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Abstract

The main goal of the Integrated Sulfide Project (ISP), a collaboration between Posiva and SKB, is
the assessment of copper corrosion in the canister of a KBS-3V repository due to the presence of
sulfide. To this end, conceptual and numerical models of the fate of sulfide in the near-field need
to be developed to quantify the different processes concerning sulfide production, transport and
consumption.

Within Work Package 3 of the ISP (Integration with Safety Case), SKB and Posiva have defined

a Base Case scenario with the main physical and chemical processes affecting the fate of sulfide

in the near-field, in collaboration with the different modelling teams involved in the project. This
Base Case defines the physical properties of the bentonite barriers, the host rock, and the interfaces
between these barriers and the host rock. It further defines geochemical processes expected to play
arole and the initial composition of each material.

This report summarizes the work undertaken by Amphos 21 in collaboration with ClayTech within
the framework of Work Package 3 of the ISP. The main objectives of the present work are:

1. To develop, implement, and verify a new conceptual model for reactive transport modelling
in compacted bentonite;

2. To apply the new model for assessing the fate of sulfide in the near-field of a KBS-3V
repository system.

The motivation to develop such a model is that recent experimental findings have demonstrated
that interlayer pores often dominate the diffusional transport capacity in bentonite. In contrast, many
traditional approaches to modelling bentonite chemistry treat the interlayer pores as cation exchange
sorption sites, which have no transport capacity. There is consequently a need for developing models
which take the transport capacity of the interlayer pores into account.

The newly developed model — named the hybrid model — is restricted to diffusion and reaction

processes in water-saturated compacted bentonite. In this model, diffusion occurs exclusively within
the interlayer water, while geochemical reactions — including interaction with accessory minerals —
are restricted to a disconnected bulk water phase embedded in the bentonite system. Ion equilibrium
(i.e. Donnan equilibrium) is maintained at all times between the interlayer and bulk pore solutions.

In this work, the Base Case is implemented using two different reactive transport approaches. The
first approach consists of a traditional reactive transport model. In this approach, bentonite is modelled
as a single bulk porosity system; interlayer pores are represented by cation exchange sorption sites,
with zero volume (bulk porosity equals total or physical porosity). In the second approach, the hybrid
model is used, which accounts for diffusion of species exclusively in the interlayer.
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Sammanfattning

Huvudsyftet med det integrerade sulfidprojektet (ISP), ett samarbetsprojekt mellan Posiva och SKB,
ar att bedoma till vilken grad nérvaro av sulfid paverkar korrosionen av kopparkapseln i ett KBS-3V-
forvar. For detta &ndamal méaste konceptuella och numeriska modeller av vad som hénder med sulfid
1 ndromradet utvecklas for att kvantifiera de olika processerna som ror sulfidproduktion, transport
och konsumtion.

SKB och Posiva har i arbetspaket 3 av ISP definierat ett basfallsscenario med de huvudsakliga fysiska
och kemiska processerna som péaverkar sulfid i ndromradet, i samarbete med olika modelleringsgrupper
som &r involverade i projektet. Detta basfall definierar de fysikaliska egenskaperna hos bentonitbarri-
drerna, berget och grinsytorna mellan barrifirerna och berget. I basfallet definieras de geokemiska
processer som forvintas ha betydelse och den initiala sammansittningen for respektive material.

Denna rapport sammanfattar det arbete som Amphos 21 utfort i samarbete med Clay Technology AB
inom ramen for ISPs Arbetspaket 3. Huvudsyften med detta arbete ar:

1. Att utveckla, implementera och verifiera en ny konceptmodell for reaktiv transportmodellering
1 kompakterad bentonit;

2. Atttillampa den nya modellen for att bedoma vad som hénder med sulfiden i ndromradet
(near-field) i ett KBS-3V-forvarssystem.

Motivet till att utveckla en saidan modell ar att de senaste experimentella resultaten har visat att
porerna mellan flaken i bentoniten ofta dr det som dominerar kapaciteten for diffusionstransport.
Manga traditionella metoder for modellering av bentonitkemi behandlar porerna mellan flaken som
katjonbytes- och sorptionsstillen, som inte har ndgon transportkapacitet. Det finns foljaktligen ett
behov av att utveckla modeller som tar hdnsyn till transportkapaciteten hos porerna i bentonitleran.

Den nyutvecklade modellen, som hér kallas hybridmodellen, &r begransad till diffusions- och
reaktionsprocesser i vattenmattad kompakterat bentonit. I denna modell sker diffusion endast i vattnet
mellan bentonitsflaken, medan geokemiska reaktioner — inklusive interaktion med accessoar min-
eraler — dr begrénsade till en icke kontinuerlig bulkvattenfas inbdddad i bentonitsystemet. Jonjamvikt
(dvs Donnan-jamvikt) uppratthalls hela tiden mellan bulkvattenfasen och vattnet mellan flaken.

I detta arbete implementeras basfallet med tva olika reaktiva transportmetoder. Det forsta tillviga-
géngssattet bestdr av en traditionell reaktiv transportmodell. I detta tillvigagingssitt modelleras
bentonit som system med endast en porositet; porerna mellan betonitflaken representeras av
katjonbytes- och sorptionsstillen, med nollvolym (bulkporositet &r lika med den totala eller fysiska
porositeten). I det andra tillvigagangssittet anvinds hybridmodellen, som stér for diffusion av
dmnen uteslutande 1 vattnet mellan flaken i bentoniten.

4 SKB TR-18-07



Content

2.2

23

24

2.5

3.1
32

4.1

4.2

5.2

53

6.1
6.2

Introduction and objectives

Hybrid model definition

Bentonite components

2.1.1 Montmorillonite

2.1.2  Interlayer water

2.1.3  Accessory minerals

2.14 Bulk water

Definition of the hybrid model for compacted bentonite
2.2.1 Hybrid model “levels”

2.2.2  Water and mineral partitioning

Ion Equilibrium

2.3.1 Model formulation

2.3.2 Partitioning between bulk and interlayer water
2.3.3  Activity coefficients

2.3.4 Relating selectivity coefficients with interlayer activities
Diffusive transport in the interlayer

2.4.1 Relation to (external) bulk water concentration
2.4.2 Mass conservation in the hybrid model
Aqueous chemistry

2.5.1 Bulk water and interaction with mineral dissolution/precipitation
2.5.2 Interlayer water

2.5.3 Sorption processes

Hybrid model implementation
Solute transport solver
Donnan equilibrium solver

Experimental data

Cations

4.1.1 Compacted systems
4.1.2 Dispersed systems

4.1.3 Cation content in MX-80
Anions

4.2.1 Chloride

422 Sulfate

Model verification

Case 1: Na/Ca-montmorillonite with anhydrite
5.1.1 Phreeqc cation exchange model

5.1.2 Interlayer-only model

5.1.3  Hybrid model

Model for implementation testing

5.2.1 Case 2: Only transport

5.2.2  Case 3: Transport and dissolution
Case 4: solute transport

Modelling sulfide in the KBS-3V near-field
Background

Description of the Base Case

6.2.1 General setup

6.2.2 Intact rock

6.2.3 Rock-Tunnel Interface (RTI)

6.2.4 Backfill

6.2.5 Buffer

6.2.6  Canister

SKB TR-18-07



6.3  Traditional reactive transport model
6.3.1 Implementation of the model

6.3.2  Results of the Base Case
6.3.3 Base Case simplifications

6.3.4  Effect of surface complexation

6.4  Hybrid model

6.4.1 Model setup and implementation

6.4.2 Results

7 Variant cases
7.1  Backfill Density
7.1.1 Traditional model
7.1.2  Hybrid model
7.2  Interface Metals
7.2.1 Traditional model

7.2.2  Effect of surface complexation

7.2.3  Hybrid model

7.3 Organic Matter

7.4  Fe(Il) Minerals
7.4.1 Traditional model
7.4.2  Hybrid model

8 Summary
References

Appendix A Analysis of Equation 2-21

Appendix B Summary of Base Case parameters and processes

Appendix C Coordinates of the finite element mesh nodes

Appendix D List of aqueous species

54
54
54
60
61
65
65
69

75
75
75
78
81
81
&5
86
&9
91
91
94

97
101
105
107
109
111

SKB TR-18-07



1 Introduction and objectives

This report summarizes the work undertaken by Amphos 21 in collaboration with ClayTech within
the framework of Work Package 3 (Integration with Safety Case) of the SKB-Posiva Integrated
Sulfide Project (ISP). The main objectives of the present work are:

1. To develop a new conceptual model for reactive transport modelling in compacted bentonite. This
model must be capable of reconciling an ion equilibrium-based approach for the diffusion of
charged species through the interlayer porosity (Birgersson and Karnland 2009) with a classical
geochemical description of compacted bentonite (e.g. Bradbury and Baeyens 2003, Wersin 2003,
Arcos et al. 2003).

2. To implement the newly developed conceptual model into the reactive transport modelling
framework iCP (Nardi et al. 2014), an interface coupling Comsol Multiphysics (COMSOL 2015)
and Phreeqc (Parkhurst and Appelo 2013).

3. To verify the implementation and compare the results with more traditional reactive transport
approaches of compacted bentonite.

4. To apply the new model for assessing the fate of sulfide in the near-field of a KBS-3V
repository system.

Recent experimental findings have demonstrated that montmorillonite interlayer pores often dominate
the diffusional transport capacity in bentonite (Glaus et al. 2007, 2013, 2015). In contrast, many
proposed models of bentonite chemistry using single porosity or multi-porosity approaches treat the
interlayer pores as cation exchange sorption sites with no transport capacity (see e.g. Alt-Epping
et al. 2015, Wersin and Birgersson 2014, Salas et al. 2014, Samper et al. 2016). There is consequently
a need for developing models which take the transport capacity of the interlayer pores into account.
For instance, Appelo et al. (2010) considered the diffusion of the exchangeable cations to model
the transport of strongly sorbed cations such as Cs". The multi-porosity model described by Appelo
(2013) also assumes an important contribution of the interlayer water on diffusive fluxes. A more
detailed discussion about the different available approaches can be found elsewhere (Idiart and
Pekala 2016). All these models consider that interlayer water is completely devoid of anions.

In contrast, Birgersson and Karnland (2009) consider that interlayer water completely dominates
diffusion of cations and anions in compacted bentonite.

The newly developed model — named the hybrid model — is restricted to diffusion and reaction
processes in water-saturated compacted bentonite. The key features are the following:

1. Diffusive transport of cations, anions and neutral species occurs exclusively within
interlayer water.

2. Geochemical reactions — including interaction with accessory minerals — are restricted
to a disconnected bulk water phase embedded in the bentonite system.

3. Ion equilibrium (i.e. Donnan equilibrium) is maintained at all times between the interlayer
and bulk pore solutions of bentonite.

Advective transport of ions, which can be important during unsaturated conditions, is at present
out of the scope of the model.

The report is broadly divided into two parts: the first part (sections 2 — 5) treats the definition,
implementation, and verification of the hybrid model. The second part (sections 6 and 7), focuses
on the application of both a ’traditional’ reactive transport model and of the hybrid model to the
near-field of a KBS-3V repository, with special focus on sulfide transport and reactions (including
corrosion of the copper canister).
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2 Hybrid model definition

In this section, the proposed model for reactive transport in compacted bentonite, named the hybrid
model, is presented. First, a brief description of the components that need to be accounted for in a
model for compacted bentonite is given. In the remainder of the section, the mathematical description
is presented for treating chemical equilibrium between the model components (in particular equili-

brium between bulk and interlayer water), and for treating diffusion within interlayer pores.

21 Bentonite components

The components of the system comprised by the compacted bentonite and the surrounding aqueous
solution (e.g. groundwater) that are considered in the hybrid model are briefly described here.
Bentonite is a clay material dominated by the mineral montmorillonite, which typically represents
at least 75 wt.% in high grade material (e.g. Svensson et al. 2011). One of the most distinguishing
features of this material — and the reason for considering it as an engineered barrier — is that it
swells when contacted with water, i.e. the material expands by actively taking up water.

