTIHM and 4.73% enrichment and aged 30 years 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 1.
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Table 1: Isotopic inventory for commercial UNF used for the GDSE source-term models

Isotope Half Life Fractional Mass Isotope mass per WP
(years) Inventory (9)
Ac-227 2.18E+01 2.7469E-13 1.1960E-06
Am-241 4.32E+02 8.7003E-04 3.7882E+03
Am-243 7.37E+03 1.8796E-04 8.1841E+02
C-14 5.71E+03 3.1524E-07 1.3726E+00
CI-36 3.01E+05 3.4808E-07 1.5156E+00
Cm-245 8.50E+03 6.6221E-06 2.8833E+01
Cs-135 2.30E+06 5.3570E-04 2.3325E+03
Cs-137 3.01E+01 7.2561E-04 3.1593E+03
1-129 1.70E+07 2.1754E-04 9.4720E+02
Nb-93 1.36E+01 4.9591E-04 2.1592E+03
Np-237 2.14E+06 8.5892E-04 3.7398E+03
Pa-231 3.25E+04 7.1103E-10 3.0959E-03
Pb-210 2.26E+01 7.8324E-15 3.4103E-08
Pd-107 6.50E+06 2.8663E-04 1.2480E+03
Pu-238 8.77E+01 3.4170E-04 1.4878E+03
Pu-239 2.41E+04 5.1487E-03 2.2418E+04
Pu-240 6.54E+03 2.8427E-03 1.2377E+04
Pu-241 1.44E+01 2.6198E-04 1.1407E+03
Pu-242 3.76E+05 5.6750E-04 2.4709E+03
Ra-226 1.60E+03 2.2081E-12 9.6141E-06
Ra-228 6.70E+00 1.4339E-18 6.2431E-12
Sb-126 3.61E-05 1.6470E-12 7.1713E-06
Se-79 6.50E+04 7.2769E-06 3.1684E+01
Sn-126 1.00E+05 3.4663E-05 1.5092E+02
Sr-90 2.91E+01 3.0809E-04 1.3414E+03
Tc-99 2.13E+05 8.8739E-04 3.8638E+03
Th-229 7.90E+03 4.4252E-12 1.9267E-05
Th-230 7.54E+03 1.5838E-08 6.8961E-02
Th-232 1.41E+10 4.2412E-09 1.8466E-02
U-232 6.89E+01 3.1642E-09 1.3777E-02
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Isotope Half Life Fractional Mass Isotope mass per WP
(years) Inventory (9)
U-233 1.59E+05 9.7002E-09 4.2235E-02
U-234 2.45E+05 2.1220E-04 9.2392E+02
U-235 7.04E+08 3.7329E-03 1.6253E+04
U-236 2.34E+07 4.3349E-03 1.8874E+04
U-238 4.46E+09 6.3215E-01 2.7524E+06
Zr-93 1.53E+06 1.0193E-03 4.4382E+03

DOE High-Level Radioactive Waste: All existing DOE high-level radioactive waste (HLW) is
assumed to be immobilized in borosilicate glass logs. The source-term analysis uses the best-
estimate projected total number of DOE HLW 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 HLW canisters,
and a total of 5,003 waste packages are needed for disposal of the DOE HLW.

The isotope inventory of the DOE HLW 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:

Aty MW,
mi(9)= —pge3, @)

where A; is the radioactivity of radionuclide i, ty,; is the half-life of radionuclide i, MW, is the
molecular weight of radionuclide i, and N, is the Avogadro constant (6.023 x 10%°). The total
mass of radionuclides of the existing DOE HLW is estimated 1,759 MT. This gives 0.07 MT of
radionuclides per HLW canister, and 0.35 MT of radionuclides per waste package. The isotopic
inventory per HLW canister and per waste package is given in Table 2.
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Table 2: Isotopic Inventory for DOE HLW used for the source-term model analysis

Isotope Half Life Fractional Mass Isotope mass per Isotope mass per WP
(years) Inventory canister (g) (9)
Ac-227 2.18E+01 1.139E-09 8.010E-05 4.005E-04
Am-241 4.32E+02 4.022E-04 2.829E+01 1.414E+02
Am-243 7.37E+03 2.732E-05 1.922E+00 9.608E+00
C-14 5.71E+03 1.747E-08 1.228E-03 6.142E-03
CI-36 3.01E+05 0.000E+00 0.000E+00 0.000E+00
Cm-245 8.50E+03 5.428E-07 3.817E-02 1.909E-01
Cs-135 2.30E+06 1.759E-03 1.237E+02 6.184E+02
Cs-137 3.01E+01 2.219E-03 1.561E+02 7.804E+02
1-129 1.70E+07 1.802E-04 1.268E+01 6.338E+01
Nb-93 1.36E+01 0.000E+00 0.000E+00 0.000E+00
Np-237 2.14E+06 3.004E-04 2.113E+01 1.056E+02
Pa-231 3.25E+04 3.452E-06 2.427E-01 1.214E+00
Pb-210 2.26E+01 1.317E-13 9.264E-09 4.632E-08
Pd-107 6.50E+06 2.188E-05 1.539E+00 7.696E+00
Pu-238 8.77E+01 2.070E-04 1.456E+01 7.279E+01
Pu-239 2.41E+04 1.749E-03 1.230E+02 6.151E+02
Pu-240 6.54E+03 1.865E-04 1.312E+01 6.559E+01
Pu-241 1.44E+01 2.468E-06 1.736E-01 8.678E-01
Pu-242 3.76E+05 2.154E-05 1.515E+00 7.573E+00
Ra-226 1.60E+03 5.747E-11 4.042E-06 2.021E-05
Ra-228 6.70E+00 4.563E-11 3.209E-06 1.604E-05
Sb-126 3.61E-05 5.728E-12 4.029E-07 2.014E-06
Se-79 6.50E+04 3.085E-04 2.169E+01 1.085E+02
Sn-126 1.00E+05 1.215E-04 8.548E+00 4.274E+01
Sr-90 2.91E+01 9.262E-04 6.514E+01 3.257E+02
Tc-99 2.13E+05 3.212E-03 2.259E+02 1.129E+03
Th-229 7.90E+03 9.980E-09 7.019E-04 3.509E-03
Th-230 7.54E+03 4.546E-09 3.197E-04 1.599E-03
Th-232 1.41E+10 9.894E-02 6.958E+03 3.479E+04
U-232 6.89E+01 1.141E-09 8.022E-05 4.011E-04
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Isotope Half Life Fractional Mass Isotopg mass per Isotope mass per WP
(years) Inventory canister (g) (9)
U-233 1.59E+05 5.300E-05 3.727E+00 1.864E+01
U-234 2.45E+05 7.431E-05 5.226E+00 2.613E+01
U-235 7.04E+08 3.732E-03 2.625E+02 1.312E+03
U-236 2.34E+07 2.863E-04 2.014E+01 1.007E+02
U-238 4.46E+09 8.821E-01 6.204E+04 3.102E+05
Zr-93 1.53E+06 1.739E-03 1.223E+02 6.115E+02

Reprocessing High-Level Radioactive Waste: 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 are made for
“hypothetical” reprocessing of commercial UNF:

e 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 Reprocessing HLW is immobilized in borosilicate glass as for the DOE HLW.

e Reprocessing HLW is encapsulated at the same radionuclide mass loading as for the
DOE HLW (i.e., 0.07 MT radionuclide mass per canister).

Note that the above assumptions result in higher concentrations of fission products in the
hypothetical reprocessing waste streams and glass waste form than the DOE HLW. The total
radionuclide mass of the hypothetical reprocessing HLW 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 reprocessing HLW canisters, and a total of 4,055 waste packages are
needed for disposal. The isotopic inventory for reprocessing waste is given in Table 3.
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Table 3: Isotope Inventory for Reprocessing HLW Used for Source-term Model Analysis

Isotope Half Life Fractional Mass Isotopg mass per Isotope mass per WP
(years) Inventory canister (g) (9)
Ac-227 2.18E+01 2.6969E-11 1.8967E-06 9.4833E-06
Am-241 4.32E+02 8.5419E-02 6.0073E+03 3.0037E+04
Am-243 7.37E+03 1.8454E-02 1.2978E+03 6.4892E+03
C-14 5.71E+03 3.0950E-05 2.1766E+00 1.0883E+01
Cl-36 3.01E+05 0.0000E+00 0.0000E+00 0.0000E+00
Cm-245 8.50E+03 6.5015E-04 4.5724E+01 2.2862E+02
Cs-135 2.30E+06 5.2594E-02 3.6989E+03 1.8494E+04
Cs-137 3.01E+01 7.1239E-02 5.0101E+03 2.5051E+04
I-129 1.70E+07 2.1358E-02 1.5021E+03 7.5104E+03
Nb-93 1.36E+01 6.8717E-07 4.8327E-02 2.4164E-01
Np-237 2.14E+06 8.4328E-02 5.9306E+03 2.9653E+04
Pa-231 3.25E+04 6.9808E-08 4.9094E-03 2.4547E-02
Pb-210 2.26E+01 7.6897E-13 5.4080E-08 2.7040E-07
Pd-107 6.50E+06 2.8141E-02 1.9791E+03 9.8956E+03
Pu-238 8.77E+01 3.3547E-05 2.3593E+00 1.1797E+01
Pu-239 2.41E+04 5.0549E-04 3.5550E+01 1.7775E+02
Pu-240 6.54E+03 2.7909E-04 1.9628E+01 9.8141E+01
Pu-241 1.44E+01 2.5721E-05 1.8089E+00 9.0446E+00
Pu-242 3.76E+05 5.5717E-05 3.9184E+00 1.9592E+01
Ra-226 1.60E+03 2.1679E-10 1.5246E-05 7.6230E-05
Ra-228 6.70E+00 1.4077E-16 9.9004E-12 4.9502E-11
Sb-126 3.61E-05 1.6170E-10 1.1372E-05 5.6861E-05
Se-79 6.50E+04 7.1444E-04 5.0245E+01 2.5122E+02
Sn-126 1.00E+05 3.4031E-03 2.3933E+02 1.1967E+03
Sr-90 2.91E+01 3.0248E-02 2.1273E+03 1.0636E+04
Tc-99 2.13E+05 8.7123E-02 6.1272E+03 3.0636E+04
Th-229 7.90E+03 4.3446E-10 3.0554E-05 1.5277E-04
Th-230 7.54E+03 1.5550E-06 1.0936E-01 5.4680E-01
Th-232 1.41E+10 4.1639E-07 2.9284E-02 1.4642E-01
U-232 6.89E+01 3.1066E-10 2.1848E-05 1.0924E-04
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Isotope Half Life Fractional Mass Isotopg mass per Isotope mass per WP
(years) Inventory canister (g) (9)
U-233 1.59E+05 9.5236E-10 6.6977E-05 3.3489E-04
U-234 2.45E+05 2.0833E-05 1.4652E+00 7.3258E+00
U-235 7.04E+08 3.6649E-04 2.5775E+01 1.2887E+02
U-236 2.34E+07 4.2559E-04 2.9931E+01 1.4966E+02
U-238 4.46E+09 6.2063E-02 4.3648E+03 2.1824E+04
Zr-93 1.53E+06 1.0008E-01 7.0381E+03 3.5191E+04

6. Waste Package Thermal Heat Output

Waste package thermal heat output is one of the most important parameters for repository
design and thermal load management. Using the isotopic inventory per waste package discussed
above, ORIGEN simulations were conducted to calculate the waste package heat outputs as
function of time for the three different waste types. The ORIGEN simulation results were then
fit to the functional form of

InQ=-m-t+b

©)

where @ is the waste package heat output in watts (W ), t is the time in years, ™ is the slope,
and & is the intercept. The curve-fitting was done for a sequence of time intervals where within

each interval the simulation results show a linear relationship between the In@ and & . Within
each interval, the curve-fit equations are expressed as the following form:

-t
- ol
Q o SXP C, @)
Ce and C1 are fitted constants. This particular functional form for the waste package heat output
is used to conform to the input required for the analytical solution to calculate the waste package

temperature as a function of time as discussed in Section 7 of this chapter.

Commercial UNF Waste Package: The resulting curve fits for the heat output of the commercial
UNF waste package for various time periods are given in Equations (5) to (9). A plot of the heat
output equations and ORIGEN simulation results are shown in Figure 2. Equation (10)
(Quwr wh.torat ), which combines Equations (5) to (9), is used in an analytical heat-conduction
solution to calculate the commercial UNF waste package temperature as a function of time. As
shown in Figure 2, because of the way that the equations are added, the total heat output
(Qunr we.toral ) slightly over-estimates the ORIGEN results.
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Commercial UNF WP Heat Output (W) vs. Time
(10 PWR Assemblies per WP)
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Figure 2: Curve-fit to the ORIGEN calculation data for thermal
heat output of commercial UNF waste package as a function of
time.
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(10)
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DOE HLW Waste Package: The equations to calculate the heat output of the DOE HLW waste
package for various time periods are given in Equations (11) to (16). Figure 3 shows a plot of
the heat output equations and ORIGEN simulation results. Equation (16) for @azw we.totat,
which adds the equations for each time period, is used in the analytical solution to calculate the
DOE HLW waste package temperature as a function of time. Like the commercial UNF waste
package, the total heat output equation (Pezw we.cora) slightly over-estimates the ORIGEN
results. Compared to the commercial UNF waste package, the DOE HLW waste package
releases less heat and is expected to have a lower temperature history in the repository.

DOE HLW WP Heat Output vs. Time
(5 canisters per WP)
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Figure 3: Curve-fit to the ORIGEN calculation data for thermal
heat output of DOE HLW waste package as a function of time.
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—t
= - 5 6 .»
Qriw wes = 0.26 EXP(SSCIS'lﬁ) for 10° to 108 years (15)

Quiw worotal = Quuw wea + CQurwwez + Quwwea + Quiw wea + Quiw wes

(16)

Reprocessing HLW Waste Package: The equations to calculate the heat output of the waste
package of the “hypothetical” reprocessing HLW are given in Equations (17) to (21). Figure 4
shows a plot of the heat output equations and ORIGEN simulation results. Equation (21) for
Qrw wa,corar is used in the analytical solution to calculate the reprocessing HLW waste package
temperature as a function of time. Like two other waste-type waste packages, the total heat
output equation (Y&w wr.zorar) slightly over-estimates the ORIGEN results. The reprocessing
HLW waste package has the highest heat output among the three waste types, because of the
concentration of fission products in the waste stream as a result of recovery of 99% uranium and

plutonium from the 140,000 MTU commercial UNF with all other components remaining in the
waste stream.

Reprocessing HLW WP Heat Output (W)
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Figure 4. Curve-fit to the ORIGEN calculation data for thermal
heat output of reprocessing HLW waste package as a function
of time.
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i 2
Qrw wpa = 26163 exP(S—) for1 to 102 years

8 (17
—t _ .
Qrw wp,z = 3679 exp{@) for 102 to 102 vears (18)
—t 3 "
Qrw wp,z = 1060 ap{m) for 108 to 10* vears (19)
Qrw wp,e = 15.14 EXP(_—t) for 10* to 10% years
! 1537910 (20)
Qrw wr,toral = rwwra + Crwwea + Crwweas T Crwwra (21)

7. Waste Package Temperature

Decay heat from high-level radioactive waste and resulting thermal perturbations
potentially have potential to significantly affect many associated processes (thermal,
hydrological, mechanical and chemical processes) in the near-field. As an initial effort to
address this issue, the waste package heat output as a function of time has been analyzed for the
three waste-type waste packages and implemented in the source-term model (see Section 6 of
this chapter). The heat output model is used as the time-varying heat source input to an
analytical solution developed to calculate the waste package temperature evolution with time in a
geologic repository. This analytical solution was developed by Claesson and Probert (1996,
section 7), which allows explicit calculation of near-field temperature evolution inside a GDSE
model.

Because of time constraints, the analytical solution was not fully implemented in the
source-term model in time for this report preparation. Instead, for the deep borehole GDSE
analysis (Chapter 5 of the report), a constant temperature of 100°C, which is the calculated
ambient temperature at the waste disposal zone (Brady et al., 2009), is assumed for the waste
package for the entire analysis time period. For other GDSE options, a constant temperature of
25°C is assumed for the waste package and near-field for the entire analysis time period. The
calculation of near-field temperature evaluation and its impact on near-field chemistry are
planned to be implemented in next fiscal year.

8. Waste Form Degradation

As discussed above, the current source-term model includes two types of waste form:
commercial UNF matrix and borosilicate glass. The waste form degradation in the source-term
analysis is modeled with the yearly fractional degradation rates (i.e., fraction of remaining waste
mass degraded per year), with a distribution that captures potential range of degradation rates in
the GDSE conditions. All GDSE options considered are expected to be in chemically reducing
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conditions with varying degrees of redox conditions of water in contact with the waste form. In
the current GDSE model a constant rate is applied to all waste; no temperature dependence is
modeled at this time.

For the commercial UNF waste form, which is predominantly UO,, uncertainty in the
degradation rate is modeled with a log-triangular distribution with mode of 107" »r™* and
lower and upper bounds of 107% ¥r™* and 107% yr™* respectively. The rate range is from the
SKB spent nuclear fuel degradation model for its repository situated in a chemically reducing
environment (SKB 2006, sections 10.5.3 and 10.6.4).

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 3.4x107° yr™* gand
3.4x 1072 yr™* respectively.

9. Near-Field Volume

To estimate the dissolved concentrations of radionuclides released from the waste form in
the source-term, the amount of water that is in contact with the waste form and available to
dissolve released radionuclides needs to be calculated. As noted above, all GDSE options
considered are assumed to be located in a saturated environment. For this report, the source-term
model conceptualizes the near-field of a GDSE as a large set of uniformly mixed compartments.
This is a reasonable assumption for the scoping 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.

In the source-term model, the near-field bulk volume is defined as the square repository
footprint area times the height. The emplacement tunnels of a granite or clay GDSE are likely to
maintain the structural shape for an extended period of time after repository closure, and after
collapse of the tunnels are likely to remain more porous than the host rock. In this respect, the
source-term model defines the near-field height of a granite and clay GDSE as twice the waste
package outer diameter. For a salt GDSE, in which the remaining space of the emplacement
tunnels is likely closed by the salt creep closure, the near-field height is defined as the waste
package outer diameter. The near-field heights in the source-term model are arbitrary and will
be updated as needed in future analyses.

The so-defined near-field has two major constituents: 1) degraded engineered materials
(e.g., waste form, waste package, backfill, etc.), and 2) host rock. The 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.
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10. Radionuclide Solubility

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 condition parameters, including redox condition of contacting
water, temperature, pH, and presence and concentrations of other dissolved species. As an initial
effort to address the effect of geochemical conditions on radionuclide solubility, the GDSE
analysis considers two redox conditions for groundwater: 1) reducing condition water in the near
field, and 2) less reducing or slightly oxidizing water in the far field.

e The reducing condition water represents the groundwater in the near-field that may
experience elevated temperature conditions from the thermal perturbations caused by the
decay heat of emplaced waste.

e The less reducing or slightly oxidizing water represents the groundwater away from the
near-field that is not subject to thermal perturbation and remains at the site ambient
temperature.

For the solubility of key radionuclides in the near-field water, the thermodynamic data of
relevant species at elevated temperatures were collected, and calculations were performed to
develop the temperature dependence of the solubility. These calculations were performed with
computer code EQ3/6 and an enhanced thermodynamic database for dilute solutions (Wolery and
Jarek, 2003). The results are shown in Figures (5) through (9). The calculation results show that
the temperature dependence of radionuclide solubility is rather complex. For example, uranium
exhibits a retrograded behavior while neptunium displays a monotonic increase in solubility with
temperature. It should be pointed out that these calculations are rather preliminary because of
the limited thermodynamic data available for elevated temperatures.

As discussed above, because of time constraints, the near-field temperature evolution is
not fully implemented in the current set of GDSE models. Consequently, only the radionuclide
solubilities at ambient temperature are used. These solubilities were calculated from two well-
studied brines from the WIPP site: 1) ERDA-6 represents concentrated brines derived from the
brine pocket beneath the repository; and 2) DOE-2_UNC represents a dilute brine at the interface
between the near field and the far field. The former brine (ERDA-6) is representative of
chemically reducing condition, and the latter brine (DOE-2_UNC) represents a much less
reducing condition. The chemical compositions of the two brines are given in Table 4. The
solubilities of radionuclides were calculated with EQ3/6 and an enhanced Pitzer thermodynamic
database (Wolery and Jarek, 2003). The results are shown in Tables 5 and 6. In principle, the
calculated solubilities are only applicable to a salt repository. However, just for model
demonstration, because of time constraints, these solubilities are also applied to other disposal
environments such as granite and deep borehole environments. For future work, the solubility
calculations will be performed for each individual disposal environment.
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Table 4: Chemical Composition of ERDA-6 and DOE-2_UNC Culebra Groundwaters.

Parameter ERDA-6 @ Units Culebra® Units
Eh -152 Millivolts - -

pH 6.42 pH unit 7 pH unit
Ba** 0.76 mg/L - mg/L
ca* 490 mg/L 1960 mg/L
Cs’ 2.5 mg/L - mg/L
Li* 240 mg/L - mg/L
Mg 450 mg/L 1060 mg/L
K* 3800 mg/L 410 mg/L
Na* 112000 mg/L 18400 mg/L
sr** 18 mg/L - mg/L
Br- 880 mg/L - mg/L
cr 170000 mg/L 34600 mg/L
F 1.7 mg/L - mg/L
I 28 mg/L - mg/L
S0, 16000 mg/L 3950 mg/L
HPO,* @ 0.37 mg/L - mg/L
A% 2.4 mg/L - mg/L
B(OH)s(aq) 680 mg/L - mg/L
cu® 0.49 mg/L - mg/L
Fe? 3.6 mg/L - mg/L
Mn** 6.9 mg/L - mg/L
HCO3 0.016 Molarity 67 © mg/L
SiO2(aq) 45 mg/L - mg/L
zn* 0.55 mg/L - mg/L

Notes:

@ Source: D'Appolonia Consulting Engineers, Inc., 1983, Report TME-3153, Table C.2. All concentrations
of chemical components are average from multiple analyses.

@ Source: Siegel et al. (1991), table 2-2, DOE-2_UNC groundwater composition.

®  Given as “Phosphate” in the source but entered as HPO,Z in the EQ3/6 input file.

@ Given as “Boron” in the source but entered as B(OH)3(aq) in the EQ3/6 input file.

®  Given as alkalinity in the source.
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Table 5: Elemental Solubility of Select Radionuclides in Near-Field Water

Element Tem?oeé;e\ture Distribution Type Description (solubility in molal)

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

50 Triangular 3.63E-10 (min); 8.27E-10 (mode); 1.91E-09 (max)

U 100 Triangular 4.17E-13 (min); 9.46E-13 (mode); 2.19E-12 (max)
150 Triangular 6.40E-14 (min); 1.46E-13 (mode); 3.36E-13 (max)

200 Triangular 2.88E-14 (min); 6.54E-14 (mode); 1.51E-13 (max)

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

50 Triangular 4.62E-13 (min); 1.53E-12 (mode); 5.07E-12 (max)

Pu 100 Triangular 3.40E-14 (min); 3.56E-14 (mode); 3.73E-13 (max)
150 Triangular 1.08E-16 (min); 3.56E-16 (mode); 1.18E-15 (max)

200 Triangular 4.44E-15 (min); 1.47E-14 (mode); 4.87E-14 (max)

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

50 Triangular 6.80E-08 (min); 3.12E-07 (mode); 8.81E-07 (max)

Am 100 Triangular 7.80E-10 (min); 6.50E-09 (mode); 4.37E-08 (max)
150 Triangular 5.39E-09 (min); 4.50E-08 (mode); 3.05E-07 (max)

200 Triangular 5.82E-08 (min); 4.86E-07 (mode); 3.29E-06 (max)

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

50 Triangular 7.91E-09 (min); 2.50E-08 (mode); 7.91E-08 (max)

Np 100 Triangular 6.00E-07 (min); 1.90E-06 (mode); 6.00E-06 (max)
150 Triangular 2.55E-05 (min); 8.08E-05 (mode); 2.55E-04 (max)

200 Triangular 1.38E-03 (min); 4.37E-03 (mode); 1.38E-02 (max)

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

50 Triangular 1.48E-05 (min); 2.95E-05 (mode); 5.92E-05 (max)

Th 100 Triangular 1.71E-08 (min); 3.37E-08 (mode); 6.79E-08 (max)
150 Triangular 2.62E-09 (min); 5.20E-09 (mode); 1.04E-08 (max)

200 Triangular 1.18E-09 (min); 2.33E-09 (mode); 4.68E-09 (max)

Tc All temperature Log-Triangular 4.56E-10 (min); 1.33E-08 (mode); 3.91E-07 (max)
Sn All temperature Triangular 9.87E-09 (min); 2.66E-08 (mode); 7.15E-08 (max)

c ga %? g All temperature n/a No solubility limit

Note: Elements Ac, Cm, Nb, Pa, Pd, Ra, Sb, Zr are known to be solubility-limited, but are implemented as no solubility-limited in the
source-term model because their solubility calculations have not been completed.
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Table 6: Elemental Solubility of Select Radionuclides in Ambient-Temperature Far-Field

Element Distribution Type Description (solubility in molal)
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 (max0
Np Log-triangular 1.11E-06 (min); 1.11E-05 (mode); 1.11E-04 (max)
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)
CSeC|S|(’:§I'CI n/a No solubility limit

Note: Elements Ac, Cm, Nb, Pa, Pd, Ra, Sh, Zr are known to be solubility-limited, but are implemented as no
solubility-limited in the source-term model because their solubility calculations have not been completed.

11. Repository Waste Inventory Scenarios

Two waste inventory scenarios were considered in the GDSE analysis:

e Scenario 1: commercial UNF and DOE HLW
e Scenario 2: DOE HLW and reprocessing HLW

The source-term model has incorporated the two waste inventory scenarios with a simple module
to switch from one scenario to another. Scenario 1 considers a total of 37,157 waste packages
(32,154 commercial UNF waste packages plus 5,003 DOE HLW waste packages), and a square
repository footprint with a side of 3,270 m based on the reference waste package spacing.
Scenario 2 considers a total of 9,058 waste packages (5,003 DOE HLW waste packages plus
4,055 reprocessing HLW waste packages) and a smaller square repository footprint (a side of
1,615 m).

12. Radionuclide Release Scenarios

Two scenarios are considered for radionuclide release from a GDSE: the reference (or
undisturbed) case and the disturbed case. The reference case releases radionuclides by a
sequence of typical processes that are expected to occur in a generic repository. The disturbed
case represents a non-typical process that provides a fast pathway for radionuclide release to the
far-field from a GDSE due to human intrusions. The human intrusion scenario assumes a single
borehole penetration through a waste package at 1,000 years after repository closure. In a tight
repository environment, such as in a salt repository, waste packages are expected to be
encapsulated by salt due to salt creeping, thus limiting the inventory available for release during
a human intrusion. 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
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fast pathway release by human intrusions. The associated processes for the fast pathway release
are specific to the geologic settings and features of each GDSE. Separate source-term models
were developed and implemented for each of the two release scenarios. For both scenarios, the
source-term model does not consider potential performance benefits of waste packages; that is,
waste form starts to degrade at time zero and the waste package presents no barrier to the
movement of radionuclides.

13.  Generic Reference Biosphere Model

Radiation exposure, or dose, is used as a performance metric in the GDSE analysis. Dose
is used so that effects of various radionuclides can be combined in a simple manner. Dose is
used rather than radiotoxicity because dose reflects the attenuation of radionuclides by the
geologic environment. Biosphere dose conversion factors developed in the International Atomic
Energy Agency’s (IAEA) BIOMASS project for a simple drinking water well pathway (Example
Reference Biosphere 1B (ERB 1B)) were adopted for the GDSE analysis (IAEA 2003). 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 radionuclides released 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 generic reference biosphere is assumed to be located at 5 km down-gradient from the
GDSE boundary. The ERB 1B dose conversion factors were equally used at the outer boundary
across different GDSE options. Note that applying the biosphere conversion factor at the
boundary location is an arbitrary modeling choice to produce the uniform performance measure
for comparative studies of the considered GDSE options and does not indicate any realistic dose
implications. In addition, the determination of biosphere dose conversion factors does not
depend on the GDSE, but rather on the biosphere beyond the GDSE, 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 GDSE 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 GDSE options or compared to any regulatory
performance objectives regarding repository performance.

14.  Concluding remarks

As one of the overall goals of the GDSE modeling, we have been in the process to
develop a consistent set of assumptions across different disposal environments such that the
results obtained for individual disposal environments can be meaningfully compared. A
significant effort has been made along this direction in fiscal year 2010, but much more still
remains to be done, especially in the area of directly incorporating near-field thermal evolution
and its impact on repository performance in each GDSE model.
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Chapter 2 Salt Generic Disposal System Environment Model
Joon H Lee, Yifeng Wang and Malcolm Siegel

Sandia National Laboratories

1. Introduction

This chapter summarizes the development of the salt Generic Disposal System
Environment (GDSE) model and the preliminary model results. For a better comparison among
the different disposal environments, a uniform set of modeling assumptions and approaches are
applied, to the extent applicable, to all GDSE analyses. For this effort, as discussed in Chapter 1,
the reference source-term model was developed and provided as the Goldsim template for use by
all GDSE analysis. A representative far-field model for a salt GDSE was developed. This
chapter describes the conceptual model for a salt GDSE, the model implementation and
structure, the preliminary model analysis results, and future work.

2. Conceptual Model

The conceptual model for radionuclide release and transport from a salt GDSE was
developed using the literature data of existing salt repository sites including the WIPP site.
Figure 1 shows a schematic for the conceptual model for radionuclide release and transport in a
salt GDSE. Two scenarios are considered for repository radionuclide release and transport: the
reference case, and the disturbed case. The reference case releases radionuclides by a sequence
of typical processes that are expected to occur in a salt GDSE, and the disturbed case represents a
non-typical process that provides a fast pathway for radionuclide to the far-field due to human
intrusion.

