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ABSTRACT

Canada’s plan for long term (1 million years) management of high-level nuclear waste
includes a deep geological repository (DGR). The DGR design involves an engineered
barrier system (EBS) within a low permeability host rock (crystalline or sedimentary) that
serves as a natural barrier. The EBS includes copper coated used fuel containers (UFCs)
within highly compacted bentonite. Over the DGR lifetime, different hydrogeological and
geochemical conditions can evolve in the repository. These transient conditions include
bentonite saturation, UFC heating, evaporation and condensation, geochemical reaction,
adsorption, and microbial activity. Depending on site-specific conditions, bisulfide (HS")
produced by sulfate reducing bacteria in the host rock could slowly transport (diffuse)
through the bentonite to the UFC surface and corrode the copper coating and produce
hydrogen (H2). Therefore, HS™ corrosion assessment is complex and requires a robust
numerical model. This thesis describes the development of a HS" transport and reaction
model and explores how DGR transient hydrogeological and geochemical conditions
affect HS™ transport and UFC corrosion. The model predicted slower saturation evolution
in the sedimentary DGR due to the rock’s low permeability compared to the crystalline
DGR. The slower saturation evolution in the sedimentary DGR delayed HS" transport and
therefore HS™ corrosion. The model also assessed the relative importance of different
processes (e.g. heating, saturation, reaction, adsorption), and system behaviour over
time due to the inclusion of these processes, was understood. For example, heating
accelerated bisulfide transport while partially saturated bentonite and bisulfide reaction,
or adsorption, limited it. In addition, the combined effects of heating, saturation, and
bisulfide reaction or adsorption with bentonite were not pronounced over the long DGR
life span. Bisulfide transport was simulated for the entire DGR lifespan and was found to
be delayed (~50-800 years) due to HS and iron (Fe?*) reaction or HS" adsorption.
However, the HS" diffusion delays are relatively short in a DGR lifespan (1 million years)
and does not impact long term HS- corrosion, which stays below Canada’s HS™ corrosion
depth tolerance. Lastly, amongst various modelling scenarios, the Hz solubility limit was
never surpassed, indicating the unlikelihood of H2 gas pressure build-up in a DGR under
explored modelling conditions.
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Chapter 1 Introduction

1.1 Motivation
About 15% of Canada’s electricity is produced from nuclear energy (WNA 2019). To

produce nuclear energy, reactors use radioactive fuel (i.e., Uranium). The Uranium
becomes nuclear waste after producing energy (Feiveson et al. 2011). Nuclear waste is
different from other types of waste (e.g., wastes from fossil fuel combustion) as the
nuclear waste can remain radioactive for million years (WNA 2022). The radioactivity of
nuclear waste poses risks to human health and environment if it is not managed properly.
As of 2023, Canada has 3.3 million used nuclear fuel bundles or nuclear waste reported
by nuclear waste management organization of Canada (NWMO) (NWMO 2023). The
expected spent fuel volume is 12,718 cubic meters (Natural Resources Canada 2019) .In
Canada, nuclear fuel bundles are cooled for 10 years in water-filled pools to reduce the
radioactivity. Then, they are stored in dry storage container made of thick concrete that
can prevent radiation to escape up to 50 years (NWMO 2019). This is a very short time
solution compared to the long radioactive lifetime of used nuclear fuel and long-term

management is necessary.

Over 50 countries around the world have nuclear waste (WNA 2024). Many countries
including Canada are considering deep geological repositories (DGRs) as a long-term
solution for safe management of used nuclear fuel (Bodansky 2004, European
Commission 2004, Walke et al. 2015, Faybishenko et al. 2016). The current design of
DGR by the Canadian Nuclear Waste Management Organization (NWMO) proposes an

engineered barrier system (EBS) which includes a 3 mm copper-coated steel used fuel



container (UFC) surrounded by highly compacted bentonite (HCB) clay (NWMO 2019).
EBS will be emplaced ~500-800 m deep in a low permeability, stable host rock (either
crystalline or sedimentary). Although the copper coating is thermodynamically stable in
oxygen-free environments, it is susceptible to microbiologically influenced corrosion
(MIC) (i.e., HS corrosion). Depending on site-specific conditions (e.g., host rock type,
groundwater chemistry, microbial growth conditions), bisulfide (HS") produced by sulfate
reducing bacteria in the host rock could transport (diffuse) slowly through the HCB to the
UFC surface and corrode the copper coating (Cloet et al. 2017). In addition, hydrogen
(H2), produced from HS- corrosion may also affect DGR integrity. HS  corrosion
assessment is important since if HS™ corrosion exceeds the 3 mm copper coating and
carbon steel is exposed, it can corrode much faster, produce gas, and increase the risk
of UFC failure and radionuclide release. However, HS" corrosion assessment is complex
as bisulfide transport is affected by the transient hydrogeological conditions in the DGR,
such as saturation (from the host rock), temperature (from the used fuel), and microbial
and geochemical reactions (e.g., HS™ sorption in bentonite, HS™ reaction with iron (Fe?*)
in bentonite) which are all interconnected and, therefore, requires a robust numerical
model to understand possible transport mechanisms (King 2008, Sena et al. 2010, Guo
2016). Such a model would increase the understanding of bisulfide transport and limit HS-
corrosion. However, to date, no studies have investigated bisulfide transport through the
HCB under various conditions including saturation, temperature, reactions (e.g., HS
retardation in bentonite clay due to iron sulfide formation or HS" adsorption), and HS
corrosion generated Hz2 dynamics. Therefore, addressing this knowledge gap can aid in

assessing NWMOQO'’s current DGR design.



1.2 Research Objectives
As HS" transport through bentonite may occur over a long period, long term

hydrogeological and geochemical conditions may affect HS" transport. Therefore, it is vital
to understand HS" transport behaviour through the bentonite to accurately understand
HS- transport mechanisms and assess the extent of corrosion to ensure safe and long-
term performance of copper as a corrosion barrier. The objective of this research was to
estimate HS corrosion over the DGR lifespan (1 million years), and to better understand
how DGR hydrogeological and geochemical processes influence HS" corrosion. Towards
these goals, numerical models in COMSOL were developed to answer these key
research questions (RQs):
1. How long will it take to fully saturate the bentonite (Chapter 3)?
2. How do various hydrogeological properties affect key processes in the DGR
(Chapter 3)?
3. What is the overall influence of saturation and temperature (heating from used fuel)
on HS- transport and corrosion (Chapter 3)?
4. How does Hz from HS- corrosion evolve in the DGR (Chapter 4)?
5. Does produced Hz from HS- corrosion form gas (Chapter 4)?
6. How do geochemical reactions (HS- adsorption, HS- and Fe2* reaction) affect HS-

transport and corrosion (Chapter 5)?

These research questions are answered using numerical models that have been
developed and are presented in chapters of this dissertation (see Chapter 3, Chapter 4,
and Chapter 5). A literature review was also conducted to understand hydrogeological

and geochemical processes in a DGR (see Chapter 2). The literature review incudes DGR



concepts, conceptual model of coupled hydrogeological and geochemical processes in a

DGR, and numerical modelling approaches and assumptions.

Chapter 3 includes a model of bisulfide transport under thermal (T), hydraulic (H), and
chemical (C) species transport (diffusion) conditions. This model is referred to as the
thermal- hydraulic-chemical (THC) model and used to answer RQs 1-3. The THC model
is developed coupling unsaturated flow (i.e., Richards’ equation), heat transfer, and solute
(HS") transport (i.e., Fick’s 2" law). The THC model is used to understand how saturation

and heating influence HS" transport and corrosion.

Chapter 4 includes a model of hydrogen transport, which is based on the THC model and
referred to as the THC-H2 model. The THC-H2 model is used to answer RQs 4-5. A
surface equilibrium reaction approach is used to simulate Hz generation from HS

corrosion and understand if produced Hz from HS" corrosion forms gas.

Chapter 5 includes models of bisulfide transport and adsorption or geochemical reaction
(i.e., HS and Fe?* reaction), which are termed as the THC-S or THC-R models,
respectively. Therefore, these models are also based on the THC model. The THC-S or
THC-R models are used to answer RQ 6. Fitted adsorption and reaction parameters from
laboratory and model comparison are included in these models to understand how HS-

adsorption or HS- and Fe?* reaction affect HS- transport and corrosion.



Chapter 2 Modelling Hydrogeological and
Geochemical Processes Occurring in a Deep
Geological Repository for Nuclear Waste
Management — State of Science Review

2.1 Introduction
Long term (10°-10° years) management of nuclear waste is an important issue for current

and future generations. The deep geological repository (DGR) concept has become the
go-to design in many countries (Faybishenko et al. 2016) considering technical feasibility,
safety, cost, and environmental impact (Bodansky 2004, European Commission 2004,
Walke et al. 2015). Nuclear agencies around the world have designed distinct DGR
barrier systems based on their specific waste types and inventories (e.g., low level waste
(LLW), intermediate level waste (ILW), and high level waste (HLW)), potential site
characteristics (geology and presence of natural resources), along with socio-political and
technical constraints. These agencies are at various stages in the process of selecting
sites, assessing proposed designs, and constructing the repositories (e.g., Posiva Oy,
Finnish nuclear agency) (Faybishenko et al. 2016, Posiva 2020). Typically, an
implementation program consists of design and safety analysis using numerical models,
site characterization and in situ geological testing (e.g., drilling, sampling, testing, and
monitoring of deep boreholes), and experimental programs for developing repository
science. Early scientific research on geological disposal of radioactive waste in shallow
and deep land (NAS 1957) touched off widespread international cooperative studies in
this field (IAEA 1993, 2003, 2006, 2011, 2017, 2018, 2020, NEA 1999, Alexander and

McKinley 2011). Decades of research have assessed the DGR concept and barrier



system design by employing various numerical models which have large variability in
terms of data processing, assumptions, interpretations, and implications. While it is not
feasible to construct a fully holistic DGR model, the current approach of building in
discrete processes of interest (e.g., Thermal-Hydraulic-Mechanical (THM)) limits our
ability to understand how the full suite of processes and environmental conditions interact
and impact DGR performance. A much larger research gap is a lack of site-specific data.
Many current DGR models employ a generic site condition which, while useful for
understanding how coupled processes impact system performance, leaves the ultimate

fate of real DGR environments as variable and uncertain.

The typical DGR concept refers to a multi-barrier approach for containment and isolation
of waste in a suitable rock formation (e.g., salt deposits, crystalline rock, sedimentary
rock) at a depth of hundreds of metres (e.g., 500 m) (Bianchi et al. 2015) (Figure 2.1).
While a suitable rock formation serves as a natural barrier, an engineered barrier system
(EBS) is placed within that rock to further minimize transport of energy and compounds
into and out of the repository. Generally, the EBS includes: the wasteform itself packaged
within a waste container, surrounded by low-permeability or geochemical barrier layers
and then placed within a rock formation (Figure 2.1). Wasteforms can range from grouted
organic sludge (ILW) to vitrified spent nuclear fuel (HLW) (Patel et al. 2012, RWM 2017)
while their containers are typically constructed from copper, carbon steel, or cast iron;
steel and iron containers may also have a corrosion resistant coating applied (e.g.,

copper) (Hall and Keech 2017).



A low permeability barrier (107"°to 107" m?) (Pusch 1980, Dixon et al. 2018, Dixon 2019)
surrounding the container will minimize transport of radionuclides in the event of a
container breach and, if using materials like HCB, will provide both high swelling ability to
seal cracks and adsorption capacity that can retard radionuclide migration (Ichikawa and
Selvadurai 2012, Apted and Ahn 2017). Some DGR designs, typically LLW or ILW, utilise
an alkaline cement barrier instead of HCB as it contributes to high sorption and low
solubility of radionuclides (RWM 2017, Abarca et al. 2019). Finally, the backfill material,
consisting of bentonite and crushed rock, is used to seal the placement rooms, further

limiting groundwater flow (Keto et al. 2009).

Reducing container corrosion is the one of the major objectives of the EBS design and a
key component in DGR performance. For instance, Alkaline cements and shotcrete will
reduce steel container corrosion via the formation of a thin oxide film (Kursten et al. 2011).
Additionally, bentonite — which is often used in EBS — swells upon contact with water,
limiting transport and decreasing the water activity. However, despite the low water
activity of bentonite, sulfate reducing bacteria present at the EBS/host rock interface may
still produce corrosive species and compromise DGR safety, which is called

microbiologically influenced corrosion (MIC) (Cloet et al. 2017, King et al. 2017).

Bentonite based EBS designs have been adopted by: Sweden (SKB), Canada (NWMO),
Finland (Posiva Oy), Switzerland (NAGRA), Japan (NUMO), and Czech Republic
(SURAO). Unlike others, France’s nuclear agency (Andra) considers placing carbon steel

HLW containers in argillite (predominantly clay) rock formation relying on its retention



properties, thus avoiding engineered clay barriers such as bentonite (Andra 2015).
Germany’s nuclear agency, DBE-Technology, considered placing HLW containers in a
salt dome host rock and depend on the salt’s self-sealing mechanism (halted due to safety
concerns) (NDA 2010, CEW 2017). USA (US-DOE) has currently an operational Waste
Isolation Pilot Plant (WIPP) repository where ILW containers are enclosed by magnesium
oxide salt buffer (NDA 2010, WIPP 2019). USA considered managing their HLW in Yucca
mountain where the waste was supposed to be placed above the groundwater table but
this was halted due to a political decision, which was fueled by safety concerns (e.g.,
rainwater infiltration into the repository, volcanic eruptions in the vicinity of the Yucca
mountain) (Feiveson et al. 2011). Although minimizing waste-groundwater interaction
through storing waste above groundwater table in the Yucca Mountain seems
advantageous, increased surface water flow rate through fractures can breach the EBS
and move contaminants towards groundwater (Schwartz 2019). UK’s nuclear agency,
Nuclear Waste Services (NWS) (formerly Radioactive Waste Management Limited
(RWM)), is examining suitable DGR options for both HLW and ILW for a range of host
rocks (e.g., low strength sedimentary and evaporates) and barrier materials (e.g.,
cementitious); considered options such as the Swedish concept (KBS-3V), Swiss concept
and Germany’s DBE technology (RWM 2018). Many other countries including Brazil,
Belgium, Bulgaria, China (CNNC), Hungary, India (AEC), Italy, Korea (KORAD), Latvia,
Lithuania, Mexico, Netherlands (COVRA), Russia (NORAO), Slovak Republic, Slovenia,
South Africa, Spain, and Ukraine are also active in DGR research (Faybishenko et al.

2016).
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Figure 2.1: DGR designs in different countries: (a) KBS-3V (Sweden, Finland) (SKB
2010a) (b) NWMO's design (Canada) (Hall and Keech 2017) (c) NAGRA's design
(Switzerland) (Patel et al. 2012) (d) Placement tunnel in Yucca mountain repository,
Nevada, USA (U.S. DOE 2002) and (e) Barrier design examples for ILW and HLW
(RWM 2017) (Adapted from Hall et al. (2021) with permission of Elsevier).
Hydrogeological and geochemical processes exert key controls on the long-term
corrosion of the waste container, and its ability to mitigate radionuclide release. While
many of these processes are well understood in isolation, the interactions between them

especially over a million-year DGR lifespan may be unexpected. Relevant
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hydrogeological DGR processes include: energy transport (due to the thermal field
produced by the container) (Bejan and Kraus 2003, Guo 2016, 2017, 2018), groundwater
movement through rock and rock fractures (Singhal and Gupta 2010, Baxter et al. 2017),
saturation of low permeability sealing materials (e.g., bentonite clay) (Baxter et al. 2017,
Geier et al. 2018, Dodd et al. 2019), and diffusion of corrosive species through sealing
materials to the containers from sources such as microbiological activities (Cloet et al.
2017, Maanoja et al. 2020, Hall et al. 2021, Rashwan et al. 2022), contaminant transport
through saturated sealing materials to the host rock (e.g., radionuclide transport)
(Albinsson et al. 1996, Tachi et al. 2014, Kouhail et al. 2021, Liang et al. 2021).
Geochemical processes include hydrolysis, complexation, and redox reaction (Jofré et al.
2011, Pekala et al. 2019, Kiczka et al. 2021), cation exchange (Wersin 2003, Montes-H
et al. 2005, Marsal 2007, Pekala et al. 2019, Kiczka et al. 2021), sorption (Freundlich
1907, Langmuir 1917, Wersin 2003, Tachi et al. 2014), mineral dissolution-precipitation
(Pekala et al. 2019, Kiczka et al. 2021), organic matter dissolution (Pekala et al. 2019,
Kiczka et al. 2021), and microbiologically influenced geochemical reactions (King and
Kolar 2006, Wersin et al. 2017, Pekala et al. 2019, Kiczka et al. 2021) that can change

the composition of groundwater and bentonite porewater chemistry.

Long term DGR performance (e.g., container and barrier integrity, container corrosion
resistance) is governed by highly coupled processes, such as those discussed above,
and predicting DGR performance over their million-year lifespan amid interconnected
evolution of temperature, saturation, various chemical species (i.e., corrosive, and non-

corrosive species), geochemical, and microbiological conditions require appropriate
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numerical models and careful consideration of which relevant processes to couple and

implement.

Nuclear agencies and associated companies and researchers around the world have
developed numerical models to study the wide range of complex, coupled subsurface
processes that can occur in a DGR (Steefel et al. 2015) and to examine their impact on
its performance. However, these models typically only couple a small number of
processes at a time. For example, Pekala et al. (2019, 2020) coupled mass transfer with
geochemical reactions to estimate copper corrosion but did not include processes like
bentonite saturation, heat transfer, and hydro-mechanical bentonite behavior among
others. Zheng and Fernandez (2023) coupled mass transfer, heat transfer, bentonite
saturation, and hydro-mechanical bentonite behavior but did not include long term
evolution of heating and saturation, microbial growth dynamics, and container corrosion.
In contrast, many studies explored models of a single process to understand its long term
evolution and estimate its impact on large datasets (e.g., permeability data of a regional
sale domain ) (Abarca et al. 2013, 2016, 2019, Vidstrand et al. 2017, Baxter et al. 2017).
Given the huge array of coupled processes occurring over a DGR’s lifespan, with each of
those processes having a range of mathematical models, specific parameters, and
coupling approaches, it is simply not feasible for researchers to identify every relevant
process and build fully integrated models that capture the complex behavior of these

systems.
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This chapter reviews numerical models used by nuclear agencies and nuclear waste
storage researchers, which simulate and examine the effect of various hydrogeological
and geochemical processes occurring in a DGR on the performance of the containers
and barriers. This review chapter focuses on modelling the hydrogeological and
geochemical processes relevant to DGRs, but processes such as gas and radionuclide
transport, bentonite erosion, concrete degradation, glacial stress, and earthquakes, are
also highlighted in the conceptual model of relevant DGR processes (Figure 2.2). The
chapter first presents a conceptual DGR model and discusses the interconnected
processes. Following that, section 2.3 presents capabilities and broad applications of
numerical modelling tools. Sections 2.4 and 2.5 review DGR specific applications of
numerical modelling tools in the context of hydrogeological and geochemical processes,
respectively. Section 2.6 discusses challenges of modelling a large regional domain
where a DGR is situated and section 2.7 discusses the key lessons learned from this

review.

2.2 DGR Conceptual Model
Conceptual models help identify governing processes, select governing equations, and

develop numerical models. As discussed in section 2.1, there is a vast array of relevant
processes that can be included in a DGR’s hydrogeochemical conceptual model and
Figure 2.2 presents one possible example that could be used to, among other things,

explore EBS integrity and container corrosion rates.
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2.2.1 Temperature
High level nuclear waste generates heat as it undergoes radioactive decay (Faybishenko

et al. 2016). Heat from the waste container establishes a thermal gradient as it moves
outwards across the EBS (high temperature near the UFC and low temperature near the
host rock) (Sena et al. 2010). A hydraulic head and saturation gradient establishes in the
opposite direction to the thermal — as water flows inwards from the high head/fully
saturated host rock to the partially saturated buffer material surrounding the UFC (Sena

et al. 2010).

2.2.2 Saturation and Swelling
DGR host rocks are expected to have low permeability so capillary dominated water flow

will govern the buffer saturation. However, advective water flow may govern the buffer
saturation if the buffer receives water from natural or repository excavation induced rock
fracture (Yu et al. 2021). Moreover, expansive buffer materials planned in numerous HLW
repositories (e.g., bentonite clay) will swell (i.e., volume expansion) as they saturate, and
their permeability and water activity will be reduced (Kréhn 2003, Stroes-Gascoyne et al.
2010). The swelling process is important as the swelling induced permeability reduction
will seal the container tightly from the host rock. During swelling, porewater hydrates
interlayers and electric double layers in clay particles, and therefore, clay expands in
volume (Bradbury and Baeyens 2002, 2003, Itéala 2009). Due to the heat produced from
the container, some groundwater will evaporate, cooling the local area via latent heat of
evaporation, and become water vapour. This water vapour will either transport through
the pores or condense back to the liquid phase, converting the latent to sensible heat and

heating the local area. Therefore, the interlinkage of saturation and heating could
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complicate the transport of dissolved species (e.g., iron (Fe), chloride (CI), HS"; and

radionuclides in the event of a container breach) through the buffer materials.

2.2.3 Species Diffusion
The transport of dissolved species through the EBS is governed by diffusion due to low

permeability of buffer materials (Idiart and Pekala 2016, Tanaka 2022). More specifically,
species diffusion through the buffer materials will depend upon the buffer properties (e.g.,
density, porosity, tortuosity, sorption, saturation), water properties (e.g., temperature,
salinity), and geochemical reactions (Pedersen 2010, Dixon et al. 2018, Pekala et al.
2019, Kiczka et al. 2021). Diffusion of ionic species (e.g., CI) through the bentonite buffer
will reduce the swelling rate due to increase in ionic strength, and therefore, bentonite
permeability in saline groundwater will be relatively high (Dixon et al. 2018, Dixon 2019).
In addition, various geochemical reactions — e.g., hydrolysis, complexation, oxidation-
reduction, cation exchange, mineral dissolution-precipitation, organic matter dissolution
— within the saturated buffer (e.g., bentonite) can control species transport through
changing porewater composition and pore structure (Villar et al. 2012, Wersin et al. 2014,

Pekala et al. 2019).

2.2.4 Corrosion
Various types of container corrosion can occur during the DGR lifespan. For example,

uniform copper corrosion (UC) and stress corrosion cracking (SCC) can occur during the
initial oxic period (a few months to a few years) (King et al. 2017, Giroud et al. 2018,
Johansson et al. 2020). UC and SCC will be governed by the amount of trapped oxygen

and length of oxic period, both of which will depend on buffer properties (porosity,
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saturation), oxygen solubility, ideal gas law (relating oxygen volume to temperature and
pressure of the system), oxidation of minerals in the host rock and bentonite, and aerobic
microbial activity (Hall et al. 2021). After the oxic period, corrosion will still occur during
the much longer anoxic period (hundreds of thousands or millions of years) for steel

(Crusset et al. 2017) and copper (i.e., MIC) (Hall et al. 2021).

2.2.5 Gases
Gases (e.g., hydrogen) may be generated due to anoxic container corrosion and

repository construction material (e.g., steel) corrosion (Silva et al. 2019a, 2019b). The
generated gas may be trapped or transported through the buffer, which can be governed
by rock and barrier diffusive properties or fractures. Gas entrapment in the DGR may
damage the integrity of the container (e.g., cracking) (Wu et al. 2019). Hydrogen can
embrittle metals as it gets absorbed (Dwivedi and Vishwakarma 2018, Sobola and
Dallaev 2024, Chen et al. 2024) , further weakening the container. And preferential
pathways created by gas may compromise the buffer, which is designed to protect the
container (Harrington and Horseman 2003, Olivella and Alonso 2008, King 2012, Guo

and Fall 2019, Radeisen et al. 2024).

2.2.6 Other Processes
Other processes impacting EBS integrity include bentonite erosion, concrete degradation,

glacial stress, and earthquakes. Bentonite particles can be eroded and transported with
the flowing water (i.e. piping) if the swelling pressure is not high enough to prevent water
influx from water bearing fractures (Bérgesson et al. 2020, Xu et al. 2023). Concrete

degrades due to various mineral dissolution-precipitation reactions which change
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porosity, permeability, and diffusive properties of concrete (Trotignon et al. 2007, Idiart et
al. 2019, Marquie et al. 2019, Pernicova et al. 2023). Glacially induced stress and
earthquake are the processes which can impact the structural stability of repository
(Guzina et al. 2015, McEvoy et al. 2016, Craig et al. 2023). Many of these processes can
occur throughout an unknown period of the much longer anoxic period and therefore
uncertainty exists in evaluating impact on EBS integrity. In addition, many of these
processes include assessing various dataset (e.g., regional scale permeability data) and
combination of datasets can produce a big data if coupled processes are evaluated.
Altogether, there is a vast array of possible processes in a DGR with variety of

mechanisms and large data variability.
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Figure 2.2: A conceptual model of various processes impacting the DGR’s EBS
(Adapted from Asad et al. (2022)
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2.3 Modelling Platforms
When discussing DGR models it is useful to differentiate between modelling platforms

and the numerical models implemented within them. Hereafter, modelling platforms are
used to refer to the software package in which numerical models are implemented and
run, these include packages such as COMSOL Multiphysics, OpenGeoSys, and
TOUGH2 and are highlighted in Table 2.1 with the references directing readers to their
respective user guides or methodologies. Whereas the term “model”, “numerical model”,
or variation thereof refers to the suite of governing equations, process couplings, and
numerical approaches for a set of simulations. This distinction between model and

platform is not always black and white as terms are often used interchangeably within the

literature and modelling community.

While this review does not focus on modelling platforms, it is useful to be aware of the
range of suitable software packages employed for DGR hydrogeological modelling and
their applications to highlight lesser known, or regional packages, that may be useful to
readers. For instance, OpenGeoSys (Kolditz et al. 2012) is often referred to as a TOUGH2
(Pruess et al. 2012) European competitor as they are both large, customizable, open-
source platforms which couple thermo-hydro-mechanical-chemical (THMC) processes;
both are also generalist platforms that can couple to more specialised platforms such as
PHREEQC (Parkhurst and Appelo 2013) for geochemical reactivity. The choice of
modelling platform also depends on whether characteristics such as open-source, cost,
research-oriented or commercial capabilities are desired. For instance, BGE (Germany)
is utilizing OpenGeoSys in their site selection process for transparency and public

participation.
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Table 2.1 : Applications of modellin

platforms

Computational Applications References Availability
Models
FRAC3DVS-OPG Groundwater flow (Sykes et al. Commercial
2011)
FEFTRA Groundwater flow (Loéfman and Commercial
Keto 2007)
DarcyTools Groundwater flow (Svensson Proprietary
and Ferry
2010)
ConnectFlow Groundwater flow (AMEC 2012) Commercial
OpenGeoSys Thermo-hydro-mechanical-chemical | (Kolditz et al. Open source
analysis 2012)
TOUHG2 Multiphase flow, solute transport, (Pruess et al. Commercial
heat transport 2012)
COMSOL Groundwater flow, solute transport, (COMSOL Commercial
heat transport 2021a)
CodeBright Thermo-hydro-mechanical analysis (Vaunat and Open source
Olivella 2009)
KAPSEL Heat conduction analysis (Ikonen and Proprietary
Raiko 2015)
PASULA Heat conduction analysis (Ikonen and Proprietary
Raiko 2015)
MIN3P Groundwater flow, solute transport, (Mayer et al. Proprietary
complexation, oxidation-reduction 2012)
PHREEQC Hydrolysis, complexation, oxidation- | (Parkhurst and | Open source
reduction, cation exchange, Appelo 2013)
dissolution-precipitation, organic
matter dissolution
PFLOTRAN Hydrolysis, complexation, oxidation- | (Lichtner etal. | Open source
reduction, cation exchange, 2015)
sorption, dissolution-precipitation,
organic matter dissolution,
microbially influenced reaction
KIRMAT cation exchange, dissolution- (Gérard et al. Proprietary
precipitation 1998)
HYTEC cation exchange, dissolution- (van der Lee Proprietary
precipitation et al. 2003)
PHAST Groundwater flow, solute transport, (Parkhurst et Open source
hydrolysis, complexation, oxidation- al. 2016)
reduction, cation exchange,
dissolution-precipitation, organic
matter dissolution
TOUGHREACT Heat transport, solute transport, gas (Xu et al. Commercial
transport, hydrolysis, complexation, 2005)
oxidation-reduction, cation
exchange, dissolution-precipitation
CCM-MIC Microbially influenced reaction (King and Proprietary
Kolar 2006)
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2.4 Modelling Hydrogeological Processes
As discussed above, the presence and behaviour of groundwater impacts on almost

every aspect of the DGR and EBS (e.g., container corrosion, radionuclide transport,
mechanical stability) and is a central consideration in most DGR models. As a result,
there is a huge range of hydrogeological DGR models that encompass numerous
processes, couplings, and mathematical descriptions. This section discusses the various
types of hydrogeologic/flow models that are used as well as closely associated
processes, before moving onto species transport and geochemical reactions. Bentonite
saturation will occur due to groundwater flow (Figure 2.3). The swelling process will be
governed by the rate of bentonite saturation. DGR host rocks are expected to have low
permeability so capillary dominated water flow will govern the buffer saturation. However,
advective water flow may govern the buffer saturation if the buffer receives water from
natural or repository excavation induced rock fracture (Yu et al. 2021). Due to the heat
produced from the container, some groundwater will evaporate, cooling the local area via
latent heat of evaporation, and become water vapour. This water vapour will either
transport through the pores or condense back to the liquid phase, converting the latent to
sensible heat and heating the local area. Once the bentonite is fully saturated, the flow

occurs due to natural hydraulic gradients.
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Figure 2.3: Key DGR transport processes relevant to bentonite saturation (adapted
from Sena et al. (2010))

2.4.1 Buffer Saturation

Buffer materials in the EBS (e.g., highly compacted bentonite) are planned to be partially
saturated during emplacement; NWMO is planning an initial saturation of 89% (Brachman
et al. 2021), SKB will use an adapted buffer (Kronberg et al. 2020) and explored a
saturation of 36-41% in their studies (Baxter et al. 2017, 2018), while NAGRA explored
45-75% (Garitte et al. 2015, Mdller et al. 2017), and POSIVA used 6% in a buffer test
(Pintado et al. 2012, Li et al. 2020). As a result, the initial heat and species transport is
occurring within variably saturated pore space in all the designs, impacting parameters
such as aqueous and gas diffusivity, specific heat capacity and thermal conductivity, as
well as the swelling pressure of bentonite (if used). There is a great deal of interest in
modelling the saturation rate of the EBS to better track the evolution of the
aforementioned parameters. Modelling buffer saturation includes implementation of
groundwater flow through the porous buffer (e.g., bentonite), where the pore space may
be partly occupied by gases (e.g., entrapped air leftover from the DGR construction,
hydrogen gas generated from the corrosion of containers and DGR materials (e.g.,
steel)). In other words, a multiphase flow modelling approach is required if buffer
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saturation effects are of interest. Generally speaking, two main approaches are used to
describe buffer saturation, the first is the full multiphase flow formulation (e.g., two phase

flow) while the second is Richards’ equation.

2.4.1.1 Multiphase Flow
Flow of a fluid through a porous medium is described using Darcy’s law (Wiest 1966):

ok (2.1)
=— VP
AT

where q is the Darcy velocity, k is the permeability of the porous medium, p is the dynamic
viscosity of fluid, and P is the pressure head. Darcy’s law with the continuity equation is
expressed as:

a(pp) (2.2)

ot

+V (pQ)=Q

where p is the density of fluid, @ is the porosity, and Q is the mass source. Eq. 2.2 can be
used to describe multiphase flow of fluids (e.g., liquid (I), gas (g)) through a porous
medium:

6X¢QSO+V (2.3)

ot (piai)zQi
where i represents fluid phases and S is the fluid saturation. The capillary pressure P,
which is the pressure differences between fluid phases, governs the flow (Van Genuchten

1980):

1 (2.4)

S-Sy (2.5)
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where a, n, and m are the shape parameters of the capillary pressure curve, Sg. is the
effective saturation from the capillary pressure curve, S, is the liquid saturation, and S,
is the residual liquid saturation. Relative permeability of liquid and gas phases can be

estimated as follows (Van Genuchten 1980):

1 m 2 (2.6)
ki=Sex (1-[1-ST] )

g1 (2.7)
krg=(1' Sex)3 [1'82?(

S - S-Sy (2.8)
*71-8,-S
Ir=gr
where S, is the effective saturation from the relative permeability curve and S, is the

residual gas saturation.