In addition to montmorillonite, bentonite typically contains several types of accessory minerals,
depending on the origin of the material. Typical accessory minerals are quartz, calcite, gypsum, iron
(hydr)oxides, and various types of feldspars (e.g. Karnland et al. 2006, Karnland 2010). In addition,
bentonite may also contain sulfide components, e.g. pyrite. Furthermore, being a natural soil material,
bentonite usually contains some amount of organic matter. In the following, the term accessory
mineral is used for any mineral in the bentonite different from montmorillonite.

2.1.1  Montmorillonite

Montmorillonite is a clay mineral of the smectite group. Separate montmorillonite layers are
approximately 1 nanometre thick and are built up of one sheet of octahedrally coordinated aluminium
(hydr)oxide sandwiched between two tetrahedrally coordinated silicate sheets (Karnland 2010).
The extension in the lateral dimensions is typically 100 — 1000 nanometres. Montmorillonite layers
are negatively charged due to substitutions in the atomic structure (aluminium for silicon in the
tetrahedral sheets, and magnesium for aluminium in the octahedral sheet). This structural charge

is compensated by positively charged ions located at the layer surfaces. In this work, these ions

are referred to as the exchangeable ions, for reasons explained below.

The way in which charge is distributed in montmorillonite leads to a strong affinity for water. With
access to water, exchangeable ions and surfaces become hydrated due to electrostatic interactions
between charges and dipolar water molecules. As a consequence, montmorillonite particles are
typically arranged in a face-to-face configuration with thin water films (nanometre wide) between
adjacent particles. The space between individual layers of montmorillonite is referred to as the
interlayer space.

The extent of hydration of montmorillonite depends on the availability of water (e.g. due to an imposed
vapour pressure) and the width of the interlayer space varies correspondingly. X-ray diffraction
measurements reveal interlayer distances corresponding to one, two, three, and occasionally four
monolayers of water, depending on water availability and the type of exchangeable cations. In
systems dominated by small alkali metal ions (Li", Na*, K"), a continuously varying interlayer space
is observed at higher water contents. In such systems, interlayer distances up to the order of 10 nano-
metres have been observed. The ability to take up water in interlayer spaces is the mechanism
governing bentonite swelling.

In hydrated montmorillonite, the exchangeable ions are quite mobile, even at low water contents.
These ions can therefore be replaced by other ions if the montmorillonite is contacted with an
external ionic solution that is not in equilibrium with the interlayer solution. Thus, montmorillonite
(and by extension, bentonite) functions as an ion exchanger, which justifies using the nomenclature
“exchangeable” for the ions compensating the structural charge. The mobility of the exchangeable
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ions in hydrated montmorillonite strongly indicates that these should be associated with the water
in the interlayer space rather than directly with the particle surfaces. Thus, although the exchange-
able ions quite often are referred to as “sorbed”, it must be kept in mind that these ions are not
immobilized due to bonding to specific surface sites. Instead, as the electrostatic potential generally
is lowered in the interlayer space as compared to the external solution, cations accumulate there,
in accordance with the Boltzmann distribution (see Section 2.3.1).

Apart from structural charge, montmorillonite particles may also carry charge at specific sites on
their edges due to protonation/deprotonation. This amount of charge corresponds to a few percent
of the total charge of the particle, and depends on the chemical conditions, especially on pH. Also,
other specific ions/molecules may sorb onto the edge sites.

2.1.2 Interlayer water

The total amount of water in highly compacted bentonite corresponds to a few monolayers of
interlayer water if distributed evenly (three monolayers gives approximately a porosity of 50 %,
corresponding to a montmorillonite dry density of 1.4 g/cm?). From the above description of the
physicochemical properties of the interlayer, it is thus expected that water in compacted bentonite

is mainly distributed in interlayer spaces. This has also been inferred experimentally in a number of
studies (e.g. Holmboe et al. 2012, Keller et al. 2014). It may be noted that interlayer spaces dominate
the pore volume in compacted bentonite also in solute diffusion conceptual models that acknowledge
heterogeneity in the porosity types within the bentonite scientific community (see e.g. Appelo 2013).

As the ever-present exchangeable ions are associated with the water in the interlayer spaces, the
latter resembles an ionic solution in several respects. However, as the interlayer solution is under
all circumstances positively charged, it cannot be described as a conventional bulk water solution.
Also, as the electrostatic potential may vary across the interlayer thickness, heterogeneous ion
configurations are generally expected.

Since interlayer space is defined as the volume between two basal surfaces of adjacent montmorillo-
nite layers, it follows that interlayer water is the water occupying this volume. However, in this work
the definition of interlayer water is extended to include any water that is affected by the electric charge
of montmorillonite and thus containing exchangeable ions. Thus, the term will be used, for instance,
to refer to the pore solution between a montmorillonite particle and a grain of an accessory mineral
(Hsiao and Hedstrém 2017).

Interlayer water can be considered a non-conventional aqueous solution and is expected to contain
other dissolved species (including ions) in addition to the exchangeable cations. It is noted that the
total positive charge of the interlayer cations should be equal to the sum of the CEC of montmorillo-
nite and the negative charge of the anions present in the interlayer to maintain electroneutrality.
Although it is not the focus of this work, an exploratory study of aqueous interlayer chemistry

is presented in Section 2.5.1.

2.1.3 Accessory minerals

Mineral dissolution and precipitation reactions involve both montmorillonite and accessory minerals,
and fall into two general categories (Arcos et al. 2000, Curti and Wersin 2002):

»  Fast and reversible reactions reaching equilibrium relatively rapidly (within minutes, hours
or days), and

»  Slow, kinetically-controlled reactions that require very long equilibration periods (years).

The first group includes carbonates (calcite, siderite), sulfates (gypsum), certain oxides (chalcedony,
amorphous silica, some Fe-oxides), and other soluble salts (e.g. halite). The latter group mainly
involves reactions of silicate minerals, e.g. montmorillonite, mica, or feldspars.

In this work, the focus is on the minerals that react with the aqueous solution in a relatively rapid
way. Furthermore, in the hybrid model presented below it is considered that explicit water-mineral
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interaction occurs exclusively within a (saturated) bulk porosity. As stated above, the pore volume
is dominated by interlayer water and only a small volume fraction of bulk porosity is expected
in compacted bentonite.

2.1.4 Bulk water

It is clear that interlayer water must be considered when modelling reactive transport processes along
engineered barriers that include compacted bentonite components. Bulk water solutions are, at the
same time, also essential for describing this type of systems. In the case of a KBS-3 repository, bulk
water is present in the fractures of the crystalline host rock, or in the interface between the barriers
and the host rock. It can also be conceived of as constituting a minor part of the bentonite pore water
in the form of relatively large and disconnected pores (e.g. Holmboe et al. 2012), either surrounded
completely by montmorillonite or also by accessory minerals. Consequently, interlayer water and
bulk water must be simultaneously treated when modelling the KBS-3 near field.

Bulk water in the present context is defined as any water different from the interlayer water. In
particular, a bulk water solution is charge neutral and constitutes a phase of its own. The latter
requirement implies that a separate pressure can be defined in a bulk solution, and that it thereby
may maintain advective flow. In contrast, the interlayer water pressure is identical to what is usually
referred to as “swelling pressure”, and its gradient is associated with mechanical deformation rather
than with advective water flow (Birgersson and Karnland 2014).

2.2 Definition of the hybrid model for compacted bentonite

The hybrid model proposed in this work is a macroscopic continuum model defined on a certain
coordinate system X. The variable used to specify positions in the model is here denoted x, with x € X.
Mathematically, the model is defined by a set of variables, which are functions of x:

c*(x) — a set of aqueous species concentrations in a bulk water phase at point x (chemical species
are labelled by subscript ).

¢i"(x) — a corresponding set of interlayer concentrations at point x.

w;(x) — a set of volume fractions (or concentrations) of accessory minerals at point x (the accessory
minerals are labelled by subscript ).

Note that these functions physically represent microscopically averaged quantities in a representative
elementary volume (REV) at position x.

Interlayer level
Equilibrium Q

Bulk water level

Equitorium/ (' —
Mineral level

Kinetics

Figure 2-1. Hybrid model schematics showing the three different “levels”: interlayer water, bulk water,
and (accessory) minerals. The model domain X is here represented by a rectangle.
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2.21 Hybrid model “levels”

Conceptually, the three sets of variables presented above may be viewed as constituting three
different “levels”, as illustrated in Figure 2-1.

One of the key features of the model is that Fickian diffusive flux is driven by interlayer concentration
gradients, i.e. mass transport only occurs in the interlayer “level”: diffusive transport is further
discussed in Section 2.4. Chemical processes, on the other hand, are only explicitly treated in the bulk
water “level” and between bulk water and mineral “levels”. With this partitioning of the processes,
already existing models for bulk water chemistry (i.e. Phreeqc) can be used for all chemical
processes in the hybrid model.

The second key feature is the local Donnan equilibrium constraint (ion equilibrium) assumed between
the interlayer and bulk solutions (both within the bentonite and at the boundaries with adjacent
materials) at all times, i.e. between the interlayer and bulk water “levels”. As a result, ion equilibrium
calculations need to be performed not only at boundaries to pure bulk water domains (e.g. rock
fractures), but over the entire model domain X.

Consequently, ion equilibrium quantities (5}, fp) as described in Section 2.3 will appear as derived
variables, which are functions of x, e.g. Zi(x), and fy(x).

At this point, it is worthy to mention that various concepts with the name “Donnan” have been
proposed in the literature. Most of these refer exclusively to the equilibrium of anions, e.g. “Donnan
exclusion”, or “Donnan volume”. In this report, the term ion equilibrium is preferred to simultaneously
refer to equilibrium of both anions and cations. Adopting ion equilibrium for every charged species
implies that the physico-chemical bentonite model does not include a separate model for cation
exchange nor edge site sorption reactions. On the contrary, cation exchange comes out naturally
from the cation equilibrium between interlayer and bulk water.

2.2.2 Water and mineral partitioning

If the hybrid model should represent a real bentonite sample, additional constraints should be
imposed. In particular, the volume fraction of each “level” must be considered. The interlayer and
bulk water “levels” are assumed to contain all water in the system, and since full water saturation
is also assumed, each of these two “levels” can be attributed a porosity variable, the sum of which
equals the total porosity (¢)

d)int +¢bulk = ¢ (2-1)

As the choice of concentration units usually relates to mass of water (e.g. molal), the water-to-solid
mass ratios are convenient variables

int
int _ Mw

wint = 2o 2-2)
Mbulk
MS

where MM and MG respectively denote interlayer and bulk water mass, and M, is the total mass

of solids in the bentonite. The constraint on water masses can now be written
wint 4 ybulk — (2-4)
Where w is the total (measurable) water ratio.

The water-to-solid mass ratios may be converted to porosities as

int int
pint = My pw _ WMy ine | Pd 9.5
ytotal Vtotal,pw Pw ( - )

Where vtotal js the total volume of the system (solids and water), Pd = Ms/vt°tal js dry density
(kg/m?), and pw is water density (here assumed to be 1000 kg/m®). The bulk porosity is
expressed analogously.
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The mass fraction of mineral phase j is defined as

_ M
X = o (2-6)
and the constraint on these variables is
Xxj=1 2-7)

It is convenient to separate out the montmorillonite ¥mm¢t and the accessory mineral parts Xacc
Xmme T Xace = 1 (2-8)

Mineral mass fractions can be converted to a corresponding variable relating to volume. Thus,
the volume fraction of mineral phase j is

i _ Mj/pj P
¢J — ytotal — j p_J (2'9)

where p; is the density of the mineral phase.

With these definitions, the following constraint on volume can be stated
¢int + d)mmt + ¢bulk + d)acc =1 (2-10)

where the two first terms in this sum relate to the interlayer “level”, the third term to the bulk water
“level”, and the last term to the mineral “level”.

In practice, the bulk water porosity should be chosen much smaller than the interlayer porosity, as
interlayer pores dominate the structure of compacted bentonite. This is also the rationale for assum-
ing that diffusion is exclusively restricted to the interlayer “level”. The bulk water and accessory
minerals can be interpreted as disconnected “islands” in a matrix of a montmorillonite/interlayer
water mixture (Figure 2-2).