The reference case assumes that a marker bed below the repository provides the major
pathway for radionuclide release and transport from the repository. The marker bed is assumed
to be composed of a mixture of evaporite minerals (such as anhydrite) and clay. As discussed in
the source-term model discussion (Chapter 1), no waste package performance is considered, and
the waste form degradation starts at time zero, releasing radionuclides into the near-field.
Dissolved radionuclide concentration in the near-field is determined by the amount of
radionuclides released from the waste form (constrained by the waste form degradation rate), the
amount of water available in the near-field, and the solubility if it is subject to its solubility limit.
The solubility for the near-field water is applied (See Chapter 1).

Dissolved radionuclides in the near-field are released to a marker bed below the
repository, which is assumed to run horizontally in parallel with the repository (Figure 1). The
model does not consider the distance between the bottom (or floor) of repository and the marker
bed and assumes no resistance to the flow and radionuclide transport over this distance. The
marker bed is assumed to be one-meter thick, with its width to be the same as that of repository;
the marker-bed cross sectional area to water flow is the bed thickness times the width. As shown
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in the figure, dissolved radionuclides are transported into the marker bed over its length below
the repository.

Cutting, caving, spalling

— T» Overlaying carbonate aquifer

rBe(;)rsgi(t)cl)?yp:nn degfilzggpocket / Near-field/far-field interface
forhuman intrusion scenario forhuman intrusion

Salt bed
S
Marker ' '
—> —
beds
© Brine pockets

Figure 1: A schematic showing the conceptual model for
radionuclide release and transport from a salt generic repository.

Radionuclides are transported advectively in the marker bed to a drinking well location 5
km down-gradient from the edge of the repository, where a hypothetical biosphere exists. The
brine flow rates in the marker bed away from the repository are estimated from the WIPP site
data (Helton et al. 1998, figures 7.6.2 and 7.6.5). Radiation exposure, or dose, is used as a
performance metric for the salt GDSE analysis. As discussed in the source-term model, the
IAEA Example Reference Biosphere 1B (ERB 1B) dose model (IAEA 2003) was used to
calculate the dose from the dissolved radionuclide concentration at the hypothetical drinking well
location, although it is extremely unlikely that groundwater drawn from a bedded salt formation
would be potable with significant treatment, and that recharge in the marker beds would sustain
well withdrawal over a long period of time.

The disturbed scenario is represented by a “stylized” human intrusion scenario. In this
scenario it is assumed that a single borehole penetrates a waste package and a brine pocket below
the repository at 1,000 years after repository closure. The number of waste packages affected
(one penetrated plus, if any, neighboring packages affected) is randomly sampled between one
and five (uniform distribution), and this represents the total amount of waste inventory that
becomes available for the fast pathway release by the human intrusion. Dissolved radionuclides
from the affected waste packages are carried upward through the borehole by pressurized brines



Generic Disposal System Environment Modeling — Fiscal Year 2010 Progress Report
34 September 2010

from the brine pocket, and released to an overlying carbonate aquifer. The brine flow rate
through the borehole is sampled between 0.1 and 5.0 m*/yr (uniform distribution) (Helton et al.
1998). The overlying aquifer is assumed to comprise primarily dolomite matrix with clays
dispersed in the matrix.

The dissolved radionuclide concentrations in the aquifer are checked against the
solubility for the far-field water before they are transported in the aquifer to a drinking well
location 5 km down-gradient from the repository boundary. As for the reference case, the same
hypothetical biosphere is assumed to exist at that location, and the reference biosphere model
(IAEA ERB 1B model) is applied to calculate the dose.

As discussed in the source-term model section (Chapter 1), two repository waste
inventory scenarios are considered for each of the cases. For the reference case, the waste
inventory for Scenario 1 comprises the commercial UNF and DOE HLW. The waste inventory
for Scenario 2 comprises the DOE HLW and reprocessing HLW. Scenario 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 DOE HLW waste packages). Scenario 2
needs a smaller square repository footprint with a side of 1,615 m for a total of 9,058 waste
packages (5,003 DOE HLW waste packages plus 4,055 reprocessing HLW waste packages).

For simplification, for the disturbed case, scenario 1 considers only the commercial UNF
waste packages are affected, and scenario 2 only the DOE HLW waste packages are affected.
Note that applying the biosphere model at the hypothetical drinking well location is an arbitrary
modeling choice to produce the uniform performance measure for comparative studies of a salt
GDSE and does not indicate any realistic dose implications. Therefore, the results presented in
this report should not be construed as being indicative of the true performance of a GDSE or
compared to any regulatory performance objectives regarding repository performance.

3. Model Implementation and Structure

This section discusses the implementation and structure of the salt GDSE model.
Goldsim was used as the framework for model implementation and simulations. Figures 2 and 3
show the Goldsim model structure for the salt GDSE model for the reference case and the
disturbed case respectively. The figures also show the near-field and far-field model components
for each case. The model components are given specific names to indicate their corresponding
functionalities. The reference source-term model discussed in Chapter 1 is implemented in the
following model components: Materials, RN_Inventory, Near_field, and Uncertain_Parameters.
The reference biosphere model is implemented in the Results model component for dose
calculations. The NF_Interface model component interfaces between the near-field and the far-
field models. The Uncertain_Parameters model component contains all uncertain model
parameters.
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Figure 2: Goldsim model structure for the salt GDSE model and near-field and far-field model
components for the reference case
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Goldsim model structure for the salt GDSE model and near-field and far-field model components
for the reference case

Salt GDSE Goldsim Model Near-Field Model
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Figure 3: The Goldsim model structure for the salt GDSE model and near-field and far-field model
components for the disturbed case

The reference case and disturbed case models have similar structures, except the latter
has an additional model component, Human_Intrusion, which executes a borehole penetration
through the repository at 1,000 years and fast pathway transport of dissolved radionuclides from
the near field to the overlying aquifer. Other major differences between the reference case and
the disturbed case models are the implementation of the far-field model (see the far-field model
structure inserts in the figures). The far-field radionuclide transport is modeled with a Goldsim
pipe model. In the reference case model (Figure 2), the Salt MB_below pipe model simulates
radionuclide transport in the marker bed below the repository, and, as discussed in the conceptual
model, radionuclides enter the pipe component over its length (i.e., over the length of the marker
bed below the repository). The Salt MB_FarField pipe model simulates radionuclide transport
in a 5-km long marker bed from the edge of the repository to the location of a hypothetical
drinking water well. The pipe model parameters for the marker bed are listed in Table 1. The
rate of brine flow in the marker bed away from the repository is estimated based on the Waste
Isolation Pilot plant (WIPP) results. A more realistic rate can be estimated by accounting for
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various gas generation processes in the repository, which definitely needs to be included as
future work. For the disturbed case, the HI_Salt _aquifer pipe model simulates radionuclide
transport in the overlying aquifer to the location of a hypothetical drinking water well 5 km
downstream from the location of borehole penetration. Table 2 lists the pipe model parameters
for the overlying carbonate aquifer.

Table 1: Far-field model parameters for the marker beds for the reference case of salt GDSE

Parameter D'St_lt'y%uglon Parameter Value and Description Source
Thickness Constant Im
Porosity Constant 0.01 Vaughn et al. (2000)
Density Constant 2500 kg/m®
Brine flow rate below . . Helton et al. (1998),
repository (miyr) Log-uniform 1.0E-08 (min); 3.0E-02 (max) Fig 7.6.2
Brine flow rate away L ) . ) Helton et al. (1998),
from repository (mfyr) Log-uniform 1.0E-08 (min); 2.0E-02 (max) Fig 7.6.5
Ilsc_mgltut_jlnal Constant 10% of flow conduit length
ispersivity
Kd for U (ml/g) Uniform 0.2 (min); 1 (max)
Kd for Pu (ml/g) Uniform 70 (min); 100 (max)
Kd for Np (ml/g) Uniform 1 (min); 10 (max)
Kd for Am (ml/g) Uniform 25 (min); 100 (max) Lappin et al. (1989);
- . McKinley and
Kd for Th (ml/g) Uniform 100 (min); 1000 (max) Scholtis (1992);
Kd for Tc (ml/g) Uniform 0 (min); 2 (max) Muller et al. (1981);
- - Tien et al. (1983)
Kd for Cs (ml/g) Uniform 1 (min); 20 (max)
Kd for Sr (ml/g) Uniform 1 (min); 80 (max)
gg forC, Cl1, Se & Constant 0 (no sorption)

Note: Kds for all other radionuclides not listed in the table were assumed zero (no sorption on the marker bed filling medium)
because data was not available for the marker bed filling medium.
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Table 2: Far-field model parameters for overlying carbonate aquifer for the disturbed case of salt

GDSE
Parameter D'St_lt;%uglon Parameter Value and Description Source
Aquifer thickness Constant 4m
Matrix porosity Uniform 0.07 (min); 0.3 (max) Lappin et al. (1989),
- 3 Table E-6; Brush
Bulk density Constant 2800 kg/m and 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 (m®/yr)

Aquifer water flow Helton et al. (1998),

Log-uniform 3.15E-03 (min); 3.15E+01 (max)

rate (m/yr) Fig. 12.1.1
Eqngitudinal Constant 10% of flow conduit length

ispersivity
Kd for U (ml/g) Uniform 0.03 (min); 20 (max)
Kd for Pu (ml/g) Log-uniform 20 (min); 1.0E+04 (max)
Kd for Np (ml/g) Log-uniform 1 (min); 200 (max)
Kd for Am (ml/g) Uniform 20 (min); 400 (max) Brush and Storz
Kd for Th (mi/g) Log-uniform | 7.0E+02 (min); 1.0E+04 (max) Mullor ot . (1981):
Kd for Tc (ml/g) Triangular 0 (min); 50 (mode); 100 (max) E%%%')ng etal.
Kd for Cs (ml/g) Triangular 40 (min); 500 (mode); 3000 (max) Tien et al. (1983)
Kd for Sr (ml/g) Triangular 5 (min); 13 (mode); 4.0E+04 (max)
Kd for I (ml/g) Uniform 0.01 (min); 100 (max)
Kd for C, CI, Se & Sn Constant 0 (no sorption)

Note: Kds for all other radionuclides not listed in the table were assumed zero (no sorption on the marker bed filling medium)
because data was not available for the aquifer medium.

4. Model results

The Goldsim analysis was performed probabilistically, with 100 realizations for each
case and a time period of one million years. The model results are presented in terms of the
mean dose (mrem/yr) by individual radionuclides. It is noted that this model is the initial effort
of the salt GDSE analysis tool development and needs further improvement and refinements as
the study progresses. Also note that using the mean dose is an arbitrary choice to present and
discuss the analysis results in order to facilitate comparative studies among the GDSE options
and does not indicate any realistic dose implications. Therefore, the results presented in this
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section should not be construed as being indicative of the true performance of a salt GDSE or
compared to any regulatory performance objectives regarding repository performance.

Figure 4 shows the mean doses by major dose-contributing radionuclides for the waste
inventory scenario 1 (commercial UNF plus DOE HLW) for the reference case. The dominant
long-term dose contributor is *°l, and this is expected based on the following characteristics of
the radionuclide: 1) no solubility limit, 2) weak sorption on marker bed filling materials, 3)
extremely long half-life (17 million years), and 4) a significant inventory in the waste (about 950
g per commercial UNF waste package and about 65 g per DOE HLW waste package). The mean
dose for "°Se is comparable to that of *?° for up to about 200,000 years, and this is consistent for
the radionuclide’s properties that are similar to those of *?°| listed above, except a shorter half-
life (65,000 years). There are conflicting data on the "°Se half-life in the literature, which has
been variously reported as 6.5x10* years (used in the model), 2.95x10° years, 4.8x10° years,
6.5x10° years, and 1.13x10° years (Jiang et al. 2001). Also the selenium solubility in water is
highly uncertain. The metal selenium is insoluble in water, but it can also be released as soluble

selenate ion (55‘942_ ), which is not readily sorbed to geologic materials. More work is needed to
better characterize and quantify dissolution and sorption behavior of selenium in a geologic
repository environment.

Salt GDSE Reference Case: Mean Dose by RNs
(wasteinventory scenario 1: Commercial UNF plus DOE HLW)
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Figure 4: Mean dose by radionuclides for the waste inventory scenario 1
(commercial UNF plus DOE HLW) of the reference case for salt GDSE.

The doses for *'Pa (decay daughter of ?*U) and *>Cm are the weakest estimates as the
radionuclides are described in the model as non-solubility-limited and non-sorbing because of a
lack of sorption data and incomplete solubility analysis for the radionuclides. In reality the metal
protactinium and curium are likely insoluble in water, and their oxides are expected to be
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sparsely soluble in water. Their sorption on geologic materials is likely to be comparable to that
of other actinide elements. If data allowed for the suspected dissolution and sorption behaviors
of the radionuclides to be included in the model, doses for the radionuclides would not show up
in the figure. If the doses for *'Pa and 2*Cm are excluded, the major long-term dose
contributors are **°l, "*Se, and *Cl, all of which are fission products with high solubilities in
water and no or very weak sorption on geologic materials.

The results for the waste inventory scenario 2 (DOE HLW plus reprocessing HLW) are
shown in Figure 5. Compared to the inventory scenario 1, this scenario requires a smaller
number of waste packages (9,058 waste packages vs. 37,157 waste packages) and a one-fourth of
the repository footprint area. This in turn takes a smaller volume of near-field, therefore a
smaller amount of near-field water, resulting in higher concentrations of soluble radionuclides
(such as ?°I and °Se) in the near-field water. In addition, because of the assumptions made for
the reprocessing HLW (see Chapter 1), the fission products inventory on a per-waste package
basis is higher than that for scenario 1. For example, each reprocessing HLW waste package
contains about 7,500 g of **°I and about 250 g of °Se, which is about eight times greater than the
per-waste package inventory mass of the radionuclides of commercial UNF. Their impacts are
shown in Figure 5 as having about two orders of magnitude higher mean dose for '?°I than the
inventory scenario 1. The dose for "°Se is about 10 times higher than that for inventory scenario
1.

Salt GDSE Reference Case: Mean Dose by RNs
(waste inventory scenario 2: DOE HLW plus Reprocessing HLW)
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Figure 5: Mean dose by radionuclides for the waste inventory scenario 2
(DOE HLW plus reprocessing HLW) of the reference case for salt GDSE.

The same explanations offered for the inventory scenario 1 are applicable to the doses for
281pa and **Cm in Figure 5, and the doses can be ignored. It is interesting to note that, although
minor, the doses for three additional radionuclides ***Am, **C, and %'Np are relevant on the
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scale of the figure. Also note that the **Cl dose is absent in the figure because both the DOE
HLW and reprocessing HLW do not have **Cl inventory.

Figure 6 shows the model results for inventory scenario 1 of the disturbed case; the dose
histories are very different from those for the reference case. In this case, for demonstration,
only commercial UNF waste packages are assumed to be affected by a single borehole
penetration at 1,000 years, and the number of waste packages affected (i.e., the amount of waste
inventory affected) are sampled between one and five. The dissolved radionuclides in the near-
field water are transported upward by pressurized brine flow through the borehole and released
directly to the overlying aquifer. The aquifer water flow rate is several orders of magnitude
greater than the flow rate in the marker bed, and the radionuclides are transported at much
greater rates (Tables 1 and 2).
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Figure 6: Mean dose by radionuclides for the waste inventory scenario 1
(commercial UNF) of the disturbed case for salt GDSE.
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As shown in Figure 6, “°Ra is the dominant dose contributor, which is a daughter of the
decay chain:

242py (3.76x10° yrs) — 23U (4.46x10° yrs) — 23U (2.45%10° yrs)
— 2Th (7.54x10* yrs) — **Ra (1.6x10°% yrs)

The initial inventory of ?°Ra is very small (9.6x10° g per commercial UNF waste package), so
most of the dose for #*°Ra is likely to originate from the daughter of the above decay chain. In
addition, due to a lack of data, radium is modeled as having no solubility-limit and as non-
sorbing. However, radium is known to readily sorb on soil, clays and other geologic materials
(Ames et al. 1983; Langmuir et al. 1985; Bassot et al. 2001). The radium solubility in water is
dependent on the type of radium-containing minerals; for example, the solubilities of radium
sulfate and carbonate are low, but solubilities of radium nitrate, chloride and iodate are high
(Sebesta et al. 1981; Lind et al. 1918; Kaufmann et al. 1976). In general radium is not mobile in
groundwater. If more representative values for the radium solubility and sorption were
implemented, the dose for *Ra would have been much lower.  Additional studies are needed to
better characterize and quantify the dissolution and sorption behavior of radium in geologic
environments.

As discussed in the reference case results, the doses for ?*'Pa and **Cm can be ignored.
Compared to the reference case results, the doses for the soluble, non-sorbing fission products,
particularly 29| and °Se are much lower, while the doses for actinides including *°Pu, “**Pu and
%"Np are much higher. The lower doses for the fission products are due to their lower total
inventory available for release (i.e., up to five affected waste packages), and the higher doses for
the actinides are due to the direct release of the radionuclides in the aquifer with higher water
flow rates, resulting in an early arrival of higher concentrations of the radionuclides at the
biosphere drinking water well prior to their significant decay.

The disturbed case results for the waste inventory scenario 2 are shown in Figure 7. In
this case, only DOE HLW waste packages (between one and five waste packages) are assumed
to be affected by a single borehole penetration. In general, the results are similar to those for
inventory scenario 1 and the same analysis and explanations are applicable to the current results.
One additional note to make is that the dose for "°Se is much higher than that for *?°I for the
inventory scenario 2 compared to inventory scenario 1; this can be explained with the following
two aspects: 1) a greater "°Se inventory in a DOE HLW waste package (about 110 g per
package) than in a commercial UNF waste package (about 32 g per package), and 2) sorption of
29| in the aquifer while no sorption of "°Se.
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Figure 7: Mean dose by radionuclides for the waste inventory scenario 2 (DOE HLW) of the
disturbed case for salt GDSE

5. Summary and Discussion

This chapter presents an initial version of the salt GDSE model and discusses the
preliminary model results. The current model is an initial outcome of the long term effort to
develop a salt GDSE analysis tool and it will be further improved and refined as the study
progresses. The current model analysis helps to draw the following important considerations and
thoughts for the near-term improvement of the on-going efforts on the salt GDSE model
development and analysis.

e Soluble, non-sorbing fission products, particularly **°I and "°Se, are the major dose
contributors. In the current model, "°Se is modeled as soluble and non-sorbing in generic
salt repository environments. However, the solubility and sorption behavior of selenium
in reducing geologic environments are uncertain, and improvement is needed to better
characterize and quantify the chemical properties. In addition, the half-life of "°Se has
been reported variously ranging from 6.5x10* to 1.13x10° years. A more accurate half-
life estimate of this radionuclide is needed.

e The solubility and sorption data for some actinides (e.g., protactinium and curium) and
decay daughters (e.g., radium) are not available. Because of the lack of data, these
elements are modeled as being soluble and non-sorbing in the current model, and as a
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result some of them (i.e., **'Pa, **>Cm, and **°Ra) show up un-expectedly as significant
dose contributors in the model results. Improvement is needed to better characterize and
quantify the chemical properties of these radionuclides.

Radionuclide release pathways and scenarios are important to the analysis of a generic
salt repository, and this could be true to any generic repositories. Additional studies are
needed to revise and improve the conceptual models for the release pathways and
scenarios that are representative of a salt GDSE.

The salt GDSE model analysis has also identified the following important knowledge

gaps to improve and enhance the confidence of the future model analysis.

6.

e Repository thermal loading by high-level radioactive waste, and the effect on the
engineered barrier and near-field performance.

e Creep closure of salt bedrock under the influence of thermal perturbation, and the
effect on the engineered barrier and near-field performance.

e Water flow 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 chemistry and radionuclide mobility in generic salt repository environment
(high ionic strength brines, elevated temperatures and reducing condition).

e Waste package and waste canister degradation in a generic salt repository
environment

e Degradation for candidate waste form types in a generic salt repository environment
e Waste stream types and inventory estimates, particularly for reprocessing high-level

waste.
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Chapter 3 Granite Generic Disposal System Environment Model
Shaoping Chu

Los Alamos National Laboratory

1. Introduction

This chapter discusses the development of the granite Generic Disposal System
Environment (GDSE) model and presents preliminary model results. For a better comparison
among the different disposal environments, a uniform set of assumptions about model
configurations is developed and applied to both salt and granite model cases (See Chapter 2).
The reference source-term model implemented as a Goldsim template is developed by Sandia
National Laboratories and is described in Chapter 1. The granite GDSE model adopts this
template and incorporates an additional module on radionuclide diffusion through the bentonite
backfill buffer around waste packages in the near field. The far-field component of the granite
GDSE is developed by incorporating the Finite Element Heat and Mass Transfer (FEHM) code
(Zyvoloski et al., 1997, 2007) into the GoldSim model (GoldSim, 2007). The system level
generic granite GDSE model couples the near field and the far field components for performance
assessment simulations.

2. Model Description

The granite GDSE model is comprised of two major components, the near field and the
far field. This section summarizes the modeling approaches used for both. The versions of codes
used for this study are: GoldSim (version 10.11) and FEHM (version 3.0).

2.1.Granite GDSE Model Structure

The structure of the overall granite GDSE model is shown in Figure 1. The near-field
and far-field models are coupled through the near-far interface (NF_interface) component. The
model assumes that the repository is located in a saturated, chemically-reducing environment
below the water table. For simplification, the repository is assumed to have a square footprint
with 25 m spacing between emplacement tunnels and 6 m between waste packages. Three waste
types are considered: commercial used nuclear fuel (UNF), existing DOE high level waste
(HLW) and reprocessing waste (RW). The model includes 36 radionuclides, accounting for both
in-growth of daughters and isotopic mixing among radionuclides. A hypothetical biosphere (the
performance measure boundary) is assumed to be located 5 km from the repository edge. The
model analysis runs 100 Monte-Carlo realizations for a time period of 1 million years. The
Uncertain_Parameters component performs sampling for uncertain parameters for 100-
realization simulations. IAEA BIOMASS Example Reference Biosphere 1B (ERB1B) 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



Generic Disposal System Environment Modeling — Fiscal Year 2010 Progress Report
September 2010 a7

consumption (IAEA, 2003). The NF_interface component shown in Figure 1 calculates the total
radionuclide flux from the near field to the far field.

The near-field model shown in Figure 2A includes the following major components:
e 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 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: Calculates the near-field void volume (i.e., the
near-field water volume) of the granite GDSE.

The far-field model shown in Figure 2B includes the far-field reactive transport model FEHM,
and is discussed in Section 2.3.

near_field RN_Inventory

o

NF_| Interface \ %% ‘?\

@ 4/Human _Intrusion

Far_Field
@ InutDat_fehm

Results

Figure 1. Overview of structure of granite
GDSE model



Generic Disposal System Environment Modeling — Fiscal Year 2010 Progress Report

48 September 2010
Repository_config In_Package_wolume

@ @
@4—0»@» 5 >—>>i,_|>—>> f;( >

WF_RN_release Waste_form_degradation ~ NearToFarField_collect ExternalPathway_fehm Annual_dose

(A) (B)

Figure 2. Granite GDSE (A) Near-Field and (B) Far-Field model component structure

2.2.Near Field of Granite GDSE

The near-field represents physical domains and flow paths that control waste form
dissolution and radionuclide transport before radionuclides enter the nearby aquifer. The relevant
physical and chemical characteristics and processes in the near field include: repository layout,
radionuclide inventory and waste form degradation, near-field solubility control, radionuclide
release from near-field, solubility control at the near-field and far-field interface, human
intrusion, and diffusion through bentonite buffer material. Detailed discussion for the inventory
and source term model can be found in Chapter 1. Two potential radionuclides release scenarios
are considered in the model analysis.

Human intrusion: Assume that a single borehole penetrates through the repository at 1,000 years,
creating a fast pathway for radionuclide release to the overlying aquifer.

Diffusion through bentonite buffer: Bentonites have been proposed as a buffer material for
geological disposal of radioactive waste. In a water-saturated environment, the fluid in the
bentonite backfill is almost static because of the very low permeability in the medium, and the
advective transport is negligible. The only significant transport in the near field is the diffusion
of radionuclides through the bentonite buffer coupled with radionuclide sorption to bentonite
material. Some waste packages may directly intersect with fractures in the surrounding granite
rock. Radionuclides released from these waste packages are transported to the nearby aquifer
through fast fracture flows. The bentonite buffer properties, diffusivities and sorption
coefficients that affect the transport of key radionuclides are listed in Table 1.
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Table 1: Bentonite buffer parameters used in granite GDSE model

Parameter” Stochastic Parameter Base Case Value Distribution Parameters
type

Density (kg/m3) Constant 1700 N/A
Porosity Constant 0.3 N/A
Tortuosity Constant 0.13 N/A
Thickness (m) Constant 0.36 N/A
Effective diffusivity Uniform 2.52x10°® Range: 5.1x10™'°-5.0x10°®
De (M°/s), Ac
D. (M?/s), Am Uniform 2.52x10°® Range: 5.1x10'%-5.0x10®
De (M?/s), C Constant 8.8x10™° N/A
D. (m?/s), CI Uniform 8.55x10™" Range: 4.1x10%-1.3x10™
De (M?/s), Cm Uniform 2.52x10°® Range: 5.1x10'%-5.0x10®
D, (m*/s), Cs Uniform 9.52x10°° Range: 2.04x10°-1.7x10°
De (M?/s), | Uniform 1.14x107 Range: 3.0x10™%-2.24x10°
D, (M?/s), Np Uniform 8.76x10° Range: 5.13x10%%-1.7x10°®
D, (m*/s), Pa Uniform 8.76x10° Range: 5.13x10%%-1.7x10°®
D, (M?/s), Pu Uniform 1.44x10° Range: 2.55x10%-2.86x10°
D. (M?/s), Ra Uniform 2.50x10°° Range: 8.53x10!-5.1x10°
D, (M*/s), Se Uniform 2.92x10™" Range: 7.1x10"%2-5.13x10™*
De (M?/s), Sn Uniform 7.81x10™"° Range: 1.8x10%-1.38x10°
De (M?/s), Sr Uniform 2.50x10° Range: 8.53x10!-5.1x10°
De (M?/s), Tc Uniform 9.35x10® Range: 8.5x10°-1.02x107
D. (m?/s), Th Uniform 2.0x10°® Range: 1.07x10%-4.0x10°®
De (M?/s), U Uniform 9.27x10° Range: 1.53x10°-1.7x10°®
De (M°/s), Nb Constant 8.97x10™ N/A
D. (m°/s), Pb Constant 8.97x10™ N/A
D. (m°/s), Pd Constant 8.97x10™ N/A
D. (m°/s), Sb Constant 8.97x10™ N/A
De (M?/s), Zr Constant 8.97x10™ N/A
Sorption coefficient Uniform 14850 Range: 300-29400
Kgq (cclg), Ac
Kgq (cc/g), Am Uniform 14850 Range: 300-29400
Kq (cclg), C Constant 5 N/A
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Kq (cc/g), Cm Uniform 14850 Range: 300-29400
Kgq (cc/g), Cs Uniform 560 Range: 120-1000

Kgq (cc/g), | Uniform 6.5 Range: 0-13

Kgq (cc/g), Np Uniform 515 Range: 30-1000

Kq (cc/g), Pa Uniform 515 Range: 30-1000

Kq (cc/g), Pu Uniform 8475 Range: 150-16800
Kgq (cc/g), Ra Uniform 1525 Range: 50-3000

Kq (cclg), Se Uniform 17 Range: 4-30

Kq (cc/g), Sn Uniform 485.5 Range: 112-859

Kgq (cclg), Sr Uniform 1525 Range: 50-3000

Kq (cc/g), Tc Uniform 55000 Range: 50000-60000
Kq (cc/g), Th Uniform 11782 Range: 63-23500

Kq (cc/g), U Uniform 545 Range: 90-1000

Ky (cc/g), CI 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

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

Kq (cclg), Zr Constant 0 N/A

! Parameters source: (Hansen et al., 2010; 1tala, 2009; Montes-H et al., 2005; Pusch & Svemar, 1993;
Tanhua-Tyrkkd, 2009). Note : For the species Nb, Pb, Pd, Sh, 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.

2.3.Far Field of Granite GDSE

The Finite Element Heat and Mass Transfer (FEHM) code (Zyvoloski et al., 1997, 2007)
is coupled to the GoldSim model to represent the far-field component of the granite GDSE
model. This approach enables the full capabilities of FEHM to be employed in the calculation. In
many instances, a process model of a component of the natural system is developed with a full
three-dimensional representation using a code like FEHM (e.g. the unsaturated and saturated
zone components of the Yucca Mountain repository system). This capability development,
described below, is therefore a significant improvement in our ability to integrate process level
models in disposal system analyses.

In this generic, non-site-specific study, no process model is available to integrate into the
granite GDSE model. Therefore, a more generic approach to representing the far field is required
to capture 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
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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 enables study of potentially
very heterogeneous domains that may give rise to a broad distribution of advective transport
times. The user inputs the statistical parameters of the residence time distribution (RTD), or an
arbitrary distribution is read from a file, and the model automatically constructs a simplified
pathway model that reproduces that distribution. We call this approach an RTD-based transport
model. The groundwater speed for generic granite GDSE simulations is sampled through
stochastic distribution with a mean value of 10 m/yr. On top of the advective component, the
model uses FEHM’s Generalized Dual Porosity Model (GDPM) feature to include diffusive
exchange between the flowing porosity and the surrounding rock matrix. Because the model is
established using a numerical modeling approach in FEHM, any other relevant transport process
that is included in FEHM is made available as well. In this study, diffusion, radioactive decay
and tracking of decay chains, and sorption (with an equilibrium “Kd approach”) are used in the
results that follow. An extensive theory was developed to implement this RTD-based model, the
details of which are provided in FY08 GNEP report Appendix B.1 (Chu et. al., 2008).