2.4.1.2 Richards’ Equation
While the full multiphase flow formulation is rigorous, simplifications can be made to

improve model convergence and solver speed. The most common is to assume liquid
(e.g., water) flows due to a pressure head gradient through unsaturated pores, while gas
acts a passive bystander and exists at a constant, uniform pressure. These assumptions

are reflected in Richards’ equation (Richards 1931):

9 2.
= ¢S=V [KVP] (@9)
at
kaK P .
k=-019 and h=z+ (2.10)
0 Pg
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where K is the hydraulic conductivity of liquid through the unsaturated pores, k, is the

absolute permeability, g is the gravitational constant, y, is the liquid viscosity, h is the

pressure head, and z is the elevation head.

2.4.1.3 Richards’ Equation Versus Multiphase Models
Richards’ equation has been used in some buffer saturation models (Abarca et al. 2019,

Dodd et al. 2019). Whereas the multiphase flow formulation has been simulated in some
other buffer saturation models (Lanyon et al. 2009, Lanyon and Senger 2011, Senger et
al. 2014, Baxter et al. 2017, Geier et al. 2018, Abarca et al. 2019, Dodd et al. 2019,
Eriksson 2019) and for simulating the famous bentonite rock interaction experiment at
Aspo Hard Rock Laboratory in Sweden (Dessirier et al. 2014, 2017). Richards’ buffer
saturation model underpredicted saturation time compared to the full two phase flow
model (Dessirier et al. 2014, 2017, Baxter et al. 2017). For example, in Dessirier's et al.’s
work, it took 362 days to reach 98% saturation in the Richard’s model while the full two
phase flow model reached the same saturation after 488 days. In addition, 99% saturation
was reached in 373 days using the Richard’s equation while the two phase flow model
did not reach 99% saturation in 1000 days (simulation time). Richards’ equation would be
appropriate for modelling buffer saturation if the DGR is vented (as is planned for Canada
(Noronha 2016), Sweden (SKB 2011), Finland (Palomaki and Ristimaki 2013), and UK

(NEA 2021)) so that liquid phase does not cause changes in gas pressure gradient.

Typically, buffer saturation is modelled using multiphase formulations in the buffer
(described above, Eq. 2.3) and single-phase Darcy flow in the rock (Eqg. 2.3 with a single

phase only), which is assumed to be saturated given planned DGR depths (Kosakowski
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2004, Lofman et al. 2009, Abarca et al. 2016, 2019, Baxter et al. 2017). However, the
interface between this coupled saturated/unsaturated model can also impact saturation
time predictions; incorporating a saturated pressure head at the rock-buffer interface can
create large pressure gradients and unrealistically large water inflow into the buffer during
initial time steps of the simulation (Abarca et al. 2019). This discrepancy can be resolved
by defining a mass flow at the rock-buffer interface which is proportional to the difference
of saturated pressure (i.e., buffer is saturated) and unsaturated pressure (i.e., buffer is
unsaturated) (Abarca et al. 2019). Overall, capturing DGR saturation evolution seems to
be challenging due to above mentioned reasons. Complicating the simulation of EBS

hydraulics is vapour flow and bentonite swelling.

2.4.1.4 Water Vapour Transport
Heat and water transport are linked not only by changes in density, but also by phase

changes between liquid and gaseous states. Water evaporation near the hot used fuel
canisters will cool the system via the removal of latent heat and vapour will travel from
the area of hotter to cooler regions and condense, converting latent back into sensible
heat. In theory, bentonite saturation through vapour diffusion may become the dominant
mechanism in the absence of liquid water in the pore space (Kréhn 2003, 2004). A
number of studies have focused on modelling this behaviour (Kréhn 2003, 2004, 2011,
2019, Eriksson 2019) with a number of different formulations. One method for simulating
vapour flow is a balance equation for vapour in the pore space (Eq. 2.11) and hydrated

water in the interlayer space (Eq. 2.12) (Kréhn 2011):

a(dp,,) (2.11)
ot s -V(¢TDmevap)= rvp
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ow 2.12
Py E'pdv(TiDiVWF Mw (212)

where T is the tortuosity of the pore space, D, is the binary vapour diffusion coefficient

in air, Pyp is the vapour density, r,,, source of vapour, p, is the dry density of bentonite, w

is the water content, T, is the tortuosity of the interlayer space, D; is the diffusion coefficient
of interlayer water, and r,, is the source of interlayer water. Vapour generation is also
described by taking Richards’ equation, or the full multiphase formulation, and adding a
source term defining phase change (i.e., evaporation and condensation) (Eriksson 2019):

&) (2.13)

Qu=-ReM\(— 57— Cp)

where R; is the evaporation-condensation rate constant, M, is the molar mass of liquid,
Psvp is the saturation pressure of water vapour in the air, ry, is the relative humidity, R is
the universal gas constant, and C,, is the vapour concentration of water. This vapour
generation approach needs to be linked to heat transport via latent heat ((Nield and Bejan
2013, Al-abidi et al. 2013)):

oH 2.14
05 +0UTH=(AegVTy+q+h(T, T) @19

H=Hs+Qy (2.15)
where H is the total heat energy, Hs is the sensible heat, and Q is the latent heat.
Although concepts of various buffer saturation models (e.g., two phase flow, vapour flow
and hydration, Richards’ equation) are different, they can be applied to simulate the same
buffer saturation experiment as very similar diffusion coefficients have been obtained by
various authors (Kréhn 2017, 2019). This similarity is because of the basic similarity in

the mathematical descriptions of the models (i.e., Richard’s equation is a simplified
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version of two-phase flow model). Poor prediction of relative humidity compared to
experiment was observed due to incorrect prediction of pressure head (Eriksson, 2019).
In general, it is difficult to reproduce experimental relative humidity profiles as two phase
flow model struggles to accurately capture saturation processes such as preferential

paths and heat’s drying effect (Figure 2.4) (Zheng and Samper 2008, Liu et al. 2014).
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Figure 2.4: Validation of the China-Mock-Up test for HLW disposal: a) Model of the
China-Mock-Up test, b) Comparison of temperature profiles from experiment and model,
c) Comparison of relative humidity profiles from experiment (r=0.3 m, z= 0.123 m) and
model, and d) Comparison of swelling pressure profiles from experiment (r= 0.15 m, z=
0.123 m) and model. (Adapted from Liu et al. (2014)). Note that r represents radial
distance from the centre of the heater (representing waste heating) and z represents
vertical distance.

Therefore, vapour flow through preferential paths needs to be explored. Altogether,
capturing vapour flow is complicated due to the application of governing equations to
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capture different physical processes like latent heat energy, relative humidity evolution,
heat’'s drying effect, and preferential vapour flux. Bentonite swelling is another
complicated process because swelling process may be governed by liquid water uptake

or vapour flow (Villar et al. 2023).

2.4.1.5 Bentonite Swelling
Bentonite swells as water is taken up during saturation resulting in volume increase. This

volume increase (i.e., swelling) is due to porewater entering the internal layers of
bentonite (interlayer and double layer) which causes the bentonite to expand in volume
(Bradbury and Baeyens 2002, Villar et al. 2023). This swelling makes bentonite both an
ideal candidate for a low permeability EBS material, but also difficult to simulate.

Modelling bentonite swelling includes temporal reduction in permeability due to water
uptake in the pore space, interlayer space, and double layer space (Bradbury and
Baeyens 2002). The temporal reduction in permeability can be approximated using
temporal changes in the swelling pressure (Dueck and Bérgesson 2007, Akesson et all.

2010, Liu et al. 2014, Dessirier et al. 2014, Kréhn 2017, 2019):

Pgree (W)_Pgonf(w) (2.16)

Pe=
S w

where P is the swelling pressure, w is the volumetric water content, P and P2 are
the capillary pressure under free and confined swelling conditions, respectively, and w is
an empirical parameter. Another method of estimating swelling pressure is using total
suction pressures of saturated bentonite (¥;) and hydrating fluids under confined
condition (W) (Lang et al. 2019):

PS= LIJt—LPf (217)
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Therefore, this method considers the effect of external fluids (e.g., chloride) on swelling
behaviour ( W=0 if the aqueous solution is deionized water). It is worth noting that, a
greater decrease (70%) in swelling pressure occurs in bentonite hydrated with brine than
bentonite hydrated with de-ionised water (Li et al. 2020, Sun et al. 2022). This decrease
is because of the decrease in double layer length due to increased anion (i.e., CI)
concentration (Van Loon et al. 2007). A steady state swelling pressure was obtained in
few years in bentonite hydrated with brine suggesting that a constant bentonite swelling
pressure (i.e., constant permeability) may be used in buffer saturation models as

groundwater of many DGRs are saline (Vieno 2000, Bath 2012, King et al. 2017).

While some studies considered swelling in the pore space (Dueck and Bérgesson 2007,
Akesson et al. 2010, Dessirier et al. 2014), others considered swelling in both pore space
and interlayer space (Krohn 2017, 2019). However, all these studies neglected swelling
in double layer space. Changes in saturation complicate swelling process as typical
relationships like capillary pressure-saturation, relative permeability, diffusivity,
thermophysical properties all depend on swelling — which can potentially change
depending on site groundwater composition and geochemical evolution of the EBS
system — and saturation. As a result of this complexity, many modelling studies neglected
bentonite swelling (i.e., used constant bentonite permeability assuming instantaneous
swelling) (Lanyon et al. 2009, Lanyon and Senger 2011, Senger et al. 2014, Baxter et al.
2017, Abarca et al. 2019) but these studies may have not perfectly captured species
diffusion through bentonite (as swelling induced temporal reduction of permeability would

reduce species diffusion rate), saturation (as saturation rate depends on permeability),
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and thermophysical evolution (as effective thermophysical properties depend on
saturation). Effect of bentonite swelling on these variables has not been extensively
studied. Other effects not currently modelled greatly complicate incorporating bentonite
swelling into saturation models; for instance, non-uniform swelling behaviour will make
bentonite in the outer region (i.e. near the host rock) denser and less permeable
compared to inner region (Kim 2017). Reproducing experimental bentonite swelling
evolution in models has proven difficult, Liu et al (2014) noted that their model could not
accurately capture low saturation near the heater where water evaporation/drying and
temperatures are the highest. Altogether, bentonite swelling appears to be one of the
most challenging factors in modelling buffer saturation due to complicated saturation
process (i.e., water or vapour uptake in different bentonite pore spaces), non-uniform
swelling behaviour, and determining a suitable method for modelling bentonite swelling

(confined, free or both conditions, swelling in double layer).

2.4.2 Heat Transport
High level nuclear waste generates heat as it undergoes radioactive decay over time, but

waste such as intermediate and low-levels are considered Low Heat Generating Wastes
(LHGW) and typically ignore heat generation and transport (Bergstroem et al. 2011).
Modelling heat generation includes incorporating heat sources with heat output from
nuclear waste in the model (Guo 2017) which can use, for e.g., an exponential decay

function to model heat generation (Ikonen 2003). This heat is produced within the UFC

and has been estimated to reach maximum UFC temperatures such as 84'C and 93'Cin
Canada’s conceptual DGR in crystalline and sedimentary rock, respectively (Guo 2016,

2018) and 90° in Swedish KBS-3 conceptual DGR in crystalline rock (Karnland et al. 20009,
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Salas et al. 2014). This heat is then conducted outwards through the engineered and
natural barriers. The heat energy balance in a DGR can be expressed using local thermal
non-equilibrium (LTNE) which accounts for heat transfer between solid (s) and fluid (f)
phases (Nield and Bejan 2013):

oTs _ (2.18)

(1-9)(pe)s 7= =(1-0)V-(As VTs)+(1-@)q +h(T¢-Ts)

oT 2.19
(p(pCP)fa_tf +(pcp)U-VTi=@V(AVT)+¢q, +h(Ts-Ty) (2.19)

where c is the specific heat of the solid, cp is the specific heat at constant pressure of the
fluid, A is the thermal conductivity, p is the density, U is the Darcy velocity, T is the
temperature, q is the heat production per unit volume, and h is the heat transfer
coefficient. Another approach of expressing heat energy balance is the use of local
thermal equilibrium (LTE) which does not account for heat transfer between solid and

fluid phases (i.e., h=0).

2.4.2.1 Applicability of LTE and LTNE Approaches
The LTE approach (Egs. 2.18-2.19) is commonly used for DGR temperature evolution

simulations (Hartley et al. 2006, Johannesson et al. 2014, Guo 2016, 2017, 2018,
Schenck 2018). LTNE approach is more accurate than the simplified local thermal
equilibrium (LTE) as it considers heat transfer between phases (Pati et al. 2022) . LTNE
is the more rigorous modelling approach, but due to its additional complexity is typically
only used in fast flow scenarios such as through fracture rock (Gelet et al. 2012, 2013,
Li et al. 2018, Heinze and Pastore 2023). In slow fluid flow scenarios, such as in an EBS,
as the rate of transport is much slower than the rate of heat transfer between fluids and

solids, the simplified LTE may be employed.
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2.4.2.2 DGR Temperature Evolution
Accurate prediction of DGR temperature evolution is important as interlinkage of

saturation and heating could complicate the transport of dissolved species (e.qg., iron (Fe),
chloride (CI'), HS"; and radionuclides in the event of a container breach) through the buffer
materials (Figures 2.2 and 2.3). DGR heat generation and transport models by others
predicted the key trends in the DGR temperature evolution well; this involved a gradual
rise in temperature due to heat production, gradual fall in temperature due to heat
dissipation through the DGR and rock (Hartley et al. 2006, Johannesson et al. 2014, Guo
2016, 2017, 2018, Schenck 2018). In addition, Liu et al. (2014) reproduced heater
temperature from their experiment (see Figure 2.4). However, the model boundary
conditions in Guo’s work (Guo 2016, 2017, 2018) were found to influence the temperature
evolution. For example, an adiabatic symmetry boundary, which was applied around the
domain perimeter to represent heat sources (i.e., UFCs) from many placement rooms,
overpredicted DGR temperature as the adiabatic condition and added some non-existent

heat loads (see Guo 2016, 2017, 2018).

2.4.2.3 Heat Convection
Heat convection (Egs. 2.18-2.19) was neglected in many numerical models due to low

flow velocity (Liu et al. 2014, Guo 2016, 2017, 2018, Schenck 2018); however, it may be
worthwhile to explore heat convection when flow velocity is high due to rock fracture. Heat
convection through rock fractures may influence bentonite desiccation as observed
through comparison of modelling and experimental results (Johannesson et al. 2014).

The desiccation (i.e., extreme dryness) depends on the temperature and temperature
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difference between the bentonite and fractured rock (Johannesson et al. 2014). The
desiccation of bentonite is crucial for DGR integrity as it may lead to cracks due to loss of
moisture. Such interconnected cracks may form preferential flow paths (Luo et al. 2023,

Taheri and El-Zein 2023).

2.4.2.4 Thermophysical Properties
Thermophysical Properties are used in the DGR models to define heat transport

properties of the DGR barriers. Thermophysical properties of rock, engineered barriers,
and nuclear waste were assumed to be constant in modelling studies (Hartley et al. 2006,
Johannesson et al. 2014, Liu et al. 2014, Guo 2016, 2017, 2018, Schenck 2018).
Implementing temperature dependent thermophysical properties of rock, engineered
barriers, and nuclear waste in the DGR models would be ideal; however, thermophysical
properties of the barriers do not vary significantly with temperature and would not affect
DGR temperature evolution greatly . For example, Yoon et al. (2022) reported that

thermal conductivity of dry bentonite (1700 kg m) varied only by ~2% due to a change

in temperature from 20°C to 80 C.

2.4.3 Aqueous Species Transport
The aqueous species of most interest in a DGR are chloride (CI'), sulfate (8042{),

bicarbonate (HCO3), and bisulfide (HS") (King et al. 2017). Transport of CI', 8042{, and
HCOj3 through EBS to the containers is important as the concentration of these species
control localized corrosion of copper (pitting) (Cong et al. 2008). The CI increases
bentonite permeability through decreasing swelling pressure (see section 2.4.2.5) which

would accelerate aqueous species transport through the DGR. The HS" could transport
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through bentonite to the UFC surface and corrode the copper coating and compromise

the long term performance of UFCs (Hall et al. 2021).

2.4.3.1 Aqueous Species Transport Mechanism
Aqueous species transport is primarily via advection or diffusion depending on the Peclet

number (ratio of advective to diffusive transport) (Huysmans and Dassargues 2005, Erfani
et al. 2021). Diffusion is an expected species transport process in intact rock and EBS
whereas advection is expected to occur in rock fractures (natural or repository excavation
induced fractures) (Idiart et al. 2019, Soler et al. 2019). The transport of species in porous

media is generally modelled using advection-dispersion equation (Tufenkji 2007):

9% =Dasp V2C-V(GC) (2.22)
where C is the aqueous species concentration, Dy, is the hydrodynamic dispersion
coefficient, and g=¢v, where v is the porewater velocity. The term Dy, V2C in Eq. 2.23
represents effective dispersive transport, which is described using the effective species

diffusion coefficient (D), longitudinal dispersity (a,), and v (Fetter et al. 1993):

Ddisp= De+(]|_V (223)

2.4.3.2 Species Advection
Modelling species advection is important to understand various species transport through

fractured geology in the vicinity of a proposed DGR. Advective transport was simulated
in some numerical models to represent species transport through rock fractures (Abarca
et al. 2016, 2019). Advective and diffusive mass transport was simulated using Eq. 2.23
in these models. However, these studies neglected natural heterogeneity of rock fractures

assuming a constant Peclet number. Many studies simulated only diffusive transport in

33



bentonite (i.e., liquid species transport) considering the self-sealing nature of intact
bentonite and its low permeability (i.e., advection was ignored as fractures were not
present) expect some studies (Graham et al. 2002, Cui et al. 2023, Tamayo-Mas et al.
2024), which explored advection of repository gases (generated through radioactive

decay of waste, metal corrosion, radiolysis of water) in bentonite.

2.4.3.3 Species Diffusion
Modelling species diffusion is important to understand if corrosive species would transport

through the EBS and contact the nuclear waste containers. Diffusive transport of species

was simulated in many studies using Fick’s 2" law (Fick 1855):

z;_(t: -D, V2C (2.24)

The D, depends on species specific diffusion coefficient in porewater (D), saturation S,
temperature (T), dynamic viscosity of water (u, ), diffusion accessible porosity (¢_), and

tortuosity (1) (Shackelford and Moore 2013):

D.=S Dy (2.25)
Do, _T1Hwr, (2.26)
Dor, ToM,T,

The t depends on effective length between pores. The ¢_ depends on pore structure
(narrow or wide pores) and anion exclusion effect (which reduces the diffusion accessible
porosity of anionic species) (Shackelford and Moore 2013). In addition, many
geochemical reactions influence transport of species through the EBS by altering

structure of the transport paths and speed of transport (see section 2.5).
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Modelling studies have often incorporated experimentally determined porosity and
diffusivity values instead of considering many of above mentioned properties including
saturation, temperature, and diffusion accessible porosity (Egs. 2.25-2.26). For example,
many studies used a single total porosity value instead of modelling anion exclusion effect
to account for diffusion accessible porosity (Johannesson et al. 2014, Nasir et al. 2014,
Abarca et al. 2016, 2019, Cloet et al. 2017, Eriksson 2019, Pekala et al. 2019, 2020). In
fact, there are few studies on anion exclusion in compacted bentonite (Van Loon et al.
2007). Van Loon et al. (2007) explored CI diffusion through bentonite and proposed an

empirical relation between CI effective diffusion coefficient (D, ) and diffusion
accessible porosity (¢, ~-) where @, - varies with local Cl'concentration. However, such

empirical relations are not available for other anions (e.g., HS’). Some studies ignored
effects of saturation and temperature on diffusion (Cloet et al. 2017, Pekala et al. 2019,
2020). In addition, the same diffusion coefficient was used for various aqueous species
in these models (Cloet et al. 2017, Pekala et al. 2019, 2020). Incorporating the same
diffusion coefficient for different species will move both cationic and anionic species with
the same speed through pore space which would result in incorrect effective diffusivity
and mass balance in the system. In contrast, effects of saturation and temperature on
diffusion were modelled in some studies Altogether, modelling species diffusion through
EBS is challenging because species effective diffusivity depends on many parameters

and assuming the same diffusivities for various species will result in incorrect predictions.
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2.4.3.4 Species Diffusion in A Variably Saturated DGR
As discussed in Section 2.4.1, different nuclear agencies plan to saturate buffer materials

with different degrees of saturation (6%-89%) before emplacement (Pintado et al. 2012,
Garitte et al. 2015, Mller et al. 2017, Baxter et al. 2017, 2018, Kronberg et al. 2020). As
a result, a variably saturated DGR will control species diffusion. Theoretically, a larger
saturation delay will reduce species diffusion rate as D,xS (Eq. 2.25). Some studies
simulated species diffusion in a variably saturated DGR (Abarca et al. 2019, Dodd et al.
2019). The saturation time greatly varies due to assumption of the active or passive gas
phase (see section 2.4.2.3) (Dessirier et al. 2014, 2017, Baxter et al. 2017). The
saturation time also varies with temperature as DT (EQs. 2.25-2.26), other complicating
factors like evaporation and condensation (i.e., drying-cooling effects on saturation), and
bentonite swelling (i.e., swelling induced permeability evolution) (see section 2.4.2.5).
Altogether, it is challenging to evaluate impact of saturation on species transport due to

above mentioned reasons.

2.4.3.5 Corrosive Species Transport
The corrosive species of most interest in a DGR are oxygen (O,), chloride (CI'), sulfate

(SO?{), bicarbonate (HCOz3),and bisulfide (HS") (King et al. 2017). The transport of these

corrosive species through EBS may control various types of container corrosion.

2.4.3.5.1 Container Corrosion
Transport of Cl'and O, through EBS can cause uniform corrosion of copper containers

during the oxic phase through formation of CuCl” and Cu,0O films (Guo et al. 2020):

Cu +CI'=CuCl’ (2.27)
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2CuCI" +20H=Cu,0+H,0+2CI" (2.28)
Transport of O, through EBS can cause uniform corrosion of steel containers during the
oxic phase through formation of FeOOH (Eq. 2.29) which may continue during the anoxic
phase through formation of Fe(OH),(Eq. 30) (King 2007):
4Fe+2H,0+30,=4FeOOH (2.29)
2FeOCH +Fe+2H,0=3Fe(OH), (2.30)
Transport of CI, SOf{, and HCO3; through EBS to the containers is important as the
concentration of these species and pH of the system will control localized corrosion
(pitting corrosion, which is more aggressive than uniform corrosion) of copper and steel
(King 2007, Cong et al. 2008, Verhoeven et al. 2022). For example, pitting corrosion of
copper is prevented by HCO; through formation of stable copper carbonate film

(CuCO3Cu(OH),) under alkaline conditions (Adeloju and Duan 1994). Pitting corrosion of

steel can be accelerated by SO?{ through the formation of FeSO, rust (i.e., breakdown of

passive film) (King 2007).

In the host rock, sulfate-reducing bacteria (SRB) could use hydrogen (H2) (Eq.(2.31) or

organic compounds (e.g., lactate) (Eq. 2.32) as electron donors to reduce 80‘2{ and

produce HS" in the host rock (Abrahamsen-Mills and Small 2019):

2- -
4H ) + SOZ 1y * H' (agp—= HS (agy *+ 4H20 (2.31)

2- + -
2(CH20)(aq) + SO4 (aq) +2H (aq) ™ 2HCO3(aq) + HS (aq) + 3HZ-3Q) (232)
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The produced HS" in the host rock (Eqg. 2.31-2.32) could transport through bentonite to
the UFC surface and corrode the copper coating under acidic (Eq. 2.33) and alkaline

conditions (Eq. 2.34) (Hall et al. 2021).

2Cu()+HS{aq)*H" >CU,S(5)+Hyg) (2.33)

2CU()*HS 5g)*H20CU2S5)+Hz(5) *OH (o) (2.34)

Egs. 2.33-2.34 describe the anoxic corrosion of copper in the presence of HS™ which is
likely to be the largest contributor to long-term copper corrosion in the DGR (Hall et al,
2021). Another form of corrosion is stress corrosion cracking, SCC. SCC occurs due to
the combined action of applied tensile stress and a corrosive environment dominated by
CI', and O, (through formation of FeC, or CuO,) (Suzuki and Hisamatsu 1981, Karlsdottir

2012, Lu et al. 2020).

2.4.3.5.2 Redox Conditions
Redox conditions play a strong role in governing corrosion reaction pathways and should

be accounted for in model simulations. For instance, some of the trapped oxygen from
repository construction will dissolve into the buffer fluid (e.g., bentonite porewater) and
the remaining gaseous oxygen will stay in the unsaturated pore. This dissolved oxygen
will be consumed by oxic container corrosion, oxidation of minerals in the host rock and
bentonite, and aerobic microbial activity (King et al. 2017). These different reaction
pathways can generate an Oz concentration gradient, driving its flux throughout the EBS
(Barnichon et al. 2018). These oxic conditions and reactions are expected to dominate
for a few months to a few years of the DGR life (King et al. 2017, Giroud et al. 2018,
Johansson et al. 2020). However, an oxic period of several years or longer is measured
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through predictive models (King et al. 2024). Understanding the oxic period and its length
are very important not only because of the corrosion mechanism in this period, but also
because of choice of the metals for containment of nuclear waste. For instance, some
metals that are more prone to pitting (e.g., titanium (Ti), nickel (Ni), Chromium (Cr), and
manganese (Mn) can be used to make nuclear waste containers if the oxic period lasts
for only a few weeks because such shorter oxic period will contribute to negligible oxic
corrosion (King et al. 2024). Some modelling studies explored oxygen diffusion and
consumption during oxic period (Wersin et al. 2003, De Windt et al. 2014, Barnichon et
al. 2018). These studies found that the oxygen gets completely consumed in few months
to years in a closed DGR, but a redox contrast occurs in a ventilated DGR involving both
oxic and anoxic phases. While these studies modelled species transport during the oxic
phase (ignored anoxic phase), other studies modelled species transport during anoxic

phase (ignored oxic phase) (Cloet et al. 2017, Pekala et al. 2020, Kiczka et al. 2021).

2.4.3.5.3 Saturation and Heating
Corrosion via aqueous species is controlled, in part, by the water saturation; bentonite in

HLW DGR’s start with a varying level of water saturation (NWMO: 89%, SKB: 36-41%
(explored), NAGRA: 45-75% (explored), POSIVA: 6% (used)) whereas cement buffers
are expected to be approximately 80% (Wieland 2001, Thouvenot et al. 2013), and
repositories situated in salt deposits (e.g., halite) will have almost 0 water saturation
throughout its lifespan (Johnson et al. 2019). This initial emplaced saturation will go up
when groundwater infiltrates (as discussed in section 2.4.2) which will speed up the rate
at which corrosive species can migrate towards the containers as D,xS (Eg. 2.25 (King

et al. 1996, 2017)). Like saturation, heating also speeds up the species diffusion rate as
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D.xT EqQ. 2.26, however, high thermal gradient can move moisture away from the
containers through vapour diffusion (i.e., dry the buffer) and cease aqueous species
transport (Hall et al. 2021). While some studies modelled corrosion due to HS™ transport

(Cloet etal. 2017, Pekala et al. 2020, Kiczka et al. 2021), other studies modelled corrosion

due to O,, CI', SOﬁ',and HCOj3 transport (King 2007, 2008). Some studies ignored effects
of saturation and heating on corrosion (Cloet et al. 2017, Pekala et al. 2019, 2020, Kiczka
et al. 2021). Given the variability in modelling assumptions among these studies,
predicted corrosion was found to be in the order of millimetres or below the corrosion
tolerance set by nuclear agencies. . Overall, corrosive species transport modelling needs
to combine effects of hydrogeological conditions (saturation, heating) and species

evolution during oxic and anoxic phases to evaluate total oxic and anoxic corrosions.

2.5 Modelling Geochemical Processes
The DGR geochemical environment is remarkably dynamic and complex, undergoing a

range of different reactions and processes at each stage of operating life. These
geochemical reactions include sorption, hydrolysis, complexation, and oxidation-
reduction reactions, cation exchange, and mineral dissolution-precipitation (Mayer et al.
2002) and may either be equilibrium or kinetic processes (King et al. 2002) (see an
overview of possible interactions, Figure 2.5). Modelling geochemical reactions is
important to understand changes in porewater chemistry, mobility, reactivity, retardation
of species during transport through buffer materials, effective flux of species, and how
these behaviours change with DGR environmental conditions in space and time. Being
able to predict this geochemical evolution, and its impact on the DGRs storage security,

is vital to long-term storage security.
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Figure 2.5: Key geochemical processes in bentonite porewater (adapted from Itala
(2009) and Itala and Olin (2017) with permission from Elsevier).

2.5.1 Species Sorption

Species sorption refers to the attachment (i.e., adsorption), detachment (desorption), and
absorption of species to the soil particles. Modelling species sorption is important as
species (e.g., corrosive and radionuclide species) can be retarded in buffer materials due
to adsorption or absorption (Khan et al. 1994, 1995, Wersin 2003). Although species
sorption is a surface mediated process, it retards species in porous media (through
adsorption or absorption) like species reaction and therefore, sorption is discussed here

under geochemical reactions.
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Species adsorption can be described through a linear sorption isotherm (Eq. 2.35) or
nonlinear Langmuir isotherm (Eq. 2.36) or Freundlich isotherm (Eq. 2.37) (Langmuir

1917, Freundlich 1907):

Cp= Kd C (235)
_ KL CP,max C
c I
Cp =Kk ( ) (2.37)
CRef

where Cp, represents adsorbed concentration; Ky represents partitioning coefficient due
to adsorption, K. and Kg represents the Langmuir constant and Freundlich constant,
respectively; C and Cgre represent concentration and reference concentration,
respectively; Cp max represents sorption maximum. Species retardation (Rp) due to

adsorption is expressed as (Shackelford and Moore 2013):

aC
Rp= 1+%8—CP (2.38)

2.5.1.1 Coupled Diffusive and Adsorptive Transport
Species diffusion and retardation due to adsorption can be described incorporating

retardation factor in Fick’s 2" law (Fick 1855, Shackelford and Moore 2013):

9C _De 2 2.39
ot R v C ( )

As bentonite exhibits sorption affinity to cations (e.g., cesium, strontium), experimental
studies explored cation sorption onto bentonite to find sorption parameters for bentonite
(Oscarson et al. 1994, Khan et al. 1994, 1995, Norrfors 2011, Tachi et al. 2014). Some
studies tested both granular and compacted bentonite and found that there are less
sorption sites in compacted bentonite compared to granular bentonite (Oscarson et al.

1994, Tachi et al. 2014). These experimental studies also provide empirical relations to

42



estimate Ky of compacted bentonite. Although cation transport through bentonite was
simulated in some studies (Tachi et al. 2014), anion sorption was not explored using
numerical models. Anion exclusion effect (anions get excluded from the pore space due
to repulsion from the negatively charged clay particles) controls sorption behaviour of
anions (e.g., CI',HS) in compacted bentonite (Van Loon et al. 2007). Due to anion
exclusion effect, anions may occupy a small part of the pore space in compacted
bentonite (i.e., diffusion accessible part) and therefore, anion sorption onto the compacted
clay particles becomes an unlikely process (Tournassat and Appelo 2011). Hence, the
likely process that can lead to retention of anions in compacted bentonite is the reaction
of anions with various species (e.g., Fe) in bentonite (Chowdhury et al. 2021, Papry et al.

2023).

2.5.2 Species Reaction
Many geochemical reactions impact aqueous species transport beyond just porewater

velocity, permeability, and dispersion/diffusivity. Understanding species reaction in buffer
materials is important as it can provide an idea of flux from various species after reactions
at the nuclear waste containers. In addition, it can be important to know if geochemical
reactions in buffer materials are able to retard corrosive species completely (and
irreversibly) because a complete retardation could protect the DGR from corrosion.
Geochemical reactions in buffer materials can be categorized into homogeneous (only

one phase) and heterogeneous reactions (two or more phases).
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2.5.2.1 Hydrolysis, Complexation, and Oxidation-Reduction
Homogeneous geochemical reactions are hydrolysis, complexation, and oxidation-

reduction while heterogeneous reactions are precipitation-dissolution, cation exchange,
organic matter dissolution, and microbiologically influenced reaction. These geochemical
reactions can occur in the pore space or at the container surface (Savage et al. 2010,
2011). Therefore, they interact with various species transport through bentonite and
contribute to corrosion of the containers. For example, hydrolysis reaction breaks
potassium feldspar (kAISizOg) into kaolin (Al,Si;,O5(0OH),), potassium (K*), silicic acid
(H4Si0,), and bicarbonate (HCO3) (Earle 2019):

2KAISi;0g+2C0,+11H,0—Al,Si,05(OH),+2K " +4H,Si0,+2HCO; (2.40)

Like Eg. 2-40, various hydrolysis reactions occur in the buffer materials (Savage et al.
2010, 2011). In addition, hydrolysis of CuCl produces Cu,O (i.e., corrosion of copper
container (Eq. 2.28) (Guo et al. 2020). Similarly, many aqueous complexation reactions
occur in the buffer materials (e.g., formation of CaCl) (Savage et al. 2010, 2011). Like
agqueous complexation, surface complexation reaction at the copper container surface

can form stable cuprous-chloro complex (CuCIC’y) under high CI' levels in the buffer and

cease Cu,0O formation (Sharma and Millero 1988, King 2008).