Matrix: montmorillonite
layers + interlayer water

= 2 Secondary Mineral inclusions level
Bulk water inclusions level . -
~~ Chemical equilibrium

»~ |lon equilibrium »~ lon equilibrium

.Bulkwaterinclusions .Bulk water inclusions

O Montmorillonite layers O Montmorillonite layers
+interlayer water + interlayer water

. Secondary Mineral

Figure 2-2. Schematic description of the microstructure envisaged at a given point x in the continuum model
domain X: a “matrix” of interlayer water and montmorillonite layers, which occupies the majority of the
total volume, surrounds the bulk water porosity and the accessory minerals. In this approach, diffusive
transport is exclusively dominated by the interlayer water.
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2.3 lon Equilibrium

The term chemical equilibrium indicates thermodynamic equilibrium concerning partitioning of mass,
in which the corresponding thermodynamic force is governed by the chemical potential. This section
considers the chemical equilibrium between an interlayer and a bulk water component, referred to
here as ion equilibrium (see also Section 2.2). Ion equilibrium is central in the hybrid model and
must furthermore be considered at any boundary between bentonite and external or bulk water.

2.3.1 Model formulation

The system here considered is a fully homogeneous interlayer component in contact with a bulk water
solution, as schematically illustrated in Figure 2-3. This system may represent either a boundary
between bentonite and external solution (e.g. groundwater), or the interlayer and bulk water levels
at a given point within a hybrid model.

The confinement of charged montmorillonite particles implies a difference in electrostatic potential
between the interlayer component and the bulk solution (Figure 2-3). This difference is referred to
here as the Donnan potential, . Note that i is a negative quantity, since montmorillonite particles
carry negative charge.

As the interlayer component is assumed homogeneous, it is completely specified by its water-to-solid
mass ratio, w, and its cation exchange capacity, CEC, which quantifies the amount of exchangeable
cations in terms of charge equivalents per kilogram dry clay.

Semi-permeable
component

Bulk Interlayer
solution component

Cation concentration

Pressure

Anion concentration

Electrostatic potential

Figure 2-3. System considered for ion equilibrium, showing the interface between the bulk solution and
the interlayer component as a semi-permeable membrane resulting in discontinuous fields of species
concentrations, pressure, and electrostatic potential.
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The electro-chemical potential for an aqueous species i in an electrostatic potential v is
p =W + RT-Ina; + F- 7,1 2-11)

where a; and z, are respectively activity and charge of the species i, R is the universal gas constant,
T is the absolute temperature, F is the Faraday’s constant, and y,” a reference potential.

At equilibrium, the electro-chemical potential reaches a single value in the interlayer and bulk
solutions. Applying Equation 2-11 in the entire system (i.e. bulk plus interlayer) gives

Ina?** =Inal™ +

—L- (2-12)

Here, superscripts “bulk” and “int” respectively are used for quantities in the bulk and interlayer
solutions. Equation 2-11 can be rewritten as

int _ —Zj bulk
ai — fD * ai (2-13)
where a “Donnan factor” has been defined as

F*
fn = erT (2-14)

Note that, since " is a negative quantity, f;, ranges between 0 and 1 (corresponding, respectively,
to infinitely negative and zero Donnan potential).

Equation 2-13 can be restated in terms of concentrations

i = T fy e @1
where
bulk
‘y.
I, = ;;nt (2-16)
1A

is the ratio between the activity coefficients in the bulk and interlayer solutions for the species i.

Given the interlayer concentrations for all involved charged species, the requirement of zero net
charge in this compartment can be stated as

Qnet = Xz F- Ciint 'Mti;lt'l' Qsurg = 0 (2-17)

where M, denotes total interlayer water mass, and Q,,,, total surface charge of montmorillonite.
O,y can be calculated from the cation exchange capacity (CEC)

Qsurf = —CEC - M; (2-18)
Where M, is total bentonite solid mass.

The requirement of zero net charge can thereby be rewritten as

Yizi-c™ —cp =0 (2-19)
Where ¢;; is given by

€, = g me (2-20)

where w;,, = M,/M, is the interlayer water-to-solid mass ratio.
Combining Equations 2-19 and 2-15 gives an equation for f,

iz T fy M =y (2-21)

which is to be solved given a complete specification of the external concentrations (c,”**) and a value
of ¢;;.. Note that the parameter ¢;; quantifies the required interlayer concentration of monovalent
cations to precisely compensate the structural charge. Equation 2-21 is a polynomial function with
Jp as the unknown and which order is defined by the maximum and minimum charges of the ions
involved.
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Once the solution to Equation 2-21 is found, the interlayer concentrations are directly given by
Equation 2-15. In many cases it is however convenient to express the concentration ratio between
the interlayer and the bulk solution. Therefore, so-called ion equilibrium coefficients are defined as
_ g

i = Lbulk (2-22)

4

[1]

From Equation 2-15 it directly follows that
- —Zj
‘:‘i == Fi . fD t (2'23)

Equation 2-23 clearly expresses the concentration discontinuities which are maintained across an
interface between a bulk solution and an interlayer component in equilibrium (Figure 2-3). The
general trend — expressed by the factor f;,* — is an enhancement of positively charged ions in the
interlayer, while negatively charged ions are reduced. In addition, this general behaviour is modified
due to differences in activity coefficients, as expressed by the factor I';.

As a consequence of the generally larger total amount of ions in the interlayer component as compared
to the bulk solution (which in turn follows from the presence of charged montmorillonite particles)
there is generally an osmotic pressure difference across the interface (‘swelling pressure’). Thus,

if both the bulk solution and the interlayer component considered here should represent physical
quantities, it is required that they are separated by an interface component (Figure 2-3). This interface
functions as a semi-permeable membrane, in the sense that it should not allow montmorillonite parti-
cles to escape. Moreover, it must be able to withstand the osmotic pressure difference. In the case of
an external solution in contact with compacted bentonite, this interface component is typically a steel
filter in a laboratory context, or a fractured host rock in a KBS-3 repository.

Equation 2-21 is an equation for calculating f;, given the bulk solution concentration. It is also possible,
and sometimes relevant, to instead calculate this quantity given the interlayer concentrations. The
equation is in this case slightly simpler, as it expresses the charge neutrality of the bulk solution

(i.e. Y,zrc™ = 0) and reads

int

Z--fzi'c
L =0 (2-24)

2.3.2 Partitioning between bulk and interlayer water

Assume a set, {n;}, of total amounts of species in a bentonite sample, expressed as moles per kg solid
substance. The task is to partition these ions between a bulk water and an interlayer compartment,

quantified by water-to-solid mass ratios w”** and w", respectively, and with the constraint of having
ion equilibrium. Denoting by #4; the fraction of species 7 in the bulk compartment, ion equilibrium for
this species reads

1-hy))n; - hyn

Qo — 5, (2:25)

Solving this equation for 4, gives

1
hi = —&r (2-26)

=i, bulk

It can be observed that the partition of species i between bulk and interlayer waters depends solely
on its ion equilibrium coefficient, provided that the bulk and interlayer water contents are constant.
Rewriting the equation for the Donnan potential in terms of #; gives

- 1 n;
iz &

12 —
_wint ,bulk CiL (2-27)
1+:.i'm

which can be reduced to
Zi-n;

Yi — = 1 (2-28)

+wint

=i

16 SKB TR-18-07



2.3.3 Activity coefficients

The activity coefficients and activity coefficient ratios (Equation 2-16) play a key role within the
proposed framework for ion equilibrium calculations (Equation 2-21). To estimate activity coefficients
in bulk solution, well established methods are available, as implemented e.g. in Phreeqc. The
estimation of these quantities in an interlayer context is on the other hand subject to much larger
uncertainties. For example, Idiart and Pekala (2016) used SIT (specific ion interaction theory)
activity correction approach to estimate interlayer activity coefficients at high ionic strength (~3 M).

One approach to defining the ionic strength of the interlayer would be to simply use the conventional
formula involving the concentration of all ions present. Such an approach, however, neglects charge
contributions from the montmorillonite particles; the interlayer solution is in itself not charge neutral.
Therefore, the following definition is proposed here for the interlayer ionic strength

, 1 ;
1M = (Zizle™ +cp) (2-29)

This formula contains contributions both from the actual ions in the interlayers as well as from
the structural charge, and thereby involves charges which are balanced. Note that ¢;; quantifies
the amount of structural charge in terms of an equivalent interlayer concentration of mono-valent
charges. The “mono-valent” character of the structural charges is thus accounted for in the way
Equation 2-29 is formulated.

The ionic strength of the interlayer is under all relevant circumstances dominated by the contribution
from the structural charge (regardless of whether the c;—term is included). The relative variation
of interlayer ionic strength is therefore expected to be small under many circumstances. A working
hypothesis is therefore to treat interlayer activity coefficients as approximately constant. That is,
each species will in general have its own interlayer activity coefficient, but this coefficient will
remain approximately constant if the ionic strength within the interlayer water does not significantly
vary. Part of the development work within the ISP is devoted to assessing these quantities.

2.3.4 Relating selectivity coefficients with interlayer activities

The most general exchange reaction in a system containing two types of cations can be written as
Z_1 +z, ﬂ +z4
vMiX, +v p M, v p MyX,, + vM; (2-30)

where the cations are labelled M; and M,, respectively, and z; and z, are the corresponding valencies.
The overall factor v is furthermore chosen as to reduce all stoichiometric factors to the smallest
possible integers. The law of mass action for the above reaction in the Gaines-Thomas convention
becomes
z1 v

x72.gbulk
K=|—2—"— (2-31)

O

where K is the selectivity coefficient, and X; and X, are the equivalent charge fraction in the clay
of cation 1 and 2, respectively. These can be expressed using interlayer concentrations

_ Zl'Cint

X1 = Qtot (2-32)
_ Zz'Czint

X, = W (2-33)

where Q,, is the total cation charge (per unit volume) in the interlayer, given by
Quor =21+ " + 25 - 5 (2-34)

Combining the relations above gives a complex general expression for the selectivity coefficient
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-z blkz_lblkblk v Z1
(z2To fp 2™ )22y ¥ cf™ (1_5)1/
N 7 7| Qeot (2-35)
Zl'Fl'fD Z1 .Cfulk,(yéjulk)zz ,(Cgulk)zz

K =

However, in this expression all properties relating to the bulk solution cancel, as well as the Donnan
factors, giving
LSRN 14 2
(| (-
K= —7| Qrot (2-36)
(Z1)'(V£nt)zz
This expression may still look rather complex, but in the case of exchange between ions of the same
valency (z; =z, v = I), it reduces to a very simple one
v

yint

(2-37)

The other relevant case in practice is exchange between a mono-valent and a di-valent ion
(e.g.z; = 1, z, = 2, v = 2), for which the selectivity coefficient reads

(vint)*
yzint

1int)z

K =2Y

int
Yz

Qtor = 2 CIL (2-38)

The last approximate equality is valid in the limit of low bulk concentration.

These expressions underline the need for a sound understanding and representation of the activity
coefficients in the interlayer water. It is only in that case that meaningful selectivity coefficients
according to this modelling approach can be obtained.

2.4 Diffusive transport in the interlayer

In the hybrid model proposed here, which considers Donnan equilibrium between the bulk and
interlayer solutions, the ions in the interlayer are allowed to diffuse freely. This is in contrast with the
traditional reactive transport models with cation exchange reactions, where exchangeable cations are
considered to be fixed to the exchanger surface. Diffusion of ions across the interlayer water has been
studied by other authors and is acknowledged as an important diffusion path in compacted bentonite
(Birgersson and Karnland 2009, Gimmi and Kosakowski 2011, Appelo 2013).

Fickian diffusion is assumed here, i.e. the diffusive flux of a species i is assumed proportional to the
gradient of the interlayer concentration of the same species

Jji=—¢™ D, - Ve (2-39)

where ¢ ™ denotes interlayer porosity and D, the interlayer pore diffusion coefficient. In this equation,
it is assumed that the concentration variable is expressed in terms of water volume rather than water
mass. The conversion between the two types of variables is made by multiplying by the solution
density, as expressed in terms of water mass, by the factor p,,x,, where p,,; denotes the density of the
interlayer solution, and x,, is the mass fraction of water in this solution. In practice, this factor will
be assumed equal to unity.