The FEHM code was modified to couple with GoldSim for probabilistic simulations for
granite generic repository studies. In the coupled model, GoldSim performs 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 dynamic link library (dIl). GoldSim passes a string of variables
into each FEHM simulation to initialize the coupled simulation as well as at each GoldSim time
step during the system level simulation. These variables include: time, the number of species that
FEHM will be simulating, and the amount of mass entering the groundwater pathway.

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 model for the far field pathway to the
far-field boundary using the model described above. The cumulative transport of each species,
including 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 is either from the initial input of the primary species from the source region 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 distribution. To accomplish this in a flexible way, a DLL
was developed 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 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.
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2.4.Implementation of Uncertain Parameters in Granite GDSE

Uncertainty in the expected behavior of a generic granite repository requires that the
granite GDSE model analyses be probabilistic in order to capture the likely range of potential
outcomes. The granite GDSE model evaluates likely future outcomes by conducting multiple
realizations using value distributions of uncertain parameters that may be important to a generic
granite repository performance. The model realizations are performed using various
combinations of parameter values sampled from the parameter-value distributions. Each of the
combinations of parameter values is representative of a subset of the likely range of potential
outcomes. Table 2A lists the uncertain model parameters implemented in the granite GDSE
near-field model. Table 2B lists the uncertain model parameters implemented in the granite
GDSE far-field model. Fractional release rates of different waste types were sampled
stochastically.

3. Model Results

This section discusses the preliminary results of the granite GDSE model analysis. Two
independent radionuclide release scenarios are simulated:

1) Disturbed Scenario (human intrusion): Assume a single borehole penetrates through the
repository at 1,000 years, thus creating a fast pathway for radionuclide transport to the
overlying aquifer. The flow rate up the borehole is sampled through a 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. Two cases are
considered for this scenario:

- Case I: Assume only commercial UNF WPs are affected by human intrusion (HI). No
DOE HLW inventory is affected.

- Case Il: Assume only DOE HLW WPs are affected by HI. No reprocessing HLW
inventory is affected.

2) Undisturbed Scenario (diffusion through bentonite buffer): In this scenario radionuclides
released from degrading waste form are transported out of the waste package by
diffusion through the bentonite buffer. Some waste packages directly intersect with
fractures in the surrounding granite rock, and radionuclides released from these waste
packages directly enter into fractures for fast pathway transport. The flow rate upward in
the intersected fractures is sampled with a mean value of 0.45x10° m®yr per waste
package for commercial UNF and 0.14x10° m*/yr per waste package for DOE HLW and
reprocessing HLW. For those waste packages releasing radionuclides to the fractures, the
model assumes a fraction (between 0.1 and 1 percent) of the affected inventory is
available for the advective transport in the fractures, and the fraction is sampled between
the bounds. Two cases are considered for this scenario:

- Case I: The inventory considered includes commercial UNF plus DOE HLW
- Case Il: The inventory considered includes reprocessing HLW plus DOE HLW
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Table 2A.

Near Field parameters for 36 radionuclides

Parameter” Stochastic Base Case Distribution Parameters
Parameter Value
type
UNF matrix degradation rate Log-triangular | 1.528x10°’ 1x10®, 1x107, 1x10®
(11yr)
HLW and RW degradation rate Log-uniform 4.917x10™ 3.4x10°, 3.4x10°
(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 Constant 1.56 N/A
diameter (m)
Waste package size, outer length | Constant 5.517 N/A
(m)
Number of waste packages -UNF | Constant 32154 N/A
Number of waste packages -HLW | Constant 5003 N/A
Number of waste packages -RW | Constant 4055 N/A
Number of waste packages (WP) | Uniform 3 Range: 1-5
affected by a single drilling
through repository
Percent of WPs affected by Uniform 0.55 Range: 0.1-1
canister failure and diffuse
through bentonite buffer (%)
Portion of HLW WPs affected by Uniform 0.5 Range: 0-1
canister failure and diffuse
through bentonite buffer
Water flow rate up a single Uniform 2.55 Range: 0.1-5
borehole through granite GDSE, -
human intrusion scenario (m®/yr)
Water flow rate up fracture Constant 0.45x10° N/A
intersecting UNF waste package,
-undisturbed scenario (m*/yr/per
canister)
Water flow rate up fracture Constant 0.14x10° N/A
intersecting HLW/RW waste
package, -undisturbed scenario
(m®lyriper canister)
Solubility-near field, Ac (mg/L) Constant unlimited N/A
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Solubility-near field, Am (mg/L) Triangular 0.21237 0.045, 0.1423, 0.45
Solubility-near field, C (mg/L) Constant unlimited N/A

Solubility-near field, Cl (mg/L) Constant unlimited N/A

Solubility-near field, Cm (mg/L) Constant unlimited N/A

Solubility-near field, Cs (mg/L) Constant unlimited N/A

Solubility-near field, 1 (mg/L) Constant unlimited N/A

Solubility-near field, Nb (mg/L) Constant unlimited N/A

Solubility-near field, Np (mg/L) Triangular 0.0005359 0.000113, 0.000359, 0.00113
Solubility-near field, Pa (mg/L) Constant unlimited N/A

Solubility-near field, Pb (mg/L) Constant unlimited N/A

Solubility-near field, Pd (mg/L) Constant unlimited N/A

Solubility-near field, Pu (mg/L) Triangular 1.7206 0.338,1.119, 3.705
Solubility-near field, Ra (mg/L) Constant unlimited N/A

Solubility-near field, Sb (mg/L) Constant unlimited N/A

Solubility-near field, Se (mg/L) Constant unlimited N/A

Solubility-near field, Sn (mg/L) Triangular 0.00453 0.00124, 0.00335, 0.00901
Solubility-near field, Sr (mg/L) Constant unlimited N/A

Solubility-near field, Tc (mg/L) Log-triangular | 3.165x10° 4.512x10°, 1.321x107°, 3.87x10"
Solubility-near field, Th (mg/L) Triangular 1080.7 464.7, 927.3, 1850.1
Solubility-near field, U (mg/L) Triangular 0.0331 0.0116, 0.0267, 0.0611
Solubility-near field, Zr (mg/L) Constant unlimited N/A

Solubility-NF interface, Ac (mg/L) | Constant unlimited N/A

Solubility-NF interface, Am (mg/L) | Triangular 0.3827 0.0811, 0.256, 0.811
Solubility-NF interface, C (mg/L) Constant unlimited N/A

Solubility-NF interface, Cl (mg/L) | Constant unlimited N/A

Solubility-NF interface, Cm (mg/L) | Constant unlimited N/A

Solubility-NF interface, Cs (mg/L) | Constant unlimited N/A

Solubility-NF interface, | (mg/L) Constant unlimited N/A

Solubility-NF interface, Nb (mg/L) | Constant unlimited N/A

Solubility-NF interface, Np (mg/L) | Log-triangular | 4.0027 0.262, 2.62, 26.3
Solubility-NF interface, Pa (mg/L) | Constant unlimited N/A

Solubility-NF interface, Pb (mg/L) | Constant unlimited N/A

Solubility-NF interface, Pd (mg/L) | Constant unlimited N/A

Solubility-NF interface, Pu (mg/L) | Triangular 0.9613 0.189, 0.625, 2.07
Solubility-NF interface, Ra (mg/L) | Constant unlimited N/A
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Solubility-NF interface, Sb (mg/L) | Constant unlimited N/A

Solubility-NF interface, Se (mg/L) | Constant unlimited N/A

Solubility-NF interface, Sn (mg/L) | Triangular 0.0082 0.00225, 0.00605, 0.0163
Solubility-NF interface, Sr (mg/L) | Constant unlimited N/A

Solubility-NF interface, Tc (mg/L) | Constant unlimited N/A

Solubility-NF interface, Th (mg/L) | Triangular 4.7667 2.05, 4.09, 8.16

Solubility-NF interface, U (mg/L) Triangular 88.567 21.8, 62.9, 181

Solubility-NF interface, Zr (mg/L) | Constant unlimited N/A

! parameters source: (Neretnieks, 1982; see source term model session for inventory and solubility

references)

Table 2B.

Far Field hydrologic parameters for 36 radionuclide species

Parameter®

Stochastic Parameter
type

Base Case Value

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, aj, _
On= O-In/ ILAn

Geometric Parameters
Aperture (m) Constant 1x10™ N/A
Fracture spacing (m) Constant 25 N/A
Transport Parameters
Diffusive Tortuosity m, Normal distribution for 0.0144 0.0144, 4.176x10°
all species

p m = D/ Dfree
Free-Water diffusion Constant 9.49x10™° N/A
coefficient
Dfree (m2/s), Am
Diee (M%/s), C Constant 1.18x10° N/A
Diee (M*/S), Pa Constant 6.04x10° N/A
Diee (M*/s), Ra Constant 8.89x10™*° N/A
Diee (M%/S), Th Constant 5.97x10™*° N/A
Diree (M%/S), SN Constant 1.55x107° N/A
Matrix diffusion Truncated normal 1.37x10™%° Range:3.75x10™"-3.21x10™"°,
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gpeffipi_ent (pore distribution 1.37x10™°. 1.08x10%
iffusivity)

D (m?/s), Cl

D (m%s), Cs Truncated normal 2.11x10™° Range:1.03x10™%-3.75x10™,
distribution 2.11x10™, 1.05x10™

D (mzls), I Truncated normal 1.57x10™° Range:7.96x10'11-3.38x10'10,
distribution 1.57x10™, 6.02x10™°

D (m%s), Np Truncated normal 6.99x10™ Range:2.8x10™"-1.1x10™°,
distribution 6.99x10™, 2.75x10™

D (mzls), Pu Truncated normal 4.1x10™" Range:2.61x10'11-5.63x10'11,
distribution 4.1x10™, 1.07x10™

D (m?/s), Se Truncated normal 8.93x10™ Range:8.26x10™-9.46x10™,
distribution 8.93x10""", 5.0x10™

D (m?/s), Sr Truncated normal 6.65x10™" Range:2.86x10™"'-4.0x10™,
distribution 6.65x10™", 9.66x10™

D (m?%s), Tc constant 4.2x10™"? N/A

D (m%s), U Truncated normal 5.14x10™2 Range:3.14x10'%6.29x10™",
distribution 5.14x10", 1.42x10™

D (m?%s), Ac Constant 5.0x10™! N/A

D (m?%s), Pb Constant 5.0x10™! 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 5.0x10™! N/A

D (m?%s), Pd Constant 5.0x10™! N/A

D (m?%s), Cm Constant 5.0x10™! N/A

Matrix sorption CDF 3000 (1000,0) (3000,0.5) (5000,1)

coefficient

Kq (cc/g), Ac

Kq (cc/g), Am CDF 3000 (1000,0) (3000,0.5) (5000,1)

Kq4 (cc/g), C CDF 1 (0.5,0) (1,0.5) (2,1)

Ky (cc/g), CI Non-sorbing 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)

Kq (cclg), | Non-sorbing 0 N/A

Kq (cc/g), Nb CDF 1000 (500,0) (1000,0.5) (3000,1)

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)
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K4 (cc/g), Pd CDF 100 (10,0) (100,0.5) (500,1)

Kq (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 (cclg), 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 (cclg), Sr CDF 10 (5,0) (10,0.5) (50,1)

Kq (cclg), Tc CDF 1000 (300,0) (1000, 0.5) (3000,1)
Kq (cc/g), Th CDF 5000 (1000,0) (5000,0.5)(10000,1)
Kq (cclg), 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

! Parameters source: (Carbol & Engkvist, 1997; Liu et al., 2006; JAEA database; Chu et. al., 2008). For
Ac, Pb, Sb, Zr, Nb, Pd and Cm, diffusion parameters were not readily available (sorption parameters are
not readily available for Pb, Sbh), 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.

The descriptions of near-field parameters are provided in Table 2A and far-field
parameters in Table 2B. Parameters for representative radionculides are summarized in Table 3.
Note that parameter ranges and distributions are selected just for a demonstration purpose of the
granite GDSE model analysis, and many of these parameters are site-specific. For elements Ac,
Pb, Sb, Zr, Nb, Pd and Cm, the far field diffusion and sorption parameters are not readily
available and thus assigned to values of zero. The radionuclide concentrations in the aquifer
groundwater at the location of the hypothetical biosphere (5 km downstream from the repository
boundary) were analyzed. The analyses were run for 1 million years with 100 Monte Carlo
realizations for each case listed above.
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Table 3. Parameters for representative radionuclides
Species| Atomic | Half-life Solubility Solubility Far field Specific Dose
ID Weight | (year) - - ciz;ll‘)igioe?lt activity co?;/(ir()s:on
(g/mol) Near field Ne'ar-Far field | Kd (cc/g) (Cilg) svy'/Bqy"
(mg/L) interface
(mg/L)

Actinide Parent Species

Np 237 2.14x10° [5.36x10™ 4.003 5000 0.00070487 [1.33x10™""

Pu 238 87.7 1.721 0.961 5000 17.127 2.76x10™
239 2.41x10* 0.062066 3.00x10™
240 6.54x10° 0.22776 3.00x10™
242 3.76x10° 0.0039289  [2.88x10™""

Am 241 432 2.12x10™ 3.83x10™ 3000 3.4338 2.40x10™
243 7.37x10° 0.19962 2.41x10™""

U 232 68.9 3.315x10°  [8.857x10" 5000 22.365 6.7x10™"
233 1.59x10° 0.0096498  [6.12x10™
234 2.45x10° 0.0062357  [5.88x10™
235 7.04x10° 2.1609x10° [5.68x10™
236 2.34x10’ 6.4736 x10®° [5.64x10™"
238 4.46x10° 3.3679 x107 [5.81x10™*

Fission Products and Others

Tc 99 2.13x10° [3.165x10°  [unlimited 1000 0.016953  [7.68x10™"*

[ 129 1.7x10"  |unlimited unlimited 0 0.00016302 [1.32x10™"*

Cs 135 2.3x10°  [unlimited unlimited 500 0.0011514  [2.40x10™

Se 79 6.5 x10" |unlimited unlimited 1 0.069662 3.48x10™"

Cl 36 3.01 x10° [unlimited unlimited 0 0.032991 1.116x10™°




Generic Disposal System Environment Modeling — Fiscal Year 2010 Progress Report
September 2010 59

Figure 3 shows the mean annual doses by radionuclides at the hypothetical biosphere
location (5 km downstream from the repository boundary) for Human Intrusion case, calculated
from 100 realizations simulations. The **’I mean annual dose surpasses **Am, 2*Am, ?*Pu and
2%%py after a few thousands years, and eventually becomes the dominant contributor toward the
end of the 1 million year simulation. The long half-life, high solubility, and weak sorption in the
far field of the radionuclide contribute to the high mean dose.
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Figure 3. Mean annual dose (mrem/yr) associated with 100 realizations for 36 individual
radionuclide species.

Figure 4 shows the **Cs and *®I annual mean dose for the cases with one waste package
release: human intrusion case |1 (commercial UNF only), human intrusion case Il (DOE HLW
only), undisturbed case I (commercial UNF only) and undisturbed case Il (DOE HLW only).
Again I shows much higher doses for all 4 cases than **Cs. Since the DOE HLW glass waste
form has a higher degradation rate as compared to the commercial UNF, the human intrusion
case Il shows the highest mean dose among the four cases. The undisturbed case | and Il both
show lower mean doses as compared to the human intrusion cases. The ***I mean doses for the
undisturbed scenarios are closer to the doses for the human intrusion scenarios in comparison
with ***Cs. This is due to ***Cs being retarded more via sorption onto the bentonite buffer.
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Figure 4: One waste package release annual dose (mrem/yr) for four simulation cases: human
intrusion case | (UNF), human intrusion case Il (DOE HLW), undisturbed case | (UNF), and

undisturbed case Il (DOE HLW).
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Figure 5 shows the 100 realizations *?°I annual dose time histories for the human
intrusion case |. The plot displays the Monte Carlo multi-realization stochastic variations of the
breakthrough curves. Similarly, Figure 6 shows the probability history of 100 realizations for
%py and »*'Np dose rate for the human intrusion case to illustrate the spread around the mean
annual dose curve. The #°Pu dose plot shows a much narrower uncertainty range band as
compared to the 2’Np dose plot, and the results imply that for strongly sorbing radionuclides, the
associated uncertainties in the dose rate are smaller.
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Figure 5: Annual dose (mrem/yr) curves of 100 realizations simulations for **°I.
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Figure 6: Probabilistic uncertainty ranges in the annual dose (mrem/yr) for (a) *py and (b) 237Np.

A Dbenefit of probabilistic analysis of GDSEs is that the relative importance of various
uncertain processes can be examined through a statistical analysis of the Monte Carlo results.
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This analysis can guide future work planning to reduce uncertainties in the model analysis or in
other ways to improve the model. Figures 7 and 8 illustrate 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 the
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 the variable. This measure is
useful in identifying nonlinear, non-monotonic relationships between an input variable and the
result (which conventional correlation coefficients may not reveal).

Important parameter uncertainties influencing the overall model uncertainty (as measured
by the annual dose in this study) depend 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 at
10%, 10°, and 10° years. The importance measures shown in the following figures are normalized
at each time stage so that they can be compared among different time frame of interest.

Figure 7A shows that uncertainty in the mean travel time of water in the far field
(LnorMean, LnorSD_norm) has dominant influence on the uncertainty in the *?°1 annual dose for
most of the 1 million year time frame, with decreasing influence toward the end of simulation.
The second most important uncertain parameter is the number of affected waste packages
(WP_HI_affected) sampled in the near field model, and its influence increases near the end of
simulation duration. The third most important uncertain parameter is the commercial UNF waste
form degradation rate (UNF_WF rate), and its influence increases as the simulations proceed
towards the end. This implies that at lower UNF fractional degradation rate, for nonsorbing
radionuclides such as **I, the annual dose is controlled more by the uncertainties in the near
field model than by the uncertainty in the far-field transport.

Figure 7B shows the similar situation for the **°I annual dose with mean travel time in the
far field as the top uncertainty parameter. In this case, DOE HLW glass degradation rate
(Glass_WF _rate) shows strong influence at the earlier stage of simulation while the commercial
UNF degradation rate (UNF_WF _rate) shows strong influence toward the end of simulation.
Also the **°| sorption coefficient for the bentonite buffer (Kd_I_bentonite) shows a comparable
effect as the number of waste packages affected and the waste form degradation rates with
respect to uncertainty in the annual dose, and with relative a strong influence for the entire
simulation duration.

Figures 8 shows a detailed examination of the sensitivity analyses for the 2°Pu annual
dose for four simulation cases: (a) human Intrusion case | (commercial UNF only), (b) human
Intrusion case Il (DOE HLW only), (c) undisturbed case | (commercial UNF plus DOE HLW),
and (d) undisturbed case Il (reprocessing HLW plus DOE HLW). For all four cases, the
uncertainty in the mean travel time of water in the far field (LnorMean) has dominant influence
on the uncertainty in ***Pu annual dose throughout 1 million year simulation, and this is due to
the large ?*°Pu sorption coefficient in the far field. The DOE HLW degradation rate
(Glass_WEF rate) in the human intrusion case Il (Figure 8-(b)) shows stronger influence as the
second most important uncertain parameter, compared to the slower UNF degradation rate
(UNF_WEF _rate) in the human intrusion case | (Figure 8-(a)). The undisturbed case I (Figure 8-
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(c)) and case Il (Figure 8-(d)) both show that the %*Pu sorption on the bentonite buffer
(Kd_Pu_bentonite) has almost the same level of influence as the mean travel time of water in the
far field, implying that the migration of Pu is retarded considerably via sorption to the bentonite
surfaces, and this retardation process in the near field has comparable influence as the retardation
in the far field. In the undisturbed case Il (Figure 8-(d)), the DOE HLW and reprocessing HLW
glass degradation rates (Glass WF _rate) display a strong influence on the dose at the earlier
stage of simulation, and this is due to the higher degradation rate of glass waste form than the
commercial UNF degradation rate.
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Figure 7: Importance analysis of input parameters with respect to uncertainties in the 2| annual

dose at the 5km compliance boundary for (a) human intrusion case | (commercial UNF only) and

(b) undisturbed case | (commercial UNF plus DOE HLW). Larger values for a parameter denote

that the uncertainties in the parameter have a larger influence on the overall uncertainty in the **°|
annual dose.
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Figure 8: Importance analysis of input parameters with respect to uncertainties in the 2| annual

dose at the 5km compliance boundary for (a) human intrusion case | (commercial UNF only) and
(b) undisturbed case | (commercial UNF plus DOE HLW). Larger values for a parameter denote
that the uncertainties in that parameter have a larger influence on the overall uncertainty in the **°
Pu annual dose.
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4. Concluding Remark

The GDSE model and the results presented in this chapter 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. Rather, they can be used to identify the
important processes that may affect repository performance. The intermediate applications of
this model may include:

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

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

- Determining how a waste form with a specific radionuclide inventory affects the disposal
system performance;

- Determining how the waste form durability affects the disposal system performance.

Future work includes continual improvement of the existing model by incorporating more
detailed processes and performing comparative studies among the different disposal
environments.
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Chapter 4 Clay Generic Disposal System Environment Model
W. Mark Nutt, Ted Bauer, Ed Morris, Nikolai Dosev

Argonne National Laboratory

1. Introduction

The Used Fuel Disposition Campaign (UFD), as part of the DOE Office of Nuclear
Energy’s (DOE-NE) Fuel Cycle Technology program (FCT) is investigating the disposal of high
level radioactive waste (HLW) and used nuclear fuel (UNF) in a variety of geologic media. The
feasibility of disposing UNF and HLW in clay media has been investigated and has been shown
to be promising (Frank 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 Sandia National
Laboratory, potentially suitable formations that may exist in the U.S. include mudstone, clay,
shale, and argillite formations (Frank 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.

This chapter presents the status of the development of simulation models for evaluating
the performance of generic clay media. Two simplified coupled models are described: a thermal
modeling tool and a long-term repository performance modeling tool. There are multiple uses
for these tools within the UFD campaign and the broader FCT program:

e Inform the prioritization of research and development (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 generic thermal and repository performance simulation tools have
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.

2. Model Description

The development of the clay GDSE models is centered on a requirement of being
flexibile 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 engineered barrier system designs. As such, tool development did not begin with
defining a specific scenario around which models would be developed, but rather focused on
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developing modeling tools that could then be used to evaluate a wide range of alternative
scenarios.

The underlying basis behind the clay GDSE models is termed in this report as 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 two-dimensional 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 1 for different conceptualizations of waste emplacement.
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Figure 1. Conceptual Framework for Clay GDSE Models

In evaluating a specific site and design, more elaborate models would likely be used to
evaluate three-dimensional and non-symmetric effects. However, the use of symmetrical and
prescribed boundary conditions is appropriate when using simplified modeling tools to evaluate
generic sites. The specific boundary conditions are discussed in more detail for the thermal and
repository performance modeling tools.

The clay GDSE model includes two component models: a model to evaluate the thermal
behavior within the GDSE, and a model to evaluate long-term performance. The coupling of
these models and their linkage to input data and the results of ancillary calculations and model
output is shown in Figure 2.
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Figure 2. Clay GDSE Model Structure

The Clay Thermal GDSE Model and Long Term Performance GDSE models are
supported by information that is generated throughout the FCT program. Waste form properties
such as degradation rates and degradation products are developed by the Separations/Waste
Form Campaign based on the fuel cycle scenario under consideration. Spent nuclear fuel
degradation rates and products are developed within the UFD campaign. Representative
properties of generic clay media are developed within the UFD campaign.

The Thermal GDSE model is used to calculate the thermal response for a given waste
stream (waste form and inventory), conceptual repository design, and representative clay media
properties. The model links with the Long Term Performance GDSE model by determining
emplacement spacing and decay storage time required to remain under defined thermal limits
(e.g., temperature limit at the wall of a borehole). This information also provides valuable
feedback to the FCT program in the form of needed repository footprint and surface storage
requirements for a given fuel cycle scenario. With the configuration defined, the Thermal GDSE
model also provides temperature profiles at key locations for subsequent use within the Long
Term Performance GDSE model (i.e., input for temperature dependent dissolved concentration
limits, corrosion rates, etc.).

The Thermal and Long Term Performance GDSE models, their coupling, and their
linkages with other data and ancillary model results are discussed in this section.
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2.1.Clay Thermal Model

Several computer codes are available to model both thermal and hydrological behavior
within a continuous porous and fractured rock medium. These codes use different approaches
(e.g., finite difference, finite element), and consider the three major heat transfer processes
(conduction, convection, and radiation). A simplified, flexible repository thermal model has
been developed for performing integrated near-field and extended far-field heat transfer
calculations within a clay generic disposal environment using the commercial SINDA/G thermal
network analysis code system (MSC-SINDA, 2010).

Within SINDAJ/G, explicit configurations of heat-generating waste packages, storage
units, and rock layers in a geologic repository environment is envisioned and modeled as a
network of modular components, with boundaries, and connections rather than as a single large
continuum. Node structure in the model reflects the variety of relevant length scales present
within models of components as well as in the integrated model. Smaller nodes in the
neighborhood of heat generating components reflect both spatial detail and capture transient
behavior of relatively short duration. Larger nodes are adequate for describing the much more
slowly varying temperature fields in regions far away from emplaced heat sources. To this end,
multinode models that span a wide range of length scales have been developed for the generic
clay environment using SINDA/G.

While the primary heat transfer mode in the present model is conduction, other heat
transfer modes such as forced ventilation, free convection, and thermal radiation effects can be
included as necessary to model a particular conceptual repository configuration.

Robust sparse-matrix implicit solvers are able to efficiently accommodate modeled
components having very different length scales and time constants in the same model. These
solvers allow time steps in the calculation to reflect the time constants of the actual problem
rather than that of the smallest node in the model.

This “network” approach allows the same GDSE model to be used while including a
wide variety of material components and configurations. This model flexibility enables change
of input not only to thermo-physical properties, but also to the components within a disposal
system, the geometric size, and the shape of the modeled repository itself. The SINDA/G
thermal model of a generic disposal environment can determine the time-evolution of
temperature fields and heat flows associated with emplacement of heat-generating waste forms.
Components included in the model framework are heat-generating waste forms or packages,
geometrically explicit storage units, such as tunnels or galleries, and the host rock in which these
components are embedded.

The component models for the repository concept under consideration include:

e overall geometry of the geologic host;
¢ the basic storage and emplacement concept, e.g. ventilated tunnels, boreholes (horizontal
or vertical), large galleries, etc.;



Generic Disposal System Environment Modeling — Fiscal Year 2010 Progress Report
74 September 2010

e availability of ventilation;
o fixed dimensions (e.g. waste package diameters, etc.); and
e location(s) where thermal limits are to be applied.

The representation of the present “generic” disposal system is established from “User
Input” that includes:

e the time-dependent waste stream heat source with an identifiable starting point (e.g.
discharge from a reactor) as a function of an identifiable “loading metric” (e.g. W/MT or
W/ GWd-generated);

e important dimensions, such as: depth below the surface and separation between
tunnels/boreholes etc.,;

e key thermal properties of the host rock such as: density, heat capacity, and thermal
conductivity (can be anisotropic if needed);

e temperature limits at key locations.

Output from the SINDA/G thermal model of the clay GDSE include:

e Time-dependent temperatures defined at locations within both storage units and the host
rock as consistent with user input temperature limits;

e peak values of a loading metric or a minimum “age” of a decaying waste stream
(consistent with input temperature limits); and

e summary tables and “CSV” files for subsequent use and plotting of results.

2.2.Clay Long Term Repository Performance GDSE Model

The development of a clay GDSE model was initiated in FY09 under the FCT
Separations/Waste Form campaign (Nutt et al., 2009). That model, which focused on diffusive
radionuclide transport through the far-field, served as the starting point for the development of
the clay media Long Term Repository Performance GDSE model presented herein.

The objective of the clay Long-Repository Term Performance GDSE Model is to
integrate all of the key features, events, and processes (FEPs) for a clay generic disposal system
into an integrated framework. It is developed using the GoldSim dynamic simulation software
(GoldSim Technology Group, 2010), but is intended to be universally used by non-GoldSim
practitioners through the use of the free GoldSim Player. All inputs are contained in a Microsoft
Excel format that is linked to the GoldSim model. Output of the clay Thermal GDSE will be
included as part of the spreadsheet, resulting in a “soft linkage” between the two clay GDSE
models. 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 GDSE models, the linkage between the input
spreadsheet and the clay Long Term Repository Performance GDSE model, and the linkage
between the Long Term Repository Performance GDSE model and the broad FEPs categories
being used by the UFD campaign is shown in Figure 3.
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The general components of the clay Long Term Repository Performance GDSE model

are:

waste

Source Term — waste form and radionuclide inventory
Primary Engineered Barrier — waste package
Secondary Engineered Barrier — buffer or other material surrounding a waste package
Near Field / Excavation Damage Zone (EDZ) — host rock affected by the emplacement of

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

e 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 (not
directly intersecting the waste, but affecting far-field transport behavior).

ENGINEERED BARRIER SYSTEM (EBS)

GEOSPHERE

BIOSPHERE

EDZ Model

Input Data

Scenario)

(Excel Spreadsheet — Define Configuration, Properties,

Figure 3. Clay Long-Term Repository Performance GDSE Model Linkages

Source Term, degraded waste form, primary and secondary engineered barriers:

The

source term, degraded waste form, primary engineered barrier, and secondary engineered barrier
components of the clay Long Term Repository Performance GDSE model are shown
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schematically in Figure 4. Also shown, is 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 GDSE input spreadsheet and thus is able to model a wide variety of
alternatives within the engineered system of a generic clay conceptual repository design.

The source term for the clay Long Term Repository Performance GDSE model begins
with the inventory. The model includes 36 radionuclides important to repository performance.
These are input as constants into the model from a spreadsheet as shown in Table 1. A multiplier
that can be used to conduct inventory-related sensitivity studies is also included on the input
spreadsheet.