Oxidation-reduction reactions govern the redox chemistry in the DGR. Under oxidizing
condition (i.e., during the oxic phase), goethite (Fe3+mineral) is formed through oxidation
of pyrite or magnetite (Fe2+minerals) (Mota-Heredia et al. 2024). In contrast, Fe>*minerals

can be reduced to Fe*minerals under reducing condition. Therefore, these reactions
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control the redox state of Fe in the buffer. The Fe redox chemistry may become very
important in retarding corrosive HS' in the bentonite buffer through formation of FeS under
anoxic condition. The HS- may reduce ferric iron, Fe3* to ferrous iron, Fe?* (Eq. 2.41),
which could react with the free HS- (i.e., free HS- after forming elemental sulphur, S° and

form FeS (Eq. 2.42):

ZFG?JQ)-FHSan)_)ZFe(z;q)'F S?s)+Hz-aq) (2.41)
Fe(zgq)"'HSiaq)—’FeS(s)"‘Hzraq) (2.42)
2F e +2HS aq)—Fefag* SsyFeSe)+2H(ag) (2.43)

Geochemical reactions can be modelled either using chemical equilibrium at a specified
temperature or a kinetic reaction rate (Pekala et al. 2019, Kiczka et al. 2021). The
chemical equilibrium is expressed using an equilibrium constant which depends on
stoichiometry and species concentrations (at a given temperature) and thus dependence
of reaction rate on temperature is ignored. In contrast, a kinetic reaction rate is dependent
on temperature and thus relevant to DGR’s non-isothermal condition due to temporal
waste heating. For example, a kinetic reaction rate for FeS precipitation (Eqg. 2.44) can

be expressed as (Rickard 1997, Cloet et al. 2017):

— 2+ -
-Ep,

where Kk is the rate constant which depends on Arrhenius frequency factor (Ay,), Arrhenius
activation energy (Ep), gas constant (Ry), and temperature (T). Hydrolysis, complexation,

and oxidation-reduction reactions were modelled assuming chemical equilibrium (Pekala

et al. 2019, 2020, Kiczka et al. 2021).
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2.5.2.2 Dissolution-Precipitation
Mineral dissolution-precipitation refers to the breakdown of the mineral into agueous

species and formation of the mineral. For example, The reactions in EQs. 2.41-2.43 show
the total reaction as irreversible process through FeS precipitation. However, FeS may
dissolve into Fe and HS' (i.e., FeS dissolution), which depends on the solubility state of
bentonite (Davison 1991, Rickard and Luther 2007, Lemire et al. 2020, Behazin et al.

2021). Therefore, exploring FeS dissolution-precipitation is important as dissolution

produces HS. Gypsum (CaS0O,.2H,0) in MX-80 bentonite may produce SOﬁ'source
through dissolution which may be used to produce corrosive HS™ through microbial sulfate
reduction (Eq. 2.31-2.34). Therefore, gypsum dissolution-precipitation can impact the
effectiveness of MX-80 bentonite and is worth exploring. Dissolution-precipitation
reactions were modelled using kinetic rate in some studies (Pekala et al. 2019, 2020,

Kiczka et al. 2021) but dependence of reaction rate on temperature was ignored.

2.5.2.3 Cation Exchange
Cation exchange refers to the exchange of cations between interlayer water and

porewater. Cation exchange occurs when a weakly bonded cation in the diffuse double
layer water is displaced into the interlayer water and another cation from porewater moves
through the interlayer to the diffuse double layer (Schaetzl and Thompson 2015). Cation
exchange is important as the exchange can transform bentonite mineral and degrade the
sealing capacity (Montes-H et al. 2005). For example, Ca®" and K" from groundwater can
replace Na® in MX-80 bentonite (reference bentonite in the design of SKB, POSIVA, and

NWMO) and this exchange can reduce the swelling capacity (i.e., enhance permeability)
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through reduction of interlayer space (Karnland and Birgersson 2006, Appelo 2013, Xiang
et al. 2020). Since bentonite is chosen as a buffer for nuclear waste since species
transport is controlled (via diffusion) due to its low permeability (driven by self swelling
capacity), reduction of swelling capacity due to cation exchange reactions may question
its performance as an effective barrier. Cation exchange was modelled using cation
exchange capacity of cations in some studies (Pekala et al. 2019, 2020, Kiczka et al.
2021). However, swelling degradation of bentonite due to cation exchange was not

explored by these authors.

2.5.2.4 Organic Matter Dissolution
Various organic compounds may be present in deep groundwater (Abrahamsen-Mills and

Small 2019). These solid compounds may dissolve into groundwater through dissolution
and may influence DGR performance as they act as electron donor in corrosive bisulfide
production (Eg. 2. 32) (Pekala et al. 2019, Kiczka et al. 2021). It is worth noting that the
organic carbon in MX-80 bentonite is low (<0.1%) and therefore bioavailability of the
organic compounds in the DGR will be low (Marshall et al. 2015). Solid organic matter

(SOM) dissolution can be modelled using SOM dissolution rates (Pekala et al. 2019):

Cbowm

Rsom = ksom(1- ) (2.46)

CDOM, max
where DOM represents dissolve organic matter, Rgoy and kgoy represents the SOM
dissolution rate and SOM dissolution rate constant respectively; Cpom and Cpom, max

represent DOM concentration and maximum DOM concentration, respectively. Organic

matter dissolution reactions were modelled using kinetic rate in some studies (Pekala et
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al. 2019, 2020, Kiczka et al. 2021) but dependence of reaction rate on temperature was

ignored.

2.5.2.5 Microbiologically Influenced Reaction
Microbiologically influenced corrosion reaction (e.g., MIC) refers to the species production

due to microbiological mediation (Egs. 2-31-34). MIC particularly important as it is the
largest contributor to the UFC corrosion (see section 2.4.3.5). When modelling MIC
reaction, it is important to know the SO4 reduction rate and understand corrosive bisulfide
evolution. Since the SRB may produce corrosive bisulfide by using sulfate (SO4) and
DOM (Eqgs. 2.31-2.32) (Cloet et al. 2017), sulfate reduction rate depends on both the
presence and abundance of SO4 and DOM. MIC reaction can be modelled using Monod

reaction (Pekala et al. 2019):

Cbom Csoa

) (

Rsre = Ksra( ) (2.47)

S S
Cbom * Koom ™~ Csos + Ksoa

where Rgrg, ksre, Cooms Csos, Kbom, and Kgos represent SOs reduction rate, SRB
activity rate constant, DOM concentration, SO4 concentration, half saturation constant for
DOM, and half saturation constant for SOas, respectively. Some studies modelled
microbiologically influence reaction rate (Eq. 2.47) (Pekala et al. 2019, 2020, Kiczka et al.
2021). These studies assumed instantaneous HS" consumption at the copper container
surface following stoichiometry of Eq. 2.33 (i.e., 2 mol of copper consumed 1 mol of HS").
Therefore, these studies ignored formation of solid Cu,S and passivity of corrosion layer
(i.e., Cu,S layer) to protect copper container from continued corrosion. In addition, these

studies ignored the dependence of reaction rate on temperature.
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2.5.2.6 Coupled Diffusive and Reactive Transport
Species diffusion and reaction can be described by incorporating reaction rate R in Fick’s

2" Jaw (Fick 1855, Shackelford and Moore 2013):
oC _ 2 2.48
P D, V<C+R ( )

Some studies coupled species diffusion with reactions (Pekala et al. 2019, 2020, Kiczka
et al. 2021). Although these studies predict that the copper coating will not be
compromised due to MIC, parametric uncertainties in geochemical calculations were
acknowledged. It is challenging to predict geochemical evolution in DGR due to
uncertainties in the maximum rate of SRB activity, concentrations of DOM, SOM
dissolution rates, and sulfide solubility (Pekala et al. 2019). It is worth mentioning that all
these parameters are site specific and long term in-situ tests are generally performed to
understand them. In addition, the geochemical models (Pekala et al. 2019, 2020, Kiczka
et al. 2021) ignored the anticipated DGR environment (e.g., varying thermal and hydraulic

conditions), which can affect geochemical evolution.

Overall, a huge range geochemical processes may affect integrity of the DGR which are
vital to long-term security. However, it is not easy to predict geochemical evolution due to
uncertainties in parameters and temporal nature of various processes. There are also a
limited number of studies which explored various DGR geochemical reactions, mostly
either modelling geochemical reactions in bentonite or geochemical reactions over the
nuclear waste containers. None of these studies included the DGR environment when
modelling reactions, such as saturation or temperature evolution. Therefore, geochemical
modelling under temporal DGR volition is an underexamined area of research and should
be explored in-depth to ensure DGR integrity and security.
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2.6 Challenges of Modelling a Large Domain
Typically, a DGR site will encompass an area of a few kilometres which is significantly

smaller than the region it is situated (Figure 2.6). Local (site)-scale models which
incorporate detailed DGR geometries (e.g., used fuel canisters, low permeability barriers)
rely on boundary conditions which may or may not be well characterized or even known.
For instance, groundwater heads or gradients along with flow directions and speed may
not be known near the proposed site, and to approximate a representative boundary
condition often requires a regional-scale groundwater flow model. However, it is
challenging to model such a large domain. Due to the difference in estimation techniques
(e.g., interpolation, discretization, control volume measurement) between the regional
scale and site scale models, information transfer using an interface can lead to incorrect
outputs (e.g., 15-20% difference in total flow) (Abarca et al. 2013, 2016). In addition,
regional-scale models which do not have a well characterized groundwater baselines,
such as lack of permeability data or head measurements, will result in limited model
validation (L6fman et al. 2009) resulting in inaccurate results (e.g., over/under-estimation
of heads). However, identifying the source of inaccuracy can help improve model
development process and drive regional sampling campaigns. Although these regional
models need detailed groundwater data for accurate predictions, they can still be used
even without that for sensitivity analyses to study the implications of possible groundwater
flow scenarios and safety cases. For example, sensitivity of Peclet number was
performed by Abarca et al. (2016) where a constant Peclet number was chosen because

of little sensitivity of groundwater flow to Peclet numbers.
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Figure 2.6: a) A regional scale model (several km width), where very small black boxes
represent the location of a repository site scale model from SKB, Sweden, b) Repository
site scale model domains (hundred m scale). (Adapted from Abarca et al. (2013)).

Another challenging factor is capturing fractured geology of the region surrounding a
DGR. While the typical approach for regional scale modelling is to use the groundwater
equation (Egs. 2.1-2.3), fractured geology can be better represented with fracture-specific
approaches such as Discrete Fracture Networks (DFN). DFN is applicable for steady
state modelling with local-scale rock fractures (Smith et al. 2012). However, some
formations possess larger-scale heterogeneities (e.g., discrete discontinuities in
crystalline rock) and also, some numerical codes (e.g., TOUHG2) cannot use DFN;
instead an Equivalent Continuous Porous Medium (ECPM) approach can also be used
(Singhal and Gupta 2010, Baxter et al. 2017). For example, ConnectFlow was used by

Baxter et al. (2017) to convert DFN to ECPM as it has both DFN and ECPM options.
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Although DFN to ECPM conversion may result in incorrect permeability if flow fields at
the corners of the rectangular grids are missed (Baxter et al. 2017), the approach seems

reasonable for incorporating large scale rock heterogeneity.

Another issue is estimating permeability of the excavation damage zone (EDZ), which
forms around the excavated nuclear waste placement rooms during DGR construction.
The rock fractures can create a local, irreversible damage zone (a few meters in width)
(Diederichs and Day 2021). Since the fracture initiation and propagation behavior of EDZ
is uncertain, it is difficult to predict EDZ permeability (Lanyon 2011). EDZ fractures
enhance rock permeability, and therefore create preferential flow paths for radionuclide
transport (Williams 2021). Many researchers have used different factors and assumptions
to model EDZ permeability evolution (Marschall et al. 2017, Hale et al. 2021, Seyedi et

al. 2021). For example, EDZ permeability (kq) can be estimated as a function of both the
rock’s average effective stress (o'avg) and permeability reduction due to EDZ swelling
€29y (i.e., self-healing of the EDZ) (Egs. 2.49-2.50) (Walsh et al. 2015), and can also

be estimated as a function of EDZ fracture aperture (ay) (Eq. 2.51) (Rutqvist et al. 2008,

He et al. 2021):

Logky=A+BeCq (2.49)

k=ky Do) (2.50)

o a? (2.51)
792

where A, B, C, and D in EQ’s 2.49 and 2.50 are empirical parameters. Other simpler

methods also exist, like estimating a higher permeability. For example, Hartley et al
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(2006) assumed that the EDZ permeability was increased by half an order of magnitude.

Overall, EDZ permeability evolution is uncertain but site specific observation and data

(e.g., fracture width, hydraulic gradient in the EDZ) may help better predict EDZ

permeability (Poteri and Laitinen 1999).

2.7

Key Lessons Learned

In this chapter, the applicability of various hydrogeological and geochemical models in

capturing DGR processes is reviewed. Some key lessons are:

1)

2)

3)

4)

Proper implementation of boundary conditions is important for accurately
predicting DGR heat generation and transport process. Over prediction of DGR
temperature occurs due to adiabatic boundary conditions around the DGR which
can be avoided when a finite DGR domain is modelled (Guo 2016, 2017, 2018).
Richards’ buffer saturation model under predicted saturation time compared to the
full two-phase flow model (Dessirier et al. 2014, 2017). However, Richards’
equation would be useful for modelling buffer saturation if the DGR is vented (as
is planned for many countries) so that liquid phase does not cause changes in gas
pressure gradient.

Capturing vapour flow is complicated due to the application of governing equations
to capture different physical processes like latent heat energy, relative humidity
evolution, heat’s drying effect, and preferential vapour flux.

Bentonite swelling appears to be one of the most challenging factors in modelling
buffer saturation due to complicated saturation process (i.e., water or vapour

uptake in different bentonite pore spaces), non uniform swelling behaviour, and
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5)

6)

7

8)

9)

determining a suitable method for modelling bentonite swelling (confined, free or
both conditions, swelling in double layer).

Modelling species diffusion through EBS is challenging because species effective
diffusivity depends on many parameters and assuming same diffusivities for
various species will result in incorrect prediction.

Corrosive species transport modelling needs to combine effects of hydrogeological
conditions (saturation, heating) and species evolution during oxic and anoxic
phases to evaluate total oxic and anoxic corrosions.

Although cation transport through bentonite was simulated in some studies (Tachi
et al. 2014), anion sorption was not explored using numerical models. Dissolution-
precipitation reactions were modelled using kinetic rate in some studies (Pekala et
al. 2019, 2020, Kiczka et al. 2021) but dependence of reaction rate on temperature
was ignored.

While bentonite is chosen as the buffer for nuclear waste as species transport
through bentonite is controlled (via diffusion) due to its low permeability (driven by
self swelling capacity), reduction of swelling capacity due to cation exchange
reactions may impact its performance as an effective barrier. Cation exchange was
modelled by some using cation exchange capacity of cations (Pekala et al. 2019,
2020, Kiczka et al. 2021). However, swelling capacity degradation of bentonite was
not explored.

Although some studies (Pekala et al. 2019, 2020, Kiczka et al. 2021) modelled
MIC reaction rate, all studies (Pekala et al. 2019, 2020, Kiczka et al. 2021)

assumed instantaneous HS™ consumption at the copper container surface
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following stoichiometry of Eq. 2.33 (i.e., 2 mol of copper consumed 1 mol of HS").
Therefore, these studies ignored formation of solid Cu,S and passivity of corrosion
layer (i.e., Cu,S layer) to protect copper container from continued corrosion.

10)It is challenging to predict geochemical evolution in DGR due to uncertainties in
the maximum rate of SRB activity, concentrations of DOM, SOM dissolution rates,
and sulfide solubility (Pekala et al. 2019).

11)Different studies modelled either geochemical reactions in bentonite or
geochemical reactions over the nuclear waste containers. In addition, DGR
environmental conditions were not included in these geochemical studies and
remains an unexplored area of research.

12)1t is challenging to model a large regional scale domain where a DGR is situated.
Due to the difference in estimation processes (e.g., interpolation, discretization,
control volume measurement) between the regional scale and site scale models,
information transfer using an interface can lead to incorrect outputs (e.g., 15-20%
difference in total flow) (Abarca et al. 2013, 2016).

13)EDZ permeability evolution is uncertain but site specific observation and data (e.qg.,
fracture width, hydraulic gradient in the EDZ) may help better predict EDZ

permeability (Poteri and Laitinen 1999).

2.8 Conclusions
Nuclear agencies and DGR researchers have developed a wide variety of

hydrogeological and geochemical models to assess long term DGR performance. The

objective of this chapter was to discuss different DGR designs, establish a conceptual

model, review DGR processes, and numerical models. The chapter also focused on
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assumptions and research gaps, utility of models, challenges of integrating many different

processes, and future research opportunities.

It is understood that assumptions and simplifications have been made in many numerical
models due to computational effort, problem statement, and complex and coupled
processes. The chapter has identified those assumptions, described modelling
approaches, and cited corresponding research articles and reports. Some of the
assumptions include neglecting heat convection, thermophysical properties, preferential
vapour transport, non-uniform swelling behaviour, swelling in double layer, saturation,
temperature, species-specific diffusivity, transition from oxic to anoxic periods, anion
sorption, dependence of reaction rate on temperature, degradation of bentonite due to
cation exchange, and evolution of corrosion byproduct (e.g., Cu,S). Although the current
models are helpful for understanding many different processes and their implications on
DGR safety, their accuracy could be improved due to the abovementioned assumptions.
It is worth mentioning that integrating many processes together is challenging due to lack
of data, complex evolution (e.g., buffer saturation, swelling), fractured geology, EDZ
permeability, numerical accuracy, and computational efficiency. The predictability of the
models can be improved through incorporating detailed site-specific data into models,

conducting laboratory and in-situ test, and validating models using data.
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Chapter 3 Modelling Corrosive Species
Transport through the Engineered Barrier
System under Repository Conditions

3.1 Introduction
In response to the need for a long-term solution for disposal of Canada’s used nuclear

fuel, the Canadian Nuclear Waste Management Organization (NWMO) developed the
“Adaptative Phase Management (APM)” for Canada’s deep geological repository (DGR).
This plan is a combination of both technical mechanisms and a management system,
which aims to isolate used nuclear fuel in a DGR located within crystalline or sedimentary
rock, about 500 m deep below the ground surface. As of 2024, the NWMO has identified
two potential sites- the Ignace area and the south Bruce area, both in Ontario (NWMO
2024). The NWMO is working with Canadian universities, scientists, and other countries’
nuclear safety organizations to build confidence in the DGR design by performing a robust

performance assessment with state-of-the-art predictive tools.

The NWMO'’s DGR design includes an engineered barrier system (EBS) within placement
rooms constructed in a low permeability host rock, which acts as a natural barrier. The
EBS consists of used fuel containers (UFCs) made of carbon steel and coated with 3 mm
of copper, which serves as a corrosion resistant barrier. The UFCs are designed to hold
48 bundles of Canada Deuterium Uranium (CANDU), and are surrounded by highly
compacted bentonite (HCB) clay buffer boxes (Hall et al. 2021) (Figure 3.1). Bentonite
clay spacer blocks (made of HCB) separate the buffer boxes, and bentonite clay gapfill

(GF) fills any open spaces in the placement room.
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Figure 3. 1: Multiple barrier system in Canadian DGR (adapted from Hall et al. (2021)
with permission of Elsevier)

The objective of this chapter is to showcase an extension of a numerical model originally
developed by Briggs and Krol (2018), as well as a verification and validation study of the
model to aid in the assessment of the DGR under a range of conditions. This model
couples DGR temperature evolution, bentonite saturation, and bisulfide transport to
simulate UFC corrosion driven by bisulfide. Bisulfide is anticipated to be generated at the
rock-bentonite interface by sulfate-reducing bacteria, diffusive through the bentonite and
reach the UFC where it can corrode the copper (i.e., microbiologically-influenced
corrosion (MIC)). This chapter outlines long term evolution of DGR conditions and the

conceptual model framework of the coupled DGR processes. Moreover, verification and
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validation studies are presented including mesh convergence tests and comparisons with

similar studies, respectively.

3.2 Background
As part of the EBS, HCB was chosen as it possesses good sealing properties against

groundwater infiltration (i.e., low intrinsic permeability and self-sealing due to swelling),
can retard transport of radionuclides in the event of a UFC breach, and suppress
microorganism activity near the UFC (Stroes-Gascoyne et al. 2010). In addition, the HCB
can also limit the flux of corrosive species from the surrounding subsurface. The DGR
near-field environment, where the HCB is placed, will evolve from an initially warm and
oxic environment to a cool and anoxic condition in a span of a million years (King et al
2017) although the depletion of oxygen is anticipated to occur within a period of a few
months (Giroud et al. 2018) to a few years (Johansson et al. 2020). In addition, the
bentonite will saturate as water infiltrates from the host rock. Under saturated-anoxic
conditions, bisulfide may be produced through microbial processes at the rock-bentonite
interface and could transport through the HCB to the UFC surface where it could corrode
the UFC’s copper coating. The long-term prediction of this corrosion is necessary to aid
in the performance assessment of the barrier system design and ensure adequate
corrosion allowance. This prediction requires conceptual understanding of the time-
dependent evolution of the DGR environment (Figure 3.2), which includes changes in

different physical and chemical processes (King et al 2017).
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Figure 3. 2: Approximated DGR environmental conditions (adapted from (King et al.
2008) with permission of Elsevier)

3.2.1 Temperature Evolution

According to King et al. (2008) and Guo (2016), DGR temperature will gradually increase
due to the heat produced from the used fuel, reaching a peak temperature of above 80
°C after 10 years and then decrease gradually to approximately 20 °C over 10,000 years
(Figure 3.2). Understanding this temperature evolution is important as thermal gradients
in the bentonite buffer may dry the bentonite initially and stop aqueous UFC corrosion
(King et al. 2017). Moreover, it may impact the UFC corrosion behaviour as reaction rates
and solubility of minerals (i.e., bentonite clay minerals) vary with temperature (King et al.
2017). Temperature may also affect bentonite saturation and bisulfide aqueous diffusion

through the bentonite as solute diffusion rates also vary with temperature (Einstein 1905,

King et al. 2017).
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3.2.2 Evolution of Bentonite Saturation and Oxic Conditions
The bentonite is expected to gradually saturate with time, increasing from initial saturation

to fully saturated conditions (Figure 3.2). The saturation time will vary with the host rock
type (King et al 2017), temperature gradient (Villar et al. 2012), bentonite density and
permeability, and initial saturation conditions. The current assumption is that the DGR will
fully saturate within 50 years for crystalline rock and 5,000 years in sedimentary rock
(King et al 2017). These estimations are based on simplified assumptions and a more
detailed study is needed to robustly understand DGR conditions and their implications on

UFC corrosion.

Initial saturation of the emplaced HCB in the Canadian DGR design has evolved from
65% to 89%. According to the current Canadian DGR design, the emplaced HCB will
have an initial saturation of 89% and the bentonite gapfill will have an initial saturation of
9% (Gobien etal. 2016, King et al. 2017, Dixon et al. 2018, Dixon 2019). The heat evolved
from the used fuel will dry the bentonite, and subsequent water infiltration from the host
rock will saturate the bentonite once the temperature decreases (King et al. 2017). As the
DGR host rock is expected to have low permeability, capillary dominated water flow will
govern the saturation and bentonite swelling processes. The saturation rate may affect
the rate of species transport through the bentonite to the UFC surface (King et al. 2017),
as agueous dissolved species will only transport through partially and fully saturated
pores and no aqueous transport will occur in unsaturated soil (unsaturated being defined
as no water-connected pores present). In addition, the saturation process may affect the

temperature distribution in the DGR (King et al. 2017). Overall, the DGR will undergo a
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range of saturation conditions (i.e., unsaturated, partially saturated, and fully saturated)

throughout its lifetime (Figure 3.2).

The initial DGR redox condition will be oxic due to entrapped air leftover from DGR
construction and operation. The amount of initial oxygen can be estimated using the
buffer properties (porosity, degree of saturation, solubility in water), and ideal gas law
(Hall et al. 2021). Typically, the oxygen content is assumed to be 1 to 10 mol per m? of
the UFC surface for oxic copper corrosion (King et al. 2017). However, this value would
be lower (Hall et al. 2018), as oxygen may be consumed by other processes, for example,
oxidation of minerals in the host rock and bentonite, and aerobic microbial activity (King
et al. 2017). The speed of these processes will govern the oxic period length, which is
important as it will affect the oxic corrosion processes such as uniform copper corrosion
(UC) and stress corrosion cracking (SCC), although copper is not susceptible to SCC
(Scully et al. 2016, King et al. 2017). According to King et al (2008)’'s prediction (Figure
3.2), the oxic condition in the DGR will last for about 100 years, but recent field studies
suggest a shorter oxic period may occur (Miller et al. 2017). The study conducted in the
Mon Terri underground laboratory, Switzerland, showed a maximum time period of 1.5
years by which all oxygen in the DGR will be used up (Miiller et al. 2017). In addition,
indications from more recent large-scale in situ experiments suggest that the Oz is fully
consumed within a period of a few months (Giroud et al 2018) to a few years (Johansson
et al. 2019). Although the estimates of the oxic period vary widely, these estimates are
still well below the anoxic period length (which will last until the end of the DGR design

life) and therefore, the anoxic period will govern many long-term processes in the DGR
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(King et al. 2017). Table 3.1 shows the evolution of the DGR conditions under three
different phases in the DGR (as discussed above). These phases are distinct in terms of

their bentonite saturation, temperature, bentonite swelling, and redox conditions.

Table 3. 1: Evolution of DGR conditions with time (Adapted from (King 2005))

Property Initial Phase Transition Phase Final Phase

Temperature | Temperature Temperature Temperature reaches
increases decreases background levels

Saturation Redistribution of initial | Gradual saturation Complete saturation of
moisture content of bentonite bentonite

Thermal Poor thermal Thermal conduction | Good thermal

Conduction | conduction improves conduction

Bentonite No swelling of Bentonite swelling Bentonite swelling

Swelling bentonite starts complete

Redox Oxic Oxic/Anoxic Anoxic

condition

3.2.3 Microbiologically Influenced Corrosion
Once the DGR is saturated, anoxic conditions will govern in the subsurface. Anoxic UFC

corrosion may occur through microbiologically influenced corrosion (MIC) if bisulfides
(HS") are present or produced in the DGR. Bisulfide may be produced at the rock-
bentonite interface due to sulfate reduction by sulfate-reducing bacteria (SRB). If bisulfide
transports through the bentonite to the UFC, it may corrode the copper barrier as follows
(Cloet et al. 2017):
2Cus)+HS{aq) *Hiag) > Cu2S ) +Haq) (3.1)

Equation 1 describes the anoxic corrosion of copper in the presence of agueous bisulfide
which is likely to be the largest contributor to long-term copper corrosion in the DGR (Hall
et al, 2021). Although bentonite in the Canadian DGR can hinder microbial activity due to
its high density which lowers the water activity Pedersen 2010), SRB may be active at the
bentonite-rock interface and drive HS production (King et al. 2002, King 2009, Stroes-
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Gascoyne et al. 2010, Standish et al. 2016, Cloet et al. 2017). Due to the uncertainty of
various parameters, previous studies estimated MIC as the highest UFC corrosion

contributor compared to other types of corrosion (Figure 3.3).

N|

MIC = 1mm

UC =0.17 mm
SCC=0.1mm

Non-corroded
copper

Figure 3. 3: Estimated copper corrosion depth (modified from (Scully et al. 2016))

3.2.4 Conceptual Model of Coupled Processes in Canadian DGR

Figure 3.4 represents the key phenomena expected in a DGR. Heating from the UFC
establishes a thermal gradient across the EBS (high temperature near the UFC and low
temperature near the host rock) with saturation occurring in the opposite direction — from
host rock to UFC (Sena et al. 2010). The saturation process under this thermal gradient
can affect diffusion-dominated transport through the bentonite as diffusion is assumed to
only occur in the water phase therefore it is limited in partially saturated systems (Martin
et al. 2000). In addition, the interlinking between saturation and heating could complicate
the diffusive transport of corrosive species. Geochemical reactions (e.g., precipitation,

dissolution) can also occur within the bentonite, causing changes in the bentonite
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porewater chemistry and bentonite pore structure (Villar et al. 2012) with implications for

bisulfide flux through the bentonite (Wersin et al. 2014).
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Figure 3.4: Key DGR transport processes (adapted from Sena et al. (2010))

Figure 3.5 shows how the governing processes (identified in Figure 3.4) are coupled in
the Canadian DGR environment. As bentonite saturates, it will swell, and its permeability
and water activity will be reduced. Due to the heat produced from UFCs, some
groundwater will evaporate and become water vapour. This water vapour will either
transport through the bentonite pores or condense back to the liquid phase. Sulfate
present in the rock or groundwater may be reduced to bisulfide through SRB, but its flux
through the EBS will depend upon the geochemical reactions within the bentonite, the
bentonite and water properties, and bentonite degree of saturation. More specifically,
bisulfide diffusion through the bentonite will depend upon the bentonite properties (e.qg.,
density, porosity, tortuosity, sorption, saturation) and water properties (e.g., temperature,
salinity). The bisulfide that reaches the UFC surface, despite the low permeability and

high adsorptive capacity of bentonite, can corrode the copper surrounding the UFC.
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While the ultimate goal of the model is to include all the processes discussed above, the
current study considers the phenomena highlighted in red in Figure 3.5, including bisulfide
transport, water saturation, and heat generation. This conceptual model in Figure 3.5
informs the experimental and numerical studies related to DGR safety analysis and
provides valuable information about the importance of certain phenomena and
interactions. At the same time, as the information through models and experiments
become available, some of these interactions may be found to be insignificant, which may

necessitate revisiting the conceptual model.
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Figure 3.5: Coupled DGR processes governing MIC and saturation of DGR; red font
indicates processes modelled in this study

The goal of the Thermal-Hydraulic-Chemical (Diffusion) model (referred to as the “THC

model”) is to explore the impact of the highly coupled processes illustrated in Figures 3.4
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and 3.5 on DGR performance and answer key questions including: how long will it take
to fully saturate the bentonite, how do various parameters affect bisulfide transport, what
is the distribution of bisulfide flux over the UFC surface, and what is the estimated MIC

depth?

3.3 Model Approach and Methodology
This section discusses the development, mesh convergence, and validation of the newly

coupled 2-D and 3-D Thermal-Hydraulic-Chemical (Diffusion) model (referred to as the
“THC model”). This modelling work directly builds upon the work from Briggs and Krol
(2018) who developed DGR models using COMSOL Multiphysics, a commercial finite
element software package. They explored the effects of saturation and temperature
separately on bisulfide transport and MIC. The THC model presented herein extends their
work to explore the combined effect of temperature and saturation on bisulfide transport
using a non-isothermal and variably saturated model as well as extending it to three
dimensions. Like Briggs and Krol (2018), no sorption and geochemical reactions, vapour

transport, and bentonite swelling were considered (Figure 3.5).