Since the local interlayer charge must remain constant, it is required that the pore diffusion coefficient
D, is one and the same for all species. A more rigorous treatment, which allows for individual mobilities
of the species, would involve e.g. the Nernst-Planck equation, which couples the (relative) ion fluxes
to the electric field. This is out of the scope of the present study, although the implementation of the
model can be extended from the current Fickian diffusion approach to the more general equations
describing diffusion and electro-migration. Nonetheless, it is expected that the effect of electro-
migration will be of second order importance when compared to the effect of expressing fluxes

in terms of interlayer concentration gradients.
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2.41 Relation to (external) bulk water concentration

Equation 2-39 relates fluxes to interlayer concentration gradients. It is often also required to relate
fluxes to externally imposed boundary conditions, expressed using bulk water concentrations. Thus,
the theory of ion equilibrium (Section 2.3) must be incorporated.

An experimental tracer through-diffusion set-up, which is commonly used to evaluate diffusion
coefficients in compacted bentonite, is schematically illustrated in Figure 2-4. The steady-state
flux for a tracer is related to the concentration difference in the two external aqueous solutions
(Ac™ = Cyource — Crarge) Via the so-called effective diffusion coefficient, D,

ext
ACi

ji=De' L

(2-40)

Where L is the length to the bentonite sample in the diffusion direction. Equation 2-40 implicitly relates
the diffusive flux to a gradient in a presumed bulk solution phase in the bentonite (see Figure 2-4). In
this sense, the parameter D, always relates to a bulk water phase (Bourg and Tournassat 2015). Using
also Equation 2-39 to express the steady-state flux in the tracer through-diffusion set-up gives a relation
between D, and the interlayer pore diffusion coefficient D,

D, = ¢™ - - D, (2-41)

The effective diffusion coefficient is basically always related to a (bulk) pore diffusion coefficient D,
as D, = ¢ D, (see e.g. Bourg and Tournassat 2015). The relation between D, and D, is consequently

¢int -
Dp =55 Dc (2-42)
Note that &, is here assumed to be independent of position, since the aqueous chemistry is kept con-
stant throughout the system while the diffusing species is assumed to be present only at tracer level.

Equation 2-41 reveals that even though D, is kept constant for all species, the effective diffusion
coefficient is generally different for each species, since it depends on the species-specific quantity E..
Moreover, due to the dependence on the ion equilibrium coefficient, D, for a given species depends
on the Donnan potential, which in practice implies a dependence on ionic strength for charged species;
as the ionic strength decreases, D, for cations increases indefinitely, while D, for anions tends toward
zero. Thus, the experimental observation that diffusive transport capacity for cations increases with
decreasing ionic strength (Glaus et al. 2010, Tachi and Yotsuji 2014) is interpreted as an increased
mobility in models which use D, as the fundamental transport parameter. In contrast, the interpreta-
tion in the hybrid model is an increased interlayer concentration gradient as a consequence of an
increased (negative) Donnan potential (i.e. an increased mass of ions with maintained mobility,
rather than a smaller mass of ions with increased mobility).

External water Bentonit External water
(source) entonite (target)
A
c
source \\Cbulk(w)
()
e
0 L

Figure 2-4. Schematics of the tracer through diffusion set-up. Bottom diagram shows the tracer
concentration at steady-state — the bulk solution concentration varies continously across the interfaces
between external solution and bentonite, while the interlayer concentration varies discontinously (since the
interlayer concentration is reduced this illustration refers to an anion concentration).
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Table 2-1. Speciation of the external water used to evaluate D, in the hybrid model. External
water activity coefficients from Debye-Hiickel activity correciton model. Interlayer activity
coefficients taken from Birgersson (2019).

Species External conc. (mM) yext yint
Ca* 14.900 0.357 0.495
CI 111.570 0.745 0.570
Mg** 6.463 0.357 0.495
Na* 74.460 0.755 0.704
S0* 2.808 0.330 0.030

As an example, consider an external solution as specified in Table 2-1 in contact with a bentonite
specified by ¢; = 2873 mM (the value for the bentonite buffer in the Base Case, see Section 6.4).
The external water and the clay were equilibrated by solving Equation 2.21 for f}, and the system of
Equations 2.22 for the interlayer concentrations. Using the activity coefficients listed in Table 2-1
gives a Donnan factor of f,, = 0.118. In Figure 2-5 the resulting values of D, for various species are
plotted as a function of D, (assuming that ¢™ = 0.43). It may be noted that, generally, D, is larger
for species with high positive charge, and becomes smaller for species with high negative charge;
for e.g. the value D, = 5-10""" m%/s, the corresponding D, values for the ions under consideration is
in the range 3-107'"> —107° m?/s. The specific value of D, is however also dependent on the activity
coefficients in the external solution and the interlayer. In Figure 2-5 it may for instance be noted
that the effective diffusion coefficient for sulfate is basically equal to that of chloride although it is a
di-valent anion. The reason for this is that SO,* is attributed a very low interlayer activity coefficient
(0.03) (see further Section 4.2.2).

Note that the relation between D, and D, expressed by Equation 2-41 can only strictly be established
in steady-state. Here, however, Equation 2-41 is used as a general definition of D,. Starting from
Equations 2-39 and 2-22, the diffusive flux can then be expressed in general in terms of the bulk
water concentration as (applying the chain rule)

ji — _¢int . DC . V(El . Clbulk) — _De . Vclbulk _ ¢int . Dc . Cibulk . VEl (2_43)

This expression shows that the diffusive flux in the hybrid model is proportional to the bulk solution
concentration gradient only under conditions where VE; = 0, i.e. when the aqueous chemistry is
basically the same everywhere. In general, the “bulk flux” (first term in Equation 2-43) is “corrected”
by the second term in equation, which moreover may be dominating in some cases.

2.4.2 Mass conservation in the hybrid model

In the previous section, various properties of the diffusive flux within the hybrid model were examined.
The corresponding evolution of species concentrations under the assumption that no chemical
processes are active is explored here. In the hybrid model, diffusive flux is postulated to occur
exclusively in the interlayer, while bulk pores contain stagnant water. In this context, the continuity
equation (which describes the conservation of mass) reads

acfor

- =-Vj=¢™ D - V" (2-44)

were ¢ denotes the total concentration in terms of the volume of the full porous medium which may

tot — .int,

be written ¢ = @™ ¢;™ + "™ ¢,”*. The continuity equation can thereby be rewritten as

ac"t 2 int _ pPUK Uk
at =D, - V=¢; T pint gt (2-45)

Using Equation 2-22, this expression can in turn be rewritten as

ac"t pPuk 1) _ 2 int _ $"K ine 057
ot ( + ¢int oh ) - DC -V Ci - ¢int Ci ot (2'46)
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which finally gives

int int =—1
aci™t D¢ 2.int _ ___ G 0=i
= - V2c! , (2-47)
ot ¢bulk,__1 pint 1\ ot
1+—FF; L —— &
( dint ~1 ) (d,bulk 1 )

Equation 2-47 is the equivalent of Fick’s second law in the hybrid model. It is seen to depend
explicitly on E;, which means that the evolution of species in the hybrid model is coupled (via fp),
although the underlying expression for the flux (Equation 2-39) is not. The first term on the right-
hand side may be regarded as containing an “apparent” diffusivity, similar to what appears in models
describing the combination of diffusion and sorption (see e.g. Bourg and Tournassat 2015)

* DC
i bulk
(1+mrer)

pHint —i

(2-48)

In the context of the hybrid model, the “sorption” process is the accumulation of ions in the bulk
water porosity, which is assumed to be disconnected and stagnant, and hence functions as an “immo-
bilizer”. This conceptual view contrasts with traditional models, where diffusion occurs along a bulk
connected porosity, while exchange reactions with the interlayer represent the sorption/retardation.
Note that different ions are distributed between bulk and interlayer according to their ion equilibrium
coefficient (Equation 2-22). Thus, the “apparent” diffusivity in the hybrid model is generally different
for each ion. For cations, which typically have values of E; considerably larger than unity, this “sorp-
tion” becomes small (D= D,). On the contrary, the “sorption” effect can become substantial under
circumstances where Z; becomes small, i.e. for anions when the Donnan potential is large.

Note that the issues of coupling of the concentration evolutions as well as the bulk porosity “sorption”

mechanism both are specific to the hybrid model. In the limit of vanishing bulk porosity, these effects

disappear and Equation 2-47 reduces to the ordinary Fick’s second law

dc int
at

= D, - V2cint (2-49)

It is also important to note that even in the case of neutral species, for which E may be close to unity,
there is some retardation, which is quantified by the ratio between bulk and interlayer porosities. It
results from this that the choice of the partition of porosity between bulk and interlayer has implications
for conservative diffusion of species.
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1.0e-13 ! ! ! !
0 5x107" 1x10710 1.5x1071° 2x1071° 2.5x1071°
D (m?s)

Figure 2-5. D, as a function of D, for species with different charges, as evaluated in a tracer through-
diffusion setup. The chloride effective diffusion (green line) is superimposed to that of sulfate (yellow line)
and is thus not visible.
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2.5 Aqueous chemistry
2.5.1 Bulk water and interaction with mineral dissolution/precipitation

Bulk water chemistry and its interaction with mineral dissolution/precipitation in the hybrid model
follows the classical representation of single bulk porosity geochemical models of bentonite (e.g. Arcos
et al. 2003, Curti and Wersin 2002). Therefore, it will not be further discussed in this document.

2.5.2 Interlayer water

The description of the interlayer aqueous solution, presented in sections 2.1.2 and 2.4 makes no
special assumptions regarding its chemistry, and it cannot be excluded that interlayers are chemically
active. Although the model presented in this report does not consider chemical reactions occurring
within the interlayer solution, a brief discussion about potential interlayer chemistry is attempted.

First, it is worth mentioning that there remain large uncertainties concerning the processes governing
the fate of ions within the interlayer space. This space has dimensions approaching the molecular
scale and is confined by charged silicate surfaces with somewhat heterogeneous charge distribution.
Thus, chemistry and in general the behaviour of charged species in the interlayer will probably be
significantly affected in comparison to bulk water solution.

Nonetheless, with the assumptions made in Section 2, the description of a chemical reaction in an
interlayer is the same as in an ordinary aqueous solution. Writing a general chemical reaction as

Xvi-M;=0 (2-50)

Where v;is the stoichiometric coefficient for species M; (v; is negative for reactants and positive for
products), the equilibrium condition in an interlayer is (law of mass action):

K = [](ai™)" (2-51)

where K denotes the equilibrium constant for the reaction. It is easy to see that X is the same constant
as the one used for the reaction in an ordinary aqueous solution by considering the interlayer in
equilibrium with such a system.

The relation between external and internal activities in such a case is given by Equation 2-13.
Rewriting Equation 2-51 in terms of external activities gives

Kint — l_[(fD—zi )Vi . (afxt Wi = Kext . fD—ZZi-vi — Kext. (fo )0 = Kext (2-52)

where it is assumed that charge is conserved in the reaction (3 z;-v; = 0). It is thus shown that the equi-
librium constants to be used for interlayer chemistry are the same as those applicable for ordinary
aqueous solutions (K™ = K** = K). In other words, existing thermodynamic databases of equilibrium
constants can be directly used also for interlayer chemistry. However, it is noted that interlayer water
is characterized by a high ionic strength (aprox. 3M for a water content of 0.3 kg/kg) and can thus
show significantly different activity coefficients compared to the bulk solution. This can affect the
suitability of the activity coefficient model used in a given thermodynamic database.

Notice that the result that equilibrium coefficients are unchanged in an interlayer chemical environ-
ment was derived by assuming equilibrium with an external solution. When dealing with interlayer
chemistry generally, however, no such assumption is required (the equilibrium constants to be used
are still the same). As a matter of fact, no reference to external solutions is at all necessary.