The configuration of the engineered barriers is controlled from the input spreadsheet as
shown in Table 2. A parameter is included to change the number of discrete units that are
represented by the single “unit cell” within the clay Long Term Repository Performance GDSE
model. This allows the user to simulate the disposal of waste at multiple identical locations
within the model.
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Figure 4. Schematic of Source Term, Degraded Waste Form, Primary and Secondary Engineered Barriers Representation
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Table 1. Radionuclide inventory. Note that the inventory values shown are example only.

Inventory Multiplier 1.00E+00
Isotope Mass (g)
Ac227 0.00E+00
Am241 1.81E+03
Am?243 1.19E+03
Ci4 1.00E+00
CI36 0.00E+00
Cm245 4.21E+01
Cs135 3.39E+03
Cs137 8.19E+03
1129 0.00E+00
Nb93 3.15E+03
Np237 5.28E+03
Pa231 0.00E+00
Pb210 0.00E+00
Pd107 0.00E+00
Pu238 1.58E+00
Pu239 2.46E+01
Pu240 6.04E+02
Pu241 3.32E+00
Pu242 1.03E+01
Ra226 0.00E+00
Ra228 0.00E+00
Sbh126 0.00E+00
Se79 0.00E+00
Sn126 2.20E+02
Sr90 3.54E+03
Tc99 5.63E+03
Th229 2.38E-05
Th230 2.24E-02
Th232 6.91E-03
U232 7.06E-06
U233 3.78E-06
U234 1.76E-01
U235 4.73E+00
U236 5.49E+00
U238 8.02E-01
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| 2r93 | 0.00E+00 |
Waste Form degradation is currently represented as a single fractional degradation rate
that does not vary with time. As information regarding waste form degradation becomes
available from the Separations/Waste Form campaign this approach can be changed to better
reflect any temporal variation in the fractional degradation rate and any other couplings between
the degrading waste form and the rest of the engineered barriers.

Flags in the input spreadsheet are used to control the presence of either a primary or
secondary engineered barrier. Thus, for example, different waste package and buffer/backfill
configurations can be considered. The time that the primary and secondary engineered barriers
fail is input as a discrete time. As with the waste form fractional degradation rate, a more
explicit model of the degradation of the primary and secondary barriers could be developed in a
future version of the model if warranted.

Table 2. Engineered Barrier System Configuration Parameters

General
Number of Discrete Units (i.e., 1
waste packages) Represented
Waste Form
Waste Form Fractional 1.00E-09

Degradation Rate (yr™)

Primary Engineered Barrier (i.e.,
Waste Package)
Primary Engineered Barrier
Present (set equal to 1 if 1
present, 0 if not)

Waste Package Failure Time
(years)

Secondary Engineered Barrier
(i.e., Buffer)
Secondary Engineered Barrier
Present (set equal to 1 if 1
present, 0 if not)

Secondary Engineered Barrier
Failure Time (years)

Note that the values shown are example only
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The degraded waste form, degraded primary engineered barrier, and intact/degraded
engineered barrier are modeled each as single batch-reactor mixing cells. The properties are
input through the linked spreadsheet as shown in Table 3. It is assumed that diffusion is the
primary radionuclide transport mechanism 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 change the
advective flow rate through the input spreadsheet.

The current version of the clay Long Term Repository Performance GDSE model treats
these parameters as scalars with no uncertainty. The model can be modified in the future should
future investigations indicate that the uncertainty in these parameters should be explicitly
represented.

Table 3. Engineered Barrier System Material Properties

Degraded Intact Degraded
Degraded - C
Primary Secondary Secondary | Distribution . .
Property Waste . . . Discussion
Engineered Engineered Engineered Type
Form . . .
Barrier Barrier Barrier
Material Density |5 2000 2000 2000 Scalar Assumption

(kg/m3)

Porosity 0.3 0.3 0.3 0.3 Scalar Assumption
Volume (m3) 1 1 1 1 Scalar Assumption
Thickness (m) 0.5 0.5 0.5 0.5 Scalar Assumption
Diffusion A

tHiusion Area 0 0 0 0 Scalar Assumption

(m2)
Advective Flow 1.00E+10 1.00E+10 0 1.00E+10 Scalar Assumption
Rate (m3/yr)

Note that the values shown are example only

The ability to simulate dissolution/precipitation and reversible sorption is included in
It is assumed that the dissolved concentration limits and

each batch reactor mixing cell.

distribution coefficients are represented in this initial model as log-triangular and triangular
distributions, respectively, with the user having the ability to define the minimum, best estimate,
and maximum values of the distribution from the input spreadsheet. The model can be modified
in the future should future investigations indicate that different probability distributions should
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be used. Future modification may also involve explicit coupling to geochemical conditions and
temperature within the batch reactor mixing cells (i.e., explicit coupling with the temperatures

Table 4. Dissolved Concentration Limit Input

Element Min Most Likely Max Distribution Type Discussion
Actinium 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Americium 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Antimony 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Carbon 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Cesium 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Chlorine 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Curium 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
lodine 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Lead 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Neptunium 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Niobium 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Paladium 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Protactinium 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Plutonium 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Radium 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Selenium 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Strontium 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Technitium 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Thorium 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Tin 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Uranium 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Zirconium 1.00E+10 1.00E+10 1.00E+10 Log-Triangular Distribution Assumed infinite solubility
Note that the values shown are example only
Table 5. Distribution Coefficient Input
Element Min Most Likely Max Distribution Type Discussion
Actinium 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
Americium 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
Antimony 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
Carbon 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
Cesium 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
Chlorine 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
Curium 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
lodine 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
Lead 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
Neptunium 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
Niobium 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
Paladium 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
Protactinium 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
Plutonium 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
Radium 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
Selenium 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
Strontium 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
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Technitium 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
Thorium 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
Tin 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
Uranium 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption
Zirconium 1.00E+00 1.00E+00 1.00E+00 Triangular Distribution Assumed no sorption

Note that the values shown are example only

produced by the SINDA/G Thermal GDSE model). Tables 4 and 5 show the structure of the
input spreadsheet used in this initial model.

Near Field/Excavation Damage Zone: The near field/EDZ component of the clay Long Term
Repository Performance GDSE model is shown schematically in Figure 5. Also shown on
Figure 5 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
GDSE input spreadsheet and thus is able to model a wide variety of near field/EDZ conditions
within generic clay media.

The near field/EDZ is modeled as three linked batch-reactor mixing cells. For simplicity,
a one-dimensional slab geometry is assumed. A more detailed representation, such as a
cylindrical representation, could be employed in the future if needed. The properties are input
through the linked spreadsheet as shown in Table 6. As with the engineered barriers, it is
assumed that diffusion is the primary radionuclide transport mechanism so the batch-reactor
mixing cells are diffusively coupled. However, to investigate the effects of advective transport
through the near field/EDZ, the mixing cells are also advectively linked with the user able to
change the advective flow rate through the input spreadsheet.

The current version of the clay Long Term Repository Performance GDSE model treats
the parameters shown in Table 6 as scalars with no uncertainty. The model can be modified in
the future should future investigations indicate that the uncertainty in these parameters should be
explicitly represented. In addition, the current model does not allow for time-dependent
evolution of the near field/EDZ properties. This could also be included in a future revision to the
model if necessary.

The ability to simulate dissolution/precipitation and reversible sorption is also included in
each near field/EDZ batch reactor mixing cell in the same manner as for the engineered barrier
system 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.
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Table 6. Near Field/Excavation Damage Zone Material Properties
Distributi
Property Value Units istribution Discussion
Type

Near Field / EDZ Density 2000 kg/m3 Scalar Assumption
Near Field/EDZ Porosity 0.3 - Scalar Assumption

Near Field / EDZ Volume of Single .
Cell (3-Cell Slab Model) 1 m3 Scalar Assumption

Near Field / EDZ Thickness of .
Single Cell (3-Cell Slab Model) 0.5 m3 Scalar Assumption

Near Field / EDZ Diffusion Area of .
Single Cell (3-Cell Slab Model) 0 m2 Scalar Assumption

Near Field / EDZ Diffusion .
Advective Transport Rate 0.00E+00 m3/yr Scalar Assumption

Note that the values shown are example only
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Figure 5. Schematic of Near Field/Excavation Damage Zone Representation
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Far Field: The far field component of the clay Long Term Repository Performance GDSE
model is shown schematically in Figure 6. This formulation consists of 20x20 node network of
batch reactor mixing cells used to represent two-dimensional radionuclide transport.
Radionuclide transport is assumed to occur primarily via diffusive mechanisms. The model is
configured to include advective coupling between the mixing cells to evaluate sensitivity.
Releases from the near field enter the far field at the corner of the far field cell network.
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Figure 6. Schematic of Far Field Representation

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)
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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 Reuversible sorption in each mixing cell.

e The radionuclide mass flux reaching the aquifer is used to determine the annual dose to
the receptor.

The far field domain height, width, and depth are represented parametrically within the
model and are defined in the input spreadsheet. Thus, the model is extremely flexible and can
accommodate different repository configurations (e.g., spacing of emplaced waste). It is
intended that the clay Thermal GDSE model will determine allowable configurations for a
prescribed waste form and conceptual repository design that would then be input into the clay
Long Term Repository Performance GDSE model.

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. These comparisons are presented in the Appendix. The comparisons indicate that as
the aspect ratio 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.

The key parameters included in the far field component of the clay Long Term
Repository Performance GDSE model are the clay porosity, clay density, effective diffusion
coefficient, dissolved concentration limits (solubility limits), and reversible sorption coefficients.
The clay porosity and density are entered through the input spreadsheet as shown in Table 7.
These properties were assumed to be represented by triangular probability distributions with the
user able to enter the parameters that define the distributions. The type of probability
distribution can be changed in future revisions to this model should available information
indicate.

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
engineered barrier system 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.

The current model assumes a constant diffusion coefficient for all elements of 2E-10
m?/s, based on information obtained from the Belgian repository program. Future work will
involve implementing the ability to input element-specific diffusion coefficients into the model
through the input spreadsheet.
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In order to simulate the effects of advective transport conditions in a clay environment,
each of the cells in the 20x20 node network are coupled by advective connections. The user is
able to define whether advective transport mechanisms are active for a simulation and define the
vertical and horizontal groundwater velocities. It is recognized that applying horizontal
advective transport within a cell network that assumes symmetry boundary conditions at its
edges does not appropriately represent large-scale horizontal advection. However, this approach
does allow the user to establish advective flow away from the emplaced waste in the direction of
a hypothetical overlying aquifer. This approach allows for the assessment of the advective
transport within a predominately diffusive transport medium.

Table 7. Far Field Material Properties

. Most . Distributi . .
Property | Min Lik(t):;y Max | Units |s1t:;pt.;|on Discussion

SAFIR 2, Safety Assessment and Feasibility Interim
Report 2, ONDRAF/NIRAS, NIROND 2001-06E,

Po(t:‘lc?!ity 0.325 0.4226 0.481 Triangular December 2001. Available at
www.nirond.be/engels/Safir2_eng.php.
Parameters from Table 3-33
SAFIR 2, Safety Assessment and Feasibility Interim
Clay Report 2, ONDRAF/NIRAS, NIROND 2001-06E,
Density 1888 1980 2135 | kg/m3 Triangular December 2001. Available at

www.nirond.be/engels/Safir2_eng.php.
Parameters from Table 3-33

Note that the values shown are example only

Biosphere: Radiation exposure, or dose, is used as a metric of GDSE performance. Biosphere
dose conversion factors developed in the International Atomic Energy Agency’s (IAEA)
BIOMASS project for a simple drinking water well pathway (ERB 1) were used (IAEA 2003).
This biosphere is described as (Chapter 1):

Example Reference Biosphere 1 (ERB 1) 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.

The results presented in this report 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 for the following reasons:
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o The GDSE models are very simplistic and do not include many of the features, events,

and processes that need to be considered in an assessment of disposal system
performance.

o The determination of biosphere dose conversion factors does not depend on the GDSE,

but rather on the biosphere beyond the GDSE, 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 GDSE and the resulting dose conversion
factors may vary significantly.
Nevertheless, in lieu of a specific site, the reference biosphere allows for the assessment of
generic disposal systems environments using a common, representative biosphere for each of the
different GDSEs.

Fast Paths: This version of the clay Long Term Repository Performance GDSE model includes
fast paths that can be parameterized by the user to evaluate various scenarios. A single one-
dimensional advective pathway is included that directly links the degraded waste form mixing
cell with the aquifer. The user can input the groundwater velocity through this fast path “pipe”
to conduct parametric sensitivity evaluations. This pathway could be used to represent such
scenarios as a human intrusion borehole intersecting the waste or transport through a
significantly degraded near field/EDZ and seal system to an overlying aquifer.

The model also includes the ability to introduce vertical advective transport within the far
field at columns 5, 10, 15, and 20 within the 20x20 node network. This allows for the simulation
of fast paths that do not directly intersect the emplaced waste but could degrade the isolation
capability of the far field.

3. Demonstration

Activities in Fiscal Year 2010 focused on developing the clay Thermal and Long Term
Repository Performance GDSE models. The initial structure of these models has been developed
and efforts will continue to refine the models and establish the coupling between them.
Ultimately it is intended to couple the models such that the results of the Thermal GDSE model
for a given waste form and conceptual repository design are used to establish the repository
configuration, the time that the waste would need to be allowed to decay before emplacement,
and the temperature histories to use in the Long Term Repository Performance GDSE model.

While the modeling coupling has yet to be completed, this section presents a
demonstration of the types of results that are generated with each model and how the coupling
would work in the evaluation of a fuel cycle scenario. Estimates of potential waste inventory
and waste form characteristics for HLW that could potentially be generated under a variety of
commercial fuel cycle alternatives have been developed in order to support subsequent system-
level evaluations of disposal system performance (Carter and Luptak, 2010). To date, inventory
estimates have been developed for four alternative light water reactor (LWR) recycling processes
that differ in the reprocessing method (aqueous vs. electro-chemical), complexity (Pu only or full
transuranic (TRU) recovery) and waste forms generated. Potential waste quantities and
inventories have been developed on unit base of each MT reprocessed.
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The inventory estimate considered different LWR fuel types (boiling and pressurized
water reactors), burn-up of the fuel that is reprocessed, and the duration between when the fuel is
discharged from the reactor and when it is reprocessed. HLW was assumed to be isolated in
borosilicate glass, although alternative waste forms were investigated. Waste loadings in
borosilicate glass were constrained by limits to avoid the formation of multi phase glasses.
These limits include: 1) a maximum decay heat of 14,000 watts per 2 ft diameter canister to
prevent the canister centerline temperature from reaching the transition temperature 2) the
molybdenum trioxide solubility is limited to 2.5% by weight, and 3) the noble (Ag, Pd, Rh, Ru)
metals are limited to 3% by weight. The limit selected for any representative fuel allows the
maximum waste loading and minimum projected waste volume, and mass. The glass is cast into
a 2 ft diameter by 15 ft tall canister containing 2900kg of glass.

For this demonstration, two end-member borosilicate glass waste forms from the COEX
reprocessing were assumed: HLW generated from reprocessing used PWR fuel with 1) a burn-up
of 20 GWd/MT and 100 years between discharge and reprocessing (PWR 20&100), and 2) a
burn-up of 60 GWd/MT and 5 years between discharge and reprocessing (PWR 60&5). These
two waste forms thus represent the HLW that would be generated from reprocessing younger,
high burn-up fuel and older, low burn-up fuel. The waste loading was also limited due to
different constraints. The PWR 60&5 HLW loading was limited by the 14,000 watt per canister
limit and the PWR 20&100 was limited by the molybdenum trioxide solubility.

3.1.Thermal Model

While the SINDA/G framework can accommodate a wide range of conceptual repository
designs, resource limitations necessitated choosing a single conceptual design for demonstrating
the applicability of the tool. The initial two-dimensional thermal model of a conceptual
repository described for a generic clay environment assumes waste storage in horizontal
cylindrical boreholes of infinite length and a fixed depth below a horizontal surface at a fixed
temperature of 20 °C. The waste package surface was assumed to make efficient thermal contact
with the surrounding clay media. No ventilation or cooling air was assumed to be present.

In this demonstration, the boreholes were assumed to be spaced 30 meters apart and the
waste packages emplaced end-to-end. Future analyses could investigate the effects of different
spacing. The present evaluation focused on the amount of surface-based decay storage that
would be required such that the wastes could be emplaced and meet a 100 °C limit at the
borehole wall.

The radionuclide inventory for the borosilicate glass HLW for the COEX PWR 20&100
and COEX PWR 60&30 was obtained from the mass balance calculations used to develop the
inventory estimate (Carter and Luptak, 2010). The inventories are determined at the time the
HLW form is created. The radionuclide inventories were entered into the Isotope Parameter and
Decay Tool, developed by ldaho National Laboratory, to compute the thermal output of the
HLW over time. These are shown in Figure 7.
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The results show that the HLW thermal output for the COEX PWR 60&5 case is initially
dominated by short lived fission products that decay in the first 100-200 years, such as Cs-137
and Sr-90. At this point, the thermal output becomes dominated by Am-241 through
approximately 2,000 years. The COEX PWR 20&100 case is also dominated by Cs-137 and Sr-
90, however Am-241 is also a significant contributor to the total thermal output from the time the
HLW form is created through approximately 2,000 years. This is due to the fact that a
significant amount of Pu-241 has decayed to Am-241 during the 100 year period between when
the fuel is discharged and when it is reprocessed. The COEX PWR 60&5 case in effect removes
the Am-241 inventory from the waste stream by recycling the Pu-241 before it decays. This has
a significant effect on the thermal performance within the generic clay environment.

The results from the clay Thermal GDSE model are shown in Figure 8. While the HLW
from the COEX PWR 60&5 case initially has a higher thermal output, it is the HLW from the
COEX PWR 20&100 case that would require a much longer period of decay storage before it
could be emplaced in a borehole within a generic clay media and remain within a 100 °C limit at
the borehole wall. The demonstration results indicate that decay storage would be needed for
approximately 60-70 years for the COEX PWR 60&5 case and for over 600 years for the COEX
PWR 20&100 case. This is entirely due to the decay heat from Am-241.

A follow on evaluation was conducted to determine the amount of de-rating that would
be necessary in order for the decay storage duration for the HLW from the PWR 20&100 case to
be the same as the PWR 60&5 case. It was found that a 64% reduction in the waste loading
would be required. This would correspond to a 64% increase in the number of canisters that
would be required if a disposal system thermal requirement would limit waste loading as
opposed to the molybdenum trioxide solubility limit. Canister requirements would increase from
0.05 canisters/MT (Carter and Luptak, 2010) to 0.08 canisters/MT for the PWR 20&100 case,
still significantly less than 0.23 canisters/MT (Carter and Luptak, 2010) for the PWR 60&5 case.
Similar de-rating for both the PWR 60&5 and PWR 20&100 HLW forms would allow for
shorter periods of surface decay storage.
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Figure 7. Decay Heat History for Demonstration Waste Forms
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Figure 8. Demonstration Results from the Clay Thermal GDSE Model

These results demonstrate how the clay Thermal GDSE model can be used to inform fuel
cycle system-level evaluations. Information regarding waste form loading limitations, surface
decay storage requirements, and repository loading requirements can be provided by the model.
In addition, the temperature histories produced by the model, such as those shown in Figure 8,
can be linked into the clay Long Term Repository Performance GDSE model. Additional work
is needed to further develop this tool such that it is flexible to evaluate multiple scenarios and
conditions and is linked to the clay Long Term Repository Performance GDSE model. This
work is discussed later in this report.

3.2.Long Term Repository Performance Model

Calculations have been carried out using the clay Long Term Repository Performance
GDSE model for a hypothetical repository in a clay environment assuming processed waste for
PWR spent fuel having a burnup of 60 GWd/MT and a 5-year cooling period and for PWR fuel
having a burnup of 20 GWd/MT and a 100-year cooling period (COEX PWR 60&5 and COEX
PWR 20&100).
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For these calculations, horizontal boreholes are assumed to be spaced 20 m apart and to
be infinitely long. A single waste package is assumed to be 5 m in length and waste packages are
separated from each other by a space of 3 m. The calculations assume a slice of the repository
environment that is 8 m thick in the direction of the boreholes. As discussed above, while the
model includes transport cells for modeling transport of material through degraded waste form
material, degraded waste package material, and buffering material between the waste package
and the wall of the borehole, in the present calculations, once the waste form begins to degrade
the released radionuclides pass very rapidly through material in the borehole and into the near
field.

The near field/EDZ is assumed to have a thickness of only 0.02 m and a diffusive area of
8 m?. From the near field/EDZ, radionuclides pass into the far field. Material properties are
assumed to be the same in the near field/EDZ and far field and transport through these regions is
by diffusion only. Radionuclides enter the far field in the corner of the far-field adjacent to the
borehole and pass through the field to the top of the clay layer where a dose rate is calculated as
discussed above. As currently modeled, radionuclides can leave the far-field only through the top
of the clay layer. Zero mass flux boundary conditions are assumed on the horizontal and vertical
boundaries intersecting at the borehole and at the vertical boundary half-way between boreholes.
Figure 9 compares the total mean annual dose for the two HLW packages referenced in the
foregoing paragraph. The dose rate is normalized to a single waste package. As an
approximation, for a repository with a specified number of boreholes and number of waste
packages in each borehole, the dose rate would be the product of the number of boreholes, the
number of waste packages, and the dose rate shown in the figure. The result shows a rather large
peak between 600,000 and 700,000 years followed by a gradually rising dose rate as time
approaches 100 million years.

The total mean annual dose for the waste processed from PWR fuel with 60 GWd/MT
burnup and 5-year cooling (COEX PWR 60&5) is shown in Figure 10 along with the
contributions from *Tc and **!Pa. The figure shows that the peak in the dose rate between
600,000 and 700,000 years is due entirely to the contribution of **Tc and that the gradual rise in
the dose rate as time approaches 100 million years is due mostly to ***Pa. %'Pa has a half life of
32,800 years and it is concluded that this isotope is the result of the decay of carry-over ***U in
the HLW and not due to the initial content of **'Pa in the HLW.

In spite of the lower burnup of the 20 GWd/MT fuel, the amount of *Tc in the package
for waste processed from this fuel contains nearly twice as much *Tc as the waste package
containing process PWR fuel with 60 GWd/MT. For a given mass of fuel, it would be expected
that the amount of **Tc for fuel with a burnup of 20 GWd/MT would be about 1/3 as much as
would be found in the 60 GWd/MT fuel. However the packaging for the lower burnup fuel is
taking advantage of the lower heat load and including processed waste from a larger mass of
spent fuel.

The dissolved concentration limits and retardation factors for the present calculations
were taken from the Belgian repository program (SAFIR, 2001). The Belgian documentation
includes solubilities for *°Tc but lists the retardation factor as unity. The recent feasibility
evalution of shale environments completed by Sandia National Laboratory (Frank et al., 2010)
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indicates that the distribution coefficient for **Tc is in the range of 0 to 250 ml/g. To illustrate
the impact of this distribution coefficient, a retardation factor with a triangular distribution
ranging from 1 to 1220 with a most likely value of 1000 was arbitrarily assigned to *Tc. Then
the COEX PWR 20&100 case shown in Figure 9 was re-executed. The resulting peak dose rate
along with some the dose rates from some of the larger contributors to the dose is shown in
Figure 11. The contribution from **Tc is now orders of several orders of magnitude smaller than
the contribution for the case shown in Figure 9 and no longer appears on the graph. For the waste
forms considered in this report, knowledge of the transport properties for *Tc would appear to
be very important.

The waste form fractional degradation rate considered in the calculations described in the
foregoing paragraphs was assumed to be 10 per year. A parametric calculation was carried out
for the COEX PWR 20&.100 case with the degradation rate increased by a factor of one thousand
to 10°® per year. The results from this calculation, with no sorption of **Tc are shown in Figure
12. In Figure 12, the peak annual dose, contributed almost entirely by **Tc is increased by more
than a factor of two. The peak is initially reached at about the same time as in Figure 10, but with
the higher degradation rate, the peak is much broader. With the higher degradation rate, *Tc
apparently reaches its solubility limit in the near field with the result that for a considerable
period of time the release to the far field is controlled by the diffusion rate in the near field rather
than the degradation rate of the waste form. The largest dose rate contributed by actinides,
primarily %*'Pa is increased by about a factor of ten with the larger degradation rate.

These demonstration results show the types of outputs and analyses that can be conducted
with the clay Long Term Repository Performance GDSE model. Additional work is needed to
continue testing and improving the model, testing the fast pathway framework, testing and
improvement of the spreadsheet interface, and the establishment of linkage with the clay
Thermal GDSE model. These activities are discussed later in this report.
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Figure 9. Comparison of Total Annual Dose from Two Demonstration Cases of HLW Processed
from Used Nuclear Fuel.
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Figure 11. Demonstration Results for COEX PWR 20&100 Case Considering Retardation of 99Tc.
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Figure 12. Demonstration Results for the COEX 60&5 Case Considering a 1000x Increase in the
Waste Form Fractional Degradation Rate.

4. Conclusions

Fiscal Year 2010 saw the initiation of the development of flexible clay Thermal and Long Term
Repository Performance GDSE models. The general model framework was established and
limited demonstration testing has been completed. Preliminary results indicate that a wide range
of output can be generated for different fuel cycle scenarios to inform not only the UFD
campaign, but the entire FCT program as well. Specific output that can be generated for a given
fuel cycle scenario include additional limitations on waste loading, requirements for surface-
based decay storage, and potential repository footprint. The importance of key features, events,
and processes can also be examined, providing feedback to the UFD campaign and helping to
establish research and development priorities.
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While much work has been completed in establishing the overall structure of the clay GDSE
models, additional work is needed to fully develop the tool capability. This includes:

Thermal GDSE Model

e Further testing and model refinement by testing different UNF and HLW inventories (this
may provide near-term input to FCT System Engineering efforts).

e Investigation into establishing a user-friendly interface to the SINDA/G platform.

e Investigation into manners to “host” the thermal GDSE model for use by others in the
UFD campaign and on the FCT program.

e Establishment of linkage between the Thermal and Long Term Repository Performance
GDSE models.

e Development of models that represent conceptual repository designs in more detail
(coupling with conceptual design catalog to be developed in Fiscal Year 2011).

e Investigation into the development of automated search capability within SINDA/G for
determining spacing of conceptual repository designs, decay storage requirements, and
de-rating.

Long-Term Repository Performance GDSE Model

e Testing and refinement of the engineered barrier system and near field/EDZ model
components.

e Testing and refinement of the fast pathways features.

e Verification that all features, events, and processes important in a clay environment are
structurally captured.

e Improvement in the spreadsheet user interface.

e Development of key result displays and establishment of a user interface with GoldSim.

e Establish coupling with clay Thermal GDSE model.

Development of engineered barrier system models that represent conceptual repository designs
in more detail, primarily by implementation and testing within the current framework (coupling
with conceptual design catalog to be developed in Fiscal Year 2011).

5. References

Carter, J. and Luptak, A. “Fuel Cycle Potential Waste Inventory for Disposition,” FCR&D-
USED-2010-000031 Rev 1, March 2010.

GoldSim Technology Group, “GoldSim version 10.117, 2010,

Hansen, F.D. , Hardin, E.L., Rechard, R.P., Freeze, G.A., Sassani, D.C., Brady, P.V., Stone,
C.M., Martinez, MJ., Holland, J.F., Dewers, T., Gaither, K.N., Sobolik, S.R., and
Cygan, R.T. “Shale Disposal of U.S. High-Level Radioactive Waste, ” SAND2010-2843,
May 2010.

MSC-SINDA, “MSC Software Corporation”, Santa Ana, CA, 2010.



Generic Disposal System Environment Modeling — Fiscal Year 2010 Development of the Clay
GDSE Model
August 2010 101

Nutt, W.M., Wang, Y., and Lee, J. “Generic Repository Concept Analyses to Support the
Establishment of Waste Form Performance Requirements — Fiscal Year 2009 Year-End
Status”, ANL-AFCI-295, September, 2009.

SAFIR 2, “Safety Assessment and Feasibility Interim Report 2, ONDRAF/NIRAS, NIROND
2001-06E, December 2001. (Available at www.nirond.be/engels/Safir2_eng.php).



http://www.nirond.be/engels/Safir2_eng.php

Generic Disposal System Environment Modeling — Fiscal Year 2010 Development of the Clay
GDSE Model
102 August 2010

Appendix A: Comparison of Numerical Approach for Two-Dimensional Modeling of the
Far Field with Analytic Solutions

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

2 2
% _ D{% +%}, (1)
X

where t 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 diffusion coefficient, and ¢ is the concentration. Using the technique of separation of
variables and applying the initial and boundary conditions

c(0,x,y) = 5M when (0<x<5),(0<y<e) and =0, otherwise, (2)
&

p® -p% -0 3)
OX x=0 OX x=a

at all times t and positions y, and
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y=0

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

et xy) = 33 Ane ™ cos(a, ) cos(B, Y) (5)

n=0 m=0

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 <),
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and
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and when n >0,

_ 4M
aboea, f,

A sin(a, 5) sin(g, €) . (10)

Except when t is near zero, a relatively small number of terms provides adequate convergence
for the series in (5).

To provide an indication of the robustness of the GoldSim solution 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 (5). 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<6), (0<y <) where §=a/20 and & =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 X10Y10, 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 X10Y10 has the coordinates
x=956and y=95¢, and a point at the center of the cell X20Y20 has coordinates

x=1955 and y =19.5¢. The diffusion coefficient has the value 2 x 10™° m?/s.

For the first set of comparisons, a square far-field with a width a=20 m and a depth
b =20 m is considered. The time dependent concentration in the three cells referred to in the

foregoing paragraph is shown in Fig. A-1. Comparisons between the two solutions were also
made at several other locations 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 a =b =80 m with the same quality of
agreement as shown in Fig. A-1. The only effect of changing the size of the square far-field is to
change the time constants k. in (5).