The transport of agueous dissolved compounds (bisulfide) is governed by diffusion due
to the low permeability of bentonite (mass Peclet number of 2 x 10%) and is described by

Fick’'s 2" law (Fick 1855) as follows:

aC oH
e+ ccma—tp = D, V2C (3.2)

where ¢ is the porosity, C is the bisulfide concentration, C,, is the specific moisture
capacity, and Dy, is the effective bisulfide diffusion coefficient. The transient heat equation

was used to model energy transfer, also dominated by thermal diffusion:
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oT
Ps Cogp = V- (keff VT)+ q(t) (3.3)

where T is the temperature, ket is the effective thermal conductivity, c, is the specific
heat, p. is the density, and q is the heat source. Richards' equation (Richards 1931) was

used to model water infiltration into the DGR:
oH,
(Ci*SeS5) 5 +V- (KV(Hy+2))=0 (3.4)

where S, is the effective saturation of the bentonite, Ss is the storage coefficient, H,, is the
pressure head, K is the soil or rock hydraulic conductivity, and z is the depth of the system.
The constitutive relationships used within Richards’ equation to model unsaturated flow

followed the formulations from e.g., van Genuchten [1]:

H,<0 m
S= {Sr"'se(sf'sr)
St H,20 m
Hp<0 m
Se= 1+|aH
( | 1p| ) szo m
1 1\M H,<Om (3.5)
C = —(sS sSr)Sm <1 Sm>
m
HpZO m
m 2 Hp<O m
szo m

Where S, St, and Sr are the saturation, full saturation, and residual saturation,
respectively, kris the relative permeability, a, n, and m are constant properties inherent to
the soil and are given in Table 2 (note that m=1-1/n). Equations 3.2-3.4 are the governing

equations in the THC model. The interactions between the governing equations are
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captured in temperature and saturation-dependent parameters. For example, ket and
effective heat capacity, pCp_., are functions of ¢, S, while they are dependent on the heat
capacity and thermal conductivity of water (kw, Cp, ), bentonite (ks, Cp,), and air (ka, Cp,),
as seen through equations 3.6 and 3.7.
PCpyy= EPwSCp, +(1-€)p,Cy, +ep,(1-S)Cp, (3.6)
Keii= €Ky S+(1-€)ks ek, (1-S) (3.7)
The soil hydraulic conductivity is also a function of soil permeability, water density (pw),
and dynamic viscosity of water (u) which are temperature dependent. The relationship

between bisulfide diffusion coefficient in water, temperature, and viscosity of water was

defined as follows (Einstein, 1905):

et=——2 (3.8)

Where D is the bisulfide diffusion coefficient in water, T1 and T2 are the respective

temperatures and p is the dynamic viscosity of water at the various temperatures.

Lastly, the effective bisulfide diffusion coefficient in bentonite is a function of bisulfide
diffusion coefficient in water, saturation, diffusion accessible porosity (g,.), and tortuosity

(1) following Shackelford and Moore (2013):

D, =S Te D (3.9)
= (%)2 (3.10)



where L and L, are the straight-line and actual travel distances in the porous medium.

3.3.1 Model Development
A single placement room and the surrounding host rock were approximated in 2-D and 3-

D as shown in Figure 3.6. The EBS was placed 500 m below the ground surface and the
model domain extended up to 9,500 m below this level (total domain of 10,000 m). The
whole domain was symmetric about the two vertical axes (i.e., one half or quarter of the
placement room and surrounding rock was simulated for 2-D and 3-D, respectively),

which reduced the computational time.
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Figure 3.6: COMSOL modelling domain (10,000 m deep) with 10 m segment of a single
placement room in (a) 2-D and (b) 3-D. The placement room contains one used fuel
container (UFC) in 2-D and two UFCs in 3-D, gap fill (GF), high compacted bentonite

(HCB), and host rock.
The parameters were obtained from NWMO case studies and other studies (Baumgartner

2006, SKB 2010b, Sykes et al. 2011, Gobien et al. 2016, 2018, Guo 2016, 2018, Dixon

et al. 2018, Dixon 2019) while the UFC heating was estimated from Tait et al. (2000). The
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Richards’ equation (Equation 3.4) simulated water movement into a partially saturated
bentonite from a fully saturated host rock, the heat transfer equation (Equation 3.3)
simulated conductive heat transfer, and Fick’s law (Equation 3.2) simulated bisulfide

diffusion through the bentonite due to a concentration gradient.

The model boundary conditions and mesh configurations are shown in Figure 3.7. This
figure shows the 2-D domain; however, the third dimension has the same boundary
conditions as the vertical axis shown. The pressure head boundary conditions were set
at the top, sides and bottom of the domain to represent the system at hydrostatic
equilibrium (Avis et al. 2012). The initial conditions assumed the host rock was assumed
fully saturated, and the bentonite (HCB) and gap fill (GF) were 67% saturated (6" case
study) (Figure 3.7a). An isothermal boundary was imposed on the ground surface (top
boundary), at a temperature of 5 °C and 10 °C in the crystalline and sedimentary rock,
respectively (Guo 2016, Guo 2018). The bottom boundary was also set as isothermal with
temperatures of 125 °C and 113 °C in the crystalline and sedimentary rock, respectively,
obtained from geothermal gradients of 0.012 °C/m and 0.0103 ‘C/m in the crystalline and
sedimentary rock, respectively (Guo 2016, Guo 2018). The UFC heating was defined by
a boundary heat source (i.e., along a line) and a domain heat source (i.e., over a volume)
in the 2-D and 3-D models, respectively. An adiabatic symmetry boundary condition was
applied on the outside vertical boundary which represents an infinite number of UFC heat

sources (Figure 3.7b).
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Figure 3.7: Initial and boundary conditions of the THC model for: (a) hydraulic

(Richard’s equation), (b) thermal (heat transfer), (c) chemical (Fick’s 2" law), and (d) 2-

D triangular mesh (12850 elements), and 3-D tetrahedral mesh (551500 elements).

Note that the geothermal gradient and boundary temperatures in the thermal module

The far field bisulfide concentration at the host rock-GF (bentonite) interface was
assumed to be 1 ppm (0.001 kg m3) and was implemented as a constant concentration
boundary condition. This value was chosen as unity to help simplify conversion when site
specific bisulfide concentrations for the Canadian DGR are available (Briggs and Krol

2018). The expected bisulfide concentrations in a Canadian DGR are over an order of

are shown for the crystalline domain.
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magnitude lower than 1 ppm, i.e., 30-90 ppb (Gascoyne 1997, Kremer 2017). The UFC
surface was also modelled as a constant concentration boundary condition with a value
of 0 ppm, which assumed that MIC occurs instantaneously at the UFC surface (Briggs
and Krol 2018) (Figure 3.7c). The model used a finer mesh around the UFC to effectively
capture the bisulfide diffusion in the region of interest, and a progressively larger mesh
was applied towards the host rock to reduce computational cost. The hemispherical UFC
end cap was meshed with extremely fine mesh due to its complex geometry. Triangular
meshing was used in the 2-D model and tetrahedral meshing was used in the 3-D model
(Briggs et al. 2017) and a total of 12,850 and 551,500 elements were used in the 2-D and

3-D models respectively (Figure 3.7d).

3.3.2 Parameters
Table 3.2 shows the model parameters obtained from (Gobien et al. 2016, Baumgartner

2006, Guo 2016, 2018, Gobien et al. 2018, SKB 2010b, COMSOL 2021b, Sykes et al.
2011, Dixon 2019, Dixon et al. 2018). These parameters represent the properties of

groundwater, bisulfide, bentonite, UFC, and host rock.
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Table 3. 2: Model parameters

Parameter | Domain | Value
General parameters
Water, Air All Thermophysical properties from

COMSOL 5.6 Material Library?*
Hydraulic parameters

Saturated liguid volume fraction? 0.382 (porosity)

Residual liguid volume fraction HCB 0.001

Initial pressure head?3+4 -8144.58 m in the crystalline DGR
(67% initial in place average
saturation)

-10536.37 m in the sedimentary
DGR (67% initial in place average

saturation)

Permeability34:56 HCB 6 x10% m? (crystalline groundwater)
1 x1019 m? (sedimentary
groundwater)

Rock 4.08 x101” m? (crystalline, average)

2 x10%! m? (sedimentary, horizontal)
2 x10%?> m? (sedimentary, vertical)

Van Genuchten a 0.00022 m™ (crystalline DGR)
properties3+#8 HCB 0.0000908 m™! (sedimentary DGR)
n 1.5 (crystalline DGR)
2.71 (sedimentary DGR)
m = 1-1/n 0.333 (crystalline DGR)
0.63 (sedimentary DGR)

Thermal Parameters

Density?’ HCB 1700 kg m3
Rock 2700 kg m*
UFC 7750 kg m*
Thermal conductivity4>7:8 HCB 1.2 Wim K
Rock 3 W/m K (crystalline)
2.48 W/m K (sedimentary)
UFC 60.5 W/m K
Specific heat>457 HCB 1460 J/kg K
Rock 845 J/kg K (crystalline)
603.7 J/kg K (sedimentary)
UFC 434 J/kg K
Surface temperature?’ Rock 5 °C (crystalline)
10 °C (sedimentary
Thermal gradient®’ 0.012 °C/m (crystalline)

0.0103 °C/m (sedimentary)
Chemical Parameters

Bisulfide concentration Rock-bentonite 1 ppm
interface

Bisulfide diffusion coefficient in HCB 1x 10 m?/s

water?

1COMSOL (2021), 2Gobien et al. (2016), *Baumgartner (2006), “Dixon et al. (2018), Dixon (2019) éSykes
et al. (2011), “Guo (2016, 2018), 8Gobien et al. (2018), °SKB (2010).
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3.3.3 Convergence and Repeatability
The model domain was discretized in space using tetrahedral mesh in 3-D and triangular

mesh in 2-D. Iterative convergence and mesh convergence were performed to ensure the
model was properly discretized. Since the model simulates multiple coupled nonlinear
processes, the iterative convergence value is important to ensure that errors do not
propagate throughout the solution (An et al. 2011, Patankar 2018) . Iterative convergence
is achieved by setting a relative tolerance/error criterion so that the error between current

and previous iteration stays below the relative tolerance/error of the solver (i.e.,

Current iteration-Previous iteration
Previous iteration

< relative tolerance). This is a self-correction method where the

error calculated from the previous iteration is corrected by later iterations to reach at a

solution, which is close to the exact solution (Logan 2007). For this model, the COMSOL

solver was set with a relative tolerance of 10™ to get repeatable results (i.e., the same
result in different runs of the solver). Reducing the relative tolerance increased the

solution accuracy (due to increasing iterations with smaller timesteps) but also increased

the computation time. A relative tolerance of 10 was heuristically found to provide good
repeatability at a reasonable computational time. A mesh convergence study was also
performed to ensure the model was sufficiently discretized in space. This was done by
changing the minimum element size and examining the maximum MIC rate (i.e., MIC
depth over time, Eqg. 3.11). As seen in Figure 3.8, maximum MIC rates do not vary
significantly for element sizes less than 0.05 m and therefore 0.01 m was chosen as the

minimum element size.
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Figure 3.8: Mesh convergence study showing the change in maximum MIC with various
minimum element sizes

3.3.4 Model Validation

The mass transport and thermal processes have been verified by Briggs and Krol (2018)
and the hydraulic process (Richard’s equation) validation is presented here. As no 2-D
experiments have been completed, the saturation process was validated by developing
a 1-D saturation model that reproduced a quasi-1-D water infiltration experiment into clay
(Figure 3.9). The 1-D saturation model used similar initial and boundary conditions
compared to the THC model. The measured experimental infiltration data were taken from
the unsaturated soil hydraulic database (UNSODA) (Nemes et al. 2001) and Moore
(1939). The UNSODA data were fitted in the Microsoft Excel Solver to get the van
Genuchten constitutive properties for the infiltration experiment, which were used as

inputs in the 1-D saturation model.
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Figure 3.9: Comparison of experimental data from the unsaturated soil hydraulic
database and a 1-D saturation model developed using the Richards’ Equation in
COMSOL

3.4 Model Results
3.4.1 Model Implementation and Sensitivity Study
This section discusses sensitivity of the THC model to different boundary conditions, such

as domain depth (section 3.4.1.1), pressure boundary conditions (section 3.4.1.2), and
heat source implementations (section 3.4.1.3). These sensitivity analyses were done on

the crystalline domain for the 2-D model and highlight characteristic trends that could be

extended to the results in a 3-D domain.

3.4.1.1 Domain Depth
Identifying an optimal model domain depth is important to minimize both boundary effects

and computation time. The model’s domain needs to be large enough to avoid boundary

effects, specifically those relating to groundwater flow and UFC heat dissipation.
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Since the THC model used a constant temperature bottom boundary condition; it was
important to set this boundary far below the UFC at a depth that did not affect UFC heat
dissipation. When the bottom boundary was set too close to the EBS (i.e., 10 m below
the EBS in the 510 m model) the model underpredicted UFC temperatures (with a
maximum temperature close to 60 °C) (Figure 3.10a). This is because the constant
temperature boundary condition forced an unrealistically high thermal gradient (Eq. 3.3)

toward the bottom boundary, which cooled down the UFC.

On the other hand, this false cooling was not observed when the bottom boundary was
set far from the EBS (i.e., in 1,000 m and 9,500 m below the EBS in the 1,500 m and
10,000 m models, respectively). In these models, the UFC temperatures rose to the
expected values (i.e., up to maximum temperatures above 80 ‘C, Figures 3.10b and
3.10c). Thus, this sensitivity study showed that a proper domain depth was needed to
minimize boundary effects and provide accurate temperature estimates. However, the
10,000 m domain was used in the model as UFC heat dissipation was slower compared
to the 1,500 m domain (Figure 3.11). In addition, the 10,000 m deep model is comparable
to other developed DGR models (e.g., Guo, 2016). It is important to note that the second
temperature “bump” in the 1,500 and 10,000 m models (Figure 3.11) is due to the heat
symmetry boundary condition and is not representative of the true temperature in the

DGR. See additional commentary on this phenomenon in Guo (2016).
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Figure 3.10: Domain depth sensitivity, (a) boundary effect: placing bottom boundary 10
m below the EBS underpredicted the UFC temperature, (b & ¢) UFC temperature rose

to the expected value

(i.e., maximum temperature above 80 "C) when bottom boundary

was moved away from the EBS. Note that the figures are not to scale.
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Figure 3.11: Temperature profiles in different depth models
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3.4.1.2 Pressure Boundary Conditions
The original model developed by Briggs and Krol (2018) used a Type 2 (no-flow) boundary

condition. This boundary condition meant that no water entered the system during
saturation, which created an anomalous low-pressure region at late-times (e.g., after 630
years in Figure 3.12a). Therefore, Type 1 (pressure head) boundary conditions were
implemented for the current model (Figure 3.12b). Type 1 boundary conditions resulted
in a decreased time to full saturation (from approximately 2000 to 20 years) as water was
able to enter the model domain from the boundaries. Although this phenomenon is
dependent on soil pressure-saturation parameters, the resulting pressure build up is a
common result when using the no flow boundary conditions. Therefore, the constant head
boundary condition is a better representation of the expected DGR behaviour during

saturation.

Type 2: No flow Type 1: Pressure head

Hydraulic head (m)
0

-20
1 -40
-60

Low pressure

Low pressure
grows

does not grow -80
-100

-120
-140
-160

Type 2: No flow Type 1: Pressure

head \.

(@)

-

Type 2: No flow Type 1: Pressure head

Figure 3.12: Flow boundary conditions sensitivity for: (a) Type 2: No flow boundary
conditions (b) Type 1: Pressure head boundary conditions. Results are shown at 630
years.
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3.4.1.3 Heat Source
The heat output from the UFC (Tait et al. 2000) can be implemented into COMSOL over

a boundary or a domain. For the 2-D model, a boundary heat source (Figure 3.13a) was
compared to a domain heat source (Figure 3.13b), and it was found that the latter
overpredicted the UFC temperature. This overprediction occurred because the domain
heat source was distributed over a 3-D volume and when applied to a 2-D model it
overpredicted the heat flux throughout the selected domain. In comparison, when the heat
source boundary defined the flux over the selected boundary (area), the 2-D model better
approximated the anticipated heat flux into the domain. In the 3-D model, the heat flux
was defined over the 3-D volume using a UFC heat rate that is divided by the UFC
volume. This correctly approximated the anticipated heat flux into the domain and the

temperature output aligned well with expected results (Guo, 2017).

@ [ — (0

Boundary heat Domain heat
source (Watt/m?) ———— source (Watt/m?)

L

Temperature ("C)
Temperature ("C)

e = s T o~ i
Time (years} Time lyears)

Figure 3.13: Heat source sensitivity using a: (a) boundary heat source, and (b) domain
heat source for a 2-D model. Total domain depth of 10,000 m was used in both cases.
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The discrepancies described in these sections, highlight how slight differences in model
assumptions can lead to errors or inaccurate results; therefore, boundary conditions and

initial conditions need to be chosen carefully.

3.4.2 Saturation Time
The 2-D THC model was run for a reference period of 1 million years with an initial

bentonite saturation of 67% and fully saturated rock. Figure 3.14 shows water saturation
in the crystalline DGR after 2, 5, and 15 years. The HCB near the hemispherical ends of

the UFC saturates first within 5 years. Full saturation occurs after 20 years for a host rock

permeability of 4.08><10'17m2(reference case for the crystalline rock, Table 3.2). This
result compares well with other studies assuming similar host rock conditions, i.e., 10’s-
100’s of years (Millard et al. 2004, Nguyen and Jing 2005). Saturation evolution in the
sedimentary DGR is slower than the crystalline DGR, as seen in Figure 3.15 due to lower
rock permeability. In addition, the saturation front is not as pronounced in the sedimentary
DGR due to the relative permeability of the rock with respect to bentonite. In the crystalline
domain, the rock has a higher permeability compared to bentonite while in the
sedimentary DGR the rock has a lower permeability (Table 3.2). However, since the rock

permeability in the sedimentary domain is lower than in the crystalline, full saturation
occurs later - after 160 years for a host rock horizontal permeability of 2x10%'m?2 and

vertical permeability of 2x10%m? (reference case for the sedimentary rock, Table 3.2).
Capturing this difference in saturation evolution is important to delineate the oxic and
anoxic corrosion. However, this saturation evolution may also be affected by other
variables in the host rock, e.g., natural permeability heterogeneity, salinity, and
excavation induced fractures.
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Figure 3.14: Water saturation in the crystalline DGR after a) 2 years, b) 5 years, and c)
15 years. Average permeability of rock and bentonite are 4.08x101” m? and 6x102! m?,
respectively.
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Figure 3.15: Water saturation in the sedimentary DGR after a) 15 years, b) 50 years,
and c) 100 years. Horizontal and vertical permeabilities of rock are 2x10-2* m? and
2x1022 m?, respectively. Average bentonite permeability is 1x101° m?2,

Figure 3.16 shows sensitivity in saturation profiles due to varying rock permeability.
Typically, increasing rock permeability decreases bentonite saturation time. However, the
saturation times are insensitive to the rock permeability when it is higher than the

bentonite permeability. This insensitivity is seen in the saturation profiles in the crystalline
DGR, which do not vary significantly with rock permeability of greater than 10" m? due

to the lower bentonite permeability (6><10'21m2, Table 2) and results in a consistent
saturation time for all crystalline rock permeabilities (20 years, Figure 3.16a). In addition,
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saturation time will also be affected by the soil van Genuchten parameters which govern

initial saturation condition and soil water characteristic curve of the bentonite (Van

Genuchten 1980, Baumgartner 2006).
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Figure 3.16: Average water saturation over the estimated life span of the DGR for
varying a) average permeabilities of the crystalline rock (bentonite k= 6x10-?1 m?), b)
horizontal permeabilities of the sedimentary rock while keeping the vertical permeability

unchanged (bentonite k= 1x1071° m?).

3.4.3 Bisulfide Flux and MIC Depth

Bisulfide fluxes were examined in the crystalline DGR after 2, 5, and 15 years (Figure

3.17) and the sedimentary DGR after 15, 50, and 100 years (Figure 3.18). The effective

bisulfide diffusion coefficient was kept at 1x10"'m2 s in both models. The MIC

depth, d.or at a given time at the UFC is a function of bisulfide flux and Equation 3.1 and

was calculated following SKB (2010):

_ N HSfHS I\/Icu

corr—

84

ACOrrpCU

(3.11)



Nhs/Acorr IS the bisulfide flux computed from the model, fys is the stoichiometric factor
(with a value of 2 from the stoichiometry of Eq. 3.1), M, is the molar mass of copper, and
P, IS the density of copper. The MIC rate can be calculated at the UFC. Initially, the MIC

rate is zero since no bisulfide is present at the UFC. Bisulfide diffusion occurs from the
host rock as the bentonite becomes saturated. More bisulfide enters through the bottom
boundary (Figure 3.17a) as the sharp saturation front saturates the bentonite near the
bottom boundary first compared to other parts (Figure 3.14a). The maximum bisulfide
flux occurs at the hemi-spherical UFC end caps due to EBS and UFC geometry (Briggs

et al, 2017). The maximum MIC rate in the crystaline DGR is
2 nm.year 'ppm bisulfide 'after 1653 years. The maximum MIC rate in the sedimentary

DGR is 2.54 nm.year'ppm bisulfide 'after 1267 years. It is important to note that the MIC
rate is solely based on bisulfide diffusion and not on the rate of bisulfide production due

to SRB activity (microbial reactions are not considered in this model).
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Figure 3.17: Bisulfide flux in the crystalline DGR after a) 2 years, b) 5 years, and c) 15
years
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Figure 3.18: Bisulfide flux in the sedimentary DGR after a) 15 years, b) 50 years, and c)
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3.4.4 THC versus Other Models
The previous study (Briggs and Krol 2018) assessed the effects of saturation and

temperature on MIC using separate models. These models simulated: (i) Chemical
(Diffusion) processes (referred to as the “C model”, Figures 3.19a, and 3.20a), (ii)
Hydraulic-Chemical (Diffusion) processes (referred to as the “HC model”, Figures 3.19b,
and 3.20b), and (iii) Thermal-Chemical (Diffusion) processes (referred to as the “TC
model”, Figures 3.19c, and 3.20c). This current work (the “THC model”, Figures 3.19d,
and 3.20d) explores the combined effects of saturation, diffusion, and temperature in one

model, to improve MIC estimations.

Figure 3.19e compares maximum MIC rates from different models set in the crystalline
DGR. As the bisulfide diffusion rate is dependent on saturation and temperature (Egs.
3.5, and 3.6), the MIC rate is also controlled by hydraulic and thermal conditions. In the
TC model, bisulfide enters the system after year “one” and the diffusion rate increases

with temperature (Figures 3.19c, and e). In comparison, bisulfide transport starts later in
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the HC model (approximately 3 years) and the THC model (approximately 1.5 years) once
water has infiltrated the bentonite (Figures 3.19b, d, and e). Bisulfide transport starts after
3 years in the C model as temperature does not affect the diffusion rate in an isothermal
system (Figures 3.19a, and e). Therefore, bisulfide travel time is mostly affected by

temperature, followed by saturation of the system in the crystalline domain.

All models reach steady-state MIC rates when UFC heat has fully dissipated, and
temperature returns to the background level (approximately after 2 x 10° years). MIC
rates in TC and THC models are very similar (Figure 3.19e) as saturation in the THC
model is fast (Figure 3.14) and does not significantly delay the onset of bisulfide diffusion.
In addition, the total MIC depth as estimated using Equation 11 (Table 3.3), shows that
the MIC rates with and without variable saturation (i.e., THC vs. TC) are also nearly
identical, whereas the MIC rate in isothermal conditions are lower showing that
temperature has a bigger impact on bisulfide diffusion than saturation in the crystalline
domain. It should be noted that these MIC estimates are conservative as these models
assume there is no sorption or reactions within the bentonite, no evaporation or gaseous
transport is simulated, and bentonite swelling is assumed to occur instantaneously

(bentonite permeability is given for swelled conditions).
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Figure 3.19: MIC rates (max, min, average) in the crystalline DGR under different
conditions a) C model simulates bisulfide diffusion under fully saturated-isothermal
conditions, b) HC model simulates bisulfide diffusion under variably saturated-
isothermal conditions, c) TC model simulates bisulfide diffusion under fully saturated-
non-isothermal conditions, d) THC model simulates bisulfide diffusion under variably
saturated-non-isothermal conditions, and e) maximum MIC rates in all the different
models
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Figure 3.20: MIC rates (max, min, average) in the sedimentary DGR models under
different conditions a) C model simulates bisulfide diffusion under fully saturated-
isothermal conditions, b) HC model simulates bisulfide diffusion under variably
saturated-isothermal conditions, ¢) TC model simulates bisulfide diffusion under fully
saturated-non-isothermal conditions, d) THC model simulates bisulfide diffusion under
variably saturated-non-isothermal conditions, and €) maximum MIC rates in all the
different models
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Figure 3.20e compares maximum MIC rates from different models set in the sedimentary
DGR. Like crystalline DGR, bisulfide enters the system after year “one” in the TC model
and diffusion rate increases with temperature (Figures 3.20c, and e). In comparison,
bisulfide transport starts later in the HC model (after ~5 years) and THC model (after ~2
years) after water has infiltrated the bentonite (Figures 3.20b, d, and e). Bisulfide transport
starts after 2 years in the C model as temperature does not affect diffusion rate in an
isothermal system (Figures 3.20a, and e). Unlike the crystalline domain, MIC rates in TC
and THC models are different (Figure 3.20e) as saturation of the domain in the THC
model delays the onset of bisulfide diffusion as it transports through the water filled
fraction of the pore space; however, the peak MIC rates are similar (Figure 3.20e). The
same is seen for the C and HC models (Figure 3.20e). Like the crystalline DGR, the total
MIC depths (Table 3.3) are nearly identical for the THC and TC models, suggesting that

the transient MIC rates last for a short time compared to the overall DGR lifespan.

Table 3. 3: Total maximum MIC depths calculated by the various models

Model Total maximum MIC depth (mm)
Crystalline Sedimentary

C 0.443 0.556

HC 0.443 0.556

TC 0.517 0.645

THC 0.517 0.645

To demonstrate this, Figure 3.21 shows maximum MIC rates plotted against a linear time
scale. This figure shows that the MIC rates driven by changes in saturation and UFC
temperature (that impact bisulfide diffusion rates), only occur during the initial life span of
the DGR (i.e., before 200,000-400,000 years). After this time, the DGR conditions are

fully saturated and isothermal. Therefore, the comparisons in Figure 3.21 help to
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understand the relative importance of including different processes in the model and how

the system behaves over time due to coupling these processes.
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Figure 3.21: Maximum MIC rates in different models, plotted against a linear time scale,
a) crystalline DGR, and b) sedimentary DGR

3.4.5 Predicted DGR Environmental Conditions

The THC model was also used to show the predicted environmental conditions and
bisulfide flux distribution in the crystalline and sedimentary DGRs (Figure 3.22). The initial
bentonite saturation is assumed to be 67% in both DGRs; however, full saturation occurs
at different times due to the differences in rock permeability. The normalized air content
is calculated as (1-Se)/(1-Seo0), which is assumed to correspond to the evolution of
oxic/anoxic conditions in the DGR. However, these models do not simulate the free and
dissolved oxygen mass balance or oxygen movement within the DGR. Instead, the
influence of key physical processes affecting bisulfide flux (i.e., saturation and heating)
are highlighted. The low degree of saturation lowers bisulfide flux (seen most clearly in
Figure 3.22b), as bisulfide is assumed to transfer through the water-filled fraction in the
pore space. The peak bisulfide flux occurs under high UFC temperatures when the DGR
is fully saturated (Figure 3.22).
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Figure 3.22: Predicted environmental conditions from the THC models in the a)
crystalline DGR, and b) sedimentary DGR. Note that the average bentonite air content
and bisulfide flux values are normalized.

3.5 3-D THC Model
The previous results were given for the 2-D model therefore Figure 3.23 compares

maximum MIC rates, temperature, maximum bisulfide flux, and average DGR saturation
in the 2-D and 3-D THC models set in the crystalline DGR. As seen in Figure 3.23a,
maximum MIC rates in the 2-D and 3-D THC models are not the same. The total MIC
depth in the 3-D THC model is 0.59 mm (Figure 3.26) while the 2-D THC model estimates
0.517 mm (Table 3). This difference occurs due to 3-D geometry (also observed by Briggs
and Krol (2018)), which captures MIC rates in the third dimension that are not included in
the 2-D model. However, the characteristic UFC temperature (Figure 3.23b) and degree
of saturation (Figure 3.23c) are very similar between the 2-D and 3-D models. In addition,
the trends and sensitivities discussed in Section 3.4 are the same for the 2-D and 3-D
models. This can be seen in the results from the 3-D crystalline and sedimentary DGR

models (Figures 3.24, 3.25, and 3.26).
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Figure 3.23: 2-D THC versus 3-D THC models of the crystalline DGR, a) maximum MIC
rates, b) temperature, and c) average DGR saturation
Figures 3.24a and 3.24 b show sensitivity in saturation profiles due to varying rock
permeability in the 3-D crystalline and sedimentary DGR, respectively. The results in
these Figures of the 3-D DGR models show the same trend in saturation profiles observed
in the 2-D DGR models’ saturation profiles in Figure 3.16. Figures 3.24c and 3.24d show
UFC temperature evolution in the crystalline and sedimentary DGR, respectively. These
figures show that temperature evolution is insensitive to hydrogeological properties, as

evaporation and condensation processes are not considered.

93



1t(a H(b .
(@) ®) 5 yEaTS

T 09510 years ' /
= 105 years
s 09 80 years y 720 years
[
3 085 20 years 205 years
o
% 0.8
! 30 years 170 years
£ 075 i
& ' : ] !
s 07 — Ky =4E-21 m?, Sy=67% !
o« 1 ]
8 065 / Kerys=4E-19 m?, S,=67% [ | Knses=2E-22 m, S0=67%
% 0.6 // Ky =4E-18 m?, S,=67% | /I — Kp sea=2E-21 m?, S=67% | |
- / — Kerys=4E-17 m?, $,=67% Y Knsoq=2E-20 m?, $,=67%
g * / Kerys=4E-17 m?, S,=89% g d Knsea=2E-21 m?, 5,=89%

BRF e - = Keys=4E-17 M7, $9=45% |1[ oo™ 2 ——Kpoeq=2E-21 m?, So=45%

r‘,‘.‘.‘.‘ T T ET T TP I TP YT YTUT T T TP ST T T Tt TP Tt - TR (PPt TP TP HT T TP T T Tt T TTFW oYY It PP TP YT Tt YYT TP rTnT
—~ 8o}
o
[
= 70
s
2 60
£
g
v 50
®
T
a 40
Q
5
2 30
o
o
g 20}
& \
107 10° 10? 10* 10° 107 10° 10? 10* 10°

Time (years)

Figure 3.24: (a, b) average DGR effective saturation and (c, d) average UFC surface
temperature from varying the initial saturation, isotropic rock permeabilities (in the
crystalline model in frames a and c), and horizontal rock permeabilities (in the
sedimentary model in frames b and d). The base case scenarios are bolded (Rashwan
et al. 2022).

Figures 3.25a and 3.25b show relative bisulfide flux over time in the crystalline and
sedimentary domains under different modelling conditions (C, HC, TC, and THC). Figures
3.25c¢ and 3.25d show simulated DGR conditions. The results in these Figures of the 3-D

DGR models show the same trend in bisulfide flux and DGR conditions observed in

Figures 3.19¢, 3.20e, and 3.22 for the 2-D models.
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Figure 3.25: Relative bisulfide fluxes estimated at UFC surface (upper end-caps) in (a)
crystalline and (b) sedimentary DGR models under different modelling conditions. C
model simulates bisulfide diffusion under fully saturated-isothermal conditions, HC
model simulates bisulfide diffusion under variably saturated-isothermal conditions, TC
model simulates bisulfide diffusion under fully saturated-non-isothermal conditions, THC
model simulates bisulfide diffusion under variably saturated-non-isothermal conditions.
(c and d) Prediction hydrogeological conditions in the crystalline and sedimentary
domains. Note that the average bentonite air content and bisulfide flux values are
normalized (Rashwan et al. 2022).

Figure 3.26 shows that bisulfide corrosion depths are identical in the models as saturation
has negligible impact (<1%). Heating only increases bisulfide flux by less than 20%, which
occurs during the initial life span of the DGR. The highest bisulfide corrosion is below the

NWMO HS corrosion depth tolerance, 0.8 mm, reported in Hall et al. (2021).
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Figure 3.26: HS™ corrosion depths under different modelling conditions (i.e., C, HC, TC,
and THC) in the crystalline or sedimentary domains. The slopes are calculated from
200,000 to 1,000,000 years in each model using linear regression analyses. Note that
the horizontal axis represents a linear timescale (Rashwan et al. 2022). The HS"
corrosion depth tolerance is reported in Hall et a. (2021).