2.5.3 Sorption processes

Traditionally, two types of processes have been treated as sorption processes when modelling bento-
nite: ion exchange and (edge-site) surface complexation. A major feature in the hybrid model is that
ion exchange no longer is treated as sorption, but is accounted for by the ion equilibrium framework.
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Surface complexation reactions on edge-sites, on the other hand, would need to be considered.
This type of reaction may be written as

= SOH + H* -»= SOHJ (2-53)
where = § represents the edge-site.

A major and open question is what type of activities should enter the law of mass action for the
above reaction:

A=son}

a=soHay+ (2-54)

In this work, surface complexation reactions have not been studied using the hybrid model and will
not be discussed further in that context. However, the effect of considering surface complexation
reactions on the montmorillonite edge-sites was evaluated using the traditional reactive transport
modelling approach in the Base Case model and in a variant case that considers interface metal
corrosion (see sections 6.3.4 and 7.2.1, respectively).
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3 Hybrid model implementation

The hybrid model for reactive transport in compacted bentonite is implemented with iCP (Nardi et
al. 2014), an interface between Comsol Multiphysics (COMSOL 2015) and Phreeqc (Parkhurst and
Appelo 2013). iCP is written in Java and uses the [Phreeqc C++ dynamic library and the COMSOL
Java-API. The IPhreeqc library (Charlton and Parkhurst 2011) incorporates all the features of
Phreeqc. In this implementation, the transport of solutes and other coupled physical processes are
calculated in Comsol, while chemical reactions are solved in Phreeqc. iCP follows an operator
splitting method to couple physical and chemical processes using a sequential non-iterative approach
(SNIA). The chemical step in Phreeqc considers all chemical reactions between the bulk porosity
solution and the minerals in the system. The interface then retrieves the bulk concentrations (¢; )
and activity coefficients (v, ) of each aqueous species i included in the model, calculated by
Phreeqc in the last time step. These concentrations are used as input for the Comsol model and are
equilibrated with the interlayer water. In turn, bulk activity coefficients are used for calculating the
Donnan factor (fp).

Two different physics are solved in Comsol: solute transport and Donnan equilibrium. In the hybrid
model implementation for compacted bentonite, Fickian diffusion in the interlayer porosity is solved
for in Comsol, while the bulk pores are considered as stagnant water. This solute transport physics
also accounts for diffusion in other porous media that may be in contact with bentonite (e.g. a porous
rock). These other domains may have only a single bulk porosity, and therefore their interface with
compacted bentonite requires special treatment (see below). All these processes are solved for in the
solute transport physics in Comsol.

Comsol also solves the Donnan equilibrium between the interlayer water and the bulk pore water
of the compacted bentonite domain, as detailed in Section 2.3.

A schematic summary of the implementation is shown in Figure 3-1.

W COMSOL V%

Solves transport (i.e.

diffusion) in the interlayer

Transported interlayer
and bulk concentrations
of ag. species, t;

initial Interlayer
concentrations for t,

Bulk concentrations and activity
coefficients of aqueous species, t,

Calculates Donnan factor (fp,) - Solution speciation
Total bulk|concentrations, t;

L
'

and equilibrates the bulk and Equilibrium reactions

interlayer concentrations - Kinetic reactions

Figure 3-1. Scheme of the iCP implementation of the hybrid model.
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3.1 Solute transport solver

In this step, Fickian diffusion transport of every aqueous species is calculated. Two types of domains
are considered in the hybrid model:

*  Compacted bentonite, which has a cation exchange capacity (CEC) and for which transport
occurs in the interlayer water. In this domain, the bulk water is stagnant and is in Donnan
equilibrium with the interlayer water at each given point. The transported variables are c; .

»  Other single bulk porous media that do not have a structural charge imbalance. In these materials,
there is no interlayer water and transport occurs in the bulk water. The transported variables are
therefore ¢ i

Due to the cation exchange capacity of the clay, if it is in contact with another porous medium there
will be an electrostatic potential difference between the interlayer water of the clay and the porewater
of the other material. The interlayer water in the clay has a high amount of cations due to the negative
charge of the clay, while the porewater is charge balanced. This electrostatic potential difference is
quantified through the Donnan factor, f.

At each interface between compacted bentonite and other porous media, Donnan equilibrium is
solved at the boundary. If &V is the number of transported species, there are 2-N + 1 unknowns to be
solved at these boundaries: the Donnan factor (f5,;), the interlayer concentrations in the clay (¢;;u.5)
and the bulk concentrations in the domain without CEC (c;.x5), With subscript b referring to concen-
trations at the boundary. These unknowns are solved with a set of 2-N + 1 algebraic equations. The
first one is the equation for the Donnan factor (similar to Equation 2-21):

yhulk —z
iz W : fD,b *Cibutk,b = CIL (3-1)

where y* is the bulk activity coefficient of a species i as retrieved from Phreeqc (i.e. from the

previous time step). y/” on the other hand, is the interlayer activity coefficient of species i and is
specified in Comsol, as well as the parameter c;;.

There are N equations, one for each species, that define the Donnan equilibrium between the
interlayer and bulk concentrations:

.
Coints = Li fpp' * Cibutkh (3-2)

Finally, there are N additional equations, one for each species, that ensure mass conservation. For
this purpose, two cells are set, one directly to the left of the boundary, between points b_1 and b in
Figure 3-2, and another one directly to the right, between points b and b _r.

The equation of mass conservation for species i is the following:
. . dN;
Jiin = Jioue ==, =0 (3-3)

where j, ,, j: ... and N, are the influx of species i through b_1, its outflux through b_r, and the total
amount of moles between b_1 and b_r, respectively. These quantities are calculated as follows:

dciine(b_1)

Jiin = — bine Dp dx (3-4)

; acipuik(br)

Jiout = = Pvuir Dp a4 (3-5)
b b_

Ni= [, bint Ciine + J, " Ptk Copuik (3-6)

where ¢,,, and ¢, are the interlayer porosity of the clay and the bulk (or total) porosity of the other
domain, respectively. D,, on the other hand, is the pore diffusion coefficient. Note that in this case,
bentonite is considered at the left of the boundary.

At each time step, the initial clay interlayer concentrations are obtained from the Donnan equilibrium
solver of the previous time step. The initial bulk concentrations for the other materials are retrieved
directly from Phreeqc. At the end of the transport step, the transported interlayer concentrations are
obtained for the bentonite (c;;,), and the bulk concentrations for the other domains (c; puy)-
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Figure 3-2. Implementation of the boundary between a compacted bentonite domain (left) and a porous
media with only bulk porosity (right).

3.2 Donnan equilibrium solver

In this step, the compositions of the bulk and interlayer pore solutions of the bentonite are equilibrated.
Similar to the case of an interface between the bentonite and another material, within the clay there
is an electrostatic potential difference between the bulk pores and the interlayer water.

It is noted that Donnan equilibrium depends on the charge of the species. Therefore, it must be
calculated for each individual species. On the other hand, the chemical reaction step performed
within Phreeqc after the Donnan equilibrium calculation requires chemical element (e.g. Na, Ca, S,
etc.) concentrations as input. Therefore, a total of 2-N + M +2 algebraic equations are solved, where
N is the number of transported species and M is the number of chemical elements. The unknowns
are the (spatially variable) Donnan factor, the equilibrated interlayer and bulk concentrations of each
aqueous species (¢; ., . and ¢, ), the total bulk concentrations of the different chemical elements,
and the charge balance of the bulk solution.

The Donnan factor is calculated with the following expression, similar to Equation 3-1:

yhutk ;
i —4q —

XiZi it I Cipuike = CiL (3-7)

Two additional equations are required to calculate the equilibrated bulk and interlayer concentrations
of each species. First, both concentrations should comply with the Donnan equilibrium requirement,
iLe.:

2
Ciinte = Li- fD " Cibuik_e (3-8)
In addition, the total mass of each species must be conserved, which reads:

Pouik (Ci,bulk - Ci,bulk_e) + Pine (Ci,int - Ci,int_e) =0 (3-9)

where ¢, 18 the bulk concentration of species i retrieved from Phreeqc from the previous time step
(to) and ¢, 1s the corresponding interlayer concentration after the transport step (t,).

The resulting set of ¢;;, . is used as initial condition for the transport in the interlayer of the next
time step. In turn, the equilibrated bulk concentrations (c; 5. .) are used to calculate the total bulk
concentration of the different chemical elements. For domains that do not have CEC, in this step
the only calculation performed is to obtain the total concentration of each element with the species
bulk concentrations obtained from the transport solver. All these total concentrations in the modelled
domains at time t, are then used by Phreeqc to perform the chemical reaction step at time t;.
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4 Experimental data

In this section, available experimental data to be used as input in the hybrid model are collected and
discussed. In particular, this data collection concerns the choice of interlayer activity coefficients.

4.1 Cations

The definition of the selectivity coefficient using the Gaines-Thomas convention (e.g. Sposito 1981)
gives for the calcium/sodium pair

ext
Xca _ ;Na/Ca  %Ca
2 — Bgr ) 2 (4-1)
XNa (affsf
with (see Section 2.3.4)
inty?
Na/Ca _ VYNa
Ker™™ = 201~ e (4-2)
a

2
Thus, according to ion equilibrium theory, plotting X.4 /X%, against als /() fora given system

(given cy;) should give a straight line whose slope (Ks7) can be related to the interlayer activity
coefficients for sodium and calcium. Formulas (4-1) and (4-2) can of course be equally applied
to the magnesium/sodium pair.

Another relation of practical importance is for the calcium/magnesium pair

t
Xea _ KMg/Ca . a?ccz (4-3)
Xmg CT affg

with K7 in this case being

int

KMg/Ca _Tmyg
GT - int (4-4)

Yca

411 Compacted systems

Reported equilibration studies between a bulk solution and bentonite performed on compacted
systems, to which unambiguous values of ¢;; can be attributed, are scarce. Muurinen and Lehikoinen
(1999) report a large set of equilibration tests between initially specified external solutions and
compacted clay samples. The variables of the tests were not only the bentonite density, but also

the ratio between clay mass and external solution volume was varied.

Data from the study of Muurinen and Lehikoinen (1999) have been used to plot Equation 4-1 and 4-3
for MX-80 bentonite at a density of 1.5 g/cm® and is presented in Figure 4-1. This figure confirms
that the relations are indeed linear. The slope of these curves quantifies the selectivity coefficient
for the corresponding pair of ions, and can thus be used to evaluate the relations between interlayer
activity coefficients given by Equations 4-2 and 4-4.

Table 4-1 summarizes the selectivity coefficients and corresponding interlayer activity coefficients
ratios evaluated from Muurinen and Lehikoinen (1999) and from Karnland et al. (2011). The study
by Karnland et al. (2011) was performed on pure montmorillonite (derived from MX-80 bentonite)
and considered only calcium/sodium. Only data judged to represent equilibrium, and which did
not show negligible concentrations of the considered ions (> 1mM) was used for the evaluation
presented in Table 4-1.
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Figure 4-1. Relations between interlayer occupancy and external ion activities in a subset of the tests
reported in Muurinen and Lehikoinen (1999). The samples are all MX-80 bentonite at a density of 1.5 g/cn’.

Table 4-1. Selectivity coeffcients and corresponding interlayer activity ratios as evaluated from
data in: [1] Muurinen and Lehikoinen (1999) and [2] Karnland et al. (2011).

Reference pa (glcm?) cL Na/C ; 2, . , 2, .
gNa/sta ( mt)/ymt gNa/Mg ( mt) /ybrllt KMg/Ca

GT VYNa Ca GT YNa GT
1] 15 25 99 2.0 5.1 1.0 1.8
1] 1.2 16 90 2.8 5.6 1.8 1.6
[1] WyNa 15 28 57 1.0 - - -
2] 15 33 84 1.3 - - -
2] 1.25 22 106 2.4 - - -
2] 1.0 15 7.9 26 - - -

41.2 Dispersed systems

Most studies on cationic equilibrium (selectivity measurements) have been performed on dispersed
systems which are separated into a “clay phase” and a supernatant. In these studies, it is not mea-
ningful to associate a parameter c;; to the clay phase, although Equation 4-1 may still have validity.