Results for a second set of calculations for a rectangular far-field with a=20 m and
b =80 m. Comparisons between the GoldSim numerical solution and the exact solution from (5)

are shown in Fig. A-2. While agreement is not quite as good as is shown in Fig. A-1, the
GoldSim numerical result is, nevertheless, within a few percent of the exact solution except in
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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 Fig. A-2.
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 Fig. A-3. This case differs from that shown in

Fig. A-2 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 Fig. A-2, 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=20 m and b =150 m. Results for this case are shown in Fig. A-4.

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 that shown in Fig. A-4 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 Figs. A-1 through A-4 indicate that as the aspect ratio becomes
larger, agreement between the numerical solution produced by GoldSim and the exact solution
given by (5) 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 report. 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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Chapter 5 Deep Borehole Generic Disposal System Environment Model
Joon H Lee and Yifeng Wang

Sandia National Laboratories

1. Introduction

Deep boreholes at extreme depths have been proposed as an option for permanent
disposal of high-level radioactive waste (HLW) and used nuclear fuel (UNF) (Ahall 2006, Brady
et al. 2009; Gibb 1999, Gibb et al. 2008, Harrison 2000). Disposal concepts call for drilling
boreholes to a depth of 3 to 5 km into crystalline bedrocks, typically granites. Waste is placed in
the lower portion of the hole, and the upper several kilometers of the hole are sealed to provide
effective isolation from the biosphere. The potential for excellent long-term performance has
been recognized in many previous studies.

Very deep borehole disposal can offer important advantages over the conventional mined
geologic disposal in that (1) the repository can be located in stable bedrock at a depth where the
groundwater is isolated from the biosphere, and (2) the waste can be deposited and the boreholes
permanently sealed without causing long-term disturbances in the density-stratification of the
groundwater that surrounds the repository (Ahéll 2006). Another advantage is that it is less
vulnerable to impacts from expected events (e.g., changes in groundwater conditions during
future glacial periods) as well as undesired events (e.g. such as major earthquakes).

This chapter discusses the deep borehole Geologic Disposal System Environment
(GDSE) model and preliminary model results. Three types of high-level radioactive waste
(commercial UNF, DOE HLW and reprocessing HLW) are considered for the model analysis,
and the radionuclide inventory of the wastes developed for the reference source-term model
(Chapter 1) is used in the analysis. The models for water flow and radionuclide transport in a
deep borehole were developed using the data and analysis presented in a recent study by Brady et
al. (2009), and the details of the model development and implementation are also described in
this chapter. The chapter discusses the conceptual model for a deep borehole GDSE, the model
implementation and structure, the preliminary model analysis results, and future work.

2. Conceptual Model

The conceptual model for radionuclide release and transport from a deep borehole GDSE
was developed using the data and analysis in a recent study by Brady et al. (2009). Figure 1
shows a schematic for the conceptual model for radionuclide release and transport in a deep
borehole GDSE. The deep borehole at a total depth of 5,000 m is divided into three zones: the
bottom 2,000 m for waste disposal (referred to as the “disposal zone™), the next 1,000 m sealed
with bentonite clay (referred to as the “seal zone”), and the top 2,000 m plugged and backfilled
with sedimentary rock materials (referred to as the “upper zone™).
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Figure 1. A schematic showing the conceptual model for radionuclide release and transport for
a generic deep borehole disposal.

It is assumed that a disposal canister with a length of about 5 m is used to lower the waste
to the disposal zone, and that each canister contains one commercial UNF PWR assembly, DOW
HLW canister, or reprocessing HLW canister. Each deep borehole can hold a total of 400
disposal canisters. The radionuclide inventory per disposal canister for each waste type is
provided in Chapter 1.

As discussed in the reference source-term model section (Chapter 1), two repository
waste inventory scenarios are considered: 1) the waste inventory scenario 1 comprises the
commercial UNF and DOE HLW, and 2) the waste inventory scenario 2 the DOE HLW and
reprocessing HLW. The waste inventory to be disposed of in each borehole is assumed to be
proportional to the repository waste inventory. For the waste inventory scenario 1, each borehole
has 371 UNF canisters and 29 DOE HLW canisters, and a total of 866 deep boreholes are needed
for disposal of the total inventory. For the inventory scenario 2, each borehole holds 221 DOE
HLW canisters and 179 reprocessing HLW canisters, and disposal of the total inventory needs a
total of 113 deep boreholes.
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For simplification, a uniform cross sectional area of 1 m? is assumed for the entire length
of borehole. The disposal zone is assumed at a constant ambient temperature of 100°C; higher
temperatures in the borehole caused by the transient thermal perturbations during relatively short
periods following waste disposal are ignored (Brady et al. 2009, figures 5 and 6). No disposal
canister performance is considered in the model. The fractional waste form degradation rate
models described in the reference source-term model (Chapter 1) are used to model radionuclide
release from the respective waste form.

Water movements in and around a deep borehole could be affected by many factors;
some of the potential factors that are associated with the deep borehole disposal of HLW may
include: 1) elevated pressure driven by thermal expansion of pore water from decay heat; 2)
thermally driven convective water flow; 3) presence of fracture flow; 4) groundwater pumping;
5) thermal-hydrological effects of neighboring boreholes; and 6) climate change such as
glaciations. The study by Brady et al. (2009) concluded that the water flow driven by the pore
water thermal expansion is the only credible water movement that could transport radionuclide
advectively upward in the borehole, and that this upward water flows last only for about 200
years after borehole closure following the waste emplacement. Other studies reported the
abundance of deep-seated brines in a very deep borehole of 4 km depth, and concluded that the
crystalline basement fracture pores are water-saturated and highly connected, which are basic
conditions for possible advective water flow (Stober and Bucher 2005a and 2005b).

The deep borehole GDSE model considers two alternative conceptual models for the
upward water flows and radionuclide transport in the disposal and seal zones: 1) upward water
flow and advective radionuclide transport for the first 200 years, then upward water flows stop
and upward radionuclide transport is by diffusion only for the remainder of the simulation
(referred to as “transient water flow”); and 2) continuous upward water flow and advective
radionuclide transport for the entire analysis time period (referred to as “continuous water
flow”). The latter conceptual model is much more conservative than the former for the
radionuclide transport.

The model assumes hypothetical continuous groundwater pumping at the surface and
continuous upward water flows and advective radionuclide transport in the upper zone. A
“hypothetical” biosphere is assumed at the groundwater pumping location, and the reference
biosphere model described in the reference source-term model (Chapter 1) is applied to calculate
the dose.

The radionuclide solubility for the near-field water at 100°C is applied for the disposal
zone. In addition, the model assumes that the iodine solubility in the disposal zone is constrained
by adding excess Cu,O powder in the disposal zone and having copper iodide (Cul) as the
controlling solid phase. The iodine solubility in the disposal zone is modeled with a log-
triangular distribution with the mode at 1x10™* molal and the lower and upper bounds at 1x10
and 1x10° molal respectively. Dissolved radionuclides enter the disposal zone over its length
(2,000 m), before they are transported upward to the seal zone and upper zone. Radionuclide
sorption is modeled in all three zones using the reversible equilibrium distribution coefficient
(Kd) approach.
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Note that applying the biosphere model at the hypothetical groundwater pumping
location is an arbitrary modeling choice to produce the uniform performance measure for
comparative studies of a deep borehole GDSE and does not indicate any realistic dose
implications. Therefore, the results presented in this section should not be construed as being
indicative of the true performance of a deep borehole GDSE or compared to any regulatory
performance objectives regarding repository performance.

3. Model Implementation and Structure

This section discusses the implementation and structure of the deep borehole GDSE
model. Goldsim (Goldsim 2009) was used as the framework for model implementation and
simulations. Figure 2 shows the Goldsim model structure of the deep borehole GDSE model,
Figure 3 the model components for radionuclide transport in the borehole.

Deep Borehole GDSE Goldsim Model

&

Uncertain_Parameters

% ) v %
Near_field RMN_Inventory

DBH_RM_release

SVRYAN
——

Materials DBH_RN_transport Deep_Borehole_Data

&

DBH_Results

Figure 2. The Goldsim model structure for the deep borehole GDSE model
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The model components are given specific names indicative of their function in the overall
model. The reference source-term model discussed in Chapter 1 is implemented in the following
model components: Materials, RN_Inventory, Near_field, and Uncertain_Parameters. The
Deep_Borehole_Data model component contains deep borehole-specific data and associated
calculations. The DBH_RN_transport model component calculates radionuclide transport in the
three zones of the deep borehole, and the DBH_RN_release model component interfaces
between the source-term and borehole transport models. The Uncertain_Parameters model
component contains all uncertain model parameters. The reference biosphere model is
implemented in the DBH_Results model component and performs the dose calculations.

As shown in Figure 3, radionuclide transport in the three zones of deep borehole is
modeled with a Goldsim pipe model (Goldsim 2009). Table 1 lists the transport property
parameters for the three zones, including the upward groundwater pore velocity and radionuclide
sorption distribution coefficients (Kds). The upward water pore velocity in the disposal seal
zone was estimated based on the peak volumetric flow rate of vertical water flows at the top of
the disposal zone during the early thermal periods, which was obtained from detailed thermo-
hydrologic simulations for a generic deep borehole for HLW disposal (Brady et al. 2009, figure
8). The upward water pore velocity in the seal zone was estimated based on the peak volumetric
water flow rate at the top of the seal zone from the same analysis (Brady et al. 2009, figure 8).
For the upper zone, the upward water pore velocity was estimated by matching the breakthrough
curve of a Goldsim pipe model with the simulated breakthrough curve for the conservative
groundwater pumping case (Brady et al. 2009, figure 11).

Table 1. Model Parameters Used for the Deep Borehole GDSE Model

Parameter Dist_lt;t;)uetion Parameter Value and Description

Waste Disposal Zone

Length (m) Constant 2,000.

Cross sectional area (mz) Constant 1

Bulk density (kg/m3) Constant 2,450

Porosity Constant 0.034

Tortuosity Constant 0.324
- 0.5 for the first 200 yrs, then zero for the

Upwa_rd groundwater pore Constant transient flow case; _ '

velocity (m/yr) - 0.5 for the entire analysis period for the
continuous flow case

Kd for Am, Ac, Cm (ml/g) Uniform 50 (min); 5.0E+03 (max)

Kd for C (ml/g) Uniform 0 (min); 6 (max)

Kd for Cs (ml/g) Uniform 50 (min); 400 (max)

Kd for Np, Pa (ml/g) Uniform 10 (min); 5.0E+03 (max)

Kd for Pu (ml/g) Uniform 10 (min); 5.0E+03 (max)

Kd for Ra (ml/g) Uniform 4 (min); 30 (max)
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Kd for Sr (ml/g) Uniform 4 (min); 30 (Mmax)
Kd for Tc (ml/g) Uniform 0 (min); 250 (max)
Kd for Th (ml/g) Uniform 30 (min); 5.0E+03 (max)
Kd for U (ml/g) Uniform 4 (min); 5.0E+03 (max)
Kd for I (ml/g) Uniform 0 (min); 1 (max)
Bentonite Seal Zone
Length (m) Constant 1,000.
Cross sectional area (mz) Constant 1
Bulk density (kg/m°) Constant 2,450
Porosity Constant 0.034
Tortuosity Constant 0.324
- 0.1 for the first 200 yrs, then zero for the
Upwa_rd groundwater pore Constant transient flow case; _ _
velocity (m/yr) - 0.1 for the entire analysis period for the
continuous flow case
Kd for Am, Ac, Cm (ml/g) Uniform 300 (min); 2.94E+04 (max)
Kd for C (ml/g) Constant 5
Kd for Cs (ml/g) Uniform 120 (min); 1.0E+03 (max)
Kd for Np, Pa (ml/g) Uniform 30 (min); 1.0E+03 (max)
Kd for Pu (ml/g) Uniform 150 (min); 1.68E+04 (max)
Kd for Ra (ml/g) Uniform 50 (min); 3.0E+03 (max)
Kd for Sr (ml/g) Uniform 50 (min); 3.0E+03 (max)
Kd for Tc (ml/g) Uniform 0 (min); 250 (max)
Kd for Th (ml/g) Uniform 63 (min); 2.35E+04 (max)
Kd for U (ml/g) Uniform 90 (min); 1.0E+03 (max)
Kd for | (ml/g) Uniform 0 (min); 13 (max)

Sedimentary-filled Rock Upper Zone

Length (m) Constant 2,000.

Cross sectional area (mz) Constant 1

Bulk density (kg/ms) Constant 2,450

Porosity Constant 0.01

Tortuosity Constant 0.215

Groundwater upward pore 0.24 for the entire analysis period for both the
velocity (m/yr) Constant transient and continuous flow cases
Kd for Am, Ac, Cm (ml/g) Uniform 100 (min); 1.0E+05 (max)

Kd for C (ml/g) Uniform 0 (min); 2.0E+03 (max)

Kd for Cs (ml/g) Uniform 10 (min); 1.0E+04 (max)

Kd for Np, Pa (ml/g) Uniform 10 (min); 1.0E+03 (max)
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Kd for Pu (ml/g) Uniform 300 (min); 1.0E+05 (max)
Kd for Ra (ml/g) Uniform 5 (min); 3.0E+03 (max)
Kd for Sr (ml/g) Uniform 5 (min); 3.0E+03 (max)
Kd for Tc (ml/g) Uniform 0 (min); 1.0E+03 (max)
Kd for Th (ml/g) Uniform 800 (min); 6.0E+04 (max)
Kd for U (ml/g) Uniform 20 (min); 1.7E+03 (max)
Kd for | (ml/g) Uniform 0 (min); 100 (max)

Note: all data in this table are from Brady et al. (2009) and associated supporting materials.
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Figure 3. The Goldsim model components for radionuclide transport in the deep borehole of the
deep borehole GDSE model

As discussed above, two alternative conceptual models are considered for the upward
water flows in the disposal and seal zones: transient flow case, and continuous flow case. For
the transient flow case, thermally-driven upward groundwater flows in the disposal and seal
zones lasts for only the first 200 years and then stops; this is captured in the model as the upward
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advective transport of dissolved radionuclides in the disposal and seal zones for the first 200
years, followed by upward diffusive transport mainly driven by the concentration gradients. The
upward groundwater flows in the upper zone operate all the time, driven by a hypothetical
continuous groundwater pumping at the surface, which would cause a greater concentration
gradient at the seal zone and upper zone interface and a higher upward diffusive flux of
radionuclides from the seal zone to the upper zone.

For the continuous water flow case, upward groundwater flows operate all the time in all
three zones, and dissolved radionuclides are transported advectively upward in all three zones for
the entire analysis period.

The Goldsim analysis is performed probabilistically, with 100 realizations for each case
for a time period of one million years.

4. Model results

This section discusses the preliminary results of the deep borehole GDSE model. The
model results are presented in terms of the mean dose (mrem/yr) by individual radionuclides for
a single deep borehole. It is noted that this model is the initial effort of the deep borehole GDSE
analysis tool development and needs further improvement and refinements as the study
progresses. Also note that using the mean dose is an arbitrary choice to present and discuss the
analysis results in order to facilitate comparative studies among the GDSE options and does not
indicate any realistic dose implications. Therefore, the results presented in this section should
not be construed as being indicative of the true performance of a deep borehole GDSE or
compared to any regulatory performance objectives regarding repository performance.

Figure 4 shows the mean doses by major dose-contributing radionuclides for the waste
inventory scenario 1 (commercial UNF plus DOE HLW) for the transient water flow case. As
discussed above, for the transient flow case, radionuclides are transported by advection only for
the first 200 years and by diffusion afterward. All dose-contributing radionuclides with the mean
dose greater than 10™° mrem/yr are the fission product radionuclides with a high solubility in
water and a high mobility (non sorbing or weakly sorbing). The dominant long-term dose
contributor is "Se, and this is expected based on the following modeling aspects of the
radionuclide transport: 1) no solubility limit, 2) non-sorbing to geologic materials, and 3) a
significant inventory in the waste (about 3 g per commercial UNF PWR assembly and about 22 g
per DOE HLW canister). The mean dose peaks at about 20,000 years and decreases steeEIy
afterward, and this is due mainly to its radioactive decay. There are conflicting data on the "*Se
half-life in the literature, which has been variously reported as 6.5x10* years (used in the model),
2.95x10° years, 4.8x10° years, 6.5x10° years, and 1.13x10° years (Jiang et al. 2001). Also the
selenium solubility in groundwater is highly uncertain. The metal selenium is insoluble in water,

but it can also be released as soluble selenate ion (5'?'95_), which is not readily sorbed to
geologic materials. More work is needed to better characterize and quantify dissolution and
sorption behavior of selenium in a geologic repository environment.
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Deep Borehole GDSE: Mean Dose by RNs
(Singleborehole; Waste Inventory scenario 1: UNF plus DOE HLW)
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Figure 4. Mean dose by radionuclides for the waste inventory scenario 1 (commercial UNF and
DOE HLW) for the transient water flow case of deep borehole GDSE.

The mean doses for other radionuclides (*2°Sn, **Cl, and **1) are insignificant compared
to that of "“Se. It is interesting to note that the very long-term mean doses for *?°I are greater
than those of the other three radionuclides, and this is due mainly to the very long half life of *#|
(1.7x107 years).

The single-borehole model results for the waste inventory scenario 2 (DOE HLW plus
reprocessing HLW) for the transient water flow case are shown in Figure 5. The mean dose for
®Se is about two orders of magnitude greater than the "°Se mean dose for the inventory scenario
1, and the mean dose for **°I is about one order of magnitude higher than the *** mean dose for
the inventory scenario 1. The *2°Sn mean dose is about the same because the dissolved tin
concentration is constrained by solubility although the reprocessing HLW has a higher per-
canister inventory for *2°Sn than the UNF and DOE HLW. Note that the *°CI dose is absent in
the figure because both the DOE HLW and reprocessing HLW do not have **Cl inventory.

The higher mean doses for °Se and **I can be explained by the higher inventory of the
radionuclides in the reprocessing HLW. Because of the assumptions made for the reprocessing
HLW (see Chapter 1), the fission products inventory on a per-canister basis is higher than that of
the inventory scenario 1. For example, each reprocessing HLW canister contains about 50 g of
®Se and about 1,500 g of *°I, which is 15 to 16 times greater than the commercial UNF per-
assembly inventory mass of the radionuclides. The effect of the higher inventories is evident in
the results.
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Figures 6 and 7 show the single borehole model results for the waste inventory scenario 1
and scenario 2 respectively of the continuous waste flow case. For this case, radionuclides are
transported by advection for the entire analysis period. While the major dose-contributing
radionuclides are the same as the transient flow case, the mean doses for the radionuclides are
much higher, and the dose histories are different from the transient flow case. "°Se is still the
dominant dose-contributing radionuclide, and the mean dose is about four orders of magnitude
higher than the transient flow case. More dramatic changes are seen for the **’I mean doses,
which are six to seven orders of magnitude higher than the transient flow case. Four to five
orders of magnitude increases in the mean doses are also shown for ***Sn and *cCl.

The analysis results for the two alternative water flow cases demonstrate the importance
of the vertical upward groundwater flows in the borehole and the duration of flows, on the
performance of a deep borehole repository for high-level radioactive waste.

Deep Borehole GDSE: Mean Dose by RNs
(Single Borehole; Waste inventory scenario 2: HLW plus RW)
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Figure 5. Mean dose by radionuclides for the waste inventory scenario 2 (DOE HLW and
reprocessing HLW) for the transient water flow case of deep borehole GDSE.
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Deep Borehole Disposal: Mean dose by RNs
(Single Borehole; Waste Inventory Scenario 1: UNF plus HLW)
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Figure 6. Mean dose by radionuclides for the waste inventory scenario 1 (commercial UNF and
DOE HLW) for the continuous water flow case of deep borehole GDSE.
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Figure 7. Mean dose by radionuclides for the waste inventory scenario 1 (DOE HLW and
reprocessing HLW) for the continuous water flow case of deep borehole GDSE.
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5. Summary and Discussion

This section presents an initial version of the deep borehole GDSE model and discusses
the preliminary model results. The current model is the initial outcome of longer term efforts to
develop a deep borehole GDSE analysis tool and needs further improvement and refinements as
the study progresses. The long-term goal of the effort is to develop a highly efficient and
flexible analysis tool to evaluate and address, with minimal changes, technical issues associated
with different generic repository options. Although it is preliminary, the current model analysis
helps to draw some important considerations for the on-going efforts to develop the deep
borehole GDSE model and to evaluate the performance.

Movement of deep-seated brines in and around a deep borehole is one of the important
parameters to the performance of a deep borehole repository. Brady et al. (2009) concluded no
significant water movements in and around a deep borehole, except thermally driven transient
water flows during the early thermal perturbation periods. In contrast, field observations and
experimental studies of a deep borehole of 4km depth showed the abundance of deep-seated
brines and evidence that the water saturated fracture pores in the crystalline basement are highly
connected with conditions of possible advective water flow (Stober and Bucher 2005a and
2005b). Additional studies are needed for the thermal-hydrologic processes of deep-seated
brines in response to the deep borehole disposal of high-level radioactive waste, including the
effect of thermal-hydrologic processes of neighboring multiple boreholes.

Geochemical processes in deep borehole environments are challenging and highly
uncertain. Of particular importance to the performance of a deep borehole repository are:
stability and dissolution behavior of radionuclide-bearing mineral phases, sorption of radio-
elements to geologic materials under conditions found in deep borehole environments including
chemically reducing, high ionic strength brines at elevated temperatures. But, little data is
available for the above processes and conditions. For example, a majority of the Kd values used
to model the radio-element sorption in the deep borehole GDSE model are based on the ambient
temperature sorption data. Additional studies and experimental work are needed to better
characterize and quantify important geochemical processes in deep borehole environments.

Soluble, non-sorbing (or weakly sorbing) fission product radionuclides, particularly **°I
and "°Se (also **Cl for commercial UNF waste), are the likely major dose contributors for a deep
borehole repository. This may be true for other GDSE options as well. In the current deep
borehole GDSE model, "°Se is modeled as soluble and non-sorbing. However, the solubility and
sorption behaviors of selenium in deep borehole geologic environments are uncertain, and
improvement is needed to better characterize and quantify the chemical properties. In addition,
the half-life of "°Se has been reported variously ranging from 6.5x10” to 1.13x10° years, and the
conflicting half-life data needs to be resolved.

The deep borehole GDSE model analysis has also identified the following technical
issues and/or knowledge gaps to improve and enhance the confidence of future model analysis.
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e Radionuclide release pathways and scenarios are important to the analysis of a generic
deep borehole repository, and this may be true to any generic repository options.
Additional studies are needed to update and/or improve the conceptual models for the
radionuclide release pathways and scenarios that are representative of a deep borehole
GDSE.

e Detailed repository thermal loading analysis is needed for the thermal-mechanical
responses of deep boreholes and their effects on the hydrological and chemical processes
in the deep borehole. The analysis needs to include potential interactions with the
neighboring boreholes.

e Additional studies are needed to characterize and quantify the degradation process of
candidate waste forms in generic deep borehole repository environments. The fractional
waste form degradation rates used in the deep borehole GDSE model are based on the
data for typical mined geologic repository environments. The waste form degradation
process and the degradation rate in deep borehole geologic environments could be
different from those for mined geologic repository environments.

e Additional studies are needed to better define and quantify the waste stream type and
inventory, particularly reprocessing high-level waste. The deep borehole repository
performance could be affected significantly by the waste stream type, waste inventory,
and the level of waste loading in a waste form.
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Chapter 6 Clay Generic Disposal System Environment Model: Process-Level
Models

Hui-Hai Liu, Jonny Rutqvist, Liange Zheng, Eric Sonnenthal, Jim Houseworth and Jens
Birkholzer

Lawrence Berkeley National Laboratory

1. Introduction

As a result of the termination of the Yucca Mountain Project, the United States
Department of Energy (DOE) has started to explore various alternative avenues for the
disposition of used nuclear fuel and nuclear waste. The overall scope of the investigation
includes temporary storage, transportation issues, permanent disposal, various nuclear fuel types,
processing alternatives, and resulting waste streams. Although geologic disposal is not the only
alternative, it is still the leading candidate for permanent disposal. The realm of geologic disposal
also offers a range of geologic environments that may be considered, among those clay shale
formations. Figure 1-1 presents the distribution of clay/shale formations within the USA.
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Figure 1 Clay/shale-formation distribution in the USA (Gonzales and Johnson, 1984)

Clay rock/shale has been considered as potential host rock for geological disposal of
high-level nuclear waste throughout the world, because of its low permeability, low diffusion
coefficient, high retention capacity for radionuclides, and capability to self-seal fractures induced
by tunnel excavation. For example, Callovo-Oxfordian argillites at the Bure site, France (Fouche
et al., 2004), Toarcian argillites at the Tournemire site, France (Patriarche et al., 2004), Opalinus
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clay at the Mont Terri site, Switzerland (Meier et al., 2000), and Boom clay at Mol site, Belgium
(Barnichon et al., 2005) have all been under intensive scientific investigations (at both field and
laboratory scales) for understanding a variety of rock properties and their relations with flow and
transport processes associated with geological disposal of nuclear waste.

Clay/shale formations may be generally classified as indurated and plastic clays (Tsang et
al., 2005). The latter (including Boom clay) is a softer material without high cohesion; its
deformation is dominantly plastic. For both clay rocks, coupled thermal, hydrological,
mechanical and chemical (THMC) processes are expected to have a significant impact on the
long-term safety of a clay repository. For example, the excavation-damaged zone (EDZ) near
repository tunnels can modify local permeability (resulting from induced fractures), potentially
leading to less confinement capability (Tsang et al., 2005). Because of clay’s swelling and
shrinkage behavior (depending on whether the clay is undergoing imbibition or drainage
processes), fracture properties in the EDZ are quite dynamic and evolve over time as
hydromechanical conditions change. Understanding and modeling of the coupled processes and
their impact on repository performance is critical for the defensible performance assessment of a
clay repository.

Within the Natural Barrier System (NBS) group of the Used Fuel Disposition (UFD)
Campaign at DOE’s Office of Nuclear Energy, LBNL’s research activities have focused on
understanding and modeling such coupled processes. LBNL provided a report this April on a
literature survey of studies on coupled processes in clay repositories and identification of
technical issues and knowledge gaps (Tsang et al., 2010). This chapter will document other
LBNL research activities within the generic disposal system environment work package,
including the development of constitutive relationships for elastic deformation of clay rock
(Section 2), a THM modeling study (Section 3) and a THC modeling study (Section 4). The
purpose of the THM and THC modeling studies is to demonstrate the current modeling
capabilities in dealing with coupled processes in a potential clay repository. In Section 5, we
discuss potential future R&D work based on the identified knowledge gaps. The linkage between
these activities and related FEPs is presented in Section 6.

2. Constitutive Relationships for Elastic Deformation of Indurated Clay Rock

This section presents constitutive relationships for indurated clay rock and demonstrates
their usefulness by comparing relevant data sets and our theoretical results. The constitutive
relationships refer to relationships among hydraulic, mechanical and other properties. These
relationships are the foundation for accurately modeling coupled processes. The development of
constitutive relationships builds on a newly proposed stress-strain relationship for elastic
deformation of fractured rock (Liu et al., 2009), as well as a concept of internal swelling stress
for coal seams that can involve swelling or shrinkage during CO, sequestration (Liu and
Rutqvist, 2010).

2.1.Stress-strain relationship

The stress-strain relationship is fundamental for modeling mechanical deformation and
the associated coupled processes in porous and fractured rock. Hooke’s law, an approximation
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for small deformations, has been generally used to describe the stress-strain relationship for
elastic mechanical processes. It states that the amount by which a material (e.g., rock) body is
deformed (the strain) is linearly related to the force (stress) causing the deformation. The current
application of Hooke’s law to porous and fractured rock could be problematic. Strictly speaking,
the proportionality in the observed stress-strain relationship should be constant if the current
application of Hooke’s law is to be perfectly valid. However, it is nevertheless not unusual to see
studies indicating that proportionality is not always constant, but rather stress-dependent.

To more accurately model elastic deformation in rocks, Liu et al. (2009) argued that the
current application of Hooke’s law needs to be improved in several aspects. While the details of
their methodology can be found in that paper, we give a brief introduction to their methodology
here for the sake of convenience using the volumetric strain as an example (although their results
can be easily extended to other types of strains). Liu et al. (2009) indicate that in Hooke’s law,
true strain, rather than engineering strain, should be used, except for a small degree of
deformation. (The two strains will be defined later.) Assuming that a uniformly distributed force
is imposed on the surface of a homogeneous and isotropic material body subject to elastic
deformation, Hooke’s law can be expressed as:

do = Kde,, )

where o is the hydrostatic stress (the compressive direction is positive), K is the bulk modulus,
and ¢, is the natural or true volumetric strain defined by:

dv
dgv,t =- 7 (2)

where V is the total volume of the material body under the current state of stress. In Egs (1) and
(2), a decrease in the volume is considered to be positive. For a very small degree of
deformation, the above strain can be approximated by so-called engineering strain (¢,.) when

applying Hooke’s law:
de,, =V 3)
1 VO

where Vj is the unstressed bulk volume. When the engineering strain is employed in Hooke’s
law, one can obtain the following relationship by integrating Eq (3) and using the condition that
V=V,for o =0:

o
V=v,@-2) @

Similarly, the use of natural or true strain in Hooke’s law (Eq. (2)) yields:
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(o2

V=V, eXp(_ Ej )

In the literature of rock mechanics, the engineering strain has been exclusively used
considering that the elastic strain is generally small. Porous and fractured rock, however, differs
from purely solid materials in that it is inherently heterogeneous and includes both solid phase
and pores (and/or fractures) with a variety of geometric shapes. While elastic strain is indeed
small in most of the rock volume for stress changes of practical interest, the strain can be
considerably larger within some portions of a rock body. For example, some pores (or fractures)
in a rock can be subject to significant deformation, and may even completely close under a
certain range of stress changes encountered in practice. For these pores, the strain is not small
(on the order of one). An accurate description of the deformation of this portion of the rock is
important for coupled mechanical and hydrological processes, because fluid flow occurs in these
pores and fractures. To deal with this issue, Liu et al. (2009) conceptualize the heterogeneous
rock as having two parts, a so called soft part and hard part. Only in the hard part can true strain
be approximated by engineering strain. This conceptualization can be represented by a
hypothesized composite spring system shown in Fig 1. Following Liu et al. (2009), we use
subscripts 0, e, and t to denote the unstressed state, the hard part (where engineering-strain-based
Hooke’s law applies) and the soft part (where natural or true-strain-based Hooke’s law must be
used), respectively. Then we have:

Vo =Vo,e +V0,t (6)
and
dv =av, +dv, (7)

Applying Egs (4) and (5) to rock volumes V. and V;, respectively, in Eq (7) yields:

LV o | -2 |42 ®)
VO 7e Ke 7/t Kt Kt
VO’[
=9t 9
74 v, 9)
Ve :1_7t (10)

where K, and K; refer to bulk moduli for the hard and soft parts, respectively. The parameters ye
and y; are volumetric portions of hard and soft parts under unstressed conditions. Eqgs (8)-(10)
together comprise the stress-strain relationship proposed by Liu et al. (2009). From that stress-

strain relationship (Eq (8)), the bulk modulus K = -V, g—\(j is given by
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Figure 1. A composite spring system consisting of two springs. The hard and soft springs follow
engineering-strain-based and true-strain-based Hooke’s law, respectively (Liu et al., 2009).