3.6 Theoretical and Numerical Bisulfide Flux
Figure 3.24 compares bisulfide fluxes from a simplified 1-D analytical and 1-D, 2-D, and

3-D numerical C models, set in the crystalline DGR. The 1-D models consider the
transient diffusion from the centre of the UFC end cap to the rock-bentonite interface. As
seen in Figure 3.27, bisulfide fluxes from the 1-D analytical and 1-D numerical models
are identical. In addition, bisulfide fluxes from the 2-D and 3-D numerical C models match
well with the 1-D analytical flux in the early times (i.e., during the first 30 years). The early
matching reveals that the onset of bisulfide diffusion occurs through 1-D transport path
(i.e., the shortest distance from the rock-bentonite interface to the UFC end cap/caps).
The difference in bisulfide fluxes after 30 years indicates multidimensional transport,
which was not considered in the 1-D analytical model. Therefore, the similarity in bisulfide

evolution in the analytical and numerical models further confirms that the numerical
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approximation used in the DGR models is appropriate and the model is properly

developed.
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Figure 3.27: Comparison of bisulfide fluxes from an analytical model and numerical C
models of the crystalline DGR

3.7 Conclusions
This chapter outlines the long-term conditions anticipated in the DGR, conceptual models

of the processes affecting MIC, and results of the newly coupled 2-D and 3-D Thermal-
Hydraulic-Chemical (Diffusion) model (referred to as the “THC model”). The THC model
can simulate bisulfide diffusion through the bentonite in the DGR under variably saturated
and non-isothermal conditions. Moreover, the specific implementation and verification
procedures have been documented. The parameters used in the model are obtained from
NWMO case studies (Sykes et al. 2011, Gobien et al. 2016, 2018, Guo 2016, 2018, Dixon
et al. 2018, Dixon 2019), and other sources (Baumgartner 2006, SKB 2010b). This model
is designed to be flexible and accommodate site-specific information as it becomes
available; however, many of the key trends elucidate characteristic evolution expected in

the DGR and its influence on MIC.
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A range of verification and validation procedures were conducted to develop confidence
in the THC model. For example, a mesh convergence study was performed to ensure the
model was properly discretized in space. In addition, a sensitivity study on various
boundary conditions was performed to ensure boundary assumptions were not leading to
spurious, unrealistic results. A domain depth of 10,000 m was used as it provided the
expected temperature profile without increasing computational time. In addition, constant
pressure head conditions were used at the model flow boundaries to simulate realistic
flow conditions and avoid anomalous low-pressure zones that developed at late-times
with no-flow boundaries. Around the UFC, a boundary heat source was chosen to model
the heat generated by the used nuclear fuel, as a domain heat source overpredicted the
UFC temperature due to geometry and modelling inputs. The host rock was assumed to
be fully saturated; the HCB was initially at 67% saturation and a constant, 1 ppm bisulfide
concentration boundary condition was assumed at the rock-bentonite interface. The 2-D
THC model was compared with previous models developed by Briggs and Krol (2018)
and the 3-D THC model was developed and compared with the 2-D THC model and two
1-D C models (analytical and numerical) for verification purposes. Lastly, the robustness
of the numerical approximation used in the model was confirmed through good agreement

between numerical and theoretical solutions.

The mass transport and thermal processes were validated by Briggs and Krol (2018),
while the hydraulic process (Richard’s equation) verification is presented in this chapter.

As no 2-D experiments have been completed, the saturation process was verified by
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developing a 1-D saturation model which reproduced a quasi-1-D experiment of water
infiltration into clay. Upon verification, the THC model was run for both DGR domains and
it predicted 20 years and 160 years for full saturation in the crystalline and sedimentary
host rock models, respectively. These saturation times are comparable to the results from
other HCB saturation studies assuming similar host rock conditions, i.e., 10’s-100’s of
years (e.g., DECOVALEX Il project results). Bentonite saturation is slower in the
sedimentary rock compared to the crystalline rock due to lower rock permeabilities. In
addition, the saturation front is not as sharp in the sedimentary domain due to the relative
magnitude of permeability of the rock and bentonite. Typically, increasing rock
permeability would decrease bentonite saturation time. However, the saturation times are
insensitive to rock permeability when the rock permeability is higher than the bentonite
permeability, making the bentonite the governing transport layer (as seen in the crystalline
domain). Capturing this difference in saturation evolution is important to delineate the oxic
and anoxic corrosion. However, this saturation evolution may be affected by many
variables in the host rock and bentonite, e.g., permeability, salinity, and excavation
induced fractures. The estimation of saturation time is also controlled by the van
Genuchten parameters which govern initial saturation condition and soil water

characteristic curve of the bentonite.

This chapter also provides a model comparison between the THC model and previous
models developed by Briggs and Krol (2018)). This analysis reveals that the MIC is driven
by changes in saturation and UFC temperature that impact bisulfide diffusion rates, which

only occurs during the initial life span of the DGR (i.e., before 200,000 - 400,000 years).
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After this time, bisulfide diffusion occurs in a saturated system under isothermal
conditions. In addition, the 3-D THC model, set in the crystalline DGR, results in a total
MIC depth of 0.671 mm, compared to 0.517 mm using the 2-D THC model. This difference
in MIC depths is due to the 3-D geometry which includes bisulfide flux from an additional

dimension and shows the importance of using 3-D simulation to estimate corrosion depth.

As bisulfide transport is diffusion dominated, and no gaseous transport is assumed,
bisulfide transport starts as the EBS pore space becomes saturated. The maximum
bisulfide flux occurs at the hemi-spherical end caps of the UFC as water contacts the
caps first due to UFC and EBS geometry. The total maximum MIC depths are 0.645 mm
and 0.517 mm in million years in the sedimentary and crystalline DGR, respectively.
However, this MIC estimate is conservative due to several assumptions, such as:

e no sorption, geochemical reactions or microbial processes are assumed to be
occurring within the bentonite; including these reactions would decrease the
amount of bisulfide that would be transported to the UFC

e bentonite is assumed to swell instantly, and bentonite permeability is assumed to
be constant throughout the simulation; including bentonite swelling may increase
bisulfide transport in the early times due to higher bentonite permeability; this
would have a bigger impact in the crystalline domain as the bentonite permeability
has a more controlling impact on diffusion

e No vapour transport or evaporation or condensation is modelled in the system;
including these processes would lead to cooling of the system resulting in lower

bisulfide transport
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In summary, the THC model has been robustly developed to aid in the performance
assessment of the Canada’s DGR. The developed THC model is designed to be flexible
to accommodate additional processes and site-specific information as it becomes
available. Future work will include sorption and geochemical reactions, vapour transport,

bentonite swelling, corrosion equations, microbial reactions, and biochemical modelling.
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Chapter 4 Assessment of Hydrogen Gas Formation
Using Numerical Modelling Under Deep Geological
Repository Environments

4.1 Introduction
The Canadian Nuclear Waste Management Organization (NWMO) is responsible for the

design and implementation of Canada’s high level nuclear waste deep geological
repository (DGR). The NWMO has proposed a DGR design, which consists of copper
coated used fuel containers (UFCs) being placed within a highly compacted bentonite
(HCB) buffer surrounded by natural host rock (either crystalline or sedimentary) (Figure
4.1a). Hydrogen (Hz2) may be generated in Canada’s high level nuclear waste DGR
through various pathways. The primary scenario of H2 generation in the rock is via
radiolysis (e.qg., radiolysis of water), which will occur following the slow radioactive decay
of uranium within the host rock itself, as this will produce reducing (i.e. hydrogen-

dominated) conditions at depth in the “far-field” (Sherwood Lollar 2011).

H,O +aBy — OH.(aq)’ H+(aq)’ e, H.(‘W)’ Hzoz(aq)’ Hz(g)’ Hoé(aQ) (4.1)

It is worth mentioning that the concentration of radioactive elements varies in different
rocks (Jedrzejek et al. 2022). The H2 may also be produced in the DGR due to steel
corrosion, used for repository construction:

3Fe(aq) + 4H20 - Fe304(s) + 4H2(g) (42)

Among different plausible H2 production scenarios that may affect the UFCs and
bentonite (i.e., within the “near-field”), microbiologically influenced corrosion (MIC) of the

UFC copper coating is most likely. However, MIC will depend on the availability of HS™ at
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the container surface, which will depend on many factors, including: (i) the availability of
a sulfate (SO?{) inventory, (ii) groundwater chemistry (e.g., HS™ production in acidic or
alkaline media), and (iii) microbial growth conditions (e.g., availability of organic
compounds and Hz, which may be available from radiolysis of water (Eq. 4.1 or repository
steel corrosion (Eqg. 4.2). In the far-field, sulfate-reducing bacteria (SRB) could use H:
(Eq. 4.3 or organic compounds (e.g., lactate) (Eq. 4.4 as electron donors to reduce sulfate

and produce HS" in the host rock (Abrahamsen-Mills and Small 2019):

4H, (5 * SOX (g * H' ()= HS (g + 4H,0 (4.3)

2- ' -
2(CH,0) ) + SO (o) + 2H ey 2HCO3 4 + HS (ag) + 3H@g)  (4.4)

The sulfate source may be present in the groundwater due to mineral dissolution (e.qg.,

celestite) in the host rock (Eq. 4.5) or gypsum dissolution in the bentonite (Eq. 4.6):

Srsoi'(s)—> S (aq)* soi'(aq) (4.5)
2+ 2-
CaSO4(S)—>C3 (aq)+ 804 (aq) (46)

However, H2 consumption by SRB is likely to be competitive with methanogenesis, should
methanogens also be present in the far-field. These methanogens will consume H2
through methane formation (CHa4) (Behazin et al. 2021):

CO2(g) +2Hzqy—> CHy ) +2H,0 (4.7)
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Figure 4.1: a) Proposed multiple barrier system in Canadian DGR (adapted from Hall et
al. 2021) and b) Conceptual model of key processes relevant to H2 production and

consumption in Canada’s proposed DGR.

The produced HS" in the host rock (Eqgs. 4.3-4.4) could transport through the HCB to the

UFC surface and corrode the copper coating in acidic (Eq. 4.8) or alkaline (Eq. 4.9) media

(Cloet et al. 2017, Hall et al. 2021):

ZCU(S)+HSan)+H+<—>CU2S(S)+H2(g) (4.8)
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ZCU(S)"'Hszaq)"'HzOHCUQS(S)‘FHZ(g)"‘OHan) (49)

As seen in Eqgs. 4.8-4.9, Hz is a by-product of the MIC reaction. In laboratory test cells,

H2 production from reaction between copper and hydrogen sulfide (H2S, another form of

HS") is shown to be slow (=1 0 moles after 4 years) and generated in the aqueous phase
(Senior et al. 2020). However, Hz production from MIC may be influenced by many
different processes throughout the DGR design life (1 million years). A conceptual model
of the key processes relevant to Hz production and consumption is presented in Figure

4.1b.

The produced Hz will be dissolved in the water saturated pore space due to the confining
pressures at the DGR level (i.e., 500-800 m below surface) increasing its solubility limit
(Muhammed et al. 2022). Subsequently if the produced H2 accumulates and surpasses
the H2 solubility limit, it may also partition from the aqueous to gaseous phase over the

DGR design-life (i.e., one million years).

Aqueous H2 may become trapped in the DGR’s HCB or transported through the DGR to
the surrounding host rock (King 2012), which will be governed by rock and clay diffusive
properties or fractures (e.g., which would act as preferential pathways). Gaseous H2 may
also create preferential pathways in the HCB that may compromise UFC protection (King
2012). Therefore, H2 poses numerous risks in a DGR, and it is important to understand
its dynamics over the long DGR design-life. Many researchers have studied DGR gas
generation to evaluate effects of gases on the DGR safety (Moreno and Neretnieks 2013,

Calder 2014, Suckling et al. 2015, Diomidis et al. 2016, Scully et al. 2016, Silva et al.
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2019a, 2019b, Vikman et al. 2019, NWMO 2021). While these studies provide valuable
insight into gas generation processes, long-term Hz dynamics due to MIC is not well-

guantified.

This study presents a Hz2 model (referred to as the THC-H2 model), which is based on a
previously published Thermal-Hydraulic-Chemical (THC) DGR transport model to
estimate corrosion rates in DGRs (Asad et al. 2022, Rashwan et al. 2022). The objective
of this study is to understand if H2 could accumulate in the DGR and surpass the H2
solubility limit, which would indicate H2 gas (bubble) formation. This THC-H2 model uses
generally conservative assumptions around HS- and H2 transport and flux conversion
(i.e., converted HS" flux represented the rate of aqueous H2 accumulation) to identify key
parameters relevant to H2 dynamics and draw implications for long-term impact of H2 on

the engineered barrier system in a DGR.

4.2 Model Approach and Methodology

4.2.1 Model Development

The hydrogen model developed in this study (THC-H2) is based on the THC model that
simulated MIC due to HS™ transport in a DGR under varying thermal and hydraulic
conditions (Briggs and Krol 2018, Asad et al. 2022, Rashwan et al. 2022). The DGR was
approximated as a 2-D and 3-D system in crystalline rock and all parameters were
obtained from NWMO case studies and other reports. The THC model results showed
that the UFC heating accelerated MIC through accelerating HS transport rate, but the

saturation process delayed the onset of MIC. However, both processes did not strongly

influence projected MIC over the design life of 1 million years (see Rashwan et al. (2022);
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Asad et al. (2022) for additional details). The THC-H2 model extends the THC model and
examines two distinct H2 dynamics: i). THC-H2: Hz is generated at the UFC surface
following Eqg. 4.8 and ii). THC-H2 feedback: Hz is generated at the UFC surface but once
it diffuses to the rock-bentonite interface (RBI), it is converted to HS" following Eq. 4.3.

Both models were developed using conservative assumptions presented in Table 4.1.

Table 4. 1. Conservative assumptions made in modelling H2 dynamics

Model Modelled reaction and location Assumptions
THC-H2 At UFC: Equilibrium condition is
2Cu(s)+HSan)+HE;q)<—>Cu28(s)+H2(g) constant across space and

time. pH was assumed to
be 8-11. At the UFC, HS-
flux is converted to H2 flux.
Cu and CuzS are immobile.
Hz is assumed to be a
dissolved species.

At RBI:
Constant HS™ concentration boundary

THC-H2 At UFC: Same as THC-H:2
feedback 2CU(S)+HSan)+HE-aq)(_)CUZS(S)-'-HZ(g)
At RBI: Equilibrium condition is

4H,  +S02  +H" e HS g +4H,0 | constant across space and
® @) (aq) (2a) time. Hz is assumed to be

a dissolved species. At
RBI, Hzflux is converted to
HS- flux based on shown
equation. SO4 is assumed
to be a non-limiting
species.

An overview of the model domain, geochemical boundaries, and initial conditions for both
the THC-Hz and THC-Hz feedback models are shown in Figures 4.2 and 4.3, respectively.

For all other processes (i.e., thermal, hydraulic, chemical transport), the boundary and
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initial conditions are detailed in Asad et al. (2022) (and Supplementary Materials, Figure

A.S.1).
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ZCU(S)"‘HS(-aq) + H+HCLI23(S)+H2(Q)
Immobile Cu (1 ppm) : 0.02 mol m-2
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—10,000 m
10m

b)

1: HS- transport from RBI to UFC
2: Produced H, transport from UFC to rock

Rock-bentonite interface (RBI)

Figure 4.2: a) Key initial and boundary conditions for HS- and Hz in the THC-H2 model
and b) Transport directions of HS and H2
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Figure 4.3: Key initial and boundary conditions for HS- and Hz in the THC-H2 feedback
model and b) Transport directions of HS-and H:z

4.2.1.1 THC-H2 Model Development

The 2-D THC-H2 model described MIC and Hz production using Eq. 4.8 at the UFC
surface. The species included in the model are copper (Cu), HS" (assumed pH: 8-11),
hydrogen ion (H*), copper sulfide (Cuz2S), and Hz. The Eqg. 4.8 reaction was implemented

as a surface equilibrium reaction (SER) (see supplementary materials, Section A.S.2):

[H]

=2 (4.10)
[HST[H]
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where E is the equilibrium constant. The HS- concentration at the RBI was assumed to
be 1 ppm (0.03 mol m) and was implemented as a constant concentration boundary
condition (Rashwan et al. 2022). These boundary conditions assumed that
HS- transported from the host rock to the UFC surface and produced Hz2, which then
transported from the UFC back to the host rock. All transport was assumed to be diffusion-
driven (i.e., no advection). The diffusivity for each species was defined independently.
The effective diffusivities for HS- and Hz in bentonite and rock were defined similarly as a
function of: (i) species-specific water diffusion coefficients, (ii) saturation, (iii) temperature,
(iv) diffusion accessible porosity, and (v) tortuosity following Rashwan et al. (2022). Since
rock has a much lower porosity than bentonite, the effective HS- and H2 rock diffusivities
were significantly lower than the effective HS- and Hz bentonite diffusivities (Archie 1950)

(see Table 4.2).

4.2.1.2 THC-H2 Feedback Model Development
The THC-H2 feedback model incorporated H2 generation from MIC using the same SER

approach described above, but also modelled production of HS™ through consumption of

moles Hz via SRB reaction using Eq. 4.3 at the RBI. The SO?{ was conservatively
assumed to be a non-limiting species. Altogether, this H2 generation approach described
a feedback process: i.e., HS" produced at the RBI from far-field Hz sources (Eq. 4.3) was
transported to the UFC surface to produce H2 (Eqg. 4.8), and then transported from the
UFC back to the RBI to produce HS- (Eq. 4.3). Unlike the THC-H2 model, the far-field rock
boundary was modelled with a constant H2 boundary condition of 0.5 mol m= (i.e., 1 ppm
H2) (Sherwood Lollar et al. 1993a, 1993b, Szakalos and Seetharaman 2012) in the THC-

H2 feedback model and a SER boundary condition was implemented at the RBI to convert
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HS- from the H2 via Eg. 4.3. The constant Hz2 boundary condition represented a constant
source of Hz flux through the rock, which was used to produce HS" flux at the RBI via Eq.
4.3. Although the constant H2 boundary condition is conservative, it represents Hz sources
that could be due to different processes throughout the rock (see Figure 4.1). The initial
background Hz concentration throughout the DGR was assumed to be 0.01 mol m=3 (i.e.,
0.02 ppm H2) (Szakalos and Seetharaman 2012). It is worth noting that previous works
(Sherwood Lollar et al. 1993a, 1993b, Sherwood Lollar 2011) reported =4 ppb and =3
ppm H2 as the expected H2 concentrations in Canadian shield and Fennoscandian shield,
respectively. As such, the initial H2 concentration used in this simulation represents a

conservative scenario.

4.2.2 Parameters
The key model parameters are shown in Table 4.2. These parameters represent the
properties of HCB and rock, as well as the species Cu, HS and Hz in the UFC, HCB, and

rock.
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Table 4.2: Key parameters for H2 dynamics

Parameter | Domain | value
General parameters
Water, Air? All Thermophysical properties from
COMSOL 5.6 Material Library
Key parameters for H2 dynamics
Porosity?34 (@) HCB 0.382
Rock 0.003
Density®>® HCB 1700 kg m®
Rock 2700 kg m3
Initial HS™ concentration®® ([HS,q]) All 6x10™ mol m3(0.02 ppm)
HS concentration?3 ([HS(,q)]) RBI 0.03 mol m3 (1 ppm) (THC-H>)
Produced HS- from H2 consumption
(Eq.3) (THC- H2 feedback)
Initial H* concentration* All 0.02 mol m (0.02 ppm)
Immobile Cu concentration [Cu] UFC 0.02 mol m3 (1 ppm)
Initial H2 concentration*” ([Hz(aq)i]) All 0.01 mol m3 (0.02 ppm)
H2 concentration*” ([Hz(aq)]) Rock at far-field 0.5 mol m= (1 ppm) (THC-H: feedback)
HS- diffusion coefficient in All 1x 10° m?/s
water'®(Doys-)
Effective HS- diffusion coefficient?3 (D,) | HCB 1x 101 m?/s at full saturation, 20 °C
Rock 1.64x 1013 m?/s at full saturation, 20 °C
H2 diffusion coefficient in water!! (Doy,) | All 5.13% 10° m?/s
Effective Hz diffusion coefficient'? (D.y,) | HCB 7.5% 10-1% m?/s at full saturation, 20 °C
Rock 8.4x 1013 m?%/s at full saturation, 20 "'C

1(COMSOL 2021b) 2Rashwan et al. (2022) Asad et al. (2022) “Szakéalos and Seetharaman (2012) 5(Gobien et al.
2016) $(Guo 2016, 2018) "Sherwood Lollar et al. 1993a,b 8Gascoyne(1997) °Kremer(2017) ° (SKB 2010b) *(Hemme
and Van Berk 2018) *?Archie (1950)

4.3 Model Results

4.3.1 Model Confirmation

4.3.1.1 HS Concentration Comparison

The THC-H2 model was verified against the previously published THC model (Asad et al.
2022), where comparisons between modelled HS™ concentration distributions are shown
in Figure 4.4. The THC-Hz results in Figure 4.4a mirror the HS" profiles from the
benchmark 2-D THC model, which used a constant O ppm HS™ boundary condition at the
UFC surface instead of the reaction in Eq. 4.8. Therefore, the agreement between Figures
4.4a and b confirms that the surface reaction was implemented correctly in the THC-H2

model, as it effectively modelled a constant zero HS™ concentration boundary condition at

the UFC. In other words, all HS at the UFC surface was assumed to react immediately
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to produce H:2 (see supplementary materials, Section A.S.3 for species conversion rate

verification).

1 year 10 years 106 years

HS- concentration

mol m~3

x1073
30

1 year 10 years 106 years

r—

|

Figure 4.4: HS™ concentration over time in the a) THC-H2 model and b) THC model

4.3.2 Sensitivity Study

4.3.2.1 Simulated Cases for Sensitivity Analysis

Ten cases were established (Table 4.3) to examine the effect of HS- and H: initial
background concentration, constant HS- RBI concentration, constant Hz concentration at
the far-field rock boundary, and the effective H2 rock diffusion coefficient on Hz dynamics
in a DGR. For the THC-H2 model, the base case scenario was Case 1 (C1). The value of
HS- initial concentration in C1 was chosen based on data from previous studies by
Gascoyne (1997) and Kremer (2017). C1 was compared to Cases 2 and 3 (C2, C3) where

HS" initial concentrations of 0.5 ppm and 1 ppm were used, respectively, which were 25

and 50 times greater than the C1 HS" initial concentration, respectively. The value of HS-
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initial concentration in C3 represented an upper bound of the concentration (over an order
of magnitude higher than expected HS" concentrations in Canadian shield), chosen to
observe the sensitivity of HS" initial concentration on H2 dynamics. The value of constant
HS" RBI concentration in C1 was chosen following previous studies by Gascoyne (1997)
and Kremer (2017) who reported 30-90 ppb as the expected HS" concentrations in
Canadian shield, which are over an order of magnitude lower than 1 ppm. Case 4 (C4)
used 2 ppm HS concentration at the RBI, i.e., double the HS- concentration used in C1.
This value represented an upper bound of the concentration, chosen to observe the

sensitivity of HS™ concentration at the RBI on H2 dynamics.

For the THC-H2 feedback model, the base case scenario was Case 6 (C6). The Hz initial
concentration in C6 was chosen based on data found from previous study by Szakalos
and Seetharaman (2012). Cases 7 and 8 (C7 and C8) used H: initial concentrations of
0.5 ppm and 1 ppm, respectively, which were 25 and 50 times greater than the H: initial
concentration used in C6, respectively. Like the HS" sensitivity, the Hz initial concentration
value in C8 represented an upper bound of the H2 concentration (over an order of
magnitude higher than expected H2 concentration in Canadian shield). The value of
constant Hz concentration at the far-field rock boundary in C6 was chosen following
previous studies by Sherwood Lollar (2011) and Sherwood Lollar et al. (1993a, b) who
reported ~4 ppb as the expected H2 concentrations in Canadian shield, which is over an
order of magnitude lower than 1 ppm. Case 9 (C9) used a H2 concentration of 2 ppm at
the far-field rock boundary, i.e., double the HS- concentration used in C6. This value

represented an upper bound of concentration to observe the sensitivity of H:2
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concentration at the far-field rock boundary on Hz dynamics. The effective Hz diffusivity
used in C1 and C6 was estimated based on the procedure described in previous studies
by Rashwan et al. (2022) and Archie (1950). Cases 5 and 10 (C5 and C10) used an
effective host rock H2 diffusivity of 8.4 x 1072 m? s'1, which was about 10 times greater
than the effective Hz diffusivity used in C1 and C6. C5 and C10 therefore explored the

sensitivities to host rock Hz diffusivity, which could occur due to fractures resulting in

preferential flow paths.

Table 4.3: Sensitivity analysis simulations

Model Case | HS initial Constant HS- Hz initial Constant Hz Effective Hz rock
background concentration at the | background concentration diffusivity
concentration | RBI concentration | at the far-field | (m?s?)
(ppm) (ppm) (ppm) rock boundary
(ppm)
THC-H> C1la 0.02 1 0 0 8.4 x 10713
THC-H: C2b 0.5 1 0 0 8.4 x10°13
THC-H: Cc3v 1 1 0 0 8.4 x 10713
THC-H2 C4b 0.02 2 0 0 8.4 x 10713
THC-H2 C5b 0.02 1 0 0 8.4 x 1012
Feedback | C6° 0.02 Produced HS- from 0.02 1 8.4 x 10713
H2 consumption
(Eq. 3)
Feedback | C7¢ 0.02 Produced HS from 0.5 1 8.4 x 10713
Hz consumption
Feedback | C8¢ 0.02 Produced HS from 1 1 8.4 x 10713
Hz consumption
Feedback | C9d 0.02 Produced HS- from 0.02 2 8.4 x 10713
H2 consumption
Feedback | C10d 0.02 Produced HS from 0.02 1 8.4 x 10712
H2 consumption

aTHC-H2 base case, PTHC-H: sensitivity case, STHC-H: feedback base case, “THC-H2 feedback sensitivity case. Note
that the effective Hz diffusivity in bentonite was kept the same in all cases and bold values represent the varied
values for the sensitivity study.

4.3.2.2 Effect of HS  initial Background Concentration (THC-H2 model)
The effects of HS initial background concentration on maximum Hz concentration and

average species conversion rates (i.e., HS  and Hzrates) at the UFC are shown in Figure

4.5.
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Figure 4.5: Effect of HS initial background concentration on a) maximum Hz
concentration at the UFC and b) average species conversion rate at the UFC. Note that
the positive and negative species conversion rates indicate species production and

consumption, respectively.

Figure 4.5a shows that H2 concentrations at the UFC were insensitive to changes in HS"

initial concentration (see supplementary materials, Section A.S.5 for little change (0 to

116



~0.02 mol m®) in H2 concentration at the UFC due to changes in HS initial concentration).
That is, the Hz rates (Eq. 4.8) increased slightly after year “zero” due to higher HS-
concentrations near the UFC (i.e., due to initial HS® concentration changes), but
decreased over 100 years and converged at common H: rates because the initial HS
used up before 100 years (i.e., converted to H2 before 100 years). These late-time H2
rates (i.e., from ~100 — 1,000,000 years) ultimately governed the Hz concentration trends
(Figure 4.5b). In other words, the HS" initial concentration did not impact long-term H2
production, as variations of initial HS- concentrations (C1 to C3) only led to minor,

inconsequential initial-effects.

4.3.2.3 Effect of Constant HS" Concentration at the RBI (THC-H2 model)
The effects of constant HS- concentration at the RBI on maximum H2 concentration and

average species conversion rates (i.e., HS  and Hzrates) at the UFC are shown in Figure
4.6. Unlike Figure 4.5, Figure 4.6a shows that the H2 concentration was highly sensitive
to constant HS™ concentrations at the RBI, which led to higher conversion rates (Eq. 4.8)
after ~4 years that was sustained across the full 1 million years (Figure 4.6b, C4). These
rate differences reflect the time-lag, t 4, due to HS" transport from the RBI to the UFC (see
supplementary materials, Section A.S.7 for diffusion time scale analysis). After this time-
lag, Figure 4.6 shows Hz concentrations were controlled by the HS™ transport to the UFC.
In other words, variations in the constant HS boundary concentration (C1 and C4) varied
the HS™ supply to the UFC over the full design life; therefore, an increase in the HS-

boundary concentration increased long-term Hz production.

117



24+ - i
—— HS =1 ppm
«g 22¢ — HS =2 ppm 1
= 201 §
o
£ 18 :
e
r 16 1
)
5] 14 4
s
% 12 - -
a) £ 10} ;
]
c 8 b
S
o~ 6 B T
T
% ar 1
1%
= 2+ i
0 I .
1072 10° 10° 10* 10°
Time (years)
)(10'12 _III\ T Trrrimr T TTmnT T TTTTmr T T T T T TTTmm T TTTmnhT T TTTTImT T TTTTI A
o~ s —— HS " rate (HS = 1 ppm)
= L 4
E —— H, rate (HS = 1 ppm) C#4
% ar HS rate (HS = 2 ppm) 1
£ 3 ||| = Hrate (HS = 2 ppm) -
Q HZ—PZ I |
2 C#1
[0
© 1r 7
©
b) £ of :
o
g ST > e i
2 x? \ ,
5 okt~ ~4 years ‘ )
bt Dons-
n HS»>
@ 3t = 4
Q
@
&  al i
[1}]
(=]
o -5t .
¢
< -5 Tlll I I ETTi Ll i L1 L 111 I ETIi Ll IR N
1072 10° 10° 10° 10°

Time (years)

Figure 4.6: Effect of constant HS™ concentration at the RBI on a) maximum H:
concentration at the UFC and b) average species conversion rate at the UFC. Note that
the positive and negative species conversion rates indicate species production and
consumption, respectively. Also note that t_ ; represents time lag due to HS" transport
from the RBI to the UFC and x1 is the minimum horizontal distance between RBI and
UFC cap, 0.343 m.
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The maximum aqueous Hz concentration at the UFC was 23 mol m after 1 million years
for a constant HS- concentration of 2 ppm at the RBI and the DGR H2 solubility limit, 88.9
mol m=3 at 20 °C at 500 m depth (see supplementary materials, Section S.4) was not
surpassed. These results therefore highlight that the long-term Hz production from MIC
may depend on constant supply of HS" to the UFC. This condition is unlikely to be present
in the DGR where HS™ concentration has been found to be quite small, 30-90 ppb
(Gascoyne 1997, Kremer 2017)) and resulting from sulfate reduction, which would not

lead to a constant concentration condition.

4.3.2.4 Effect of Hz Initial Background Concentration at the RBI (THC-H:2
Feedback model)

The effects of H2 initial background concentration on maximum Hz concentration and
average species conversion rates (i.e., HS  and Hzrates) at the UFC are shown in Figure
4.7. This figure shows that additional initial H2 led to higher species conversion rates that
were sustained for ~1000 years. There were minimal changes in the Hz concentrations
(Figure 4.7a), and HS™ and H: rates at the UFC (Figure 4.7b) until ~4 years. Like Figure
4.6b, this delay partially reflects the time-lag due to HS' transport from the RBI to the UFC.
However, this time-lag also reflects extra HS' transport to the UFC, which was generated
at the RBI due to the transformations of initial H2 to HS™ (step 4 in Figure 4.3b). That is,

H2 in the bentonite and rock is eventually transported towards the RBI, which maintained

a zero Hz concentration boundary condition due to the Hz to HS™ conversion assumption

(Eq. 3).
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Figure 4.7: Effect of Hz initial concentration on a) maximum Hz concentration at the
UFC and b) average species conversion rate at the UFC. Note that the positive and
negative species conversion rates indicate species production and consumption,
respectively. Also note that t, 4 represents time lag due to HS" transport from the RBI to
the UFC and xi is the minimum horizontal distance between RBI and UFC cap, 0.343
m. t,, represents time lag due to H2 transport from the far-field rock boundary to the RBI
where x2z is the minimum horizontal distance between far-field rock boundary and RBI,

8.4 m.
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The Hz transport through the bentonite (from UFC) to the host rock drove the initial sharp
H2 concentration reductions over the first 10 years, as seen in Figure 4.7a. The Hz to HS"
conversion led to extra HS® production and transport to the UFC, which increased H2
production and concentrations. Ultimately, after the initial H2 was converted to HS" (i.e.,
after ~1000 years), all conversion rates converged to common values (C6-8 rates, Figure
4.7b), which were controlled by the H2 concentrations at the far-field rock boundary. Note
that the influence of the far-field rock boundary was not observed after a time lag of ~500
years as little HS- was produced (see influence of far-field rock boundary in Figure 4.8).
The H2 concentration at the UFC was 7.8x10°°> mol m™ after 1 million years and the DGR

H2 solubility limit, 88.9 mol m= at 20 *C at 500 m depth, was not surpassed.