Figure 4-2 shows data from two studies — Sposito et al. (1983) and Itidld and Muurinen (2012) —
plotted in accordance with Equation 4-1. Although these plots resemble linear relationships, the data
is seen to be rather scattered. As the data does not show any systematic deviation from linearity,
however, it can be reasonably be concluded that the scatter should be attributed to experimental
uncertainty rather than indicating deviation from the relation expressed by Equation 4-1.
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Figure 4-2. Left: Equation 4-1 plotted using data from Sposito et al. (1983). This study presents

equilibrium at 25 °C for both Ca/Na and Mg/Na in pure montmorillonite, performed at constant normality
(0.05 N) using either ClO, and CI as background. Right: Similar plots using data from Itild and Muurinen
(2012). The tests were performed at three different temperatures and all used CIO, as background (0.1 N).

In Table 4-2, selectivity coefficients evaluated from the data plotted in Figure 4-2 are presented. In
addition, this table lists selectivity coefficients for calcium/sodium and magnesium/sodium evaluated
by equilibrating “natural” bentonites in deionized water (Bradbury and Baeyens 2002, Fernandez
et al. 2004). Naturally, such an evaluation is quite complex, involving several different types of
anions and cations, as well as various accessory mineral phases. In addition, this type of evaluation
does not probe the full isotherm but rather represent a “snapshot” of a given cation population in
the clay.

Comparing the values listed in Table 4-1 and Table 4-2 there appears to be a tendency of higher
selectivity coefficients in compacted systems for calcium/sodium and magnesium/sodium. It must be
kept in mind, however, that the experimental uncertainty underlying these numbers is rather large.

Table 4-2. Selectivity coefficents evaluated from reported data in dispersed systems. Data from
[1] Itdla and Muurinen (2012), [2] Sposito et al. (1983), [3] Bradbury and Baeyens (2002), and [4]
Fernandez et al. (2004). d.w. = deionized water.

Reference T (°C) Clay type Solution KNa/Ca KNa/Mg KMg/Ca
GT GT GT

[1] 25 Montmorillonite (Wyoming) ClO, 4.1 - -

[1] 50 Montmorillonite (Wyoming) ClO, 4.0 - -

[1] 75 Montmorillonite (Wyoming) Clo, 7.2 - -

[2] 25 Montmorillonite (Wyoming) ClO, 2.0 4.6 1.0

[2] 25 Montmorillonite (Wyoming) Cl 5.4 2.6 -

[3] 25 MX-80 Bentonite d.w. 2.6 2.2

[4] 25 FEBEX Bentonite d.w. 12.8 10.7

In summary, it can be concluded that existing experimental data on Ca/Na selectivity coefficients
has a large range of uncertainty, with values spreading in the range 3 — 13. There is certainly a need
to further assess this uncertainty, and to perform additional tests which better comply with expected
repository conditions.

4.1.3 Cation content in MX-80

For modelling purposes, it is important to have a well specified initial state of the material, particularly
with respect to the initial cation content. Obviously, knowledge of clay cation population is also
essential for any type of ion equilibrium evaluation. Table 4-3 gathers reported experimentally
determined cation populations of MX-80 bentonite. Again, it may be observed that even though

all measurements indicate a sodium dominated system, relatively large discrepancies are found
between the different studies.
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Table 4-3. Cation population of MX-80 as determined in various studies.

Reference CEC Na (%) Ca (%) Mg (%) K (%)
(Mdiller-Vonmoos and Kahr 1983) 0.76 86 10 4 0
(Bradbury and Baeyens 2002) 0.79 85 8 5 2
(Carlsson 2004) 0.84 65 24 8 3
(Karnland et al. 2006) (1980) 0.76 83 9 6 2
(mid 90) 0.75 71 21 6 2
(2001) 0.75 72 18 8 2
(Kumpulainen and Kiviranta 2010) 0.85 69 23 7 2
(Kumpulainen and Kiviranta 2011) 0.84 62 27 9 2
(Dohrmann et al. 2013) 0.85 69 24 8 2

4.2 Anions
4.2.1 Chloride

Only data from equilibration of compacted systems with an external solution are relevant for evaluating
interlayer activity coefficients. Such studies are scarce, but the case of NaCl in compacted purified
montmorillonite has been studied by Muurinen and co-workers (Muurinen et al. 2004, 2007, Muurinen
2006). The ion equilibrium can in this simple case be treated analytically and the ion equilibrium
coefficient for chloride reads

- _ CIL cfi
Sc = — 2.cext + \/4,(Cext)2 + FNa ’ I-‘Cl (4-5)

Thus, the product I'y,'T'¢; can be determined by measuring E,. By calculating the activity coefficients

in the external concentrations (which is achievable using conventional tools), knowledge of this

activity coefficient product gives an estimate of the interlayer activity coefficient product ¥y * Ve, as

Y Vet

int int a

. — Na "¢l 4-6
Yna Yl FnaTer (4-6)

Figure 4-3 shows measured chloride concentrations in montmorillonite samples of various densities
equilibrated by NaCl solutions in the range 0.1 M — 3.0 M (Muurinen et al. 2004, Muurinen 2006).

Figure 4-3 reveals that the data is rather scattered for low external concentrations (0.1 M and 0.3 M),
and an evaluation of YNy - Y& will consequently suffer from the same type of uncertainty. However,
the consistency of measured chloride concentrations in the clay in the case of external solution
0.1 M NaCl was evaluated in (Muurinen et al. 2007). In this study, a set of samples were prepared
in different ways and the corresponding chloride concentration was measured. In particular, the
difference was tested of first water saturating samples using deionized water before contacting them
with the saline solution, or by directly saturating the samples with the saline solution. The results of
this study are plotted in Figure 4-4. This figure shows that samples pre-equilibrated with deionized
water give very similar values of the clay chloride concentration, while samples which were directly
saturated with saline solution contain considerably more chloride. This behaviour demonstrates that
a substantial amount of time may be needed for samples to reach equilibrium and that one should be
careful in interpreting results from these types of “equilibration” studies.

It is assumed here that the samples pre-saturated with deionized water better represent the equilibrium
situation. This is motivated both by the fact that such a sample preparation is a priori expected to be
closer to equilibrium (saline water is not “dragged” into the sample during water saturation), and by
the reasonable “shape” of the corresponding chloride concentration vs. dry density curves. Note that
the chloride content in the samples directly contacted with saline solution (series D) starts to increase
at (very) high densities — a behaviour that is difficult to motivate from a thermodynamic perspective.
This behaviour is also observed in the data for 0.1 M and 0.3 M in Muurinen (2006), see Figure 4-3.
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Figure 4-3. Measured chloride concentrations in montmorillonite samples equilibrated by NaCl solutions
of concentrations 0.1 M, 0.3 M, 1.0 M, and 3.0 M. Data from Muurinen (2006).

Figure 4-5 displays values of Yie - vél® as evaluated from the data presented in Figure 4-3 and
Figure 4-4 (using Equations 4-4 and 4-5). These values show substantial amount of scatter — especially
for lower values of external concentration. As discussed above, however, much of this scatter is due
to samples which are expected to not be fully equilibrated. From that discussion, it is clear that the
upper range of the Yy - Y& values at 0.1 M and 0.3 M best represent equilibrium conditions.
Therefore, available experimental data on NaCl equilibrium in montmorillonite samples suggests
that ¥ie - Y& remains approximately constant (at least for external concentrations below 1.0 M),

with a value in the range 0.2 — 0.3.
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Figure 4-4. Resulting chloride concentration in montmorillonite samples after “equilibrating” them with
0.1 M NaCl solution. Series A, B, C were all pre-saturated with deionzied water before contacted with the
saline solution, while series D was directly contacted with the saline solution in an unsaturated condition.
Data from Muurinen et al. (2007). Also plotted are corresponding chloride concentrations reported in
Muurinen (2006) for the same external NaCl concentration.
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Figure 4-5. Resulting values of]/};/r}f : Vgllt using Equation 4-5 and 4-6, and data in Muurinen (2006)
and Muurinen et al. (2007) (Figure 4-3 and Figure 4-4).

4.2.2 Sulfate

An evaluation of interlayer activity coefficients for sulfate species has been performed elsewhere
(Birgersson 2019). The analysis is based on diffusion data on gypsum dissolving (and diffusing) in
a compacted sample of initially pure Na- or Ca-montmorillonite. The derived values of interlayer
activity coefficients for sulfate and calcium and sodium sulfate pairs are listed in Table 4-4. Although
it is difficult in the analysis to differ between the species SO, and NaSQ,, it is clear that very low
values of their interlayer activity coefficients are required in order to accommodate the relatively
large sulfate fluxes observed in these tests.

Table 4-4. Interlayer activity coefficients of sulfate species as evaluated in Birgersson (2019).

Species int
14

SO, 0.03

NaSO,~ 0.07

CaSO,° 1.413
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5 Model verification

A series of verification cases are given in this section aimed at improving the understanding about the
qualitative effect of using the hybrid model on reactive transport processes. Chemical equilibrium,
solute transport and their coupling are tested in separate cases, which are summarized in Table 5-1.

Note that, given the lack of experimental data, no quantitative model validation is pursued. Instead,
the focus of this section is on the qualitative consistency with the conceptualization described in

previous sections.

Table 5-1. Summary of verification cases.

Test case Description Purpose Test variable Conclusion
Case 1: Batch simulations: Evaluate the qualitative Anhydrite The results of the HM depend
Na/Ca-mont- equilibrium between behaviour of the hybrid dissolution; on the partitioning between
morillonite with anhydrite and mont- model (HM) with respect . ¢ ifate bulk and interlayer waters. In
anhydrite morillonite with different  to chemical equilibrium concentration  the limit of mostly bulk water,

Na/Ca ratios in the
exchanger (interlayer)
and pure bulk water.

(Section 5.1)

as compared to exchan-
ger and pure interlayer
models.

the HM is comparable to a
cation exchange model. In the
limit of mostly interlayer water,
the HM resembles a pure
interlayer model.

Case 2: 1D model of pure Verify the implemen- * Donnan factor The Donnan model is correctly

Only transport _Ca-‘mon.tmorillonite with tatio_r_l o_f Do_nn_an « Component implemented in iCP.

(Section 5.2.1) in-diffusion of NaSO,. equilibrium in iCP. and species The hybrid model results in
Evaluate the effect of concentrations  faster cation transport but
using the HM on species slows down anion diffusion.
transport, as compared
to a cation exchange
model.

Case 3: 1D model of pure Assess the qualitative * Anhydrite The use of a model that inclu-

Transport and Ca-montmorillonite differences of using concentration  des transport in the interlayer

dissolution + anhydrite with different models (HM, affects mineral reactions

(Section 5.2.2) in-diffusion of NaSQ,. exchanger, pure inter- (dissolution in this case) due
layer and interlayer dif- to faster/slower cation/anion
fusion in Phreeqc) on a diffusion.
reactive transport setup
with mineral reactions.

Case 4: Tracer transport Verify whether the * Tracer A lower ratio of interlayer/bulk

Solute transport through 1D HM with HM displays the concentration  porosity partitioning results

different bulk/interlayer
distributions. Performed
with Comsol and iCP

(Section 5.3)

behaviour predicted
by Equation 2-48.
Verify the transport
in iCP.

in slower tracer transport, as
predicted by Equation 2-48.

Solute transport has been
implemented correctly in iCP.

5.1

Case 1: Na/Ca-montmorillonite with anhydrite

Here, a relatively simple system is defined for testing and analysis of the developed conceptual model.
This system is defined to contain only montmorillonite and anhydrite (CaSO,) under isothermal
conditions (25 °C), and the aqueous species accounted for are Na', Ca*, SO,*, NaSO, and CaSO,’.
The chemical reactions considered are that for anhydrite dissolution:

CaS0,(s) = Ca?* + S0~

and those for ion pair formation:

Ca?* + S0~ - CaS0?