The validity of the above equation was presented in Liu et al. (2009) for several
sandstones. Based on laboratory measurements, Corkum and Martin (2007b) developed an
empirical relation for describing the stress dependence of Young’s modulus in Opalinus clay.
Corkum and Martin (2007a) then performed modeling studies of a mine-by test at the Mont Terri
site, Switzerland, and found that a significant portion of the short-term behavior within the
damaged zone can be captured using the empirical relation for Opalinus Clay. As a matter of
fact, a theoretical relation for such stress dependence is given in Eq (11). We will use the data
from Corkum and Martin (2007b) to verify Eq (11).

2.2.Stress-dependent hydraulic properties

Porosity (or aperture for fractures) and permeability are the main stress-dependent
hydraulic properties used as key inputs into a coupled hydro-mechanical model.

Rock Porosity: Using definition of rock porosity (¢) and using similar notions from Section
2.1, we have:

_dvrP o adv,” +dv,

d
/ \Y \Y

(12)

where V is the bulk volume of porous rock and superscript p refers to pores. (Note that the above
equation ignores the effect of V change with stress on porosity change.) For most practical
applications of rock mechanics, V can be approximated by the unstressed volume V, for

calculating rock porosity. By definition of different volumes, we also have:
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Vo P =Voe g +Vo, (13)
VP =V v, (14)

Note that in the above two equations, we consider V; to be a portion of pore volume in a rock
body. Following the same procedure used to derive Eqgs (3) and (4), we obtain:

av,” =-CV,, do (15)

where C, is compressibility for the hard part.

V o
dVv, =—2exp| —— |d 16
t K, Xp( Ktj o (16)

Combining Egs (12), (15) and (16) yields:

d¢=—¢eCedo-—%exp(—%]do- (17)

t t

where
P =P~ 7 (18)

Integrating Eq (24) and using ¢ = ¢, for o =0gives (Liu et al. 2009):

¢ = ¢e (1_ Ceo-) + 7 exp(%j : (19)

where C, is the compressibility for the hard fraction of pore volume. This treatment is based on
our argument that the entire soft part corresponds to some fraction of pore volume. Once porosity
is known, permeability for a rock matrix can be estimated based on relationships between
permeability and porosity. Eq (19) was validated using data from sandstones (Liu et al., 2009).
At this point, measured porosity as a function of stress seems not to be available yet for clay rock
considered for hosting a geological repository of nuclear waste. However, Eq (19) was derived
from Eq (8), and the verification of the latter may be considered as indirect verification of the
former.

Fracture aperture and permeability: In this subsection, we present a formula for the
dependence of fracture aperture on normal stress based on the stress-strain relationship given in

Section 2.1. Consider a fracture to be embedded into a rock sample subject to normal stress o, .
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We again divide fracture space into “hard” and “soft” parts along the direction normal to the
fracture plane. Then, the volumetrically averaged fracture aperture (b) is given by:

b0 = bo,e + bo,t (20)

under unstressed conditions, and
b=b, +b, (21)

under stressed conditions. Similar to previous sections, subscripts e and t (for “engineering” and
“true,” respectively) refer to the “hard” and “soft” parts in a fracture. Hooke’s law for the two
parts can be expressed by:

dan :_KF e dbe (22)
’ bO,e

do, =—Kp, 2t (23)
i bt

where subscript F refers to the fracture. (For convenience, the volumetric strain will not be used
here.) Note that the stress in the above two equations refers to far-field normal stress, rather than
local stress.

Combining Egs (22) and (23) gives:

do, | do

b, T (24)

F.e Ft

db =db, +db, =—b,,

Integrating the above equation and using Eq (20) and the following relationship obtained from
Eq (2-23):

b, =Dy, exp [— - ] (25)

F.t

one arrives at (Liu et al. 2009):

o,

o
b=b,,(1-
be' K

)+ by eXp (— K:,t ) (26)

F.e

Because fracture permeability is proportional to the cube of fracture aperture, the fracture
permeability Kk is given by:
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b b
[ﬁj = be (1—&)+ﬂexp{— I ] @7)
k0 b0 KF,e bO KF,t

where K, is the permeability corresponding to b, .

k 1/3 o‘n
[k—oj m( K] (2%)

The above equation essentially assumes that the entire fracture aperture is “soft.” Given
the fact that clay rock is generally viewed as soft rock, it seems logical to use Eq (28) for
fractures in clay rock. This is supported by a number of laboratory measurements that show
linear relationships between the log of measured fracture permeability and stress (e.g., Blumling
et al., 2007; Zhang and Rothfuchs, 2008; Popp et al., 2008). However, data reported by Jobmann
et al. (2010) seem to indicate that permeability relationships are better represented by a curve
similar to that with b, > 0. For simplicity, we focus on Eq (28), which seems to be reasonable

for most clay studies reported in the literature, while Eq (27) may be employed for more general
cases.

10°
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Figure 2. Log of fracture permeability as a function of stress (Eq (27)). The br denotes the first
term on the right hand side of Eq (27).

2.3.Effective stress for fractures involving rock swelling

In all the above discussions, stress refers to effective stress. It is relatively straightforward
to deal with the effective stress for clay rock matrix involving swelling. The treatment is
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essentially the same as handling volume changes in the rock matrix owing to temperature
changes (e.g., Jaeger et al., 2007). However, some special consideration needs to be given to
fractures when swelling processes are involved. To do so, the same methodology developed for
estimating coal permeability is adopted here (Liu et al., 2010). Coal will swell when absorbing
CO; during the CO, geological sequestration.

Based on Biot’s theory, the effective stress is defined as (Jaeger et al., 2007):

oc=0,—-aP (29)
where o is total stress, P is fluid pressure, and « is Biot’s coefficient. Note that compressive
stress is here considered positive. Following previous studies (e.g., Gray, 1987; Shi et al., 2004),
the Biot’s coefficient is considered to be one in this study, although our theoretical development
allows for arbitrary coefficient values.

For clay rock containing an infinite fracture (generally assumed for modeling flow and
transport in fractured rock), matrix swelling will not affect fracture permeability under the
constant confining (total) stress conditions commonly used in laboratory measurements. This
occurs because the effective stress defined in Eq. (29) is independent of the matrix swelling as a
result of the complete separation between matrix blocks coursed by through-going fractures. In
this case, for a given pressure P, the swelling will result in increasing fracture spacing rather than
changes in fracture aperture.

In reality, clay matrix blocks are not completely separated from each other by fractures.
Figure 3 shows a simplified horizontal cross section of a clay rock with two adjacent vertical
fractures, separated by a clay-matrix “bridge” that connects matrix blocks on the different sides
of fractures. During matrix swelling, fractures are compressed, because they are weak and soft
structures within the rock, and therefore an additional force (corresponding to stress o) will be
imposed on the fractures. At the same time, the matrix bridge is subject to an additional force in
the opposite direction to ;. If these two forces are completely balanced, fractures will be subject
to this additional stress oy, while confining stress remains unchanged. Because this stress largely
results from internal structures (or the connectivity of matrix blocks) within clay rock and can be
internally balanced under constant confining stress conditions, it is called “internal swelling
stress”. In this case, the effective stress for fractures should be given as:

o=o0,—daP+o0, (30)

Note that o is positive for matrix swelling and negative for matrix shrinkage. The concept of
“internal swelling stress” was first put forward by Liu and Rutqvist (2010) who derived a similar
effective stress equation for coal seams associated with swelling.

The concept of internal swelling stress implies that coal-matrix strain resulting from
swelling (&) can be divided into two parts:

£ =65 +8, (31)
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where & is the strain corresponding to the internal swelling stress, and &g is the strain
contributing to the bulk strain in fractured clay generally measured in the laboratory. It is & (a
portion of &) that results in fracture permeability (or aperture) changes under constant confining
stress conditions.

The relationship between & and & may be a complex function of matrix block
connectivity within clay rock and other relevant factors. As a first approximation, following Liu
and Rutqvist (2010), we assume the ratio between the two strains to be a constant:

ey ~ fe, (32)

where f is a value between zero and one and determined from measurements. This treatment will
be evaluated against laboratory test results below—we acknowledge that more studies may be
needed to develop more rigorous relationships between f and other properties in the future. Based
on Hooke’s law, oj can be related to swelling strain by:

o, = fe,K, (33)

where Ky, is the bulk modulus for clay matrix and can be stress dependent (Eq. 11).

~4—— Confining
= Stress

t Fracture
ESD08-041

Figure 3. A schematic description of internal swelling stress (Liu et al., 2010). The arrows
correspond to stresses imposed on the left part of the rock as a result of swelling.

2.4.Data Analyses
Some key constitutive relationships for elastic deformation of clay rock are presented in the
above sections. The current section will demonstrate the validity of these relationships by
comparing the theoretical results with selected laboratory measurements, with a focus on
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examining whether the constitutive relationships can satisfactorily match the observations and
explain the related processes.

Stress-Strain data of Opalinus clay: Corkum and Martin (2007) reported comprehensive
laboratory measurements for the mechanical behavior of Opalinus clay (with a water content of
6.1%) at low stress. The low-stress behavior is of interest because it is closely associated with
unloading around tunnels and the resultant excavation damaged zone. A number of uniaxial and
triaxial compression tests were performed, indicating significant nonlinear elastic deformation in
the low stress region. Cokum and Martin (2007) suggest that the nonlinear behavior can be
explained from clay’s micro-structure, associated with diagenetic processes over the last 180
million years.

We use uniaxial test results to verify our stress-strain relation (Eg. 11). To do so, we need to
replace volumetric strain with axial strain, and bulk modulus (K) with the corresponding
Young’s modulus (E) in Eq (11). The test results are given as axial stress as a function of axial
strain (Fig. 4). To avoid (as much as possible) the non-uniqueness of parameter values
determined from curve fitting, we use a simple procedure to estimate parameter values from
porosity versus confining pressure data. As shown in Figure 4, measured relations between stress
and strain are very well represented by a straight line for relatively high stresses. The slope of the

straight line is used to determine — because the second term in the denominator of Eq (11) is
Ve

negligible for high stress values. The strain value at the intersection between the straight line and
the strain axis in Figure 4 gives the y, value, considering that the straight line represents the first
term in the denominator of Eq (11). The above procedure allows for direct determination of
values for E, , 5%, and y,. The remaining parameter, E;, can be estimated using a data point at
relatively low pressures. As indicated in Fig 4, the data are in excellent agreement with our
theoretical results for samples BRA 2-2A, BRA 1-3A and BRA 1-3B. These samples are taken

from boreholes BRA-1 and BRA-2 drilled at the Mont Terri site, Switzerland. Fitted parameter
values are given in Table 1.

Table 1. Fitted mechanical parameters for Opalinus clay

Rock Sample v (%) E. (MPa) E: (MPa)
BRA 2-2A 0.22 2494.5 0.22
BRA 1-3A 0.13 2596.6 0.38

BRA 1-3B 0.08 3097.6 0.65
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Figure 2-4. Comparison between laboratory measurements and values calculated using Eq (2-11)
in which volumetric strain and a bulk modulus (K) need to be replaced with axial strain and the
corresponding Young’s modulus (E), respectively. The data points are measurements (Corkum

and Martin, 2007) and the solid curves are theoretical results.

Water permeability measurements for a macro-cracked argillite sample: Recently, Davy et
al. (2007) reported on laboratory measurements of single fractures within macro-cracked
Callovo-Oxfordian argillite samples subject to both confinement and water-induced swelling.
The data set provides a unique opportunity to examine our formulations for estimating fracture
permeability as a function of effective stress that considers the effects of swelling.

For water permeability tests, the experimental procedure was designed so as to apply an
initial, continuous fluid flow through the fracture, and then to superimpose an additional pulse
flow for permeability measurements made at each confining pressure level, either right after
loading or after several hours at a given confining pressure (the total stress), or right after
unloading. For all of the tests, visual a posteriori inspection of water permeability samples
showed very limited water penetration in the argillite sample bulk. Fig. 5 shows the test
procedure in terms of changes in confining pressure and fracture closure for Sample 2 (Davy et
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al., 2007). Although water permeability measurements were provided for two samples (samples
2 and 5) in Davy et al. (2007), we will analyze test results for Sample 2 only in this study,
because Sample 2 is subject to a more complex test procedure (Fig 5). For a given confining
pressure, the fracture closure increases from point 1 to 2, which cannot be explained based on
elastic deformation and is very likely due to water-induced plastic deformation at the beginning
of the test. Therefore, our analysis will focus on data points after Point 2. We also assume elastic
deformation in that data range—mainly justified by the fact that our analysis based on the elastic
deformation seems to be able to explain the majority of experimental observations. Also note
that our Fig 5 is identical to Fig 10(b) in Davy et al. (2007), except that we renumbered the
chronological order of points such that they are consistent with those in figure 12 of Davy et al.
(2007), which presents fracture permeability as a function of confining pressure (Catherine A.
Davy, Personal communication).

18
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12
11

Confining pressure (MPa)
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o
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Crack closure (1/100 mm)

Figure 5. Test procedure of water permeability measurement (in terms of confining pressure and
fracture [crack] closure) for sample 2 of Davy et al. (2007). The numbers in the figure indicate the
chronological order of points (Catherine A. Davy, Personal communication).

In Fig 5, points 3, 4, 7, 10 and 14 correspond to the same confining pressure but with
different amounts of swelling (measured as difference in crack closure between a given point and
Point 3). We believe that it is largely due to the transient behavior of water flow from fractures
into the rock matrix. A longer time corresponds to a larger water penetration depth into the rock
matrix near the fracture, and therefore to a larger rock volume involving swelling. Note that
during the water permeability measurement, water was injected into the fracture. For simplicity,
we assume that water penetration depth as a function of time can be described by the well-known
infiltration theory developed by Philip (1957). Under ponding conditions on the ground surface,
Philip’s theory indicates that the cumulative amount of water infiltrating into unsaturated soil
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with a uniform initial water saturation is proportional to the square root of time. Consequently, if
we view the fracture wall as the ground surface, then approximate the water penetration depth by
the amount of accumulative infiltrating water (in depth) divided by the difference between
saturated and initial water contents, and further assume that swelling within the water-
penetrating zone is uniform and occurs simultaneously once water content is increased, then the
total swelling, S, will be proportional to water penetration depth, or:

S = At"? (34)

where A is a constant herein. The above equation (with A = 3.08E-2 mm/d™/?) seems to fit
observed swelling for Points 3, 4, 7, 10, and 14 (corresponding to different times) satisfactorily
(Fig 6), indicating that our above reasoning is justified. Note that the observed crack-closure
value in Davy et al. (2007) is a combination of rock swelling and the corresponding change in
fracture aperture. However, as a result of the low water permeability of fracture, the fracture
aperture value (estimated from cubic law) is negligibly small, only on the order of 1E-3 mm.
Therefore, in this study, the swelling is approximated by the observed crack closure.

10

9

swelling (1/100 mm)

(o]
! I L I I e e e |

2 3
time (day)
Figure 6. Comparison of observed swellings for points (3, 4, 7, 10, and 14) with those calculated

from Eq (2-34) (solid curve). The fitted A value is 0.68 d-1/2.

When confining and pore pressures are constant, fracture permeability purely due to swelling
may be obtained from Eqs (2-28) and (2-30) and given as:
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k 1 Ao,
) e >

where ks is the permeability at Point 3 and Ao, is the difference in internal swelling pressure

between a given point and Point 3. Using the definition of the internal swelling stress (Eq. 32)
together with Eq. (34), the difference in internal swelling pressure is given as:

K, A
Ao, = fo Ky, = Ky, > = (o
L LK,

JK 172 =BK "2 (36)

where L is fracture spacing (approximated by the rock-sample’s radius in Davy et al. (2007)),
and B is a constant. Combining Egs. (35) and (36) yields:

B

Again, Eq. (37) fits the observations fairly well.
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Figure 7. Match between observed values for (k/k3)1/3 for points (3, 4, 7, 10 and 14) with those
calculated from Eq. (37) (solid curve).
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Eq. (37) is applicable only when confining pressure (or total stress) and the pore pressure
of water in the fracture is constant. In this study, we assume that pore pressure changes can be
ignored compared to the much larger changes in confining pressure in the water permeability
experiments of Davy et al. (2007). This can be justified by the observation that fracture
permeability changes are mainly determined by confining pressure and swelling (Davy et al.,
2007). In this case, a more general permeability relationship (that considers the effects of both
confining pressure and swelling) can be obtained by combing Egs (28), (30) and (37):

1/3
(LJ — e (— Agy _ Bt“zJ (38)
k3 K F.t

The only unknown in the above equation is Kg¢ which can be estimated from the permeability
data as a function of both confining pressure and time (Davy et al., 2007). We are especially
interested in whether Eq. (38) is sufficient to represent the data. The estimated (or fitted) K is 16
MPa. Fig 8 shows a comparison between measured and estimated permeability values as a
function of time. Note that for a given time in Fig 8, there are two data points corresponding to
the observed and estimated values, respectively. Given the complexity of the experimental
processes, the comparison is remarkable, supporting the validity of the relevant constitutive
relationships. To further examine the usefulness of our generalized effective stress (Section 2.3),
Fig 9 shows (k/ks)** as a function of difference of effective stress (between a given point and
Point #3) calculated by:

Ac=Ac, + Ao, =Ac, + K. Bt''? (39)

Based on Eqs (27) and (29), the log of (k/ks)* is a linear function of the difference in effective
stress given in the above equation. Again, the data supports our theoretical results, as shown in
Fig 9.
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Figure 8. Comparisons between observed and simulated fracture permeability changes as a
function of time. The solid circles are measurements.
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Finally, it is important to indicate that we ignore creeping processes in our data analysis, based
on the consideration that permeability changes due to creeping are not expected to be significant
in the experiments of Davy et al. (2007). For example, the laboratory experiments of Jobmann et
al. (2010) showed that over about 5 days, fracture permeability was reduced by 20% only for
Opalinus clay. This permeability change is much smaller than those observed in the experiments
of Davy et al. (2007) (Figure 8), although Opalinus clay is softer than the Callovo-Oxfordian
argillite rock studied in Davy et al. (2007) and therefore subject to a larger degree of creeping.

2.5.Summary and Directions of Future Research

In this study, we proposed several important constitutive relationships for indurated clay
rock. This work is based on three recently developed concepts (or theories). First, when applying
Hooke’s law in clay rocks, true strain (rock volume change divided by the current rock volume),
rather than engineering strain (rock volume change divided by unstressed rock volume), should
be used, except when the degree of deformation is very small. In the latter case, the two strains
will be practically identical. Second, because of its inherent heterogeneity, clay rock can be
divided into two parts, a hard part and a soft part, with the hard part subject to a relatively small
degree of deformation compared to the soft part. Third, for swelling rock like clay, the effective
stress needs to be generalized to include an additional term resulting from the swelling process.
To evaluate our theoretical development, we analyzed uniaxial test data for core samples of
Opalinus clay and laboratory measurements of single fractures within macro-cracked Callovo-
Oxfordian argillite samples subject to both confinement and water-reduced swelling. The focus
of this was to test whether our constitutive relationships can adequately represent the data and
explain the related observations. Given the nonlinearity and complexity shown in the data, the
agreement between our theoretical results and data is remarkably reasonable, supporting the
validity of our proposed constitutive relationships.

The results of this preliminary research leads to the following important outstanding
questions which will need to be addressed in FY11 and beyond:

e What modifications to Hooke’s law are required for anisotropic stress conditions?

e How can we include the effects of moisture-dependent mechanical properties?

e What are generalized constitutive relationships when damage and plastic deformation are
important?

e How can we deal with constitutive relationships for rock mass in EDZ that includes both
fractures and matrix?

e How can we incorporate effects of chemical and thermal processes on swelling?

In future studies, the development of constitutive relationships will also be integrated with
numerical simulations of coupled processes.

3. THM Modeling in Clay/Shale Environments

This section provides a review of current LBNL modeling capabilities available for
studying coupled THMC processes and reactive transport in clay/shale host rock materials. This
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review intends to help plan UFD modeling activities with the current existing capabilities and
also to help identify needs to improve these capabilities for future research activities.

3.1.Modeling Tools for Coupled THM processes

For the past decade, LBNL has been active in the development and application of coupled
thermal-hydrological-mechanical (THM) modeling of bentonite-clay and rock systems
associated with geological disposal of spent nuclear fuel. As part of this effort, LBNL has since
1992 been involved as a research team in the international collaborative project DECOVALEX
(Development of COupled Models and their VALidation against EXperiments in nuclear waste
isolation). The modeling of THM processes in expansive (swelling) clay used as a buffer in most
current disposal concepts in Europe, Asia and Canada, has been conducted using LBNL’s
ROCMAS finite element code. More recently, through the work within the Yucca Mountain
Project, LBNL has developed an alternative model called TOUGH-FLAC, which is based on
linking LBNL’s TOUGH family multiphase flow codes to the commercial F LAC®®
geomechanical code. The development of the ROCMAS and TOUGH-FLAC has always been
driven by needs for solving field-scale, multiyear in situ experiments of EBS and rock systems,
including

1)  The Kamaishi Mine heater test, Japan

2) The FEBEX in situ experiment at the Grimsel Test Site, Switzerland
3)  The Drift Scale Test at Yucca Mountain, Nevada

4)  The Tunnel Sealing Experiment (TSX) at URL Canada

5)  The French Tournemire site in indurate clay.

A large number of Bench Mark Tests (BMTs) have been simulated, focusing on long-
term coupled THM processes, both in the near field and EBS of multiple-barrier nuclear waste
repositories and in the surrounding rocks. These cases include ROCMAS and TOUGH-FLAC
modeling of:

1) The Japanese H12 repository design with vertical deposition holes.

2) The proposed high-level nuclear waste repository in Sweden for the KBS-3 concept.

3) The Canadian conceptual design for a repository in granite with horizontal deposition
tunnels.

4) The Spanish EBS system emplaced in granite with horizontal deposition tunnels.

Moreover, a large number of laboratory experiments have been simulated for model validation as
well as for calibration of coupled THM properties.

ROCMAS Code: The ROCMAS code (ROCk Mass Analysis Scheme) is a finite-element code
for analysis of coupled THM processes in saturated-unsaturated fractured porous media. It has
been gradually developed and extended since the early 1980s, headed by J. Noorishad at the
LBNL. A hydromechanical formulation for fractured rock, based on Biot’s general effective
stress theory (Biot, 1941), was first developed, and a nonisothermal version of ROCMAS was
presented in Noorishad et al., (1984). While at the time numerical models existed for coupled
THM processes in porous media, the ROCMAS code was probably the first for fractured rocks to



Generic Disposal System Environment Modeling — Fiscal Year 2010 Development of the Clay
GDSE Model
142 August 2010

include discrete fractures with non-linear coupled hydraulic and geomechanical behavior. The
formulation was further extended from fully saturated to partially saturated media by Noorishad
and Tsang (1996) and thereafter in Rutqvist et al. (2001), completing the formulation regarding
the heat equation and effects of grain compressibility implemented into a full three-dimensional
version.

In ROCMAS, the formulation of coupled thermo-hydroelasticity in terms of Biot’s theory
of consolidation (Biot, 1941) is extended to partially saturated media through Philip and de
Vries’ (1957) theory for heat and moisture flow in soil. In this theory, three phases (solid, liquid,
and gas) are present. However, it is assumed that the gas pressure Py is constant and equal to
atmospheric pressure throughout the porous medium. As a consequence, vapor transport occurs
only through molecular diffusion driven by a gradient in vapor concentration (density), while
advection of vapor with bulk gas flow is neglected. The vapor density in the medium is governed
by Kelvin’s relation, assuming thermodynamic equilibrium for pore liquid in contact with its
vapor, and phase transitions occur as evaporation-condensation processes. During heat transfer,
coexisting fluid and solid components are assumed to be in local thermal equilibrium (i.e.,
locally they are at the same temperature). The mechanical behavior of the porous media consists
of the gas, liquid and solid-matter responses to local pressure and the overall material (skeleton)
response to effective stresses. Fractures are treated as a “porous medium” separate from the rock
matrix and would be discretely defined by special fracture elements in a finite-element mesh.
Therefore, the basic balance equations are the same for rock matrix and fracture materials, while
some of the constitutive relations differ. With this approach and these assumptions, three balance
equations—water mass balance, energy conservation and linear momentum balance—and a
number of constitutive relations are required for a full description of the THM state. The
ROCMAS code includes various versions of constitutive geomechanical models for solid rocks,
soils and discrete fractures including (Noorishad and Tsang, 1996):

Linear elastic solid

Associated and non-associated strain softening/hardening elastoplastic continuum
Sandler/DeMaggio cap plasticity

Oriented plasticity

Compressible, dilating and strain softening elasto-plastic joints

No tension continuum

The cap plasticity model may be applied to unconsolidated clay to model pore-collapse in
addition to shear failure.

TOUGH-FLAC Simulator: The TOUGH-FLAC was developed as a pragmatic approach for
modeling coupled multiphase flow, heat transport and geomechanics, by linking the two
established codes TOUGH2 and FLAC® (Rutgvist et al., 2002). In this approach, TOUGH?2
(Pruess et al., 1999) is used for solving multiphase flow and heat transport equations, whereas
FLAC®P (Itasca, 2009) is used for solving geomechanical stress-strain equations. The TOUGH-
FLAC simulator was originally developed for analysis of coupled THM processes associated
with the Yucca Mountain Project. The FLAC®® code was selected for the coupling to TOUGH?2,
because it is a well-established commercial code that has been extensively tested and verified.
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The two codes are sequentially coupled, but a TOUGH-FLAC simulation runs seamlessly. A
great advantage with the adopted approach is that both codes are continuously developed and
widely used in both academia and industry.

The simulator has been applied to study coupled geomechanical aspects under multiphase
flow conditions for a wide range of applications, including nuclear waste disposal, CO,
sequestration, geothermal energy extraction, naturally occurring CO, upwelling with surface
deformations, and gas production from hydrate-bearing unconsolidated sediments. These
applications have been accompanied with exploratory code developments. The most significant
new development is a revised architecture compared to the earlier attempts, enabling a more
rigorous and tight coupling procedure with improved computational efficiency. This
development occurred when coupling the newly released TOUGH+ code to FLAC®® for the
analysis of the geomechanical performance of hydrate-bearing unconsolidated sediments
(Rutqgvist and Moridis, 2009).

For analysis of coupled THM problems, the TOUGH2 and FLAC®" are executed on
compatible numerical grids and linked through a coupled THM model (Figure 10) with coupling
functions serving to pass relevant information between the field equations that are solved in their
respective codes. Depending on the problem and specific porous media (e.g., fractured rock,
unsaturated clay, or hydrate-bearing sediments), a number of coupling functions have been
developed.

Hydraulic
Properties
¢, k, Pc
- Cd
‘/
Mechanical
Properties
K.G,C, u
\\ <
FLAC3D
—— Direct couplings P. = Capillary pressure
— — Indirect coupling Sy = Hydrate saturation
T = Temperature
C = Cohesion ¢ = Strain
G = Shear modulus ¢ = Porosity
K = Bulk modulus u = Coefficient of friction
k = Intrinsic permeability o' = Effective stress
P = Pressure
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Figure 10. Schematic of linking TOUGH family code such as TOUGH+ and TOUGH2 with FLAC3D
for a coupled THM simulation.

In FLAC®P, the basic explicit dynamic calculation iterates between solving the equation
of motion and the stress-strain constitutive equation using a sufficiently small time step to assure
numerical stability. In one time step, the equation of motion is first invoked to calculate new
velocities based on previous velocities and forces. The nodal velocities are then used to derive
new strain rates and stress, which in turn are used to update the force vector. The final solution is
reached (using a damped solution) when the body is in equilibrium or in steady-state flow
(plastic flow), and the out of balance force goes to zero.

A large number of constitutive geomechanical models are readily available in FLAC®®,
for both solid and interface elements, including:

Elastic, isotropic, orthotropic, and transversely anisotropic

Strain hardening/softening Mohr-Coulomb plasticity

Ubiquitous joint (anisotropic) strain-hardening/softening bi-linear plasticity
Double-yield plasticity

Modified Cam-Clay

Various creep models

In Figure 10, the data exchanges between TOUGH and FLAC®® are illustrated with
arrows going through the central THM model. The arrow on the right-hand side of Figure 3-1
shows the transmission of the effective stress o’ and strain & (that are computed in FLAC®P) to
TOUGH for calculation of the updated porosity ¢ and the corresponding porosity change Ag.
This mechanically induced A4¢ has an immediate effect on fluid flow behavior. For example, if a
change in o’and ¢ causes ¢ to decrease, the pore pressure is expected to rise, especially if the
permeability is low.