4.3.2.5 Effect of Constant H2 Concentration at the Far-field Rock Boundary (THC-
H2 Feedback model)
The sensitivities to the H2 concentration at the far-field rock boundary on maximum H:2
concentration and average species conversion rates (i.e., HS- and Hz rates) at the UFC
are shown in Figure 4.8. The Hz concentration at the UFC increased with increasing Hz
concentration at the far-field rock boundary (Figure 4.8a) as the H2 conversion rate
increased after ~500 years until 1 million years (Figure 4.8b). In other words, the H2
boundary concentration at the far-field rock moderated the H2 supply rate to the DGR
over its full design life; therefore, the cumulative Hz concentration near the UFC was
slightly sensitive to that boundary condition (Figure 4.8a). Like in Figure 4.7a, the initial

decrease in H2 concentration over the first 10 years in Figure 4.8a reflects the transport

of initial Hz2 in the bentonite towards the RBI.
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Figure 4.8: Effect of constant H2 concentration at the far-field rock boundary on a)
maximum Hz concentration at the UFC and b) average species conversion rate at the
UFC. Note that the positive and negative species conversion rates indicate species
production and consumption, respectively. Also note that t_, represents time lag due to
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The Hz production time-lag of ~500 years also mirrors the trends in Figure 4.7. Like in
Figure 4.7, this ~500 year time-lag was due to H2 transport from the far-field rock
boundary, to the RBI, which produced HS" that transported to the UFC to drive increased

H2 production rates (Figure 4.8b, C6 and C9) and concentrations (Figure 4.8a) through a

small change in rates (2.4x10™"° mol m2 s to 4.8x10™"> mol m2 s at 5000 years). The
increased H2 production rate (C9) produced a maximum Hz concentration 1.6x10* mol
m-3 at the UFC surface (one order of magnitude higher than C6 to C8) after 1 million years
and the DGR Hz solubility limit, 88.9 mol m-3 at 20 ‘C at 500 m depth was not surpassed.
This observation on Hz production highlights the role of H2 amount and Hz transport time-

lag on Hz dynamics in a DGR.

4.3.2.6 Effect of Effective H2 Rock Diffusivity

4.3.2.6.1 THC-H2 Model

The effects of effective Hz rock diffusivity (THC-H2 model) on maximum Hz concentration
and average species conversion rates (i.e., HS  and Hz rates) at the UFC are shown in
Figure 4.9. The H2 concentration at the UFC decreased with increasing the effective Hz
diffusivity in the rock (Figure 4.9a, C1 and C5), even with the same Hz conversion rates
(Figure 4.9b). This is because the increased rock effective Hz diffusivity increased the
transport rate of Hz out of the bentonite through the rock, which limited H2 accumulation
near the UFC. Therefore, even though HS- transport conditions were unchanged,
increased rock H:z diffusivity moderated H2 accumulation in the DGR. Figure 4.10
illustrates the H2 concentration distribution after 1 million years in both low (Figure 4.10a)

and high (Figure 4.10b) H2 rock diffusivity cases. These figures show how rock H2

diffusivity controlled Hz accumulation and dissipation in the DGR. H2 accumulated due to
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low Hz diffusivity (see accumulation at DGR level in Figure 4.10a) and diffused out of the
bentonite due to increased H: diffusivity, thereby decreasing the maximum H:2
concentration from 12 mol m-= to 4.1 mol m=3, respectively (Figure 4.10b). These results

therefore highlight the role of rock diffusivity on DGR H2 dynamics.
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Figure 4.9: Effect of effective Hz rock diffusivity (THC-H2 model) on a) maximum H2
concentration at the UFC and b) average species conversion rate at the UFC. Note that
the positive and negative species conversion rates indicate species production and
consumption, respectively. Also note that t, 1 represents time lag due to HS" transport
from the RBI to the UFC and x1 is the minimum horizontal distance between RBI and
UFC cap of 0.343 m.
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Figure 4.10: Hz concentration in the DGR after 10° years due to different rock H2
diffusivities a) case 1, effective Hz rock diffusivity, Hz De rock = 8.4%10™"° m2s! and b)

case 5, Hz De rock = 8.4x10™"* m2s™". Note that the figures are not drawn to correct aspect
ratio (DGR is represented by a line), to help to visualize the H2 accumulation and
dissipation. Also note that the effective Hz bentonite diffusivity was kept the same.

4.3.2.6.2 THC-H2 Feedback Model

The effects of Hz rock diffusivity were also explored via the THC-H2 feedback model. The
resulting maximum H2 concentrations and average HS™ and H2 conversion rates at the
UFC are shown in Figure 4.11. Unlike the THC-H2 model, H2 conversion rates and
concentrations increased in the THC-H2 feedback model with increasing effective Hz rock
diffusivity (Figure 4.11, C6 and C10). This is because the HS- production at the RBI (Eq.
4.3) was greatly controlled by the transport of H2 from the far-field rock boundary to the
RBI. Therefore, by increasing Hz rock diffusivity, the HS- production rate at the bentonite-
rock interface also increased and more HS™ was available to transport to the UFC surface.
Although this increased HS flux to the UFC increased Hz production via the HS/H2

feedback between the UFC and RBI, the DGR H2 solubility limit, 88.9 mol m= at 20 °C at

500 m depth was not surpassed. The maximum Hz concentration at the UFC was 7.8x10™
mol m3 after 1 million years for an effective Hz rock diffusivity of 8.3 x 1012m? s1. Figure

4.12 shows the Hz concentration distribution after 1 million years in both low (Figure
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4.12a) and high (Figure 4.12b) H2 rock diffusivity cases. These figures show how H:2

consumption process (Eqg. 4.3) impacted H2 production (Eg. 4.8).
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Figure 4.11: Effect of effective H2 rock diffusivity (THC-H2 feedback model) on a)
maximum Hz concentration at the UFC and b) average species conversion rate at the
UFC. Note that the positive and negative species conversion rates indicate species
production and consumption, respectively. Also note that t, 4 represents time lag due to
HS- transport from the RBI to the UFC where X1 is the minimum horizontal distance
between RBI and UFC cap, 0.343 m. t,, represents time lag due to Hz transport from
the far-field rock boundary to the RBI where xz is the minimum horizontal distance
between far-field rock boundary and RBI, 8.4 m.
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Although the far-field H2 transport to the RBI increased due to increased transport rate
(seen through Hz2 rate increase in Figure 4.11), more H2 (either from the far-field or MIC)
was consumed to produce HS™ at the RBI (see supplementary materials, section A.S.8)
leaving the overall H2 accumulation within the DGR almost the same (Figure 4.12).
Therefore, consumption of Hz at the RBI dominated regulating the H2 concentrations at
the UFC surface over rock diffusivity. This observation highlights the importance of Hz
consumption at the rock bentonite interface, which could occur if bacteria was present

(e.g., sulfate reducing bacteria (SRB) activity), in reducing Hz level in a DGR.
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Figure 4.12: Hz2 concentration in the DGR after 10° years due to different rock Hz
diffusivities a) C6, Hz De rock = 8.4x10™" m2s-! and b) C10, Hz De rock = 8.4x10™2 m2s-1.
Note that the effective Hz diffusivity in bentonite was kept the same.

4.3.3 DGR H2Concentration from Sensitivity Cases

DGR Hz concentrations from all modelling scenarios (C1 to C10) are compared in Figure
4.13. The H2 solubility limit of 88.9 mol m= at 20 “C (and 500m below ground) was not
surpassed in any modelling scenario (C1 to C10), signifying that no Hz gas would be
produced under modelling conditions. It is important to note that the Hz solubility limit
varies slightly (88.5-88.9 mol m-3) with DGR temperature (11-81 ‘C) and increases with

depth, however the depth of 500 m was chosen as the comparison (see supplementary
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materials, Section A.S.6). The effects of bentonite saturation and temperature on
maximum Hz concentration in bentonite using the THC-H2 model are explored in the next
section. TCH-Hz is used since Hz concentration was higher than the THC-H2 model

feedback model (Figure 4.13).

Max. H, concentration at UFC (mol/m?)

1072 10° 10° 10? 10°
Time (years)

Figure 4.13: Maximum DGR H2 concentrations obtained from sensitivity cases (C1 to
C10)

4.3.4 Effects of Temperature and Saturation
The THC-H2 model was also decomposed into simpler models to understand effects from

saturation and temperature separately. These models simulated (i) Chemical (Diffusion)
processes-only (referred to as the “C-Hz model”), (ii) Hydraulic-Chemical (Diffusion)
processes (referred to as the “HC-Hz model”), and (iii) Thermal-Chemical (Diffusion)

processes (referred to as the “TC-H2 model”’). As the diffusion rates are dependent on
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bentonite saturation and temperature, the transient effects of these conditions on H:2

dynamics in bentonite were investigated.
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Figure 4.14: Maximum Hz concentrations in the bentonite under different conditions a)
C-Hz model simulates H2 dynamics under fully saturated-isothermal conditions, b) HC-
H2 model simulates H2 dynamics under variably saturated-isothermal conditions, c) TC-
H2 model simulates H2 dynamics under fully saturated-non-isothermal conditions, d)
THC-H2 model simulates H2 dynamics under variably saturated-non-isothermal
conditions

Figure 4.14 compares maximum Hz bentonite concentrations over time from these
different models. In the THC-H2 and TC-Hz models, Hz production started after ~500 years
(Figure 4.14). In comparison, Hz production started slightly later in the HC-Hz and C-H2
models (approximately after ~1500 years). The key differences between the models in
Figure 4.14 (i.e., between C-Hz and HC-Hz vs. TC-Hz and THC-H2) were due to simulating
temperature changes, as the saturation process occurred rapidly within the first 20 years

and did not noticeably impact H2 dynamics (Asad et al. 2022). The differences between

the models were ultimately due to the temperature dependencies embedded in the
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modelled effective diffusivities. That is, the HS" diffusion rates in bentonite increased with
temperature and drove higher Hz production in the THC-H2 and TC-H2 models (when the
UFCs were emitting heat) compared to the HC-H2 and C-Hz models (which did not

consider UFC heating, and only simulated ambient temperatures).

4.4 Conclusions
This study outlines the development, implementation, and results of a novel hydrogen

(H2) dynamics model for a DGR in crystalline rock. However, the model is flexible and
can accommodate site-specific information as they become available. This model
simulated bisulfide (HS") transport and H2z production due to MIC and biotic H2
consumption. The objective of this research was to investigate whether the net amount
of Hz would surpass the solubility limit leading to H2 gas (bubble) formation in a DGR,
using generally conservative assumptions of HS- and Hz flux (rate) conversion. The
results reveal that the long-term Hz production from MIC depends on HS™ supply to the
UFC, Hz rock diffusivity, Hz transport time lag, and Hz biotic consumption. The Hz can be
produced from MIC (using HS" to Hz rate conversion at the UFC) as long as HS" is
available in the DGR vicinity. However, the Hz concentration in a DGR will depend on the
H2 diffusivity and transport time-lag, for example, transport time of electron donor (e.g.,
H2) from far-field to DGR vicinity for producing HS™ through microbial activity. The Hz2 may
diffuse out of the bentonite due to increased Hz rock diffusivity as observed through a
simulation of constant (1 ppm) HS" transport through the bentonite to the UFC. However,
including a HS/H2 feedback mechanism to the model implemented a HS- production
mechanism at the RBI (instead of a constant concentration boundary), which provided

novel insight into Hz dynamics considering Hz migration and its solubility limit. It was
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assumed that microbes at the RBI (i.e., sulfate reducing bacteria (SRB)) consumed both
far-field H2 and H2 from MIC (sulfate was assumed to be a non-limiting species) to
produce HS™ and assist UFC corrosion. Specifically, the HS/H2 feedback mechanism
included a feedback of HS™ production at the RBI due to far-field Hz transport towards the
RBI, HS transport towards UFC and then MIC driven Hz transport back to the RBI to
produce HS'. The far-field H2 transport to the DGR was delayed (~500 years) due to
diffusive transport from far-field to the RBI. Although increased transport rate (due to
increased diffusivity) increased Hz supply, both far-field H2 and Hz generated due to MIC
were consumed at the RBI (assumed by microbial activity (e.g., SRB activity)), which
prevented the formation of a distinct H2 gas phase in a DGR suggesting that, consumption
of H2 at the RBI dominated regulating the Hz concentrations at the UFC surface over rock
diffusivity. This result therefore highlights the significance of biotic processes (e.g., SRB
activity, modelled through a simplified approach) which could consume and reduce H-z
levels in a DGR environment. The H2 solubility limit was not surpassed in any sensitivity
cases, albeit with the highest H2 concentration in C4 where no HS/H: feedback was
modelled. Lastly, the dynamics of H2 was slightly affected by temperature while the effect
of saturation was negligible. Future work may include additional aspects of H2 fate and
transport in a DGR, such as:

e The Hz and HS' rock effective diffusivity values were approximated from literature
values and would also benefit from laboratory measurements under relevant DGR
conditions (e.g., temperature, ionic strength).

e The consequences of copper sulfide production could also be investigated (e.g., in

forming a crust that may inhibit corrosion, or in causing local non-uniformities).
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e The current model assumes that H2 was unreactive; however, H2 may participate in
reactions that would limit HS™ production, e.g., kinetic geochemical or microbiological
reactions in the bentonite and host rock. In addition, SO4 may be a rate limiting
species through microbial SO4 reduction (where H2 may participate as an electron
donor), which can affect the H2/HS™ feedback process.

Overall, this study provides novel insight into H2 accumulation and transport dynamics

in DGR environments.
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Chapter 5 Modelling Key Reactive Processes Relevant
to Bisulfide Transport through Highly Compacted
Bentonite

5.1 Introduction
The Canadian Nuclear Waste Management Organization (NWMO) is responsible for the

design and implementation of Canada’s plan to manage high level nuclear fuel waste in
a deep geological repository (DGR). The NWMO has proposed a DGR design, which
consists of copper coated used fuel containers (UFCs) being placed within a highly
compacted bentonite (HCB) buffer surrounded by a suitable host rock (see
supplementary materials (SM), Figure B.S.1). Although the copper is thermodynamically
stable in oxygen-free environments (King et al. 2013; Senior et al. 2020, 2023), it is
potentially susceptible to corrosion from bisulfide (HS") produced from microbiological
metabolic processes within the host rock or at the clay-rock interface during anoxic
conditions. Depending on site-specific conditions (e.g., host rock type, groundwater
chemistry, microbial growth conditions), HS" could transport through the HCB to the UFC
surface and corrode the copper coating and compromise the long-term performance of
UFCs (Hall et al. 2021). The long-term prediction of copper corrosion by HS"is one of the
metrics that helps ensure adequate corrosion allowance of the UFCs (Hall et al. 2021).
Therefore, it is vital to understand HS- transport behaviour through the bentonite to
accurately understand HS" transport mechanisms and assess the extent of corrosion to

ensure safe and long-term performance of copper as a corrosion batrrier.

The effects of key hydrogeologic properties (e.g., saturation, temperature) on HS-
transport and corrosion have been assessed by using thermal-hydraulic-chemical (THC)
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models (Asad et al. 2022; Rashwan et al. 2022; Cloet et al. 2017; King et al. 2020; Briggs
and Krol 2018; Wersin et al. 2014, 2017). In addition to hydrogeologic processes, various
geochemical reactions (e.g., hydrolysis, cation exchange, complexation, oxidation-
reduction, and dissolution-precipitation) (Figure 5.1) can occur within the saturated
bentonite, causing changes in the porewater chemistry and pore structure (Villar et al.
2012) with implications for species transport through the bentonite (e.g., mobility,
reactivity) (Wersin et al. 2014). One of the key geochemical processes relevant to HS-
transport through bentonite is the formation of iron sulfide species such as mackinawite
(FeS) due to a reaction between iron-containing species within the bentonite and HS-, as
observed in experiments (Maanoja et al. 2020; Pedersen et al. 2017; Chowdhury et al.
2021a; Hansel et al. 2015). For example, Pedersen et al. (2017) reported that HS™ may
reduce ferric iron, Fe3* (e.g., Fe3* produced due to dissolution of goethite, FeEOOH) to
ferrous iron, Fe?* (Eq. 1), which could react with the free HS (i.e., free HS" after forming

elemental sulphur, S°) and form FeS (Eq. 2):

- 0
2F6{aq)*HS{aq)—>2Fefay+ Ss*Hiag) (5.1)
Fefry*HS{aq—F H;; 5.2

€(aq) tHS(aq)>F€S(5)+H(aq) (5.2)

2F e +2HS g —Fetag* Sis+FeS*2H ) (5.3)

The above oxidation-reduction reactions show the total reaction as irreversible process
through FeS precipitation. However, an equilibrium process may also be considered,
where FeS dissolves as Fe?* and HS". Iron sulfide solubility was explored in some studies
(Behazin et al. 2021; Lemire et al. 2020; Davison 1991; Rickard and Luther 2007) who
reported that FeS dissolution is generally unlikely in the geosphere, as the most stable

form of iron sulfide is pyrite (FeS2), which has very low solubility (solubility product
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constant Ksp = 10268 at 25 °C). Its geological precursor is mackinawite, which is more
soluble than pyrite, (Ksp = 6.5 x 10 at 25 °C). Geochemical reactions can be modelled
either using chemical equilibrium at a specified temperature or a kinetic reaction rate

(Pekala et al. 2019; Kiczka et al. 2021).

Figure 5.1 shows how various surface-mediated reactions can complicate HS" transport
through bentonite, e.g., via sorption (i.e., adsorption, desorption, absorption), anion
exclusion, surface and/or bentonite interlayer diffusion (Shackelford and Moore 2013; Van
Loon et al. 2007). Bentonite exhibits sorption affinity to cations (e.g., cesium, strontium)
(Oscarson et al. 1994; Khan et al. 1994, 1995; Norrfors 2011). Since HS" is an anion, the
anion exclusion effect (i.e., where anions are excluded from the pore space due to
repulsion from the negatively charged clay particles) controls HS™ sorption behaviour in
compacted bentonite (Van Loon et al. 2007; Chowdhury et al. 2024). Due to anion
exclusion, HS- may occupy small part of the pore space in compacted bentonite (i.e.,
accessible porosity) and, therefore, HS- sorption onto the compacted clay particles
becomes an unlikely process (Tournassat and Appelo 2011; Papry et al. 2023). Hence,
the likely process that can lead to retention of HS™ in compacted bentonite is the reaction
with iron (Chowdhury et al. 2021b). However, in a DGR safety study, possible processes
(likely and unlikely) are included to verify impact of each process. Species sorption can
be modelled either using linear or nonlinear relationships between sorbed amount of
species and species concentration (Oscarson et al. 1994; Khan et al. 1994). Although the
linear approach is simple, it is generally applicable at low species concentrations (note

that the expected HS- concentration in Canadian DGR is 30-90 ppb) (Gascoyne 1997;
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Kremer 2017). The transport path of HS" in bentonite can be constricted if transport of
cations through interlayers (i.e., interlayer diffusion) and diffuse double layers (i.e.,
surface diffusion) is dominant and cations occupy most parts of the pore space (Appelo
and Wersin 2007; Shackelford and Moore 2013). It is found that both geochemical
reactions (equilibrium and kinetic) and surface mediated processes (linear and nonlinear
sorption) have been used by others to explain ionic transport. Although some laboratory
studies on HS" reaction and HS" sorption are available (Pedersen et al. 2017; Chowdhury
et al. 2021a; Papry et al. 2023; Chowdhury et al. 2024), anion/HS™ exclusion effect, which
lowers the diffusion accessible porosity, and the effect of surface and/or bentonite
interlayer diffusion are not well-understood, as relevant experiments have not been
conducted. However, chloride (CI) diffusion through bentonite (Van Loon et al. 2007)
provides valuable insight on anion exclusion (e.g., dependency of diffusion coefficient on
diffusion accessible porosity). Altogether, it is difficult to delineate the governing
mechanisms for HS transport through bentonite as many complicated geochemical and

surface-mediated reactions (Figure 5.1) may influence HS" transport.

Numerical modelling is a powerful tool that can be used to improve our understanding of
HS- transport by identifying key processes. For example, the delay of HS- flux to the UFC
due to iron sulfide formation and HS- sorption reactions can be numerically simulated
using various processes and compared to laboratory experiments. In addition, numerical
models can be used to predict HS™ transport and assess UFC corrosion over the DGR
lifespan. Numerous numerical models have been developed to evaluate bisulfide fluxes

through bentonite (Cloet et al. 2017; Kiczka et al. 2021; Wersin et al. 2017; Pekala et al.
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2019; Wersin et al. 2014; Sena et al. 2010). While these models include geochemical
processes, they do not model the anticipated DGR environment (e.g., varying thermal
and hydraulic conditions), which can affect the geochemical evolution. In addition,
governing mechanisms for HS" transport are not well-understood as different processes

and conditions are not modelled (e.g., surface-mediated reactions, reaction kinetics).

Interlayer water, and
exchangeable cations

Calcite/Quartz/Feldspar
Cation exchange Complexation
Oxidation-reduction

Iron bearing mineral (e.g., pyrite) / /
Dissolution-precipitation

Interlayer diffusion

Anion exclusion

Surface diffusion 7~ ~Species adsorption

_""Species desorption
“~~Species absorption

Double layer water Free water
(Bentonite porewater)

Figure 5.1: A conceptual model of various geochemical (purple) and surface mediated
processes (blue) in saturated bentonite clay. Adapted from (Bradbury and Baeyens
2003) with permission of Elsevier.

This study presents three 1-D models (Table 5.1), developed in COMSOL, to understand

HS" transport dynamics. The developed 1-D models coupled HS" transport with either HS
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adsorption (i.e., linear and non-linear adsorption) or HS  reaction models (i.e., kinetically
irreversible HS- and Fe?* reaction). The model outputs were compared to laboratory
diffusion tests to understand geochemical evolution relevant to HS™ and Fe?* reaction,
explore effects of HS  adsorption and HS" reactions on HS™ breakthrough, and to delineate
the processes controlling HS" transport dynamics. Using this comparative approach, the
study identified that the three 1-D models (i.e., (i) kinetically irreversible HS" reaction and
(i) linear and (iii) nonlinear HS" adsorption models) provided reasonably accurate
descriptions of the experimental HS" transport dynamics. These three models were then
coupled individually to a previously published 3-D thermal-hydraulic-chemical (THC)
model for bisulfide transport (Rashwan et al. 2022) to understand HS" transport and
reaction evolutions in the DGR. One of the 3-D models coupled HS" transport with a
geochemical reaction between HS™ and iron, Fe?* (i.e., HS retardation due to FeS
formation) and the others coupled a HS™ adsorption process (as a part of the sorption
process). These 3-D coupled models were run for a reference period of 1 million years
(i.e., Canadian DGR design life) and HS™ corrosion was quantified. Altogether, this study
infers how HS- adsorption and HS- reaction with Fe?* influences HS- transport using a
comparative approach between modelled and laboratory HS- breakthrough profiles and

provides important implications for HS™ corrosion in the Canadian DGR.

5.2 Methodology

5.2.1 Model Development

A 1-D HS" transport model (referred to as the “C model”’) was developed to simulate HS-
diffusive transport under fully saturated and isothermal conditions (i.e., using Fick’s

second law). The C model does not simulate reactions and does not include advection
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(i.e., as Peclet number, Pe << 0.1, see Rashwan et al. (2022)). The Peclet number was

calculated as a ratio of advective to diffusive transport (P, =II;—U) (Huysmans and

Dassargues 2005), where L is the size of pore in bentonite, U is the Darcy velocity using
reference bentonite permeability, and D, is the effective diffusivity of HS . This C model

was coupled with either HS- adsorption models or HS  reaction model (see Table 5.1).

Table 5.1: Reactive 1-D models

Model Abbreviated | Physics Assumption
model name
Linear HS- adsorption C-Su HS-adsorption | A partitioning coefficient

describes adsorption.
Absorption and desorption
are not modelled.

Non-linear HS- adsorption | C-SnL HS adsorption | Langmuir parameters
describe adsorption.
Absorption and desorption
are not modelled.

Kinetically irreversible C-R HS- and Fe?* Irreversible reaction is

HS" reaction reaction defined using a reaction
rate. FeS is modelled as a
relatively immobile aqueous
species.

An overview of the model domain, boundary, and initial conditions for the three 1-D
models are shown in Figures 5.2b (linear adsorption, C-S.), 5.2¢ (non-linear adsorption,
C-Snu), and 5.2d (kinetically irreversible reaction, C-Ri). For all the 1-D models, the HS-
concentration at the inlet was set to 1000 ppm (30.2 mol m) and was implemented as a
constant concentration boundary condition. The outlet was also modelled as a constant
concentration boundary condition with a value of 0 mol m=3. The initial concentration of

HS- was set to 0 mol m3. The diffusivity for each species was defined separately and is
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given in Table 2. The effective diffusivity of HS- was defined as a function of HS" diffusion
accessible porosity (€,,o-) following Van Loon et al. (2007):
g = €nX-AeBHS@a! (5.4)
De= Dy €l (5.5)
where €}¢* is the interparticle pore space, A and B are density dependent constants, D,
and D, are HS effective diffusion coefficient and HS- diffusion coefficient in water,
respectively, and n is the Archie’s law (Archie 1950) tortuosity (t) dependent exponent.
The above definition of effective HS- diffusivity (Egs. 5.4 and 5.5) modelled anion/HS"
exclusion in bentonite pore space, which lowers the diffusion accessible porosity (Van
Loon et al. 2007). The values of A and B for HS" transport have not been measured and
therefore CI diffusion values were assumed following Van Loon et al. (2007) (Table 5.2).
The effective diffusivities for Fe?*, and H* were defined following Archie (1950). All
boundary and initial concentration conditions were taken from an experiment performed
by (Chowdhury et al. 2021b, 2024) (Figure 5.2a) and model boundary conditions were

confirmed through accurately simulating a tracer (CI") diffusion experiment (Figure 5.3) .
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Figure 5.2: a) Experimental setup of HS diffusion through 7.4 mm, medium density
compacted bentonite (p,,=1330 kg m3) from (Chowdhury et al. 2021b, 2024). b) to d)

schematics representing the initial and boundary conditions in the 1-D models: b) Linear
HS- adsorption (C-SL) model, ¢) Non-linear HS™ adsorption (C-Sn.) model, and d)
Kinetically irreversible HS- reaction (C-Ri) model.

5.2.1.1 HS Adsorption Model Development
5.2.1.1.1 Linear HS" Adsorption (C-S.) Model Development
The linear HS adsorption (C-SL) model describes HS™ adsorption as follows, using a linear

distribution coefficient, Ky:
Cp hs= Kq [HS(ag)] (5.6)
where Cp s is the adsorbed amount of HS". The Ky is the HS" partitioning coefficient due

to adsorption, which represents a linear interaction between HS- and the bentonite
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surface. The value of K4 was initially set to 0.34 m3 kg (representative of powdered
bentonite, liquid to solid ratio (L:S) =200, Papry et al. 2023) and K4 of compacted
bentonite was determined through fitting HS- breakthrough curve in compacted bentonite

from (Chowdhury et al. 2024) (see section 5.3.2.1).

5.2.1.1.2 Non-linear HS- Adsorption (C-SnL) Model Development
The non-linear HS adsorption (C-Snx.) model describes HS- adsorption following

Langmuir isotherm (Langmuir 1917):

C = KL,HS' CP,max,HS' [Hszaq)]
PHS 1+ K_ s [HS(ag)]

(5.7)

where K| s is the Langmuir constant. Like Kq, K| ys- represents the extent of interaction
between HS- and bentonite surface, where a relatively larger K_pg- value represents a
strong interaction between HS- and bentonite surface while smaller K _ps- value
represents a weak interaction. The Cpnaxns IS the adsorption maximum, which
represents the capacity up to which HS" can be adsorbed onto bentonite surface. Unlike
the C-SL model, the C-Sn. model (Eq. 5.7) represents a nonlinear HS" partitioning as the
adsorbed and aqueous HS- are function of both K, s and Cp axns- The values of
adsorption parameters, Cp maxns” and Ki_ s~ were initially set to 0.03 mol Kg* and 41.35
m3 mol* (powdered bentonite, L:S=200, Papry et al. 2023) and K ps- and Cp maxns Of

compacted bentonite were determined through fitting HS™ breakthrough curve in

compacted bentonite from (Chowdhury et al. 2024) (see section 5.3.2.1).
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5.2.1.2 HS Reaction Model Development
5.2.1.2.1 Kinetically Irreversible HS  Reaction (C-Ri) Model Development
The kinetically irreversible HS  reaction (C-Ri) model describes irreversible production of

FeS with the following reaction:
2 -
Fe(;q)"'HS(aq)—)FeS(s)"'Hz-aq) (58)
FeS is modelled to be a relatively immobile aqueous species using a very low FeS

diffusivity. The reaction rate (R) is described as a function of reactant’s concentration and

rate constant (k) following (Rickard 1997; Cloet et al. 2017):

_ 2+ -

R =k [Felr ] [HSy,)] (5.9)
-Ep,

k =Ah eRgT (510)

The Arrhenius frequency factor (An), Arrhenius activation energy (En), gas constant (Rg),
and temperature (T) are used to define k. Under constant k and [HSan)], arelatively larger
reaction rate indicates iron is available in the bentonite while smaller reaction rate

indicates iron is depleting due to reaction between initial Fe?* and HS (as R « [Fe(zgq)] in

Eq. 5.9). The initial concentrations of reactant HS- and products FeS and H* (Figure 5.2d)
were set to 0 mol m=3 in the C-Ri model as initial concentrations of HS-, FeS, and H* were
not needed to define the reaction rate (Eq. 5.9). The initial estimate of available Fe?" was
assumed to be less than the total Fe mass (4% of the total bentonite mass, =950 mol m-
3 for medium density compacted bentonite, p,,=1330 kg m and reported in Gilmour et

al. 2021; Karnland 2010), which was equal to 50 mol m-3,

143



5.2.2 Parameters

The model parameters are shown in Table 5.2. These parameters represent the

properties of bentonite (e.g., porosity) and the compounds (HS-, Fe?*, FeS, and H*) in the

bentonite. Parameters without a reference are assumed values, as discussed above.

Table 5.2: Model parameters

Parameter Value
Length of bentonite!(L) 7.4 mm
Compacted bentonite density* (p,,) 1330 kg m™
Porosity! (@) 0.4 (-)
Initial HS™ concentration#2 ([HS,)]) 0 mol m3
HS" constant concentration at inlet'([HS ,]) 30.2 mol m3 (1000 ppm)
HS" constant concentration at outlet'?3 ([HS,,]) | 0 mol m™3
Initial Fe" concentration ([FeZ;;]) 50 mol m™®
Initial FeS concentration ([FeS ,q)il) 0 mol m3
Initial H* concentration ([H(J“aq)i]) 0 mol m3
Interparticle pore space (/" )* 0.226(-)
Density dependent constant* A 0.21(-)

B 17.9(-)
Archie’s law exponent* 2 (-)

HS" diffusion coefficient in water(D, )°

1x 109 m2st

Effective Fe?* diffusivity® (Dere)

1.05% 1019 m2 s1 at full saturation, 20
°C

Effective FeS diffusivity® (Deres)

1.05% 10 m? st at full saturation, 20
°C

Effective H* diffusivity® (Den)

7.5% 1019 m2 s1 at full saturation, 20
‘C

Adsorption maximum? (Cp. max Hs-) 0.03 mol kgt
Langmuir constant’ (Ky, gs-) 41.35 m® mol*?
HS" partitioning coefficient’ (K ) 0.34 m3 kg?!
Arrhenius frequency factor (An) 0.01 m3 mol? s?
Arrhenius activation energy?® (En) 35 kJ mol*
Temperature (T) 20 C

1Chowdhury et al. (2024) ?Rashwan et al. (2022) 3Asad et al. (2022) “Van Loon et al. (2007) 5SKB (2010) ®Archie

(1950) "Papry et al. (2023) éRickard (1997)
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5.3 Results and Discussion

5.3.1 Influence of Anion Exclusion on Species Diffusion
To explore the influence of anion exclusion on species diffusion and ensure correct

boundary conditions were used in the models, a 1-D ClI- diffusion model was developed
and compared to the experimental results from Chowdhury et al. (2021). Because Cl- is
a conservative tracer, mass retardation processes (reaction or sorption) were not included
in the CI- diffusion model. The CI- diffusion model used the same transport conditions of
CI- (inlet and outlet concentrations) from Chowdhury et al. (2021) and implemented 1,000
mol m=3 (1 M CI-) and 0 mol m-3 CI- constant concentration boundary at the inlet and outlet,
respectively (see SM, Table S.1). The effective diffusivity of Cl- was defined as a function
of CI-diffusion accessible porosity (€.-) following Van Loon et al. (2007):
o= €N -Ae Bl (5.11)
Decr= Dwegr (5.12)

where €}7* is the interparticle pore space, A and B are density dependent constants, Decr-
and D, are CI effective diffusion coefficient and CI- diffusion coefficient in water,
respectively, and n is the Archie’s law (Archie 1950) tortuosity dependent exponent (see
SM, Table B.S.1). Above definition of effective CI- diffusivity (Egs. 5.11-5.12) was used to
model anion/CI- exclusion in bentonite pore space, which lowered the diffusion accessible
porosity (Van Loon et al. 2007). The cumulative Cl- mass at the outlet was compared
(Figure 5.3) and a good fit (R? = 0.92) between the experimental and numerical CI- mass
was obtained which indicates proper implementation of boundary conditions in the C
model (i.e., 1,000 ppm HS" constant concentration boundary at the inlet and 0 ppm HS-
constant concentration boundary at the outlet). The incorporation of Cl- exclusion in the
model (i.e., Decr =f (€c-) through Egs. 5.11-5.12) resulted in a better fit (R? =0.92)
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between the experimental and numerical ClI- mass than when no CI- exclusion was
modelled (i.e., constant D¢ = 1x 101t m? st R? = 0.91). The better fit indicates that
diffusive anion transport through bentonite can be well-predicted when anion exclusion is
considered (see SM, Figure B.S.2 for time and space dependent Dgcr and €c). In
particular, a linear profile was established early when anion exclusion was included (see
the inset in Figure 5.3). Altogether, the comparison in Figure 5.3 highlights that the anion

exclusion is likely occurring in bentonite.
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Figure 5.3: The cumulative ClI- mass from Chowdhury et al. (2021) was compared to
the two numerical models. The red bars represented the error bars in the experimental
data, which are not visible on most data points because of the small errors.
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Figure 5.4: a) Cumulative HS- mass at the compacted bentonite outlet in the C-R|
model for time and space dependent De (i.e., Eg. 5) and constant De and b) time and
space dependent De (i.e., Eg. 5.5) in the C-Rimodel. Note that the initial Fe?*
concentration was kept at 700 mol m3 and x represented the bentonite length.
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Since HS' is also an anion, anion/HS™ exclusion was simulated in all 1-D models. The
variation in HS" diffusion accessible porosity due to anion/HS™ exclusion was implemented
through Eg. 5.4 and the variation in HS" effective diffusivity due to variation in HS" diffusion
accessible porosity was implemented through Eq. 5.5. In other words, HS" effective
diffusivity was implemented as a function of HS" diffusion accessible porosity (i.e.,
D.=f (ens)) resulting in diffusion being spatially and temporally dependent. To explore the
significance of anion/HS" exclusion effect, cumulative HS" mass for time and space
dependent De (i.e., D.=f(e)) was compared to the cumulative HS" mass for various
constant De values (Figure 5.4a). As seen in Figure 5.4a, constant De values (3.5 x 1012
m?s?tand 3.6 x 1012 m? s!) described the laboratory HS- mass profile well (R? = 0.95)
although still overestimated the diffusion at early times; however, a slight increase in
constant De (from 3.6 x 1012m?sto 3.7 x 1012 m? s) over estimates the HS" mass in
later times (around 400 days). The HS- mass profile was well-described when anion/HS-
exclusion effect was included in the model (R? = 0.96, Figure 5.4a). Therefore, the
comparison in Figure 5.4a shows that De could be changing spatially and temporally (as
seen by simulating anion/HS- exclusion effect), which creates an effective HS™ diffusion

path in bentonite (Figure 5.4b).
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5.3.2 HS Adsorption Models’ Results
The HS" sorption parameters were fitted to a laboratory HS- breakthrough curve and these

values are compared to parameters measured from batch laboratory experiments, as

discussed below.