Nat + S0~ - NaSO;
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The initial anhydrite solid mass fraction is x,,, = 0.01. This value is chosen large enough so that the
source of anhydrite is not exhausted as the system equilibrates, but small enough to have a negligible
influence on the total solid mass. The montmorillonite solid mass fraction is consequently set t0 X
=0.99. The cation exchange capacity of the system is set to 0.9 eq/kg, and the water-to-solid mass
ratio is 0.3. A summary of the initial system specifications is shown in Table 5-2. The Na/Ca ratio

of the cations compensating montmorillonite structural charge is assumed to be a variable parameter.

Table 5-2. Specification of the test system.

Xmmt Xanh w Ps Pw CEC Dtot
) ) ) (g/cm’)  (g/em®)  (eq/kg) ()
0.99 0.01 0.3 2.75 1.0 0.9 0.452
Composition of the system (mol/kg solid) Na Ca SO,

100 % Na in exchanger initially 0.90 0.073 0.073

50 % Na in exchanger initially 0.45 0.298 0.073

0 % Na in exchanger initially 0.00 0.523 0.073

5.1.1 Phreeqc cation exchange model

A set of Phreeqc batch simulations was performed in which a given exchanger composition is
equilibrated with a specified mass of anhydrite and pure bulk water, resulting in partial anhydrite
dissolution. The anhydrite solubility, in terms of sulfate concentration, is then evaluated as a function
of the initial exchanger composition.

The cation exchange reaction used to represent the montmorillonite interlayers is 2 NaX + Ca’* &
CaX,+ 2 Na', where NaX and CaX, indicate sodium and calcium concentrations in the exchanger,
respectively. The amount of exchange sites (X) is given by CEC/w = 3 mol/kg. This model also
requires a choice of Ca/Na selectivity coefficient, which is set to Kcon, = 6.

The amount of dissolved sulfate is not only a function of the amount of sodium in the system, but
also of the assumed amount of bulk water. Figure 5-1 shows the concentrations of sulfate species as
a function of the amount of sodium initially present on the exchanger when all the water (0.3 kg bulk
water/kg of solid, see Table 5-2) in the model is assumed to be bulk water, i.e. ¢"* = ¢ = 0.452. For
an initially pure sodium system, the total sulfate concentration is above 200 mM, while in the pure
calcium system (0 % sodium), the anhydrite solubility is 26 mM.

250
Total SO4
CaSoO4
E 200
NaSO4-
E
c —S04_2-
0 150
o
©
S
-
%
o 100
c
o
(&)

50

/

0 20 40 60 80 100
Initial amount of sodium in exchanger (%)

Figure 5-1. Sulfate inventory at anhydrite equilibrium in the Phreeqc cation exchange model, assuming
100 % bulk water, or gob"”‘ = (0.452.
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Figure 5-2 shows the same sulfate species concentrations assuming 32 % bulk water, corresponding
to @™ = 0.145 and a ratio of 0.096 kg of bulk water/kg of solid. Note that the total concentration
of sulfate species is lower as compared to the previous case — in the limit of having an initially pure
sodium system, total sulfate concentration has decreased by approximately a factor of 2. On the other
hand, the actual concentrations in the bulk water has increased as compared to the case of having
o™ =0.452.

Figure 5-3 shows the results for the case ¢ = 0.014, i.e. only 3 % bulk water (bulk water to solid
mass ratio of 9-107). Here, the bulk water concentrations become even larger, while total concen-
trations are very small as compared to the previous cases.
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Figure 5-2. Sulfate inventory at anhydrite equilibrium in the Phreeqc cation exchange model, assuming
32 % bulk water or o™ = 0.145. Full lines show concentrations related to all water in the systems, while
dotted lines show corresponding concentration in the bulk water phase.
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Figure 5-3. Sulfate inventory at anhydrite equilibrium in the Phreeqc cation exchange model, assuming
3 % bulk water, or ™™ = 0.014. Full lines show concentrations related to all water in the systems, while
dotted lines show corresponding concentration in the bulk water phase.
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5.1.2 Interlayer-only model

The possibility of considering that the entire porosity of the system is comprised by interlayer water
is explored here (¢™ = ). In this test case, mineral reactions are assumed to occur within the inter-
layer space, following the formulation discussed in Section 2.5.2. The purpose is to use these results

for comparison with the hybrid model output in the limit of very small fractions of bulk water.

The process considered in the previous section — equilibration between anhydrite and pure Ca/Na-
montmorillonite — is simple enough that it can be carried out analytically in an interlayer-only model,
if the activity coefficients are assumed to be constant (chemical processes in interlayers are briefly
considered in Section 2.5.2). This derivation is made here. Note that in the hybrid model, mineral
dissolution and precipitation is assumed to take place in the bulk water only, whereas in this pure
interlayer model it occurs in the interlayer water. The law of mass action for anhydrite dissolution
reads

int int _ Kanhydrite -

24+ * Cep2— = Tt nt — ; 4
Ca 502 yg;fyg’;}; anhydrite» (5-4)

c

where Eanhydrite is the equilibrium constant of anhydrite in the interlayer. This equation may
be combined with that for CaSO,’ pair formation to yield

Cint _ Kanhydrite'KCasog
22— = -
Casog yg[;g% (5-5)

Under the assumption that the activity coefficient for the ion pair does not depend on the composition
of the interlayer solution, Equation 5-5 shows that the concentration of CaSO,’ complexes are constant.
The law of mass action for the formation of NaSO," ion pairs may similarly be written

yint.yint K _
cint _ — Cint . nint 'Na 7S04 "NaSOy __ int Cint 4 B
Nasoy — “Na* * “so2* yci];ng04 = Na* " 503t NaSo; (5-6)

The requirement of charge neutrality is furthermore stated

int int int int _
2 CCa2+ + Cna*t — CNaSO; -2 C50£+ = (1L (5-7)

Combining Equations 5-5 to 5-7 gives a second order equation for C;g%

int =
int 2 int (CIL—CIlVa"’) 2:-Kanhydrite =0
Cs02-) T Csoz- Tomt = T (it = (5-8)
4 4 (CNa+'KNaso;+2) (CNa+'KNaso;+2)
with the solution
. ; 2 _ o
int (Cllvn;+_CIL)+\/(Cllvn;+_C1L) +8'Kanhydrite'(c,l\?[f+'KNaso;+2) 59
2- = P -
504 2'(C;Vn;+'KNaSOZ+2)

Equation 5-9 gives the equilibrium concentration of the SO,* species as a function of the interlayer
concentration of the species Na'. The total sodium concentration can be compared to the initial
exchanger occupancy in the cation exchange model [NaX],,; (Section 5.1.1). For 100 % sodium,
[NaX];.: = 3 mol/kg.

Figure 5-4 shows the solubility of anhydrite as a function of the initial amount of sodium in the
interlayer (and can thus be directly compared with the plots in Section 5.1.1). For this plot, a specific
choice of the interlayer activity coefficients is made, as listed in Table 5-3. The activity coefficients
for sodium and calcium are chosen so that (i) /v&% = 1, giving a Ca/Na selectivity coefficient

of Ke,we = 2 kg/mol x ¢y, = 6 (Equation 2-38), which is the same value as used in the model of
Section 5.1.1. Note that the evaluation of experimental data made in Section 4.1.1, suggests a

value of (y};,’i{)z/ vé&t = 2 for compacted MX-80 bentonite. However, the point here is to have the

same value of the Ca/Na selectivity coefficient in the different models for comparison.
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Figure 5-4. Solubility of anhydrite in bentonite as a function of sodium content.

The solubility of anhydrite differs in an interlayer as compared to pure water for two reasons:

1) due to possible presence of calcium cations required to compensate surface charge upon partial
complexation between sodium and sulfate, and 2) due to differences in activity coefficients — the
ionic strength is huge in the interlayer under all conditions, and for this reason alone it is expected
that activity coefficients may differ strongly from their values at the solubility limit in pure water.

Note that the results derived in this section do not make any reference at all to a bulk solution, i.e.

the ion equilibrium framework is not invoked.

Table 5-3. Chosen constant interlayer activity coefficients used in the calculation of anhydrite
solubility in the interlayer-only model (Birgersson 2019).

int int int int int
Ycar Ysoz- YNa* VNasoy Ycaso?
0.495 0.03 0.704 0.07 1.0

5.1.3 Hybrid model

Results from performing anhydrite equilibration in the hybrid model is displayed in Figure 5-5 for
three choices of bulk water porosity, corresponding to 3 %, 32 %, and 91 % of the total amount of
water. This figure shows the total amount of sulfate as a function of the initial amount of sodium
in the interlayer. The results are also compared to the corresponding result of the interlayer-only
model (Section 5.1.2) and the Phreeqc cation exchange model (Section 5.1.1). In order to get a
relevant comparison, the calculations performed in the hybrid model have adopted the same values
of interlayer activity coefficients as was used in the pure interlayer model (Table 5-3). Furthermore,
the activity coefficients in the bulk solution have been calculated using Phreeqc.

Figure 5-5 shows that the result of the hybrid model depends on the choice of volume ratio between
the bulk solution and the interlayer solution. When the amount of bulk water becomes large
(approaching 100 %), the result of the hybrid model resembles that of the Phreeqc cation exchange
model in the same limit (i.e. 100 % bulk water). In the other limit, however, with the amount of bulk
water taking a small value, the hybrid model instead resembles the pure interlayer model. For inter-
mediate values, the results of the hybrid model lie between these limiting values. Moreover, the Phreeqc
cation exchange model is seen to resemble the hybrid model only in the limit of 100 % bulk water.
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Figure 5-5. Total sulfate concentration in the hybrid model as a consequence of anhydrite dissolution in
pure Ca/Na-montmorillonite for three different choices of o™ (corresponding to 3 %, 32 %, and 91 % of
the total amount of water). Also displayed are the corresponding rvesults for the pure interlayer model, as
well as for the Phreeqc models with bulk porosity corresponding to 3 %, 32 %, and 100 %.

It should be noticed, that although the total concentrations agree with the pure interlayer model in
the limit of small ¢™*, the actual concentrations in the bulk solution are very far from the values
of the total concentrations. Figure 5-6 shows the corresponding bulk solution concentrations at the
solubility limit for anhydrite in the hybrid model with ¢** = 0.014 (3 % bulk water). For a pure Ca
bentonite (no initial sodium in the interlayer) the bulk solution corresponds to the ordinary solution
obtained when dissolving anhydrite in pure water, while in the limit of a “pure” Na bentonite, the
bulk solution ionic strength is as high as 0.6 M.
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Figure 5-6. Total concentrations of calcium, sodium, and sulfate in the bulk solution at the anhydrite
solubility limit in the hybrid model for 3 % bulk water.
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5.2 Model for implementation testing

Here a model system is defined, in order to test the implementation of the hybrid model as well as
compare it with other approaches. It is in essence an extension of the test system established in
Section 5.1.

5.2.1 Case 2: Only transport

The model, presented schematically in Figure 5-7, is 1D, and consists of a single 5 mm long
bentonite domain with a total porosity of ¢ = 0.452. In model case 2, the domain initially contains
only pure Ca-montmorillonite. CEC is set to 0.9 eq/kg, and the interlayer and bulk pore diffusion
coefficients are D, = D, = 10""" m?/s.

The bentonite is contacted on the left side by a bulk solution reservoir of 0.17 M NaSQO,, which in
the model is represented by a constant concentration boundary condition on this side (Figure 5-7).
This condition implies an infinite reservoir volume (alternatively, it may be thought to represent a
well flushed boundary). Additionally, the reservoir is spiked by a neutral tracer of constant concen-
tration 0.1 M. The right-side boundary is closed.

Case 2 was set up both in the hybrid model and in a traditional Phreeqc model. The traditional Phreeqc
model treats interlayers as exchange sorption sites and all transport (and chemistry) occurs within a
bulk water phase. To make the two models as comparable as possible, the following model specific
parameter choices were made. In both set-ups, the bulk water phase was chosen to be 32 % of the
total porosity (i.e. ¢™* = 0.145). This choice implies that the parameter c;; in the hybrid model was
set to ¢, = 4.42 M (¢, = (¢/9™)- CEC/w). For the corresponding Phreeqc model, the choice of bulk
water porosity implies an amount of exchange sites of 9.317 mol/(1 bulk water) ([X] = (¢/¢™"*): CEC/w).