For porous deformable media, two models for mechanically induced porosity changes are
implemented in the most recent version linking FLAC*® to TOUGH+

(i) A poroelastic model (based on the approach proposed by Settari and Mourits (1998) that
considers macroscopic stress/strain changes and grain deformability

(it) An empirical model (proposed by Rutqvist and Tsang, 2002) that describes a nonlinear
change in porosity as a function of the effective mean stress

The A¢ computed from either of these models is used to estimate changes in k by means of
empirical equations. The updated ¢ and k values are in turn used to estimate changes in the
hydraulic and wettability properties of the porous medium (i.e., aqueous- and gas-phase relative
permeabilities ks and k., and capillary pressure P;) by employing appropriate scaling equations.
For fractured media, a similar exponential empirical model has been applied to correct
permeability for changes in the stress field (e.g., Rutqvist et al., 2002).
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The arrow on the left side of Figure 10 depicts the flow of data obtained from TOUGH
(namely the pressure P, temperature T, and phase saturations Sp) to FLAC® for processing and
estimation of their impact on the effective stress aAPs (a being Biot’s effective stress
parameter), as well as on thermal and swelling strains (&, and &, respectively).

Additionally, changes in P, T, and Sg may also result in changes in other mechanical
properties listed in Figure 10. These include the bulk modulus K, the shear modulus G, the
cohesion C, and the coefficient of internal friction . For example, in the case of hydrate-bearing
sediment, geomechanical properties change as a function of solid-phase saturations, i.e., hydrate
and ice saturations (Sy and S,, respectively). In the case of unsaturated soil, the bulk modulus and
friction angle is a function of suction.

3.2.Comparison of ROCMAS and TOUGH-FLAC to Other THM codes

A steadily growing interest in coupled THM phenomena in geological media has
encouraged development of many computer codes at various levels of sophistication. Among
those recently applied in the field of rock mechanics are THAMES (Ohnishi and Kobayashi,
1996), MOTIF (Guvanasen and Chan, 1995), FRACON (Nguyen, 1996), FEHM (Bower and
Zyvoloski, 1997), GeoSys/Rockflow, (Kolditz et al. 2003), FRT-THM, (Liu et al. 2006), FRIP
(Pine and Cundall, 1985), FRACture (Kohl and Hopkirk, 1995) and GEOCRACK (Swenson et
al. 1997). The first four of these have been applied mostly in the field of geological disposal of
nuclear waste, while the last three have been applied to the field of hot-dry-rock geothermal
energy. There are also a few commercially available codes that have been applied to study these
phenomena. The most frequently applied in soil and rock mechanics are ABAQUS (Borgesson,
1996), a finite-element code; FLAC (Israelsson, 1996a), a finite-difference code; and UDEC
(Israelsson, 1996b), a discrete-element code.

A number of simulators have been developed focusing on oil and gas reservoir
engineering, including commercial finite-element packages such as VISAGE (Koutsabeloulis,
1998), GMC-STARS, and a number of academic codes. TOUGH-FLAC is in the class of
coupled simulators that is built upon coupling of a reservoir simulator to a geomechanical code.
It is a delicate operation to correctly change the porosity of the reservoir simulator upon a change
in stress or strain in the mechanical code. The ideas of Settari and Mourits (1998) have been
implemented in TOUGH-FLAC coupling as one alternative poro-elastic model. The correct
poro-elastic consideration is important when comparing simulation results to that of fully
coupled poro-elastic finite element models of the Biot type. However, as described by Settari and
Mourits (1998), in practice it is more important to consider the nonlinear stress-dependent effects
on porosity and permeability over the range of stress expected in a problem. Such properties may
be derived directly from laboratory data and fitted to theoretical or empirical functions (e.g., Liu
et al., 2009) or by calibration to field experiments (e.g., Rutqvist et al., 2008a).

In summary, it can be concluded that a large number of simulators have been developed
for the analysis of coupled THM processes over the past 30 years. The ROCMAS code and
TOUGH-FLAC are two different types of simulators that complement each other, have been
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extensively applied, and yet have the flexibilities for modifications and future improvements,
such as linkage to TOUGHREACT for fully coupled THMC processes. When evaluating the
capabilities of a code it is important to look at how it has been applied. The next section presents
an example application of the ROCMAS and TOUGH-FLAC simulators related to nuclear waste
isolation.

3.3.Simulation of a Generic Repository in Clay Host Rock

This section presents the initial results of the simulation of coupled THM processes in the
EBS and host rock for high-level radioactive waste repository in clay formations. It is our intent
to investigate the coupled THM behavior for a range of clay host rocks, including plastic clay
and indurated, more brittle claystone. In our first base case simulation scenario we will use clay
host rock properties derived from the Opalinus clay stone at Mont Terri, Switzerland (Table 2),
and will use a repository design and EBS with emplacement into horizontal tunnels that are
back-filled with bentonite-based swelling clays as a protective buffer. We adopt the heat load
developed for the Generic Disposal System Environment (GDSE) within the UFD for
Pressurized Water Reactor (PWR) used nuclear fuel. The first step in this analysis is to design
the repository in terms of spacing between emplacement tunnels and individual waste packages
along the tunnels, to achieve a distributed heat load that would meet criteria for desired
maximum temperature.

Table 2. Some basic THM rock properties used for simulation of a repository hosted in clay stone.

Parameter

Bulk Density, [kg/m®] 2400
Matrix Porosity [-] 0.15
Young’s Modulus, [GPa] 5
Poisson’s ratio, [-] 0.3
Specific heat, [J/kg-°C] 900
Thermal conductivity, [W/m-°C] 2.2
Thermal expansion coefficient, [°C™ ] 1.0x10®
Permeability, [m?] 5.0x10%
Biot’s effective stress parameter 1.0

van Genuchten water retension parameter, m 0.41
van Genuchten water retnesion parameter, P, [MPa] 48
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Repository Design and Heat Load: We chose a repository design similar to the one considered
in the Swiss nuclear waste disposal program for a repository in Opalinus Clay. We assume that
the drift is located at a depth of 500 m and the top boundary is located at the ground surface. The
heat load for individual emplacement tunnels and their spacing are designed by a constraint of a
maximum temperature of 100 °C max in the contact between the canister and the bentonite. In
repository designs with bentonite-backfilled repository tunnels, the PWR type of used fuel is
typically packed into a waste package (or canister) with the dimensions of about 1 m in diameter
and about 4 m long. This is dictated by the length of individual PWR fuel elements and the
number of fuel elements per waste package. 4 PWR elements per waste package are commonly
adopted for bentonite-backfilled repositories in various host rocks, including crystalline and clay
(e.g. Swedish and Finish, Swiss, and Spanish proposed repository designs). Moreover, the
emplacement tunnels may be typically up to 1 km long. The basic material properties used in this
initial simulation are presented in Table 3.

Table 3. Thermal and hydraulic material parameters for the FEBEX buffer material used in the
numerical modeling of swelling experiment and multiple barrier repository.

Parameter Value/Function
Initial dry density, py [kg/m®] 1.6-10°
Initial porosity, ¢ [-] 0.41
Saturated permeability, k [m?] 2.0-10%
Relative permeability, k; [-] kn =S}

van Genuchten’s (1980) parameter, Py [MPa] | 30

van Genuchten’s (1980) parameter, Ayg [-] 0.32

Thermal expansion, 3 [1/°C] 1.5.10"

Dry specific heat, Cs [J/kg-°C] c, =1.38T +732.5
Thermal conductivity, A, [W/m-°C] 4 198 0.71
Effective molecular diffusion coefficient, D, D, = 2166 _5xrx xS [ T, j“’
[m?/s] v s 273.
Tortuosity, t [-] 0.8

The thermal decay curves for a 10 PWR element waste package was scaled down by
multiplying by 4/10 to obtain the decay curve for a 4 PWR element waste package that would
match the adopted repository design. This leads to an initial thermal power of 3144 W per waste
package. Assuming a waste deposition after 60 years of interim storage, the heat power has
decayed to 1818 Watts per waste package. With the assumption of the 50 m tunnel spacing and
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500 m emplacement depth, the average thermal power per meter drift may be scaled by adjusting
the spacing between individual waste packages along the tunnel. Using model calibration and a
maximum temperature kept below 100°C, we adopted an average thermal power of 200 W per
meter drift. This would mean that if the individual waste packages are 4 m long, the spacing
would be 4 m. Alternatively, for 3 PWR elements per waste package the spacing would be 2 m.
For the adopted average thermal conductivity of the rock (2.2 W/m°C), an average thermal
power of 200 W per meter drift seems to be the upper practical limit for this type of repository
design. Figure 11 presents the model dimensions and the heat decay curve for these simulations.
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Figure 11. Model domain for a repository hosted in clay stone.

Modeling Sequence, Boundary and Initial Conditions: Figure 12 presents the detailed
modeling sequence, boundary and initial conditions for the coupled THM simulation. The initial
conditions for the rock mass are established at the pre-excavation stage (Figure 12(1)). The
initial stress was defined as op = oy = oy = 2400-9.81-D where D is elevation relative to ground
surface (D = z — 500 and tensile stress is positive). The vertical thermal gradient is assumed to be
30°C/km with a fixed average temperature of 10°C on the ground surface and a fixed
temperature of 40 °C at the bottom boundary. The groundwater table is assumed to be located at
the ground surface where the pressure is fixed to 0.1 MPa (atmospheric). At the bottom of the
model the fluid pressure is set to 9 MPa, which slightly less than hydrostatic. The excavation
sequence can be simulated in a one-step steady state calculation with the elements in the drift
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removed and constant temperature 25°C and pressure of 0.1 MPa at the drift boundary (Figure
12(2)). After the steady state excavation simulation is completed, the waste canister, bentonite
buffer and back-fill are installed instantaneously and the post-closure simulation can start (Figure
12(3) and 12(4)).
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Figure 12. Modeling sequence, boundary and initial conditions.

Basic THM simulation results: Figure 13 presents the calculated evolution of temperature,
saturation, fluid pressure, and stress within the buffer. The temperature peaks at about 95°C,
which is below the 100°C maximum temperature criterion. The resaturation of the buffer is
delayed as a result of the low rock permeability and a slight desaturation of the rock can be
observed in Figure 13b. The fluid pressure indicates a strong coupling to the temperature field,
and as a result of the low rock permeability a significant thermal pressurization occurs (Figure
13c). This increase in fluid pressure has a direct impact on the stress evolution in the buffer
(Figure 13d). Thus, in this case we observe strong interaction between the host rock coupled
processes and the THM evolution of the buffer. The results presented are valid for an average
permeability representative of 5e-20 m. If the permeability is lower, a much stronger thermal
pressurization can occur.
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Figure 13. Simulated evolution of THM processes in the buffer: (a) temperature at V1, V3, and V6
(b) liquid saturation at V1, (c) fluid pressure at V3, and (d) total radial stress (ox) at V1 and V2. See
Figure 3-2 for definitions of V1, V2, and V3.

Summary of THM Research for Clay/Shale Environments and Next Step: We have
conducted initial simulation studies of coupled THM processes in the EBS and host rock for
high-level radioactive waste repository in clay formations. This study highlights the important
interactions between the buffer and the host rock, in particular regarding the potential for
desaturation of the rock and thermal pressurization which can have a significant impact of the
coupled THM evolution.

Future work is proposed to include modeling that addresses fracture growth, self-sealing
and self-healing behavior. This will involve new constitutive models such as discussed in Section
2 and calibration and confirmation using experimental data.

4. THC Modeling in clay/shale Environments

In this section, a summary of the TOUGHREACT code is presented followed by
modeling results for THC studies in a clay host rock.

4.1. TOUGHREACT Code

Coupled modeling of subsurface multiphase fluid and heat flow, solute transport, and
chemical reactions can be applied to many geologic systems and environmental problems,
including geothermal systems, diagenetic and weathering processes, nuclear waste emplacement,
acid mine drainage remediation, contaminant transport, and groundwater quality.
TOUGHREACT has been developed as a comprehensive non-isothermal multi-component
reactive fluid flow and geochemical transport simulator to investigate these and other problems
(Xu et al., 2008). A number of subsurface thermo-physical-chemical processes are considered
under various thermohydrological and geochemical conditions of pressure, temperature, water
saturation, and ionic strength. TOUGHREACT can be applied to one-, two- or three-dimensional
porous and fractured media with physical and chemical heterogeneity. The code can
accommodate any number of chemical species present in liquid, gas and solid phases. A variety
of equilibrium chemical reactions are considered, such as aqueous complexation, gas
dissolution/exsolution, and cation exchange. Mineral dissolution/precipitation can take place
subject to either local equilibrium or kinetic controls, with coupling to changes in porosity and
permeability and capillary pressure in unsaturated systems. Chemical components can also be
treated by linear adsorption and radioactive decay.

The first version of the non-isothermal reactive geochemical transport code
TOUGHREACT was developed (Xu and Pruess, 1998) by introducing reactive geochemistry
into the framework of the existing multi-phase fluid and heat flow code TOUGH2 (Pruess,
1991). TOUGHREACT was further enhanced with the addition of (1) treatment of mineral-
water-gas reactive-transport under boiling conditions, (2) an improved HKF activity model for
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aqueous species, (3) gas species diffusion coefficients calculated as a function of pressure,
temperature, and molecular properties, (4) mineral reactive surface area formulations for
fractured and porous media, and (5) porosity, permeability, and capillary pressure changes owing
to mineral precipitation/dissolution. Subsequently, TOUGH2 V2 was released with additional
EOS modules and features (Pruess et al., 1999) which was incorporated into the present version
of TOUGHREACT (Xu et al., 2006).

Major Processes Treated by TOUGHREACT: The major processes for fluid and heat flow
are: (1) fluid flow in both liquid and gas phases occurs under pressure, viscous, and gravity
forces; (2) interactions between flowing phases are represented by characteristic curves (relative
permeability and capillary pressure); (3) heat flow by conduction and convection, and (4)
diffusion of water vapor and air. Thermophysical and geochemical properties are calculated as a
function of temperature, such as fluid (gas and liquid) density and viscosity, and thermodynamic
and kinetic data for mineral-water-gas reactions. Transport of aqueous and gaseous species by
advection and molecular diffusion are considered in both liquid and gas phases. Depending on
the computer memory and CPU performance, any number of chemical species in the liquid, gas
and solid phases can be accommodated. Aqueous complexation, acid-base, redox, gas
dissolution/exsolution, and cation exchange are considered under the local equilibrium
assumption. Mineral dissolution and precipitation can proceed either subject to local equilibrium
or kinetic conditions. Linear adsorption and decay can be included.

Governing Equations: The primary governing equations for multiphase fluid and heat flow, and
chemical transport have the same structure, derived from the principle of mass (or energy)
conservation. These equations, implemented in TOUGHREACT, are presented in Xu et al.
(2008). Expressions for non-isothermal multiphase flow are given in Pruess (1987) and Pruess et
al. (1999). The transport equations are written in terms of total dissolved concentrations of
chemical components, which are concentrations of the basis species plus their associated
aqueous secondary species (Yeh and Tripathi, 1991; Steefel and Lasaga, 1994; Walter and
others, 1994; Lichtner, 1996; and Xu and Pruess, 2001). If kinetically-controlled reactions occur
between aqueous species, then additional ordinary differential equations need to be solved to link
the total concentrations of the primary species with the evolving concentrations of the secondary
species (Steefel and MacQuarrie, 1996). Kinetically-controlled reactions between aqueous
species are not considered in the present version of TOUGHREACT. Slow agueous phase
reactions are common in the case of redox reactions and will be addressed in future development.
Advection and diffusion processes are considered for both the aqueous and gaseous species.
Aqueous species diffusion coefficients are assumed to be the same. Gaseous species, having a
neutral valence, can have differing diffusion coefficients calculated as a function of T, P,
molecular weight, and molecular diameter. The local chemical interactions in the transport
equations are represented by reaction source/sink terms.

The primary governing equations must be complemented with constitutive local
relationships that express all parameters as functions of fundamental thermophysical and
chemical variables. The equations for chemical reactions are presented in Xu et al., (2008). Mass
conservation in the closed chemical system is written in terms of basis (component) species. The
species distribution must be governed by the total concentrations of the components. The oxygen
is used for formulating redox reactions by attributing the oxidizing potential to the dissolved
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oxygen (Nordstrom and Mufioz, 1986; Wolery, 1992). In contrast to the free electron in the
hypothetical electron approach (Yeh and Tripathi, 1991), oxygen can be present and can be
transported in natural subsurface flow systems. The formulation for cation exchange is similar to
that of Appelo and Postma (1993). For kinetically-controlled mineral dissolution and
precipitation, a general form of rate law (Lasaga, 1984; Steefel and Lasaga, 1994; Palandri and
Kharaka, 2004) is used (Xu et al., 2008). Thermodynamic and kinetic data are functions of
temperature.

Temporal changes in porosity, permeability, and unsaturated hydrologic properties owing
to mineral dissolution and precipitation can modify fluid flow. This feedback between transport
and chemistry can be important (e.g., Raffensperger, 1996; Dobson et al., 2003), and can be
treated by TOUGHREACT. Changes in porosity during the simulation are calculated from
changes in mineral volume fractions. The porosity-permeability correlation in geologic media
can be complex, depending on several factors, such as pore size distribution, pore shapes,
connectivity (Verma and Pruess, 1988), and crystal morphology. Several porosity-permeability
and fracture aperture-permeability relationships are included in the model (Xu et al., 2008). The
code can also be set to monitor changes in porosity and permeability during the simulation
without considering their effects on fluid flow. In unsaturated systems, capillary pressure can be
modified via permeability and porosity changes using Leverett scaling (based on Slider, 1976).

4.2.Application of TOUGHREACT to Bentonite-Filled EBS and Clay Formation

This simulation problem deals with water-rock interactions around nuclear waste
packages emplaced in clay formation with bentonite backfill. The model setup is similar to the
benchmark for the DECOVALEX-THMC project (Sonnenthal, 2008). The grid for the
simulations is shown in Figure 14. Because the model was intended for demonstration of the
code capability in simulating the THC behavior in the EBS and clay formation, it was set up in a
very simplified manner (e.g., only aqueous complexation and mineral dissolution/precipitation
are considered). Therefore, this problem should not be taken as an accurate representation of a
nuclear waste repository. Nevertheless, this problem illustrates typical coupled thermal-
hydrological-chemical processes that could occur in the EBS and clayey host rock around
nuclear waste packages as influenced by the very different near-field mineralogy and water
chemistry. Details of model setup and results are given in the following sections.

Model Setup: The model assumes that initially both clay formation and bentonite EBS are fully
saturated. The top boundary (+500 m) has a fixed temperature of 10 °C and pressure of 0.1 MPa.
The bottom boundary (-500 m) has also fixed temperature and pressure of 40 °C and 0.9 MPa
respectively. The fixed pressures on the top and bottom boundary yield a downward flow around
3 mm/year. The heat input from the inner boundary is the same as that used for the THM model
(see Section 3).
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Figure 14. Two-dimensional numerical integral finite difference unstructured mesh for
TOUGHREACT simulations (left) and enlargement of drift mesh (right) showing waste canister
(red), bentonite buffer (white), and drift wall boundary. Mesh extends 500 m above and below the

drift center, and 17.5 m to each side.

The mineralogical composition of bentonite (Table 4) is taken from the Kunigel-V1
bentonite (Ochs et al., 2004). The clay formation is assumed to be Opalinus Clay investigated in
the Mont Terri underground rock laboratory in Switzerland (Thury, 2002) and the mineral
composition is given in Table 5.

Table 4. Mineral composition of the bentonite used in the model (taken from the Kunigel-V1
bentonite (Ochs et al., 2004).

Mineral IAbundance (volume fraction)
Na-montmorillonite 0.475
Quartz 0.335
K-Feldspar 0.041
Calcite 0.0235
Dolomite 0.029
pyrite 0.006
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Table 5. Mineral composition of the clay formation used in the model (taken from the Opalinus

Clay (Thury, 2002)).

Mineral |Abundance (volume fraction)
Calcite 0.1
llite 0.223
Kaolinite 0.174
Chlorite 0.1445
Smectite-na 0.1426
Quartz 0.1845
Siderite 0.01256
Ankerite 0.00798
Pyrite 0.01

The pore water composition of the bentonite (Ochs et al., 2004) and clay formation
(Fernandez et al., 2007) are listed in Table 6. To establish a starting point for the reactive
transport model, the initial pore waters are equilibrated with minerals listed in Table 4 and 5 and
the equilibrated waters are listed in the last two column of Table 6.

Table 6. Initial pore water composition of bentonite and clay formation and the equilibrated water
with minerals listed in Table 4 and 5 respectively (compositions in molal).

Initial Equilibrated
Bentonite Clay formation Bentonite Clay formation
(Ochs et al., 2004) | (Fernandez et al., 2007)

pH 8.40 7.60 6.98 6.50

Eh -0.23 -0.27 -0.18 -0.12
Cl 1.50E-05 3.32E-01 1.50E-05 3.32E-01
S0,° 1.10E-04 1.86E-02 1.21E-04 1.86E-02
HCO3 3.50E-03 5.20E-03 5.21E-03 1.26E-03
Ca* 1.10E-04 2.26E-02 2.77E-03 1.50E-01
Mg*? 5.50E-05 2.09E-02 1.82E-04 5.59E-04
Na" 3.60E-03 2.76E-01 4.80E-03 5.80E-02
K" 6.20E-05 2.16E-03 1.05E-04 3.46E-06
Fe'? 1.00E-10 2.96E-07 5.65E-06 1.44E-03
SiO,(aq) 3.40E-04 1.16E-04 1.78E-04 1.80E-04
AlO, 3.54E-08 3.89E-06 2.98E-08 6.55E-10

Table 7 lists the thermal and hydrodynamic parameters used in the model. Those for
bentonite are taken from Sonnenthal (2008) while those for clay formation mostly are taken from
Thury (2002), except thermal conductivity which is the same as used in the THM model.
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Table 7. Thermal and hydrodynamic parameters

parameter Clay formation Bentonite
Grain density [kg/m’] 2700 2700
Porosity 0.15 0.41
Saturated permeability [m?] 1.0x10% 2.0x10™
Relative permeability, ki m=0.6, S, =0.01 ES
van Genuchten o [1/Pa] 6.8x10" 3.3x10°
van Genuchten m 0.6 0.3
Compressibility, g [1/Pa] 3.2x107 5.0x10-8
Thermal expansion coeff., 0.0 1.0x10™
[1/°C]

Dry specific heat, [J/kg °C] 800 8000
Thermal conductivity [W/m 2.2/2.2 0.5/1.3
°C] dry/wet

Tortuosity 1.0 0.8

Mineral dissolution/precipitation are kinetically controlled, except calcite where
equilibrium is assumed. TOUGHREACT (Xu et al., 2006) uses a general form of rate
expression, which is based on transition state theory (TST) (Lasaga et al., 1994; Steefel and
Lasaga, 1994):

r=kAl1-(Q/K)" | (40)

where r is the kinetic rate (positive values indicate dissolution, and negative values
precipitation), k is the rate constant (moles per unit mineral surface area and unit time) which is
temperature dependent, A is the specific reactive surface area per kg H,O, K is the equilibrium
constant for the mineral-water reaction written for the destruction of one mole of mineral, and Q
is the reaction quotient. The parameters 8 and » should be determined by experiments, but are
commonly set equal to unity when experimental quantification is unavailable. The kinetic rate
constants can usually be summed from three mechanisms (Lasaga et al., 1994):

k = kM exp = +k! exp Ef1 1 a™
B R (T 198.15 % R \T 19815)| "

_E% (1 1 (41)
+ko' ex | e |
® p{ R (T 198.15)} "

where superscripts nu, H and OH indicate neutral, acid, and base mechanisms, respectively, E is
the activation energy, ko is the rate constant at 25 °C, R is gas constant, T is the absolute
temperature, a is the activity of the species, and n is a power term (constant).
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The kinetic law for mineral dissolution/precipitation is given in Xu et al. (2006). The kinetic rate
for the mineral considered in current model is given in Table 8. Note that the surface areas listed
in Table 8 are calculated for tuff (Sonnenthal et al., 2005). Their applicability to the clay
formation considered is questionable. Further refinement of the surface area calculation is
needed in the future when the THC model is applied to a realistic scenario.

Table 8. Kinetic properties for minerals considered in the model (Xu et al., 2006)

Mineral A Parameters for Kinetic Rate Law
(cm?/g) Neutral Mechanism Acid Mechanism Base Mechanism
Kas = Kas Ea n(H") | kes Ea n(H")
(mol/m?/s) (KJ/ (mol/m?/s) (KJ/ (mol/m?/s) (KJ/
mol) mol) mol)
Primary:
Calcite Assumed at equilibrium
Quartz 9.8 1.023x10 | 87.7
K-feldspar 9.8 3.89x10% 38 8.71x10" | 51.7 |05 6.31x102 | 94.1 | -0.823
Kaolinite 1.95x10° | 6.91x10™ 222 4.89x10* | 659 | 0.777 | 8.91x10® | 179 | -0.472
Smectite-Ca 5.64x10° | 1.66x10° 35 1.05x10* | 236 | 0.34 3.02x10Y | 58.9 | -0.4
Ilite 6.68x10° | 1.66x10° 35 1.05x10* | 236 | 0.34 3.02x10Y | 58.9 | -0.4
Chlorite 9.8 3.02x10%3 88 7.76x10%* | 88 0.5
Pyrite 12.9 2.52x1012 62.76 | 2.34x107 | 4354 |1
Dolomite 12.9 2.52x10™% 62.76 | 2.34x107 | 4354 |1
Ankerite 9.8 1.26x107° 62.76 | 6.46x10* | 36.1 |05
Smectite-Na 5.64x10° | 1.66x10° 35 1.05x101 | 236 | 034 3.02x10%" | 589 | -0.4
Na-montmorillonite 5.64x10° | 1.66x103 35 1.05x10™ | 236 | 0.34 3.02x10Y | 58.9 | -0.4

Model Results: In this problem, the heat load results in temperature at the canister-bentonite
interface climbing to a maximum near 98 °C after about 70 years, then slowly dropping back to
about 93 °C after 1000 years. At the bentonite-clay formation interface, temperature increases
sharply at the first 100 years and then is stabilized at around 88 °C after a slow increase up to
700 years.
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Figure 15. Time evolution of temperature at the canister-bentonite interface and bentonite-clay

formation interface, respectively.

Because the simulation starts with saturated condition, some processes which would
occur during the hydration of unsaturated bentonite are not considered here (e.g., see Section 2).
Diffusion is the only process that controls the transport of conservative species, such as the
chloride shown in Figure 16. Note that chloride is not necessarily a conservative species, but in
current simulations, no chemical reactions will affect the concentration of chloride and therefore
chloride is used as representative conservative species. The diffusive mass transfer between
bentonite and clay formation and the change of temperature lead to mineral alteration in
bentonite and clay formation, especially near the interface.
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Figure 16. Profiles of chloride concentration along z direction at x =0 at different times.
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Figure 17 shows the time evolution of minerals at a point inside the bentonite. Inside the
bentonite, minerals alteration is characterized by the dissolution of calcite, K-feldspar and Na-
montmorillonite and precipitation of quartz, illite and dolomite. Figure 18 shows the time
evolution of minerals near the bentonite-clay formation interface but on the side of bentonite.
Dissolution of dolomite, K-feldspar and Na-montmorillonite and precipitation of calcite, quartz,
illite and chlorite are observed. Figure 19 shows the change of porosity at the two locations
mentioned above. Near the canister, the porosity decreases slightly whereas near the interface,
porosity increases about 2%.

120
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Figure 17. Time evolution of mineral dissolution/precipitation at the point inside the bentonite with
a radial distance of 0.5 m.
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Figure 18. Time evolution of minerals dissolution/precipitation at the point inside the bentonite
with aradial distance of 1.1 m (near the bentonite-clay formation interface).
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Figure 19. Time evolution of the porosity two given locations inside the bentonite.

Figure 20 shows time evolution of minerals dissolution/precipitation at the point in the
clay formation with a radial distance of 1.2 m (near the bentonite-clay formation interface).
Significant mineral alteration occurs due to the mass transfer between bentonite and clay
formation and change of temperature. Minerals alteration at this point is characterized by the
dissolution of calcite, siderite and illite and precipitation of ankerite, smectite and quartz. Note
that calcite dissolves rapidly in the first 100 years and then precipitates slowly. Correspondingly,
ankerite precipitates significantly in the first 100 years and dissolves slowly afterwards. Porosity
change is a result of change of all minerals. As shown in Figure 22, the porosity in the clay
formation near the interface increase slightly and then decrease after 800 years, although such
changes are minimal. Figure 21 shows the time evolution of minerals in the clay formation far
from the interface. Mineral dissolution/precipitation are insignificant and are mainly induced by
the change of temperature and slight initial disequilibrium. Model results show the dissolution of
ankerite, smecitite and illite and the precipitation of anhydrite, quartz and kaolinite, which results
in essentially no change of porosity (see Figure 22).
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Figure 20. Time evolution of minerals dissolution/precipitation at the point in the clay formation

with aradial distance of 1.2 m (near the bentonite-clay formation interface).
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Figure 21. Time evolution of minerals dissolution/precipitation at the point in the clay formation

with a radial distance of 2.2 m.
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Figure 22. Time evolution of the porosity at two given locations in the clay formation.
5. Knowledge Gaps and R&D Plan

Knowledge Gaps: While much progress has been made over the last ten years or more, mostly
in Europe (e.g., Tsang et al. 2010), several outstanding theoretical and practical issues remain.
These issues concern (a) excavation damaged zone phenomena that result from interaction of the
host rock with the excavation and engineered barrier system; (b) larger-scale disturbances to the

host

rock resulting from seismic, igneous and abnormal pressurization phenomena; (c)

characterization of large-scale flow and transport behavior in low-permeability clay/shale
formations; and (d) impacts of mineralogical and geochemical conditions on sorption. To resolve
these issues, the following knowledge gaps should be investigated:

1.