5.3.2.1 Fitting HS  Adsorption Parameters
The HS sorption parameters for compacted bentonite have not been experimentally

determined; as such, the sorption parameters (i.e., Kd, K__ps- and Cp max ns) Were fitted
to an experimental HS- breakthrough curve from Chowdhury et al. (2024) (see Figure
5.5). The modelled HS breakthrough at the compacted bentonite outlet was significantly
delayed (i.e., ~11,000 and ~29,000 days) compared to experimental observations when
high Ka values were used, which were measured from powdered bentonite sorption
experiments from Papry et al. (2023). The range of breakthrough times reflects the
varying Kad values at different liquid to solid (L:S) ratios (i.e., Ka = 0.34 m3kg*, L:S=200
and K¢ = 0.90 m® kg, L:S=1000). (Gupt et al. 2019) describes that sorption parameters
vary with L:S ratios because of inhibition effects in sorption experiments that limit
ion/bentonite interactions — due to the formation of a gel-like consistency — which
increases with L:S. Moreover, note that all sorption experiments from Papry et al. (2023)
used small aqueous HS" concentrations (i.e.,~1— 6 ppm starting concentration)
compared to the concentrations used in the diffusion experiments from Chowdhury et al.
(2024) (i.e., 1000 ppm at the inlet). Therefore, the application of a linear sorption model
may not be appropriate at these high concentrations, as the measured Kq values did not

account for a maximum number of sorption sites. Consequently, an artificially low sorption
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coefficient (i.e., Ka = 0.005 m?® kg?) was needed to match the C-S. model and

experimental results.

Like the C-SL model, the HS" breakthrough at the compacted bentonite outlet was

delayed when using the C-Sn. model, although to a lesser extent (~700 days) when the
non-linear sorption parameters from experiments with L:S=1000 (K_ps-=5.85 m3mol”

and Cp maxHs™ =0.24 mol kg'1) were used. An earlier HS™ breakthrough was modelled with

non-linear sorption parameters measured from experiments with L:S=200 (K| ys-=41.35

m3mol™" and Cp,max ns- =0.03 mol kg'1). As mentioned above, this range of sorption
behaviour is anticipated to be due to the inhibitory effects, which increased in experiments
with decreasing L:S ratios. However, despite this variability in non-linear sorption
parameters, Figure 5.5 shows that they provided close predictions of the sorption effects
observed in the experiments from Chowdhury et al. (2024). The best fit between
experimental and modelled HS" mass profiles was obtained using: K¢ = 0.005 m3 kg in
C-St model, R? = 0.95; K|_hs =1 m®*mol?t and Cp naxHs' =0.08 mol kgt in C-Sni model,
R2 =0.96 (see SM for Ka sensitivity and K_ps- and Cp nax Hs Sensitivity; Figures B.S.4 a

and B.S.4b, respectively).

Additionally, both linear and non-linear sorption parameters estimated through data fitting
followed the trend observed in other studies (Tachi et al. 2014; Oscarson et al. 1994),
The C-Sn. model is more representative of the experimental behaviour than the C-S.
model. This improved model behaviour can be seen in Figure 5.5 as the C-Sn. model

better matched the HS™ breakthrough at ~200 days than the C-S. model. Moreover, the

150



C-Snu model accounted for bentonite’s maximum sorption capacity and provided
relatively good predictions using measured values from experiments. On the other hand,
the C-SL model required very small sorption parameters relative to those measured from
experiments to fit the experimental data (i.e., the fitted Ka was two orders of magnitude

smaller than the Kq values measured from experiments).

o Chowdhury et al. (2024)
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Figure 5.5: Cumulative HS mass at the compacted bentonite outlet in the C-S. and C-
Sn. models from varying the sorption parameters Kd and K_ s~ and Cp yax Hs™
respectively. The models were compared to the cumulative HS- mass breakthrough
curve from Chowdhury et al. 2024. Note that the Kd= 0.34 m3kg! (L:S=200) and Kd=
0.90 m3kg* (L:S=1000); K_ns= 41.35 m®*mol™* and Cp nax Hs” =0.03 mol kg (L:S=200)
and K_ys=5.85 m®*mol? and Cp ax s~ =0.24 mol kg (L:S=1000) values were
obtained from batch experiments of powdered bentonite (Papry et al. 2023).

5.3.3 HS Reaction Model’s Results

Since HS' is a reactive species, the reaction model was implemented and expected trends
in species evolution were evaluated (e.g., Fe?* decrease due to FeS formation) (see SM,
Figure B.S.5). The initial Fe?* in the C-Ri model was fitted to experimental breakthrough
curve and reaction mechanisms were explored which are discussed below.
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5.3.3.1 Sensitivity of HS Mass Profile to Initial Available Iron
Given the potentially central role of Fe?* in governing HS- flux through bentonite, a

sensitivity study for the C-Ri model was undertaken to see how bentonite’s Fe?* content
impacts the cumulative HS- mass profile at the outlet and compare that to both a HS-
transport model (C model) and experimental data from (Chowdhury et al. 2024) (Figure
5.6). All C-RI models exhibited a delayed HS- mass breakthrough at the outlet compared
to the C model as FeS production removed HS- from the bentonite porewater (Eqgs. 5.9
and 5.10). It was observed (Figure 5.6) that increases in initial Fe?* concentration further
delayed the onset of HS- diffusion due to increased reaction rate (Eg. 5.9). An initial Fe?*
concentration of 700 mol m-2 exhibited the best fit to the experimental HS- mass from
(Chowdhury et al. 2024). The available iron content may be smaller than 700 mol m=3 as
it was assumed that HS- retardation is due to HS™ reaction only (i.e., C-Ri model) while
other processes (Figure 5.1) do not affect HS™ retardation. Recent laboratory test
measured an iron content of 24 mol m- of extractable (weakly leachable) iron in a MX-80
bentonite sample (p,=1700 kg m3) when the porewater is free from external species
(e.g., HS, CI) (Surface Science 2024). However, reactivity of iron in bentonite increases
when HS- is present in excess (~100 mM or 100 mol m3) (Hadi et al. 2023), which may
contribute to increased amount of available iron for reaction in bentonite. It is worth noting
that a constant source of 1,000 ppm HS" (30.2 mol m-3) was used by Chowdhury et al.
(2024) in the HS- diffusion experiment, which is a high HS- concentration (i.e., many
orders of magnitude above the 30-90 ppb anticipated in the Canadian DGR). The best fit
initial Fe?* concentration (700 mol m3) in the bentonite differs from the total iron values
calculated as *950 mol m3, respectively, which is 4% of the total bentonite mass (Gilmour

et al. 2021; Karnland 2010). Indeed, the 950 mol m-2 simulation (Figure 5.6) exhibits an
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even greater delay in HS™ outflow. While this may suggest that iron content in bentonite
affords some layer of protection against HS™ corrosion, it is worth mentioning that the
differences in onset of HS- diffusion between 700 and 950 mol m- is likely negligible over
the lifespan of the repository (see Section 5.3.5). Even so, the comparison provides
insight into available Fe?* content in the bentonite which may help assess long term DGR

design relevant to HS" transport.
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Figure 5.6: Cumulative HS- mass at the compacted bentonite outlet in the C-Ri model
from varying the initial Fe?* concentration compared to the cumulative HS- mass from
Chowdhury et al. 2024.

5.3.3.2 Reaction Mechanism
A sensitivity study for the C-Ri model was undertaken to see how the Arrhenius reaction

frequency factor, An, impacts the cumulative HS- mass profile at the outlet and compare

that to both a HS transport model (C model) and experimental data from (Chowdhury et
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al. 2024) (Figure 5.7). This sensitivity provided valuable insights on the reaction
mechanisms. The Arrhenius activation energy, En was kept at 35 kJ mol-! (Rickard 1997,
Cloet et al. 2017) as the decrease in rate constant (Eq. 5.10) due to a change in En from
5 to 100 kJ mol' is only 3.5 % (under constant An), while increase in rate constant due
to a change in An from 0.01 m2® mol"' s to 0.1 m® mol' s is 900% (under constant En).
As seen in Figure 5.7, the HS- mass profile in the C-Ri model is only sensitive to low An
values (e.g., 0.01-1 m® mol! s*') and does not vary with high An values (e.g., 100-10,000
m3 mol-! s71). In other words, the FeS formation (Eq. 5.8) occurs instantaneously when a
high An value is used. This instantaneous FeS formation in the C-Ri model represents an
equilibrium state when kinetic reaction rates (Eq. 5.9) do not affect the reaction progress.
Therefore, the equilibrium reaction occurs at a rate (see SM, Figure B.S.6 for reaction
rates due to high Ah values), which is achieved when reactants (HS- and Fe?*) react (i.e.,
collide) immediately through a high collision frequency (An). Altogether, these results
highlight an equilibrium state (using high An) and a kinetic state (using low An value) of
the FeS formation reaction which could occur in the experiment. In this case, since the
experimental work fits the low An values, it is likely that FeS formation occurs following a

kinetic reaction.
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Figure 5.7: Cumulative HS" mass at the HCB outlet in the C-R; model from varying the
An and comparison to the cumulative HS- mass from Chowdhury et al. 2024. Note that
initial Fe?* concentration and Enwere kept at 700 mol m-2 and 35 kJ mol?, respectively.

5.3.4 Modelled HS" Transport Dynamics

The cumulative HS™ outlet mass for the C-Si, C-Sni, and C-Ri models was compared to
the experimental data (Chowdhury et al. 2024) (Figure 5.8). All 1-D models provided a
good correlation with experimental result (R?=0.95-0.96) suggesting that kinetically
irreversible HS- and Fe?* reaction or HS™ adsorption were influencing the behaviour in the
experimental system. Although it is not possible to ascertain which process is actually
occurring in the system, the results show that HS- is definitely being retained by the
bentonite. The results also highlight that similar HS" retardation pattern in compacted
bentonite can be obtained using adsorption or reaction models which is helpful to

understand influence of reactive transport on HS" corrosion (Section 5.3.5).
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Figure 5.8: Cumulative HS- mass at the compacted bentonite outlet in the C-Si, C-Sn,
and C-Ri models compared to experimental data from Chowdhury et al. 2024.

5.3.5 3-D HS Transport and Reaction Models
While previous sections discuss 1-D reactive transport models, this section uses a 3-D

reactive transport model to simulate HS- transport in the Canadian DGR (crystalline rock
host) to understand the influence of reactive transport on UFC corrosion. As the C-Si, C-
Sni, and C-Ri models provided a better description of HS™ transport dynamics (as shown
in previous section), they were individually coupled to the THC model for bisulfide
transport (these are now referred to as THC-Si, THC-Sni, and THC-R models). The THC
model assessed corrosion rates due to HS™ transport (1 ppm constant HS™ source at the
rock-bentonite interface) through a DGR under varying thermal and hydraulic conditions
utilising parameters relevant to NWMO case studies (Gobien et al. 2016, 2018; Sykes et
al. 2011; Dixon 2019; Dixon et al. 2018; Guo 2016, 2018), and other sources

(Baumgartner 2006; SKB 2010). The UFC heating accelerated HS" corrosion through
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increasing HS- diffusivity, but the saturation process delayed the onset of HS" corrosion.
However, neither process strongly influenced the projected HS" corrosion depth over the
design life of 1 million years, as ~80% of the total corrosion occurred during steady-state
conditions (see Rashwan et al. (2022); Asad et al. (2022) for additional details). The THC-
St, THC-SnL, and THC-RI models coupled HS" transport (Rashwan et al. 2022) with linear
HS™ adsorption (Eg. 5.6), non-linear HS adsorption (Eg. 5.7), and HS reaction (Egs. 5.8-
5.10), respectively, in a DGR under varying thermal and hydraulic conditions. In the THC-
St model, the fitted sorption parameter (Ka = 0.005 m3kg™) was included. In the THC-SnL
model, the fitted sorption parameters (K_pys- =1 m3mol?! and Cp ax vs- =0.08 mol kg,

see section 5.3.2.1) were included. Similarly, in the THC-Rimodel, the initial concentration

of reactant Fe**was assumed to be equal to the available iron of 700 mol m as obtained
from the comparison with the experiments (see section 5.3.3.1). The initial concentrations

of reactant HS- and products FeS and H* were set to 0 mol m3. The effective diffusivity

of HS" was defined following Rashwan et al. (2022). The effective diffusivities for Fe?*and
H* were defined as a function of species-specific diffusion coefficient in water (which
varies with temperature and viscosity), saturation, porosity, and Archie’s law tortuosity

dependent exponent following Rashwan et al. (2022) and Archie (1950). The effective

FeS diffusivity was set as a very low value of 1x107° m? s to prevent migration,
assuming immobile solid FeS with low solubility (Behazin et al. 2021). The initial and
boundary conditions of the THC-SL and THC-Sn. models simulated HS- transport through
the bentonite under varying thermal and hydraulic conditions and how HS- was adsorbed
based on the fitted sorption parameters (Eq. 5.6 and Eq. 5.7, respectively). The initial and

boundary conditions of the THC-Ri model simulated HS- transport through the bentonite
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under varying thermal and hydraulic conditions and simulated FeS production based on

the reaction rate (Eq. 5.9).

The THC-SL, THC-SnL, and THC-RiI models were run for a reference period of 1 million
years (i.e., the Canadian DGR design life). To understand the effect of HS" reaction and
HS™ adsorption on HS" evolution, HS" flux from the THC model was compared to the THC-
SL, THC-Snt, and THC-Ri models (Figure 5.9). In addition, spatial distribution of HS™ flux
was also explored to visually understand HS" retardation due to HS" reaction and HS-
adsorption (Figure 5.10). In the THC-SL model, HS™ adsorption delayed the onset of HS-
diffusion and HS- did not reach the UFCs until =50 years (Figure 5.9 and Figure 5.10b).
In other words, aqueous HS- was reduced due to adsorption until the interaction between
HS- and bentonite surface, modelled by linear adsorption, ceased after =50 years. In the
THC-SnL model, HS™ adsorption delayed the onset of HS- diffusion and HS™ did not reach
the UFCs until =700 years (Figure 5.9 and Figure 5.10c). In other words, aqueous HS-
was reduced until the maximum sorption capacity was reached in =700 years. In the THC-
Ri model, HS reaction delayed the onset of HS" diffusion and HS" did not reach the UFCs
until =800 years (Figure 5.9 and Figure 5.10d) as the HS flux reduction and the FeS
production continued until *800 years as the initial Fe?* decreased over time (Eq. 5.9).
The HS" reaction had no impact on HS- evolution after =800 years. In all the models, HS-
diffusion started after the HS retardation period (=50-800 years) and HS reached the
UFCs at =54 to 804 years (Figures 5.10b-5.10d). In other words, it took additional 4 years
(irrespective of models) for HS" to reach the UFCs after the HS retardation period which

is approximately equal to the diffusion time lag (t;) from the rock bentonite interface to
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the UFCs (i.e., tL~;—2~4 years, x = 0.343 m) following Nield and Bejan (2013). The total

HS" corrosion depth, measured using the microbiologically influenced corrosion equation
presented in Rashwan et al. (2022), was nearly identical in the THC-S.,THC-Snt, and
THC-RI models (Figure 5.11) as the HS- diffusion delays (i.e., =50-800 years) are
relatively short compared to the million-year timeframe. The results therefore highlight
that reactive processes in bentonite do not affect long-term HS™ corrosion due to early

cessation of the reactive processes.
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5.4 Conclusions
This study outlined the development, implementation, and results of three 1-D models,

which simulate linear and non-linear HS- adsorption onto the compacted bentonite
(referred to as the C-S. and C-Sni. models, respectively) and kinetically irreversible HS-
reaction of HS- onto compacted bentonite (referred to as the C-R; model). The C-SL and
C-Snt models simulated HS- transport and adsorption onto bentonite using linear and
non-linear sorption parameters, respectively. The C-R; model simulated HS" transport and
reaction with available Fe?* in the bentonite (i.e., FeS production) using kinetically
irreversible reaction approach. These models were investigated and compared to
laboratory data to understand geochemical evolution relevant to HS- and Fe?* reaction,
and explored effects of HS™ adsorption and HS™ reaction on HS" diffusion breakthrough
curves. These three models were then coupled individually to a previously published 3-D
thermal-hydraulic-chemical (THC) model for bisulfide transport (Rashwan et al. 2022) and

the overall corrosion rate at the UFC was compared. Altogether, this study inferred how
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HS- adsorption and HS- reaction with Fe?* influence HS transport using a comparative
approach between modelled and laboratory HS- diffusion profiles, which uncovered
important implications for HS- corrosion using 3-D THC HS" transport and reaction model
of the Canadian DGR. Altogether, this study provided valuable implications for DGR
design, such as:

e Transport of HS™ through bentonite may be governed by anion exclusion effects.

e All 1-D models provided a good correlation with experimental result suggesting
that kinetically irreversible HS- or Fe?* reaction and/or HS- adsorption were
influencing the behaviour in the experimental system. Although it is not possible to
ascertain which process is actually occurring in the compacted bentonite, the
results show that HS" is definitely being retained by the bentonite.

e Almost identical HS retardation pattern in compacted bentonite was obtained
using adsorption or reaction models suggesting that reactive transport of HS™ can
be approximated using either adsorption or reaction.

e Although the non-linear HS™ adsorption model is more appropriate as it accounts
for bentonite’s sorption capacity, both the linear and non-linear HS- adsorption
models showed a similar fit to the experimental HS- breakthrough curve.

e The iron content in groundwater was assumed to be zero. If there is iron in
groundwater, the kinetically irreversible HS  and Fe?* reaction model could be used
to explore effect of additional iron on HS" transport.

e Although iron content in bentonite and bentonite’s sorption affinity (modelled
through adsorption) affords some layers of protection against HS- corrosion

through delaying HS™ breakthrough (i.e., by forming FeS due to the reaction
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between Fe?* and HS-, and thereby retarding aqueous HS" through adsorption),
the =50-800 years delay is short compared to the lifespan of the repository (1
million years).

The relatively short HS" diffusion delay (=50-800 years) did not impact long-term
HS" corrosion over a million-year timeframe. These results therefore highlight that
the reactive processes in bentonite ultimately do not affect HS- corrosion due to

early cessation of the reactive processes.
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Chapter 6 Discussion and Conclusions

6.1 Discussion
The deep geological repository (DGR) design involves an engineered barrier system

(EBS) within a low permeability host rock that serves as a natural barrier (Hall et al. 2021).
The EBS includes copper coated steel used fuel containers (UFCs) within highly
compacted bentonite (HCB). The repository is designed to last many thousands of years
to ensure people and the environment are protected. Over that timespan , different
hydrogeological and geochemical conditions can evolve in the repository (King et al.
2017). These include bentonite saturation and swelling (as water infiltrates into bentonite
from the host rock), heating (as used fuel generates heat), phase change (i.e.,
evaporation and condensation), geochemical reactions, and microbial sulphate reduction.
Although the copper is thermodynamically stable in oxygen-free environments (King et al.
2013, Senior et al. 2020, 2023), it is potentially susceptible to corrosion from bisulfide
(HS") produced from microbiological metabolic processes within the host rock or at the
clay-rock interface during anoxic conditions (microbial sulphate reduction). Depending on
site-specific conditions (e.g., host rock type, groundwater chemistry, microbial growth
conditions), HS" could transport through the HCB to the UFC surface, corrode the copper
coating, and compromise the long term performance of UFCs (Hall et al. 2021):

2CU(S)+HSan)+H+<—>CU28(S)+H2(g) (61)

As HS- transport through bentonite may occur over long periods, long term

hydrogeological and geochemical conditions may affect HS- transport and understanding
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the effect of these conditions can help ensure safe and long-term performance of copper

as a corrosion barrier.

In addition, hydrogen (Hz), produced from HS" corrosion (Eq. 6.1) may also affect DGR
integrity. The produced Hz will be dissolved in the water saturated pore space as the
confining pressures at the DGR level (i.e., 500-800 m below surface) increases its
solubility limit (Muhammed et al. 2022). Subsequently if the produced H2 accumulates
and surpasses the Hz solubility limit, it may also partition to gaseous phase over the DGR
design-life (i.e., one million years). Aqueous H2 may become trapped in the DGR’s HCB
or transported through the DGR to the surrounding host rock (King 2012), which will be
governed by rock and clay diffusive properties or fractures (e.g., which would act as
preferential pathways). Gaseous Hz may also create preferential pathways in the HCB
that may compromise UFC protection (King 2012). Therefore, H2 poses numerous risks
in a DGR, and it is important to understand its dynamics over the long DGR design-life.
Altogether, bisulfide and hydrogen transport assessment are complex and require robust

numerical models.

Therefore, the objective of this research is to estimate bisulfide corrosion over the DGR
lifespan (1 million years), and to better understand how DGR hydrogeological and
geochemical processes influence bisulfide corrosion. In addition, this research also
examines hydrogen transport in the DGR. Towards these goals, numerical models in
COMSOL were developed to answer these key research questions (RQs):

1. How long will it take to fully saturate the bentonite (Chapter 3)?
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2. How do various hydrogeological properties affect key processes in the DGR
(Chapter 3)?

3. What is the overall influence of saturation and temperature (heating from used fuel)
on HS- transport and corrosion (Chapter 3)?

4. How does Hz from HS- corrosion evolve in the DGR (Chapter 4)?

5. Does produced H> from HS- corrosion form gas (Chapter 4)?

6. How do geochemical reactions (HS- adsorption, HS- and Fe?* reaction) affect HS-

transport and corrosion (Chapter 5)?

These research questions are answered through numerical models presented in chapters
of this dissertation. Chapter 3 includes a model of bisulfide transport under thermal (T),
hydraulic (H), and chemical (C) species transport (diffusion) conditions - referred to as
the thermal- hydraulic-chemical (THC) model. Chapter 4 includes a model of hydrogen
transport, which is based on the THC model and referred to as the THC-H2 model.
Chapter 5 includes models of bisulfide transport and adsorption or geochemical reactions,
which are termed as the THC-S or THC-R models, respectively. Therefore, chapter 4
(THC-H2) and chapter 5 (THC-S or THC-R) are connected to chapter 3 (THC). The key

results from these chapters are discussed in the next sections.

6.2 Key Results from THC, THC-S, THC-R, and THC-H> Models

(Chapters 3, 4, and 5)
This section discusses key results from the THC, THC-S, THC-R models and connected

to the research questions (RQs) stated above.
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6.2.1 3-D THC Model

6.2.1.1 Assumptions in the THC Model

The THC model has been robustly developed to aid in the performance assessment of
the Canada’s DGR. The developed THC model is designed to be flexible to accommodate
additional processes and site-specific information as it becomes available. The processes

highlighted in red in Figure 6.1 represent the processes which are modelled in the THC

study.
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Figure 6.1: Coupled hydrogeological and geochemical processes governing HS-
corrosion; red font indicates modelled processes in the THC model

The HS- corrosion estimate from the THC model is conservative due to some

assumptions, such as:

e Bisulfide concentration is conservatively chosen to be a constant concentration of

1 ppm. Previous studies by Gascoyne (1997) and Kremer (2017) reported 30-90
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ppb as the expected HS™ concentrations in Canadian shield, which are over an
order of magnitude lower than 1 ppm. Decreasing the HS" concentration will lower
HS corrosion. It is also unlikely that the concentration would be constant over the
timeframe modelled.

No sorption and geochemical reactions, or microbial processes are assumed to
be occurring within the bentonite; including these reactions would decrease the
amount of bisulfide that would be transported to the UFC.

Bentonite is assumed to swell instantly, and bentonite permeability is assumed to
be constant throughout the simulation. Including bentonite swelling process may
increase bisulfide transport in the early times due to higher bentonite permeability;
this would have a bigger impact in the crystalline domain as the bentonite
permeability has a more controlling impact on diffusion

No vapour transport or evaporation or condensation is modelled in the system;
including these processes would lead to cooling of the system resulting in lower

bisulfide transport.

Adsorption (as a part of sorption) and a geochemical reaction were included in the THC-

S and THC-R models, respectively, and discussed in section 6.2.2.

6.2.1.2 3-D THC Model Results
The THC model was run for a reference period of 1 million years with an initial bentonite

saturation of 67% and fully saturated rock. Figures 6.2 and 6.2b show sensitivity in

saturation profiles due to varying rock permeability in the crystalline and sedimentary

DGR, respectively. Figures 6.2b and 6.2c show UFC temperature evolution in the

crystalline and sedimentary DGR. As seen in Figures 6.2a and 6.2b, saturation time is
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sensitive to rock type, rock permeability, and bentonite initial saturation. The model
predicted 20 years and 170 years for full saturation in the crystalline and sedimentary
DGR (RQ 1), respectively, using reference saturation cases (bold text in the legend,
Figures 6.1a and b). These saturation times are comparable to the results from other
bentonite saturation studies assuming similar host rock conditions (Millard et al. 2004,
Nguyen and Jing 2005). Temperature evolution is insensitive to hydrogeological
properties, as evaporation and condensation are not considered (see assumptions of the

THC model in section 6.2.1.1).
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Figure 6.2: (a, b) average DGR effective saturation and (c, d) average UFC surface
temperature from varying the initial saturation, isotropic rock permeabilities (in the
crystalline model in frames a and c), and horizontal rock permeabilities (in the
sedimentary model in frames b and d). The base case scenarios are bolded (Rashwan

et al. 2022).
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Figure 6.3: Relative bisulfide fluxes estimated at UFC surface (upper end-caps) in (a)
crystalline and (b) sedimentary DGR models under different modelling conditions. C
model simulates bisulfide diffusion under fully saturated-isothermal conditions, HC
model simulates bisulfide diffusion under variably saturated-isothermal conditions, TC
model simulates bisulfide diffusion under fully saturated-non-isothermal conditions, THC
model simulates bisulfide diffusion under variably saturated-non-isothermal conditions.
(c and d) Prediction hydrogeological conditions in the crystalline and sedimentary
domains. Note that the average bentonite air content and bisulfide flux values are
normalized (Rashwan et al. 2022).

Figures 6.3a and 6.3b show relative bisulfide flux over time in the crystalline and
sedimentary domains under different modelling conditions (C, HC, TC, and THC). Figures
6.3c and 6.3d show simulated DGR conditions. As the bisulfide diffusion rate is dependent

on saturation and temperature, bisulfide flux is also controlled by hydraulic and thermal

conditions. Effects of these two variables (i.e., saturation and temperature) on bisulfide
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flux is seen through model comparisons in Figures 6.3a and 6.3b. Results show that
temperature increases bisulfide diffusion rate through bentonite (RQ 2) and saturation
delays the onset of bisulfide diffusion as it transports through the water filled fraction of
the pore space (see Figures 6.3 c and 6.3d) (RQ 2). However, the delay is not pronounced
in the crystalline DGR as crystalline saturation is relatively fast. As seen in Figures 6.3 c
and 6.3d, full saturation occurs at different times due to the differences in rock
permeability while initial saturation is kept constant. The peak bisulfide flux occurs under
high UFC temperatures (Figure 6.3) and bisulfide flux is low when the degree of saturation

is low (seen most clearly in Figure 6.3d).

The copper corrosion rate is a function of the bisulfide flux over the UFC, stoichiometric
factor, and copper mass characteristics. Bisulfide corrosion depths are identical in the
models as saturation negligibly affected the bisulfide evolution (<1%) (RQ 3). The effect
of heating on bisulfide corrosion is pronounced during the initial phase of the DGR only
as temperature decreases after 10,000 years. Due to this, 20% increase in bisulfide flux
occurs due to heating (RQ 3). The highest bisulfide corrosion is below the NWMO HS-
corrosion depth tolerance, 0.8 mm, reported in Hall et al. (2021). Additionally, bisulfide
corrosion estimate in the THC model is conservative due to assumptions such as: no
swelling, evaporation and condensation and, no geochemical reactions (see assumptions

of the THC model in section 6.2.1.1).
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Figure 6.4: HS™ corrosion depths under different modelling conditions (i.e., C, HC, TC,
and THC) in the crystalline or sedimentary domains. The slopes are calculated from
200,000 to 1,000,000 years in each model using linear regression analyses. Note that
the horizontal axis represents a linear timescale (Rashwan et al. 2022). The HS"
corrosion depth tolerance is reported in Hall et a. (2021).

6.2.2 3-D THC-S and THC-R Models

6.2.2.1 Assumptions in the THC-S and THC-R Models

The processes highlighted in red in Figure 6.5 represent the processes which are
modelled in the THC-S and THC-R studies. Like the THC model, the HS" corrosion
estimate from the THC-S and THC-R models is conservative due to some assumptions,
such as:

e Only bisulfide adsorption is modelled (no desorption). Desorption would increase
bisulfide concentration in the pore space. However, laboratory batch experiments
showed that HS" desorption is unlikely (Papry et al. 2023).

e Bisulfide retardation due to a reaction between HS- and available Fe?* in the
bentonite (i.e., FeS formation) is modelled. Including other reactions (e.g., cation

exchange, complexation, and hydrolysis) would impact HS transport rate and

retardation. For example, cation exchange process would increase bentonite
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permeability (as swelling capacity is reduced due to reduction of interlayer space)

(Karnland and Birgersson 2006, Appelo 2013, Xiang et al. 2020) and HS
concentration, thereby increasing reaction rate (as R « [Fe(zgq)] [HSan)]), which

would use up available Fe?* at a faster rate and enable early cessation of the
reaction. Including aqueous complexation reaction, such as the aqueous complex
of calcium chloride in bentonite (Savage et al. 2010, 2011) would reduce bentonite
permeability through increasing swelling capacity (i.e., decreasing ionic strength

through transferring Cl- to complex state) and decrease HS™ concentration,
thereby decreasing reaction rate (as R « [Fe(zgq)] [HSan)), which would use up

available Fe?* at a slower rate and delay cessation of the reaction. In contrast,
including hydrolysis reaction (Savage et al. 2010, 2011) would have the opposite
effect as it can break the complexation and increase ionic strength through
releasing Cl" in the pore space.