N>

|

B

Constitutive relationships for plastic and indurated clays based on laboratory and analytic
studies. This should address issues of elastic limits and fracturing criteria, strain softening
for describing progressive change in material strength, and strain localization and shear
band occurrence. The impact of hydromechanical, chemical, and thermal effects also
needs to be considered (Tsang et al., 2010).

Long-term (slow) clay property changes, such as creep in plastic clays and subcritical
crack growth in indurated clays. The effects of moisture changes and temperature
gradients and chemical environments need to be studied and formulated. How to handle
anisotropy and bedding planes (or in general, planes of weakness) has to be resolved
(Tsang et al., 2010).

Thermo-hydro-mechanical processes in clays. These include damage mechanisms, phase
changes, and interaction of multiple materials (such as those in the engineered barrier
system). This is an area still requiring much work (Tsang et al., 2010).

Impact of rock-property heterogeneity as well as in situ stress fields. The permeability of
indurated clays can vary over two orders of magnitude, while mechanical properties can
vary by a factor of five or more. Spatial variability may have some characteristic length
or may have a fractal character. Understanding clay variability could be key to predicting
strain localization and fracturing processes. The stress field may also be spatially varying,
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depending on local structures and temporal changes in clay properties (Tsang et al.,
2010).

Changes in recharge, overburden, and regional stress. Changes in stress can lead to fault
or fracture reactivation that impacts fluid flow and radionuclide transport behavior in the
host rock. Faults in argillaceous rock include both tectonic and non-tectonic faults. In
particular, layer-bound, non-tectonic polygonal faults are a phenomenon known to occur
only in fine-grained sediments such as clay and shale (Cartwright 1997). These faults
may only conduct fluid episodically upon reactivation and are difficult to identify in
standard seismic surveys. Mechanisms that could lead to reactivation include
sedimentation and glaciation (Mazurek et al. 2003, pp. 341; Caillet 1993), changes in
tectonic stress (Darby et al. 2001), seismic or igneous activity, the accumulation of
hydrocarbon or nonhydrocarbon gas (e.g, CO,, and He, Wiprut et al. 2000), and osmosis
driven by changes in recharge and natural contrasts in solute concentrations of pore
waters (Neuzil 2000). Fracture and fault behavior for a clay or shale host rock is sensitive
to the diagenetic history. Diagenetic history and the future path of diagenesis have
important effects on mineralogical, geomechanical, and hydrological characteristics of
the host rock. Some success in understanding diagenetic history has been achieved in
European nuclear waste disposal research programs using basin modeling.

Intrusion and collapse structures. Other phenomena that can disturb the hydrologic
properties of the host rock include intrusions from igneous and hydrothermal activity,
clastic intrusions from sandstone or mud, and salt intrusions (Cartwright et al., 2007).
Sandstone and mud intrusions occur when overpressurization conditions force sandstone
or mud (e.g., mud volcanoes) up through the host rock. Magmatic activity could cause
substantial changes to the host rock by the direct intrusion of magma bodies or through
mechanical stress induced by the heat and associated vaporization of water. Collapse
structures caused by dissolution of evaporites and collapse of source chambers for
intrusion material can also lead to host-rock disturbances.

Characterization of host rock properties. Because of the low degree of fracturing and low
bulk permeability measured from boreholes or underground excavations (such as
underground research laboratories), large-scale permeability values are difficult to
ascertain. Infrequent and relatively isolated (preferential) pathways may be difficult to
identify based on standard measurement methods.

Mineralogical and geochemical conditions and their impact on sorption. There is
typically significant uncertainty in the values of the sorption distribution coefficient
because it depends on a variety of processes and conditions that take place on complex,
heterogeneous, mineral surfaces. There are two specific processes that typically fall under
the general label of sorption: ion exchange and surface complexation. Process models are
needed for sorption because the number of sorption experiments that are needed to
adequately cover the range of current and future geochemical conditions is impractically
large. A variety of phenomena could lead to spatial and temporal variations in
geochemical conditions that impact sorption including waste heat, hyperalkaline solutions
from groundwater interaction with EBS cement, competition between radionuclides and
other dissolved species for sorption sites, changes in natural recharge composition, and
igneous and geothermal processes. Because sorption is affected by such phenomena,
modeling methods to assess mineralogical and geochemical conditions are also needed.
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Near-Term R&D Plans: Near-term R&D plans refer to activities that could start in the next
fiscal year.

Experimental Investigation of Fracture Growth, Sealing, and Healing Associated with EDZ
Evolution in Clay Formations: Long-term performance of a nuclear waste repository depends on
the extent and nature of the Excavation Damaged Zone (EDZ) around underground structures
and the time-dependent processes during the transient stage until an equilibrium is reached (e.g.,
heat production from the decay of the waste, re-saturation processes) (Bliimling et al., 2007). The
objective of the proposed work is to improve understanding of fundamental processes governing
the long-term evolution of the EDZ in a geological repository hosted in clay formations.
Specifically, the proposed work will focus on the issue of fracture growth, sealing and healing
within the EDZ.

Investigations at European underground rock laboratories have shown that an EDZ
occurs in both soft plastic clays as well as indurated and more brittle clays (Blumling et al.,
2007). Upon excavation, the rock adjacent to a tunnel wall is subject to mechanical extension,
compression, and shear, causing fracturing, shear and dilation. The resulting fracturing pattern
can be complex and strongly impacted by anisotropy in the host rock, as well as by relative
humidity changes during ventilation. After emplacement of waste packages and backfill, re-
saturation of the rock and swelling of the clay take place as well as increases in temperature and
the recovery of ground water pressure. Time-dependent deformation (convergence) of the tunnel
and the swelling of clay seal (hydraulically) and heal (mechanically) fractures in the EDZ, which
then diminishes in spatial extent and magnitude.

In addition to hydromechanical effects, Van Geet et al. (2008) observed that clay
swelling and resultant sealing of fractures are augmented by chemical reactions affected by the
chemical composition of the water. For more comprehensive understanding of fracture
sealing/healing behavior, clay and clay-rich rocks with different clay content, consolidation, and
clay types (e.g., smectite, kaolinite, illite) need to be examined. Also, for a fracture within
relatively lithified rock with small swelling clay content, mineral precipitation and dissolution
within the fractures and microcracks becomes more important, especially under elevated
temperature and for long duration.

The proposed task will examine the coupled behavior of fracture healing and sealing
within EDZ using millimeter-scale cores to tens-of-centimeter-long cores. Near-term tasks are to
initiate hollow cylinder compression tests, shaped-core uniaxial compression tests, and true-
triaxial compression tests. Fractures and microcracks will be introduced in these cores, and
subsequent sealing and healing will be monitored under a range of temperature, stress, and pore
and fracture fluid chemistry. Miniature-core experiments, microtomography imaging will be
conducted at the x-ray synchrotron beamline 8.3.2, at LBNL Advanced Light Source, using a
specifically designed micro triaxial cell. For the experiments using larger cores, a medical x-ray
CT scanner will be used. The monitoring will include stress-displacement measurements,
permeability measurements, acoustic (seismic) measurements, and fluid sampling (for
geochemical analysis). The obtained experimental data will be used to provide quantitative
information for calibrating and verifying numerical models.
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Constitutive Relationships for Coupled Processes in Clay Repositories: Understanding and
modeling the coupled processes and their impact on repository performance requires knowledge
of constitutive relationships for the host rock, especially relationships between hydraulic and
mechanical properties, because these relationships control the degree of coupling among the
relevant processes. Although considerable efforts have been made in developing constitutive
relationships, the following important issues (associated with clay rock) have not been fully
addressed in previous studies:

Water-content dependent swelling. Multiphase flow conditions develop in the excavation
damaged zone (EDZ). Clay rock swells (or shrinks) with increasing (or decreasing) water
content, resulting in significant rock property changes (including self-sealing of fractures).
Previous studies on constitutive relationships have been focused on single-phase flow conditions
and therefore their results are not applicable to swelling conditions.

Fracture properties. Connected fractures exist within the EDZ and may serve as paths for
fast flow and radionuclide transport in a clay repository. However, there are only limited studies
on constitutive relationships for fractures in clay rock in the literature.

Correlation between hydraulic and mechanical properties: Assessment of the impact of rock
mechanical deformation on flow and transport needs knowledge regarding how the deformation
is related to hydraulic property changes. At this stage, acceptable relationships for describing
such a correlation are still lacking for fractured clay rock associated with swelling and shrinkage.

Near-term tasks are:

(1) A comprehensive literature survey of laboratory testing data of clay rock deformation
under different stress conditions and the associated hydraulic properties. This survey will
be analyzed with a focus on improving our understanding of mechanisms of coupled
hydro-mechanical processes associated with swelling. The data will also be used for
developing and validating constitutive relationship models.

(2) Develop new stress-strain relationships by extending the work of Liu et al. (2009) on
elastic strain-stress relations, considering the dependence of mechanical properties on
water content, and incorporating the new developments in the area of damage mechanics.
Relationships to be developed will be verified by laboratory test data collected under a
wide range of conditions.

Improved Model for Large-Scale Radionuclide Transport in Clay Rocks: Modeling of diffusive
transport in clay rocks (natural system) is complicated by the existence of heterogeneities at
different scales and coupling between diffusive and electro-chemical processes (Revil and Leroy,
2004; Appelo et al., 2010; Bourg et al., 2003; Jougnot et al., 2009). At a local scale, different
pore spaces co-exist within a representative elementary volume (REV), or a “point” within the
context of continuum mechanics. They include pore spaces surrounded by grains other than clay,
pore spaces surrounded by clay and other grains, pore spaces surrounded by clay grains only, and
interlayer spaces within clay grains. Dominant transport processes of radionuclide can be quite
different for different pore spaces. For example, the coupling between diffusive and electro-
chemical processes, or interaction between diffusion in bulk fluid and electrical double diffusion
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layer near the clay surfaces, is negligible for pores surrounded by other grain particles, but
critical for small pores surrounded by clay particles and inter-layer spaces. The last two pore-
spaces are especially important for compacted clay systems (such as clay buffers in EBS). At
large scales, diffusive transport may be subject to a considerable degree of spatial variability as a
result of variability of physical and chemical properties of pore spaces. It is also well known that
large-scale diffusive processes are not isotropic in clay rocks (Motellier, 2007). The diffusion
coefficient is much larger along the bedding direction than that in the direction perpendicular to
the bedding.

In the literature, two kinds of modeling approaches for diffusive transport in clay
materials are available (Revil and Leroy, 2004; Appelo et al., 2010; Bourg et al., 2003; Jougnot
et al., 2009). One is based on the explicit consideration of coupling between diffusive and
electro-chemical processes. This approach can relatively accurately capture mechanisms of
diffusive transport at small scales and is specifically useful for dealing with radionuclide
transport in clay buffer systems. This research topic is discussed in the proposal concerning
diffusive transport in the EBS (Steefel et al. 2010). However, it is relatively computationally
intensive for dealing with large-scale problems. The second kind of approaches may be referred
to as a phenomenological approach. It is based on Fick’s diffusion law and uses semi-empirical
constants to roughly incorporate the effects of electro-chemical processes, such as using the
“accessible porosity” to consider anion exclusion effects and “surface diffusion” to consider
effects of charged clay surface on cation diffusion. While this type of approach cannot capture
the detailed transport mechanisms, it is relatively simple, computationally efficient, and
straightforward to implement. Therefore, these approaches are still widely used for modeling
diffusion processes in natural clay systems. Keeping in mind that our interest here is to develop
an improved model for large-scale diffusive transport in clay rocks, the focus of this proposed
work will be on the phenomenological approaches.

Although different degrees of successes have been obtained by using the currently
available phenomenological approaches to analyze several site-specific tests (e.g., Appelo et al.,
2010; Motellier et al., 2007), some key questions regarding their usefulness are open,
considering the semi-empirical feature of the approaches. For example, a systematic evaluation
of their effectiveness in capturing effects of pore-scale heterogeneities (the existence of different
pore spaces) is not available yet for general natural clay systems. Large-scale heterogeneity (or
spatial variability) may or may not be important for diffusive transport in clay rocks. Again, this
is not fully investigated. Answers to these questions are critical for developing a scientifically
defensible and practically useful modeling approach.

Near-term tasks are:

(1) A comprehensive literature survey of diffusion test data in natural clay rocks and the
associated analysis results will be performed. The survey results will be documented in a
project report and/or journal article and employed for evaluating and developing
modeling approaches for the diffusive transport processes.

(2) Data sets for typical clay formations will be analyzed with three different modeling
approaches. The first one is the traditional approach that is based on Fick’s law and uses
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Kg-type schemes to consider sorption and the effects of electro-chemical processes. The
second approach is based on generalized Fick’s law that uses “accessible porosity” to
consider anion exclusion effects and “surface diffusion” to consider effects of charged
clay surface on cation diffusion. The third one is a new approach (proposed in this study)
that borrows the dual-continuum approach (used in describing flow and transport in
fractured rock) to deal with the local-scale heterogeneities or the existence of different
kinds of pore spaces. This approach, in principle, is consistent with test observations that
solute transport in clay rock may be subject to a fast and a slow transport path (Van Loon
and Jakob, 2005).

Analytical or numerical approaches will be used for data analyses. These three
approaches will be evaluated based on their accuracy in representing the data sets, their
usefulness for different clay formations, consistency of parameter values for similar clay
formations for a given approach, and numbers of fitting parameters for different
approaches. Ultimately, this task will provide guidance on the usefulness and limitations
of each approach under different conditions.

Impact of Large-Scale Natural Disturbances to Clay/Shale Host Rock: The condition of a
clay/shale host rock repository can be impacted by natural geologic phenomena, both prior to or
after waste emplacement. Typically, a clay or shale host rock considered for nuclear waste
disposal has bulk permeability in the range of microdarcies to nanodarcies, a key performance
characteristic that is significant for impeding radionuclide migration from waste emplacement
locations. Therefore, it is important to understand the potential for geologic phenomena to
degrade this favorable condition.

Because of their low permeability, argillaceous rocks commonly act as caprocks for
trapping buoyant petroleum liquids and gasses. Extensive research into the characteristics of
argillaceous rocks as caprocks for petroleum systems (and more recently as caprocks for
geologic carbon sequestration) has led to significant findings about how they behave over long
time periods. Furthermore, the economic incentive for petroleum exploration has enabled the
investigation of argillaceous caprocks over a broader range of geologic environments than is
likely to be feasible for nuclear waste disposal.

The overriding observation of significance from petroleum analogues for nuclear waste
disposal is that hydrocarbon reservoirs can deplete naturally as a result of caprock failure
(Nijhuis 1997). About 50% of the basins with known petroleum reserves show visible evidence
of leakage (Clarke et al. 1991). In other words, although clay/shale caprocks are capable of
acting as low-permeability barriers, these barriers are not absolute and their effectiveness can
change over time.

There are several mechanisms leading to caprock failure (Corcoran et al. 2002), including
reactivation of exiting faults through tectonic processes or hydraulic overpressure (Cartwright et
al. 2007). Furthermore, numerous argillaceous formations have been found to have layer-bound,
non-tectonic faults known as polygonal faults (Cartwright 1997). Other mechanisms for caprock
failure include intrusions from igneous and hydrothermal activity, clastic intrusions from
sandstone or mud, and salt intrusions. Magmatic activity could cause substantial changes to
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caprocks by the direct intrusion of magma bodies or through mechanical stress induced by the
heat and associated vaporization of water. Similarly, the temperature effects of a geothermal
system on mechanical stress within the caprock could induce fracturing or fault reactivation.
Collapse structures caused by dissolution of evaporites and collapse of source chambers for
intrusion material (e.g., mud volcanoes) can also lead to caprock failure. Conditions that may
influence such phenomena include the tectonic environment and regional stress field, surficial
processes (e.g. sedimentation, erosion, glaciation), stratigraphic composition, sources and
compositions of recharge, and the diagenetic history of the host rock.

The near term tasks for this effort are:

(1) The first step is to identify sites with information concerning the current material
properties and mineralogy of specific petroleum reservoir caprocks, their diagenetic
histories, and information concerning leakage. This task will comprise a literature survey
to gather the available information.

(2) The second step is to classify the analogues in terms of leakage or no leakage. The known
or suspected mechanism of leakage will be used to further classify the cases with leakage.
The recent review of seal bypass systems by Cartwright et al. (2007) will serve as a guide
for classification.

Longer-term R&D Plans: Longer-term R&D plans are for activities that require some
prerequisite activities to complete or additional plan development.

Modeling of Fracture Growth, Sealing, and Healing Associated with EDZ Evolution in Clay
Formations: Experimental work will continue longer term to complete tests discussed in Section
5.2.1.1. The laboratory test results will then be used for to check and validate modeling of
sealing and healing. This includes simulation of linked reactive transport modeling and
geomechanics using the reactive transport simulator TOUGHREACT linked with the
geomechanical simulator FLAC®P. We will also test other modeling approaches such as distinct
element method (DEM) and boundary element method (BEM) for explicit modeling of fracture
propagation, sealing and healing.

A second modeling effort is to investigate behavior at the tunnel scale. The modeling of
fracture growth, sealing and healing explicitly will require discrete representation of each
individual fracture. However, the evolution of the EDZ is driven by the time dependent processes
that require a large scale model of the repository drift within a repository horizon. Therefore, the
tunnel scale modeling will be divided into a near-field model domain and a large-scale model
domain. The large-scale model domain will be used to derive time-dependent boundary and
interior conditions to be imposed on the near-field model domain. The large-scale model
simulation will include complete analyses of rock and bentonite buffer, to calculate the evolution
of temperature, fluid pressure, bentonite saturation and swelling, and thermal stresses, occurring
over a 100,000 year repository lifetime. The near-field model domain allows for a very fine
model discretization, enabling detailed studies of fracture growth, sealing and healing in the
EDZ.
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A similar approach was successfully employed within the international DECOVALEX
project for modeling of the EDZ associated with bentonite backfilled repository drifts in
crystalline rocks (Hudson et al., 2009; Rutqvist et al., 2009).

The near-field modeling simulations will be conducting using several modeling methods:

(1) Finite element type models with fine element discretization (e.g. ROCMAS, and FLAC®P
coupled with TOUGHREACT).

(2) Distinct Element Method (DEM) modeling (e.g. PFC, UDEC).
(3) Boundary Element Modeling (BEM) fracture propagation modeling (FRACON).

All of these modeling methods were recently applied in the international DECOVALEX project
for studying the evolution of the EDZ in crystalline rocks (Rutqvist et al., 2009).

Constitutive Relationships for Coupled Processes in Clay Repositories: The work on constitutive
relationships initiated with items identified in the near-term plans will lead into the following
longer-term tasks:

(1) Functional relationships will be investigated between flow properties and mechanical
properties for clay rock. A methodology will be developed to estimate the relevant
parameter values from common laboratory measurements. Numerical experiments will be
performed for investigating multiphase flow behavior under different stress (and damage)
conditions. These functional relationships will be carefully evaluated with experimental
data obtained from the literature review. Hydraulic and mechanical properties are closely
related to geochemical reactions. Pore-scale modeling will be performed to investigate
impact of mineral dissolution and precipitation on hydraulic properties.

(2) A dual-continuum (fracture and rock matrix) approach will be developed for modeling
coupled processes in the EDZ. Governing equations for multiphase flow and mechanical
deformation will be investigated based on the constitutive relationships developed from
Tasks 2 and 3. Simulations (using the TOUGH2-FLAC code with the dual-continuum
approach to be developed) will be performed for a selected field study site where data are
available to demonstrate the usefulness of the new developments from the project.

(3) In the course of these investigations, data gaps and needs will be identified. Laboratory
experiments will be performed to address these gaps. They very likely deal with
multiphase flow properties under different stress and geochemical conditions subject to
swelling and shrinkage. Test results from Section 5.2.1.1 will also be used.

Improved Model for Large-Scale Radionuclide Transport in Clay Rocks: The work on large-
scale transport modeling methods initiated with items identified in the near-term plans will lead
into the following longer-term tasks:
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(1) It is well known that spatial variability generally has important effects on subsurface flow
and transport processes. However, it is not totally clear whether the variability is
important for radionuclide (diffusive) transport in clay rock. To evaluate its relative
importance, we will computationally generate spatially variable transport-parameter
distributions within a two-dimensional domain, and then simulate the diffusive transport
(using the numerical method discussed below) by explicitly considering the variability.
The simulated breakthrough curves will be compared with those without considering
spatial variability. If the difference is significant, an upscaling method will be developed
to estimate large-scale transport parameters.

(2) A particle-tracking numerical modeling approach will be developed for radionuclide
transport in clay rocks, because it is computationally efficient, easy to implement and has
very limited numerical-dispersion for a large-scale problem. In a particle-tracking
approach, a continuous concentration field is represented by a great number of solute
particles whose movements are random and controlled by transport parameters. The
particle-tracking approach is also developed in such a way that it can handle the
anisotropy of diffusion process that, as discussed above, is common in clay formations
with bedding.

(3) Using approaches developed in this investigation, conduct modeling exercises of
radionuclide transport in clay formations under different conditions. The modeling results
will allow for identification of key parameters, processes, and formation structures for
radionuclide transport in a clay repository.

Impact of Large-Scale Natural Disturbances to Clay/Shale Host Rock: The evaluation of large-
scale host rock disturbance initiated with items identified in Section 5.2.1.4 will lead into the
following longer-term tasks:

(1) Select cases that are suitable for further quantitative study as analogues. This includes
the development of methods to incorporate various external conditions that affect
mechanical conditions in the rock. Factors such as erosion, glaciation, sedimentation,
dissolution, tectonics, igneous activity, and geothermal activity need to be considered.
This type of analysis is analogous to basin modeling used for petroleum exploration (e.g.
Makurat et al. 1992; Kacewicz 2003), however in this case the model will be carried into
the future to evaluate the repository performance period. The basin modeling approach
has been used to explain burial history of the Opalinus Clay (Mazurek et al. 2003) and
hydrologic phenomena in the Paris Basin (Jost et al. 2005) for nuclear waste studies.

The general basin modeling problem for a clay/shale formation includes the effects of
burial and uplift, and associated thermal, mechanical, and chemical variations. The
impacts of events that could occur entirely within the model domain or events driven by
factors external to the model domain need to be added to the basic basin model for
diagenesis. Therefore, some method to address coupled processes is required. The study
by Rutqvist et al. (2008b) provides a detailed analysis of coupled hydro-geomechanical
effects on caprock integrity for CO, sequestration. Recasting such an analysis for a
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petroleum reservoir caprock analogue or nuclear waste disposal problem would need to
be expanded in terms of the processes under consideration and time frame. The main
focus of these exercises is to assess the potential creation or reactivation of faults or
fractures and/or creation of intrusion/collapse structures during the performance period,
although they may also be useful for evaluating the potential for such host-rock damage
to be part of the present-day system.

(2) Use the results from above to identify hydrological, geophysical, and geochemical
measurements that can help to define and constrain the effects of bypass systems on
clay/shale host rock repository environments.

6. Summary and FEPs Crosswalk
Constitutive Relationships for Elastic Deformation of Indurated Clay Rock

Constitutive relationships for the hydromechanical behavior of porous and fractured clay
rock are developed in this report. It was proposed that for a porous rock, the pore spaces may be
subject to large relative strain as compared to the solid grains. Thus, for the pores, relative
volumetric strain needs to be defined in terms of the change in rock volume upon a change in
stress relative to the total volume at the new stress level. This contrasts with the conventional
definition of relative volumetric strain, in which the change in rock volume is taken relative to
the total volume at the original stress level. This leads to a reformulation of Hooke’s law for the
pore spaces within a porous rock in which the differential stress-strain ratio is not a constant but
an exponential function of strain. The stress-strain relationships for the solid grains, following
the traditional Hooke’s law, and the new relationship for pore spaces are combined to give a bulk
modulus that is not a constant, but a nonlinear function of stress. Uniaxial test data were
analyzed for core samples of Opalinus clay and laboratory measurements of single fractures
within macro-cracked Callovo-Oxfordian argillite samples subject to both confinement and
water-reduced swelling. This data was used to test the proposed hydromechanical constitutive
relationships. Given the nonlinearity and complexities shown in the data, the agreement between
the theoretical results and data supports the validity of the proposed constitutive relationships.

THM Processes in Claly/Shale

There are several software codes available for analyzing THM processes in geologic
media. The TOUGH-FLAC and ROCMAS codes were reviewed in detail for this report. The
code TOUGH-FLAC uses a continuum method to represent fractures and couples thermal-
hydrologic modeling using TOUGH with geomechanical modeling using FLAC to address THM
processes. The current version of TOUGH-FLAC includes the recently developed BBM, a
geomechanical constitutive relationship for thermo-elastoplastic behavior that is observed in
bentonite. The code ROCMAS provides a discrete fracture representation for THM process
including single-phase unsaturated flow. ROCMAS has several options for geomechanical
constitutive relationships but currently does not include the BBM. The ROCMAS code and
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TOUGH-FLAC are two different types of simulators that complement each other, have been
extensively applied, and yet have the flexibilities for modifications and future improvements.

The TOUGH-FLAC software was tested on a full-scale nuclear waste repository problem
involving the interaction of multiple components (buffer, canister, rock) over a 100,000 year
simulation time. The simulation studies investigated coupled THM processes for a bentonite-
backfilled EBS in a low-permeability clay host rock. This study highlight the important
interactions between the buffer and the host rock, in particular regarding the potential for
desaturation of the rock and thermal pressurization, which can have a significant impact on
coupled THM evolution.

THC Modeling in Clay/Shale

The TOUGHREACT software code was evaluated as a tool reactive-diffusive transport
in a clay/shale host rock. TOUGHREACT is a comprehensive non-isothermal multi-component
reactive fluid flow and geochemical transport simulator. Aqueous complexation, acid-base,
redox, gas dissolution/exsolution, and cation exchange are considered under the local
equilibrium assumption. Mineral dissolution and precipitation can proceed either subject to local
equilibrium or Kkinetic conditions. Linear adsorption and decay can be included. The chemical-
hydrological couplings between mineral dissolution/precipitation and fluid flow are included
through the treatment of temporal changes in porosity, permeability, and unsaturated hydrologic
properties. Transport of aqueous and gaseous species by advection and molecular diffusion are
considered in both liquid and gas phases.

An analysis of THC processes was conducted to simulate water-rock interactions around
nuclear waste packages emplaced in clay formation with bentonite backfill. Although the
analysis is a simplified case, the problem illustrates typical coupled thermal-hydrological-
chemical processes that could occur in the EBS and clayey host rock around nuclear waste
packages as influenced by the very different near-field mineralogy and water chemistry. The
problem includes specific and distinct mineral and pore-water compositions of the bentonite and
clay rock, and includes kinetically-controlled mineral precipitation and dissolution reactions. The
model computes mineral precipitation and dissolution as well as porosity changes over the first
1000 years following waste emplacement, with a peak temperature of 98° C. The diffusive mass
transfer between bentonite and clay formation and the change of temperature lead to mineral
alteration in bentonite and clay formation, especially in the interface area. Minerals alteration in
the clay near-field is characterized by the dissolution of calcite, siderite and illite and
precipitation of ankerite, smectite and quartz, while porosity changes are minor.

The following table identifies work done in this report with the used fuel disposition
(UFD) FEPs (Houseworth 2010) associated with clay/shale host rock.
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Table 6-1. FEPs crosswalk
UFD FEP Report
number UFD FEP name Sections Information Provided
Detailed treatment of THM
constitutive relationships and
Mechanical Effects from near-field modeling; brief
1.1.02.02 Preclosure Operations 2,3,and 5 review of issues
Detailed treatment of near-field
Thermal-Hydrologic Effects from THM modeling; brief review of
1.1.02.03 Preclosure Operations 3and 5 issues
Chemistry of Water Flowing into Detailed treatment of near-field
2.1.09.01 the Repository 4and 5 THC; brief review of issues
Very low natural influx used in
Effects of Influx (Seepage) on analyses has negligible effect on
2.2.11.05 Thermal Environment 3and 4 thermal environment.
Detailed treatment of THM
constitutive relationships and
near-field modeling; brief
2.2.01.01 Evolution of EDZ 2,3,and 5 review of issues
Requires additional
Effects of Repository Excavation investigation, particularly with
2.2.08.04 on Flow through the Host Rock None respect to the EDZ.
Sub-boiling temperatures leads
Condensation Forms in Host to relatively minor effects of
2.2.08.05 Rock 3and 4 condensation
Detailed treatment of THM
2.2.08.06 Flow through the EDZ 2 constitutive relationships
Radionuclide transport through
2.2.09.61 EDZ 5 Brief review of issues
Detailed treatment of THM
constitutive relationships and
2.2.05.01 Fractures 2and 5 brief review of issues
2.2.05.02 Faults 5 Brief review of issues
Alteration and Evolution of NBS
2.2.05.03 Flow Pathways 5 Brief review of issues
Detailed treatment of THM
constitutive relationships and
2.2.07.01 Mechanical Effects on Host Rock | 2, 3, and 5 modeling; brief review of issues
2.2.08.01 Flow through the Host Rock 5 Brief review of issues
2.2.08.03 Effects of Recharge on NBS Flow | 5 Brief review of issues
Chemical Interactions and
Evolution of Groundwater in Host Detailed treatment of near-field
2.2.09.03 Rock 4 and 5 THC:; brief review of issues
Advection of Dissolved
2.2.09.51 Radionuclides in Host Rock 5 Brief review of issues
Diffusion of Dissolved
2.2.09.53 Radionuclides in Host Rock 5 Brief review of issues
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