No microbial processes are assumed to be occurring within the bentonite;

including these reactions would decrease the amount of bisulfide that would

decrease the reaction rate (as R « [Fe(zz:q)] [HSan)) and amount of HS™ adsorption.

Similar to the THC model, bentonite is assumed to swell instantly, and no vapour

transport or evaporation or condensation is modelled in the system;
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Figure 6.5: Coupled hydrogeological and geochemical processes governing HS"
corrosion; red font indicates modelled processes in the THC-SL and THC-Sn. models
(i.e., adsorption as a part of sorption), and THC-R; (i.e., a reaction between Fe?* and

HS)

6.2.2.2 3-D THC-S and THC-R Model Results

The THC-S and THC-R models used three 1-D models (two 1-D adsorption models, (C-
St and C-Sni) and 1-D reaction model (C-R))) that were fitted to experimental bisulfide
diffusion profiles to estimate adsorption and reaction parameters for compacted
bentonite. HS- transport and adsorption onto bentonite using linear and non-linear
adsorption parameters was simulated in the C-S. and C-Sn. models, respectively. HS-
transport and reaction with available Fe?* in the bentonite (i.e., FeS production) using
kinetically irreversible reaction approach was simulated the C-Ri model. These three 1-D
models were also investigated to explore geochemical evolution relevant to HS- and Fe?*
reaction and effects of HS- adsorption and HS" reaction on HS" diffusion breakthrough
curves. These three models were then coupled individually to the 3-D THC model in the
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crystalline domain and the overall corrosion rate at the UFC was compared. Bisulfide

adsorption and reaction were not explored in the sedimentary domain.

Figure 6.6 shows comparison of cumulative HS™ outlet mass from the C-Si, C-Snt, and
C-Ri models and experiment results (Chowdhury et al. 2024). Almost identical HS-
retardation pattern in compacted bentonite is obtained using adsorption or reaction
models. This identical pattern in HS' retardation does not ascertain the relative influence
of HS- and Fe?* reaction or HS™ adsorption but confirms HS- retention in compacted

bentonite.
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Figure 6.6: Cumulative HS- mass at the compacted bentonite outlet in the C-Si, C-Sn,
and C-Ri models compared to experimental data from Chowdhury et al. 2024.
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The THC-SL, THC-SnL, and THC-RiI models were run for a reference period of 1 million
years (i.e., the Canadian DGR design life). HS" flux from the THC model was compared
to the THC-Si, THC-Sni, and THC-Ri models to understand the effect of HS" reaction and
HS™ adsorption on HS" evolution (Figure 6.7). Spatial distribution of HS" flux was also
explored to visually understand HS" retardation due to HS™ reaction and HS™ adsorption
(Figure 6.8). In all the models, HS" diffusion is delayed due to either HS™ adsorption or
reaction (RQ 6). However, the HS™ diffusion delays (i.e., ®50-800 years) are relatively
short compared to the million-year DGR lifespan. Due to this relatively short diffusion
delays, the total HS™ corrosion depth is nearly identical (Figure 6.9). Altogether, the long-
term HS- corrosion is unaffected due to early cessation of the HS" adsorption or reaction

processes (RQ 6).
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Note that the horizontal axis represents a linear timescale.

6.2.3 2-D THC-H2 Model

6.2.3.1 Assumptions in the 2-D THC-Hz Model

The processes highlighted in red in Figure 6.10 represent the processes which are

modelled in the THC-H2 study. Like the THC model, Hz evolution model is conservative

due to some assumptions, such as:

e The Hz2 and HS" rock effective diffusivity values are conservative as literature values
are used.

e Hg2is unreactive in the THC-H2 model. However, use of Hz in kinetic geochemical or
microbiological reactions in the bentonite and host rock would HS™ production via
SRB reaction.

e Inthe THC-H2 model, SO4is assumed to be non rate limiting species for HS"
production. Including SO4 as a rate limiting species in microbial SO4 reduction

(where H2 may participate as an electron donor) would affect the H2/HS™ feedback

process.

178



Overall, this study provides novel insight into H2 accumulation and transport dynamics

in DGR environments.
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Figure 6.10: Coupled hydrogeological and geochemical processes governing HS-
corrosion; red font indicates modelled processes in the THC-H2 model

6.2.3.2 2-D THC-H2 Model Results

The 2-D hydrogen (H2) model (referred to as the THC-H2 model) is based on the 2-D THC
model in the crystalline domain (Asad et al. 2022). The Hz evolution was not explored in
the sedimentary domain as results would be similar. In this study, the possibility of H2 gas
(bubble) formation in the DGR was explored by comparing DGR H2z concentration to DGR

H2 solubility limit under various modelling conditions (Table 6.1). A Hz feedback model

was also developed.
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The THC-H2 model assumed a constant supply of HS™ at the RBI which diffused to the
UFC and produced H: following the reaction showed in Figure 6.11a. In the THC-H2
feedback model, a Hz2 source was assumed in the far-field rock (modelled through a
constant 1 ppm H2 boundary condition) and H: diffused to the RBI, where HS was

produced (Figure 6.11b).

a) b)
Constant 1 ppm HS- 4Hy(g) + SO30q) + Hiag) © HSGq) + 4H,0
source at RBI (S0%~ is a non-limiting species)
Rock \ 1: HS" transport from 3 Rock 1: H, transport from rock to RBI
RBI to UFC ‘g 2: Produced HS- transport from RBI
2 > = |wurc
2: Produced H, 8 3: Produced H, transport from UFC
HCB | | transport from UFC 3 S 1 HCB to RBI
. to rock a8 2 4: Produced HS- transport from RBI
[{_uFc =3 31 uFC to UFC
g = 4 N
- +o, » O - +o
2Cu(s)+HS(aq) +H Cuzs(s)+H2(g) (S) % 2CU(S)+HS(aq) +H cUzs(s)+H2(g)
Rock-bentonite interface (RBI) Rock-bentonite interface (RBI)

Figure 6.11: Boundary conditions in the a) THC-H2 model and b) THC-H2 feedback
model. Note that arrows indicate transport directions of HS-and H:z

Ten cases were explored to examine the effect of various parameters as shown in
Table 6.1. Case 1 (C1) was the base case for the THC-H2 model and case 6 (C6) was

the base case for the THC-H2 feedback model. In the THC-H2 model, H2 concentration
at the UFC with changing effective H, rock diffusivity was examined, where the H,

concentration decreased with increasing diffusivity (Figure 6.12). This decrease in H2

concentration was a result of the increased H, transport rate out of the bentonite and
through the rock due to increasing the effective H2 rock diffusivity which resulted in

limited H, accumulation near the UFC. Due to the feedback effect, H, production rates
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(i.e., rate is of the order of 10'13) and concentrations (i.e., concentration is of the order of

-4
10 in Fig. 6.12) were both very low. These low rates and concentrations highlight the

significance of H, consumption at the RBI in reducing DGR H, levels, which could be

through sulfate reducing bacteria, SRB activity (RQs 4-5). In addition, a comparison of

DGR H2z concentrations from all modelling cases show that DGR H2 solubility limit is not

surpassed, which indicates that Hz gas bubble would not be formed under the modeling

conditions (RQs 4-5) (Figure 6.13).

Table 6.1: Sensitivity analysis simulations

Model Case | HS initial Constant HS- Hz initial Constant Hz Effective H2
background concentration at the | background concentration rock diffusivity
concentration | RBI concentration at the far-field (m2? s
(ppm) (ppm) (ppm) rock boundary
(ppm)
THC-H: Cia 0.02 1 0 0 8.4 x 10713
THC-H2 C2b 0.5 1 0 0 8.4 x 10713
THC-H: C3b 1 1 0 0 8.4 x 10713
THC-H: C4b 0.02 2 0 0 8.4 x 10713
THC-H2 C5b 0.02 1 0 0 8.4 x 1012
Feedback | C6¢ 0.02 Produced HS from 0.02 1 8.4 x 10713
H2 consumption
(Eq. 3)
Feedback | C7¢ 0.02 Produced HS from 0.5 1 8.4 x 10713
Hz consumption
Feedback | C8¢ 0.02 Produced HS from 1 1 8.4 x 10713
Hz consumption
Feedback | C9¢ 0.02 Produced HS from 0.02 2 84 x 10713
H2 consumption
Feedback | C10d 0.02 Produced HS from 0.02 1 8.4 x10712

Hz consumption

aTHC-H: base case, PTHC-H: sensitivity case, “THC-H: feedback base case, “THC-H: feedback sensitivity case. Note
that the effective H: diffusivity in bentonite was kept the same in all cases and bold values represent the varied
values for the sensitivity study.
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Figure 6.13: Maximum DGR Hz concentrations obtained from sensitivity cases (C1 to
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182



6.3 Conclusions
In this research, the effects of hydrogeological conditions on HS- corrosion was examined

by developing numerical models. A HS" transport model was developed which described
bisulfide diffusion through the bentonite in the DGR under variably saturated and non-
isothermal conditions. The repository was approximated as a 2-D and 3-D system and all
parameters were obtained from NWMO case studies and other studies. A range of
verification and validation procedures (e.g., mesh convergence study, boundary
conditions sensitivity, numerical and theoretical comparison) were conducted to develop
confidence in the HS transport model. The model was then employed to explore
bentonite saturation time, UFC heating, and effects of heating and saturation on HS-
corrosion. A Hz evolution model was also developed adding surface equilibrium reaction
approach to the HS™ transport model. The H2> model was used to understand role of
different properties (i.e., HS" initial and constant boundary concentrations, H2 initial and
constant boundary concentrations, and effective H2 diffusivity in rock) on Hz evolution
(due to HS" corrosion) and gas generation. Lastly, a reaction model (i.e., geochemical
model) was developed and coupled with the HS™ transport model. The HS" transport and
reaction model was explored to understand the effect of geochemical reaction (HS
adsorption or HS  and Fe?* reaction) on HS" corrosion. The processes highlighted in red
in Figure 6.14 represent the processes which are modelled in this research using THC,
THC-H2, THC-S, and THC-R models. The HS™ corrosion estimate from these models is
conservative due to assumptions, such as: conservative HS™ concentration, no swelling,
no evaporation and condensation, neglecting some geochemical reactions, e.g., cation

exchange, and no microbial processes in bentonite.
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Figure 6.14: Coupled hydrogeological and geochemical processes governing HS-
corrosion; red font indicates modelled processes in this research

The work presented in this thesis demonstrates that the transient DGR hydrogeological

and geochemical conditions (i.e., saturation, heating, and geochemical reaction) do not

strongly influence HS" corrosion over the DGR design life. The key conclusions from this

research are:

» Heating accelerates HS transport and saturation delays it.

* However, over the design life, both processes do not strongly influence projected

HS- corrosion.

* Heating increased HS-corrosion by < 20%.

« Saturation had a negligible impact on HS" corrosion.

* The long-term Hz production from HS- corrosion depends on HS™ supply to the

UFC, Hz transport properties, and biotic H2 consumption processes.
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+ Biotic H2 consumption process (modelled through HS/H2 feedback) was found to
control the accumulation of H2in DGR.

« The H2 solubility limit was never surpassed, indicating that H2 gas pressure build-
up in a DGR is unlikely under the studied conditions.

« HS diffusion is delayed (~50 to 800 years) due to HS  adsorption or HS- and Fe?*
reaction (i.e., FeS formation).

+ HS- diffusion starts after the retardation period and continues for rest of simulation.

* However, HS" diffusion delays are relatively short compared to the million-year

timeframe and does not impact long term HS" corrosion.

6.4 Implications and Research Novelty
The findings of this research are significant. The model’s total depth and saturation

boundary conditions were found to be important factors to accurately predict long term
UFC temperature and bentonite saturation profiles. In addition, the model predicted
slower saturation evolution in the sedimentary DGR due to the rock’s low permeability
compared to the crystalline DGR. The slower saturation evolution in the sedimentary DGR
delayed bisulfide transport and therefore HS- corrosion. Capturing the rock’s influence on
HS- corrosion timing was an important outcome which can help NWMO identify
appropriate DGR sites. To the author’s knowledge, this is one of the only numerical
studies where DGR transient environmental conditions were predicted which can play an
important role in the Canadian DGR safety assessment. As the model simulated coupled
hydrogeological processes, the relative importance of including different processes was
highlighted and system behaviour over time due to inclusion of new processes was

understood. For example, heating accelerated bisulfide transport while unsaturated
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bentonite and bisulfide reaction limited the transport. In addition, the combined effects of
saturation, temperature, and bisulfide reaction were not pronounced over the long DGR
life span. HS™ transport was simulated for the entire DGR lifespan and was found to be
delayed (=50-800 years) due to a geochemical reaction or adsorption. However, the HS-
diffusion delays were found to be relatively short in a DGR lifespan (1 million years) and
did not impact long term HS- corrosion. Amongst various modelling scenarios, the Hz
solubility limit was never surpassed, indicating the unlikelihood of H2 gas pressure build-
up in a DGR under explored modelling conditions. These findings support the ongoing
efforts in planning for Canada’s DGR as they provide valuable insights into the expected
DGR performance under a wide range of conditions.
This research resulted in the following new numerical models for the use in DGR
conditions:

1. Thermal-Hydraulic-Chemical (HS" Diffusion) (THC) Model

2. Thermal-Hydraulic-Chemical (HS" Diffusion)-Adsorption (THC-S) Model

3. Thermal-Hydraulic-Chemical (HS' Diffusion)-Reaction (THC-R) Model

4. Thermal-Hydraulic-Chemical (HS™ and H2 Diffusion)-Reaction (THC- Hz) Model
Although the models were built to assess the performance of the Canadian DGR they can
also be used in other DGR scenatrios, as well as other subsurface applications such as
geothermal explorations, carbon capture dynamics, and thermal remediation.
Using these models, the following novel results to the body of knowledge regarding
Canadian DGRs:

1. Considering all key HS" transport processes and assuming 1 ppm constant

bisulfide source in the DGR (30-90 ppb HS- in Canadian DGR which would not
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3.

6.5

lead to a constant source), the highest bisulfide corrosion calculated using the
model is below the NWMO HS- corrosion depth tolerance.

HS" retardation due to iron sulfide formation (i.e., modelled geochemical reaction
between HS™ and Fe?*) does not continue for long term (only =50-800 years in a
million years DGR lifespan) and therefore dos does not protect UFC from long term
HS" corrosion.

The H2 solubility limit was never surpassed even if the worst-case scenarios for
HS- corrosion and H2z production were modelled. This result indicates the
unlikelihood of H2 gas pressure build-up in Canadian DGR under explored

modelling conditions.

Recommendations for Future Work

The HS transport and reaction model has been robustly developed to aid in the

performance assessment of the Canada’s DGR. The developed model is designed to be

flexible to accommodate additional processes and site-specific information as it becomes

available. Future work may include additional aspects, such as:

The THC-R model can be extended by including other geochemical reactions
(e.g., cation exchange) that may occur in bentonite. This would result in making
the effect of HS" reaction with Fe?* negligible. Cation exchange would increase
bentonite permeability, thus HS" concentration, and thereby increasing reaction
rate as Rx[HS'], which would use up Fe?* faster and enable early cessation of

reaction.
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Time dependant bentonite swelling behaviour can be included. This would only
increase HS transport in the early times.

Vapour transport and evaporation-condensation behaviour can be included. This
would lead to cooling of the system, resulting in lower bisulfide transport.

HS" production due to microbial sulfate reduction could be modelled using
laboratory derived data.

In the THC-H2 model, the consequences of copper sulfide production could also
be investigated (e.g., in forming a crust that may inhibit corrosion, or in causing
local non-uniformities).

Given the large data variability and uncertainty in many processes in the DGR,
machine learning models can help assess DGR safety. Application of machine
learning approach for DGR safety assessment is promising, as site specific data

grows and becomes available.
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Appendix A: Supplementary Materials for
“Assessment of Hydrogen Gas Formation Using
Numerical Modelling Under Deep Geological
Repository Environments”

A.S.1 Boundary and Initial Conditions of the THC Model
Boundary and initial conditions and mesh of the THC model are shown in Figure

A.S.1. The engineered barrier system (EBS) was placed at 500 m below the
ground surface and the total domain depth was 10 000 m. The hydraulic, thermal,
and chemical transport processes were simulated using Richards’ equation, heat
transfer equation, and Fick’s 2" law, respectively. A hydrostatic equilibrium was
established setting pressure head at top, sides, and bottom boundaries (Avis et al.
2012). The crystalline host rock was assumed to be fully saturated while 67% initial
saturation was implemented for bentonite (HCB) and gap fill (GF) (6! case study).
An isothermal condition was established at the top and bottom boundaries using
geothermal gradient (Guo 2016, 2018). A boundary heat source was implemented
to model UFC heating and an adiabatic symmetry condition was implemented on
the outside vertical boundary to model infinite number of UFCs. A constant 1 ppm
bisulfide (HS") concentration was implemented at the host rock-GF(bentonite)
interface while a constant 0 ppm HS- concentration was applied at the UFC, which
assumed that corrosion occurs instantaneously at the UFC (Briggs and Krol 2018).
The model used an extremely fine mesh at the UFC end cap due to complex

geometry. A finer mesh was applied around the UFC (i.e., the region of interest)
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and a progressively larger mesh was applied towards the host rock to reduce

computation cost. The results of the 2-D THC model are discussed in Asad et al.

(2022)
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Figure A.S.1:Boundary and initial conditions of the THC model for: (a) hydraulic,
(b) thermal, and (c) chemical transport processes and (d) triangular mesh.
Adapted from (Asad et al. 2022).
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A.S.2 THC-H2 Model Implementation
The 2-D THC-H2 model described copper corrosion and Hz production using Eq.

A.S.1 at the UFC surface.

2CU(S)+HSan)+H+<—>CUZS(S)+H2(g)
(A.S.1)

The species included immobile copper (Cu), HS- (assumed pH: 8-11), hydrogen
ion (H*), immobile copper sulfide (Cuz2S), and Hz. The Eq. A.S.1 reaction was
described as a surface equilibrium reaction (SER) which is:

__ [HaICu,S]
[Cul” [HS] [H*]

(A.S.2)

where E is the equilibrium constant. The SER approach was chosen since it was
assumed the reactions were very fast relative to transport and so the reaction
kinetics were not considered. Altogether, the SER approach solved for the flux of
the products and reactants using Eq. A.S.2 and fulfilled the equilibrium condition
at all times and space coordinates (COMSOL 2019). The initial background
concentration of reactant H* was assumed to be 0.02 mol m3 (i.e., 0.02 ppm H*)

(Szakélos and Seetharaman 2012) and the initial concentrations of reactants HS-

and Cu were set to 6x10™ mol m-3 (i.e., 0.02 ppm HS") and 0 mol m3, respectively.
The UFC surface was modelled with a constant Cu concentration boundary
condition of 0.02 mol m=3 (i.e., 1 ppm Cu). To represent the solid state of Cu and

CuzS, they were modelled as immobile aqueous species by using zero and very
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low (1><10'15 m? s°1) diffusivities, respectively. Using Cu and Cu2S immobility, H2
production was implemented as a function of aqueous species only:

-l AS3
[HST(H'] (A.53)
In other words, the model correctly implemented Eqg. A.S.1 as solid species does

not affect equilibrium.

A.S.3 Species Conversion Rate Comparison
To ensure that the SER and boundary conditions were implemented correctly,

species conversion rates were computed for varying equilibrium constants and
compared to the HS™ consumption rates from the THC model (Asad et al. 2022).
The positive and negative species conversion rates indicate species production
and consumption, respectively (Figure A.S.2). The H2 production and HS-

consumption rates were initially the same across all equilibrium constants (100—

1080) due to HS to H2 conversion, which simulated a constant zero HS-
concentration boundary condition at the UFC. However, the high equilibrium
constants of 10%° — 10%° maintained the constant zero HS" concentration boundary
condition until 1 million years as all incoming HS-was converted to Hz at the UFC.
This is because the high equilibrium constants of 10* —10% forced the
conversion of HS" to H2 at all times and space coordinates (COMSOL 2019). In
other words, all HS- that reached the UFC was consumed (Eq. 8) when high

equilibrium constants were used (see Section A.S.4). In contrast, HS- was fully

213



consumed after 100 years (i.e., HS" reached steady state) with a comparatively

low equilibrium constant (E=10°), which ceased HS  to H2 conversion (Figure

A.S.2). Altogether, the use of the high equilibrium constant is a conservative

approach used to model the maximum amount of aqueous Hz that could be

produced based on HS" transport to the UFC (Eq. 8); therefore, the benchmark

equilibrium constant was set to 10%,
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Figure A.S.2: Average species conversion rates at the UFC in the THC-H2 model
with varying equilibrium constants. The positive and negative species conversion
rates indicate species production and consumption, respectively. The average
HS- rate from the THC model (Asad et al. 2022) is also shown.
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A.S.4 Species Concentration in the THC-H2 Model
To explore Hz production and HS- consumption at the UFC, species concentrations

were computed for two equilibrium constants (Figure A.S.3). A constant Cu
concentration was implemented at the UFC. The initial background H* depleted
over time. The HS- was the only species which always had a flux towards the UFC
as constant HS™ concentration was maintained at the rock bentonite interface. As
seen in Figure A.S.3, the given equilibrium constant (ratio of products to reactants)
was always maintained using varying concentrations of products and reactants.
An E= 10°® was maintained by the ratio of products and reactants, i.e., constant Cu
concentration, depleting H* and steady HS- after 100 years (Figure A.S.3a).
However, an E= 10%° implemented an instantaneous use of HS- and all H* was
used up within 100 years. Therefore, the greater E value of 10%° was greatly
maintained using reactant HS™ at all times and space coordinates (Figure A.S.3b).
A greater amount of Cu2S was produced compared to H2 as immobile Cu2S

accumulated at the UFC while H2 diffused out of the bentonite.
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A.S.5 Species Concentration in the THC-H2 Model
The effect of HS initial background concentration on maximum H2 concentration

at the UFC is shown in Figure A.S.4. The maximum H2 concentration at the UFC
is plotted up to 815 years (instead of 1 million years) to explore little change in Hz
concentration due to change in HS initial background concentration. This little
change in Hz concentration at the UFC cannot be observed if plotted up to 1 million
years due to relatively high H2 concentration at the UFC after 1 million years (i.e.,

12 mol m3vs. ~0.02 mol m3).
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Figure A.S.4: Effect of HS" initial concentration on a) maximum Hz concentration
at the UFC plotted up to 815 years.

Max. H , concentration at UFC (mol/m?)
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A.S.6 DGR Level H2 Solubility
The H2 gas would evolve in the DGR if the Hz gas pressures exceed the confining

pressures at the DGR level (i.e., ~500-800 m below surface). The DGR level H2
solubility limit was estimated equalling the total gas pressures (partial, Py, and
vapour pressure, P,;) to total confining pressures (atmospheric, P, ,hydrostatic,
P ,and capillary pressure, Pc):

P, +Pyp=P.+ Py +Pc (A.S.4)

The Py, can be described using Henry’s law:

CH2= kH2PH2 (ASS)
Ch (A.S.6)
Py, =—2 atm
2"k,

where Cy, is the Hz concentration (mol m3), ky,is the Hz solubility constant (mol

m-2 atm1). The Hz solubility constant is 0.790 mol m-2 atm* (Kaye and Laby 1986).

The P,, can be described using Antoine equation:

B
P,,=(10%T+T) x0.00131579 atm (A.S.7)

where T is the temperature (°C), and A, B, and C are constants. The values of A,
B, and C are 8.07131, 1730.63, and 233.426, respectively (Lide 2004). The P,, can
be described as follows:

P,=pgh x9.87x10® atm (A.S.8)
where p is the water density (kg m), g is the acceleration due to gravity (m s2),
and h is the DGR depth. The P; was estimated following (Harrington and

Horseman 2003; Lassin et al. 2011) which is 63. 2 atm. Using Eq. A.S.4, the DGR
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H2 solubility limit, Cy,(at 20 °C) is 88.9 mol m= and 111.9 mol m at 500 m and

800 m below surface, respectively. The DGR Hz solubility limit varies slightly with

DGR temperature (Figure A.S.5).
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Figure A.S.5: Variation of DGR H2 solubility limit with temperature at a DGR
depth of a) 500 m and b) 800 m. Note that the DGR temperature was taken from
THC-H2 model of (Asad et al. 2022)

A.S.7 Diffusion Time Scale Analysis
The transport of aqueous species through soil is described by Fick’s 2" law (Fick

1855):
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oc &c

The variables include aqueous species concentration (c), time (t), and distance (x).
The constants are porosity (@) and effective diffusion coefficient (De) as the
species transport is assumed under fully saturated and isothermal conditions.
Therefore, Eq. S.9 represents a simplified transport model (i.e., C model, a
transport only model). The maximum concentration is C after time t. (i.e., diffusion
time) over a test section of length L. To find out the scale of diffusion, relative
variables (i.e., dimensionless variables) are used in Eq. S.9 following (Nield and
Bejan 2013; Ait-Mokhtar et al. 2007) which are:

(o] t X
CR= ¢ ;tR=E PXRET (A.S.10)

and then Eq. S.9 becomes:

@Cack _ D.Cd°cr
t|_ 3tR L2 aXE

(A.S.11)

The dimensionless form of the equation A.S.11 is obtained through dividing both

DeC.
2 -

sides by i

@Lz aCR_ 320R
Do, Ot ox2

(A.S.12)
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For steady diffusion where the dominant force is concentration gradient, the
perfector term @Lz/DetL ~1 (Nield and Bejan 2013). Therefore, the diffusion time
is:

@L?
Al (A.S.13)
L De

The D, is described using aqueous diffusion coefficient (D), effective porosity
(@), and tortuosity () (Shackelford and Moore 2013):

e=% Do (A.S.14)
Using the relation (Eq. A.S.14) in Eq. A.S.13:

o L?
@
%D

t= (A.S.15)

In Eq. A.S.15, % is roughly in the order of 1 (i.e., %;1) which relates diffusion

T

time to diffusion length and aqueous diffusion coefficient only:

L2

— A.S.16
D ( )

th

Therefore, the transport time of aqueous species from one location to another can

be approximated using Eq. A.S.16.

A.S.8 Average Species Conversion Rate at Rock-Bentonite Interface
The average species conversion rate at the rock-bentonite interface (RBI) in the

hydrogen feedback model is shown in Figure A.S.6. More H: (either from the far-
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field or produced from UFC corrosion) was consumed in the hydrogen feedback
model at the RBI through MIC and to produce HS" (e.g., 12x10™"" mol m2s of Hz

flux was converted to 3x10™"" mol m2s™ of HS" flux at the RBI as seen through

Figure A.S.6).
%xlo 1nr
NE HS'—>27
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= or
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Figure A.S. 6: Average species conversion rate at the RBI in the hydrogen
feedback model. The positive and negative species conversion rates indicate
species production and consumption, respectively.
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Appendix B: Supplementary Materials for
“Modelling Key Reactive Processes Relevant to
Bisulfide Transport Through the Highly
Compacted Bentonite”

B.S.1 Proposed Design of Canadian DGR
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Figure B.S.1: Proposed multiple barrier system in Canadian DGR (adapted from
Hall et al. (2021))
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B.S.2 Diffusivity and Accessible Porosity in the CI- Diffusion Model
In the CI- diffusion model, the ClI- effective diffusivity was implemented as a function

of CI" diffusion accessible porosity (i.e., Decr=f (ecr)). The CI effective diffusivity

and CI diffusion accessible porosity at different locations in the bentonite are

shown in Figures B.S.2a and B.S.2b, respectively. The

parameters are shown in Table B.S.1.
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Figure B.S.2: a) Time and space dependent Decr in the CI- diffusion model and
b) Time and space dependent e in the CI- diffusion model. Note that x
represented the measured points in bentonite.
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Table B.S.1: CI- Diffusion Model Parameters

Parameter Value
Length of bentonite!(L) 5 mm
Bentonite density(p) 1500 kg m
Porosity? (@) 0.4 (-)

Initial CI- concentration® ([Cl{,4y;]) 0 mol m3

CI constant concentration at inlet'([Cl(,,)]) 1000 mol m3
CI- constant concentration at outlet! ([Clag]) 0 mol m3
Interparticle pore space (€;,”)? 0.230 (-)
Density dependent A 0.209 (-)
constant? B 1.66(-)
Archie’s law exponent* 2 ()

CI- diffusion coefficient in water(D, ., )? 1x 10°m? st

1Chowdhury et al. (2021) 2Van Loon et al. 2007) *SKB 2010)
B.S.3 HS  Adsorption Confirmation
To ensure that the HS- adsorption was implemented correctly, cumulative HS-
mass at the outlet from the C, C-Si, and C-Sn. models was compared. The onset
of HS diffusion was delayed in the C-Si., and C-Sn. models compared to the C
model (Figure B.S.3). In other words, HS- was adsorbed onto bentonite; the HS-
flux ceased in the C-S., and C-Sn. models as expected, verifying that transport

and adsorption had been properly coupled.
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Figure B.S.3: Comparison of cumulative HS-mass from the C, C-Si, and C-SnL
models.

B.S.4 Fitting HS  Adsorption Parameters through Varying Data
To ensure a best fit between experimental and modelled HS- mass profiles,

adsorption parameters Kd and K| pys-and Cp o s~ Were varied in the C-Si and C-
SnL models, respectively (Figure B.S.4). A best fit between experimental and
modelled HS- mass profiles was obtained using K¢ = 0.005 m3 kg, and K_ s =1
m3mol?t and Cp maxns- =0.08 mol kgt in the C-Si and C-Sn. models, respectively
(R?=0.95 and R2?=0.96, respectively ). As seen in Figure B.S.4b, the HS" mass
profiles were very sensitive to Cp o« ns Values. For example, HS breakthrough
was differed by ~120 days due to change in Cp ynaxns from 0.03 mol kg™ to 0.08

mol kg (keeping K_ps- at 1 m®mol2). In contrast, the cumulative HS mass profiles
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were nearly identical due to a change in K| g from 41.35 m3mol? to 1 m3mol*

(keeping Cp max ns™ at 0.03 mol kg™).

O Chowdhury et al. (2024)
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Figure B.S.4: a) Cumulative HS- mass at the compacted bentonite outlet in the
C-SL model from varying Kd. and b) Cumulative HS" mass at the compacted
bentonite outlet in the C-Sn. model from varying K ys- and Cp axns- The
models were compared to the cumulative HS- mass breakthrough curve from
Chowdhury et al. (2024). Note that Ka= 0.34 m3kg?, K__ys-= 41.35 m®mol* and
Cp maxHs” =0.03 mol kg values were obtained from batch experiment of granular
bentonite (Papry et al. 2023).
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B.S.5 Kinetically Irreversible HS" Reaction (C-Ri) Model Confirmation
To ensure that the HS reaction was implemented correctly, species concentrations

and reaction rate after 5 days were compared to 250 days. The model was run for
a period of 438 days (i.e., experimental duration). The FeS was produced as the
HS  reacted with the Fe?*(Figures B.S.5a and B.S.5b). Although the HS-
maintained a constant concentration boundary, reaction rate decreased (Figures
B.S.5c and B.S.5d) as the initial Fe?* decreased over time. However, the amount
of FeS increased after 250 days (Figure B.S.5 b) because of the continuous

reaction between HS™ and initial Fe?* before 250 days.
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Figure B.S.5: The modelled evolutions of: (a, b) species concentrations, (c, d)
reaction rate in the C-Ri model. Note that X represented the bentonite length and
initial Fe?* was kept at 700 mol m-3
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B.S.6 Sensitivity of Reaction Rate to Arrhenius Frequency Factor
A sensitivity study for the C-Ri model was undertaken to see how the Arrhenius

reaction frequency factor, An impacts the reaction rate (Figure B.S.6). The
Arrhenius activation energy, En was kept at 35 kJ mol' (Rickard 1997; Cloet et al.
2017) as the decrease in rate constant due to a change in En from 5 to 100 kJ mol-
'is only ~3.5 % (under constant An), while increase in rate constant due to a

change in An from 0.01 m3 mol' s to 0.1 m3 mol-' s is 900% (under constant En).
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Figure B.S.6: Reaction rates in the C-Ri model from varying the An from a) 0.01-
0.1 mol m=3 s, b) 0.5-1 mol m3s?, ¢) 10-100 mol m= s, and d)2000-10000 mol
m= s1, Note that the horizontal axis is shown in log scale in Figures B.S.6¢ and
B.S.6d to explore rates around 0-10 days.
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As seen in Figure B.S.6, low reaction rates are produced due to low An values (e.g.,
0.01-1 m3® mol! s-1) which vary up to 150 days (Figure B.S.6a), while the reaction
rates become higher and vary only initially when higher An values are used
(Figures B.S.6b-B.S.6d). In other words, reaction rate increases instantaneously

due to higher An value.
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