Table 5-4 summarizes the data used for each model.

Table 5-4. Summary of the different models used to implement the verification test model.
IL stands for interlayer.

Parameter Hybrid model Traditional Pure IL  Traditional + IL diffusion
(Phreeqc) model (Phreeqc)

Interlayer water (%) 68 As exchanger 100 Exchanger + transport capacity

Bulk water (%) 32 32 0 32

¢ (mol/L) 4.41 3.0

Exchange sites, X (mol/Ly,i water) 0 9.371 0 9.371

Closed boundary
External solution:

0.17 M NaSO,
(constant conc.)

Initially pure Ca-montmorillonite
+ anhydrite

\ J
Y

5mm

Figure 5-7. Schematics of the verification case models. In model case 2 the bentonite component initially
contains only pure Ca-montmorillonite and no anhydrite. In model case 3, the bentonite initially consists
of pure Ca-montmorillonite and 1.4 wt% anhydrite.
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The implementation of the Donnan equilibrium in the Hybrid Model has been verified by calculating
the Donnan factor externally with the bulk concentrations and activity coefficients obtained after
100000 seconds. As can be seen in Figure 5-8, the Donnan factor calculated by iCP in the Hybrid
Model is in good agreement with the external calculation.

Figure 5-9 shows a comparison between the results of Case 2 in the hybrid and the traditional Phreeqc
model. In order to make the comparison as clear as possible, most of the results in this figure are
plotted in terms of moles per total volume (L medium, including both water and solids). Tracer
transport results show that concentrations of neutral species evolve slower in the hybrid model due
to a buffering effect of the bulk water, see Section 2.4.2. From this figure, it is clear that charged
species evolve differently in the two models. Due to the interlayer transport capacity of the hybrid
model, ions have time to propagate considerably farther as compared to the traditional Phreeqc
model. Note that this is not an effect of increased mobility (as demonstrated by the results for the
neutral tracer) but of the fact that much less charge is immobilized in the hybrid model. In the Phreeqc
model, all ions associated with the interlayer (i.e. the exchanger, in this model) are “sorbed”, while
all interlayer ions are mobile by definition in the hybrid model. In contrast, while all mass transfer
occurs in the bulk phase in the Phreeqc model, the bulk water ions in the hybrid model are, in a
sense, immobilized (see Section 2.4.2).

—iCP X External calculation
0.065

0.06
0.055

0.05

i)

0.045
0.04
0.035
0.03

0 0.001 0.002 0.003 0.004 0.005
x (m)

Figure 5-8. Donnan factor obtained with the iCP hybrid models after 100.000 seconds (black line)
compared to the Donnan factor calculated externally with Equation 2-21 and the bulk concentrations and
activity coeffcients obtained with iCP (red crosses).
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Figure 5-9. Concentration profiles after 10000 s, 50000 s, and 100000 s of Case 2 in the hybrid model
and the traditional Phreeqc model.
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5.2.2 Case 3: Transport and dissolution

In a second modelling stage, 1.4 wt.% of anhydrite was added in the initial state of the bentonite
under isothermal conditions. In this model, anhydrite will dissolve/precipitate due to Na in-diffusion
and replacement of Ca in the exchanger/interlayer. In addition to the two modelling approaches
adopted in the previous case (hybrid and traditional Phreeqc), this case was also simulated using
two additional approaches. The first one is an interlayer-only approach (see Section 5.1.2), while

a second one consists of a Phreeqc model which allows for interlayer diffusion (diffusion in the
domain of “sorbed” cations) in addition to the diffusion in the bulk porosity. For the hybrid model
and the traditional Phreeqc models, exactly the same parameter choices were made as for modelling
case 1. This is also true for the Phreeqc model with interlayer transport simulation. It is noted that
in the pure interlayer model mineral dissolution there is no bulk solution by definition. This implies
that mineral reactions take place in the interlayer water. This model has as an additional parameter,
the diffusion coefficient in the interlayer domain, which was varied in order to study the influence
of allowing interlayer transport.

For the interlayer-only simulation, obviously no partition between bulk and interlayer water is
made. In order to be consistent with the CEC value, the ¢, value for this model was chosen to be
¢ = CEC/w = 0.9 eq/kg/0.3 = 3 eq/kg. Moreover, interlayer activity coefficients for the species
under consideration were chosen as in Section 5.1.2.

Figure 5-10 shows a comparison of some key results between the different models. From this figure,
it is evident that the evolution of anhydrite precipitation/dissolution occurs very differently in the
hybrid model as compared to the traditional Phreeqc model. While the Phreeqc model predicts major
precipitation at the interface to the bulk solution, the hybrid model predicts a dissolution front which
has propagated considerably farther into the clay. Qualitatively similar dissolution fronts are also
observed in the pure interlayer model and in the Phreeqc model with interlayer diffusion. It thus
appears as if the inclusion of interlayer transport qualitatively changes the chemical evolution. This
finding is explored further in Figure 5-11, which shows results of the Phreeqc multiporosity model for
various choices of the interlayer diffusion coefficient. The larger the value of this parameter (relative
to the bulk diffusion coefficient), the more pronounced becomes the anhydrite dissolution front.

5.3 Case 4: solute transport

Equation 2-48 was tested for a neutral tracer diffusion by performing simulations that consider only
transport with different interlayer/bulk porosity partitions. These simulations were performed with
the iCP hybrid model and with Comsol in order to verify the implementation of the hybrid model.
Figure 5-12 shows the solutions at three different snapshots for the cases of having interlayer/bulk
porosity partitioning of 50/50 and 68/32 respectively. The hybrid and Comsol models are seen to
give identical results. Moreover, the 50/50 case is “delayed” in comparison to the 68/32 case, as
predicted by Equation 2-47.
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Figure 5-10. Left: Comparison of evolution of anhydrite precipitation/dissolution in the hybrid model
with traditional Phreeqc (top), interlayer only (mid), and the multiprosity model implemented in Phreeqc
(bottom). Right: The evolution of total sulfur occur very differently in the traditional Phreeqc model (top).
Evolution of calcium is similar in the hybrid model as compared to pure interlayer (mid) and multiporosity
(bottom) models.
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Figure 5-12. Results for the infiltration of a neutral tracer in hybrid model (HM) for the two interlayer/
bulk porosity partitioning 50/50 and 68/32 at 10000 s, 50000 s, and 100000 s. Also plotted are the
corresponding models solved with Comsol.
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6 Modelling sulfide in the KBS-3V near-field

6.1 Background

The main goal of the Integrated Sulfide Project is the assessment of copper corrosion in the canister
of a KBS-3V repository due to the presence of sulfide. To this end, conceptual and numerical models
of the fate of sulfide in the near-field are needed to quantify the different processes concerning
sulfide production, transport and consumption.

SKB and Posiva have defined, in collaboration with the different modelling teams involved in the
project, a Base Case to model the main physical and chemical processes affecting sulfide fate in the
near-field. In the following sections, the Base Case is presented and adapted to be implemented in
two different reactive transport approaches and the results are presented. The results of the other
two modelling teams can be found elsewhere (P¢kala et al. 2019, King and Kolar 2019). The first
approach considered in the present study consists of a traditional reactive transport model. In this
approach, bentonite is modelled as a single bulk porosity system; interlayer pores are represented
by cation exchange sorption sites, with zero volume (bulk porosity equals total or physical porosity).
In the second approach, the hybrid model presented in sections 2 and 3 is used, which accounts for
diffusion of species in the interlayer.

In Section 6.2, the Base Case is described in detail. Results of the simulation of the Base Case over
100000 years using a traditional reactive transport model are presented and discussed in Section 6.3.
Moreover, a simplified case is also presented with the aim of obtaining a simpler model that can be
more easily compared to the hybrid model results. Section 6.4 presents the setup and results of the
Base Case simulated using the hybrid model.

6.2 Description of the Base Case

The conceptual model is limited to the near-field of a KBS-3V repository, i.e. a square box of approx.
10 m around a deposition hole (Figure 6-1a). The copper canister is surrounded by an engineered
barrier, the buffer, made of compacted MX-80 bentonite, which fills the deposition hole. The deposition
tunnel is filled with backfill material, also composed of compacted bentonite, although with different
properties. The host rock is treated as an Equivalent Continuous Porous Medium (ECPM), i.e. fractures
reaching the deposition tunnel and/or the deposition hole (Figure 6-1b) are not explicitly considered
as sources of inflowing water. Between the rock and engineered barriers interfaces are formed, which
are referred to here as Rock-Tunnel Interface (RTI) and Rock-Deposition Hole-Interface (RDI).
Figure 6-1b shows the different domains and their dimensions. No water flow is considered, and thus
solute transport occurs exclusively by diffusion, as indicated by the schematic representation shown
in Figure 6-2. Fully water saturated conditions, no remaining O,, and isothermal system at 25 °C is
considered to study the evolution of the sulfide concentrations in the repository near-field.

A full representation of the Base Case would require a 3D geometry, but a 1D simplification is
considered here in order to achieve feasible calculation times, especially with the hybrid model.
The geometry of the system considers a vertical profile (section A-A’ in Figure 6-2) from the canister
top lid (0.05 m) to the RTT (0.3 m), traversing the buffer (2.5 m) and backfill (4.4 m) domains. The
bedrock is modelled as an additional domain with a length of 5 m.
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Figure 6-1. a) The KBS-3 system with canisters deposited one by one in vertical holes. b) Dimensions
of the near-field in a KBS-3 repository for OL1&2 canisters (from Wersin et al. 2014). Estimated sulfate/
sulfide fluxes in the near field are indicated in the same figure.

It should be noted that this 1D representation excludes the impact of the RDI on canister corrosion
and evaluates only the sulfide flux from the RTI towards the canister. Thus, the 1D model used in
this work under-estimates canister corrosion significantly as the RDI is expected to generate higher
sulfide fluxes than the RTI due to a much shorter distance to the canister and the presence of siderite
in the backfill. This siderite is a source of iron that causes sulfide precipitation as mackinawite (FeS)
along the RTI — canister diffusion path. It should be noted, however, that the duration of significant
sulfide production is longer at the RTI due to the high availability of organic matter and sulfate. More-
over, the variant cases analysed here consider different hypotheses involving the backfill, which
could not be tested using a radial model including the RDI. A 3D analysis of the entire system using

a traditional reactive transport approach is presented and discussed in Pekala et al. (2019).

A general description of the Base Case chemistry is in Section 6.2.1, while a more detailed description
and parametrization is given for each domain in sections 6.2.2 to 6.2.6.

6.2.1 General setup

Given that the main goal of the Base Case is to estimate the sulfide production rates and concentrations
in the near field, no sulfate, sulfide or dissolved organic matter is considered in the groundwater from
the rock (their concentrations are set to zero). The reason behind this simplification is to exclusively
assess sulfide production and diffusion in the components of the engineered barrier system.

Sulfate is typically present as an accessory mineral (i.e. gypsum) of the buffer and especially the
backfill. In the same way, the source of organic matter considered in the model is also in the buffer
and backfill. The bentonite barriers represent the only pool of sulfate and organic matter in the model.
Under specific conditions, sulfate can be reduced to sulfide. However, given the high dry density of
the barriers, it is expected that bacterial activity is minimal or even absent. Therefore, the Base Case
assumes that sulfate will not be reduced in the engineered barriers, but only in the RTI and RDI.
Pyrite (iron sulfide) may be present in the backfill and buffer materials, but it is very insoluble under
anoxic conditions and is not considered in the Base Case. Mackinawite precipitation is the only
process potentially able to control sulfide concentrations in the Base Case.

The interplay between the above-mentioned processes will ultimately determine the amount of sulfide
reaching the canister. The main components of the different domains are shown in Figure 6-2.
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Figure 6-2. Schematic representation of a vertical profile (A-A’) from the canister top lid to the rock,
showing the sulfate/sulfide pathways along the five domains considered in the Base Case model.

In the Base Case, bacterial activity is only allowed in the RTI and RDI. In these regions, sulfide can
be produced by microbially-mediated sulfate reduction. These chemical reactions require a source of
carbon and energy for bacteria activity. Two different pathways for sulfate reduction are considered,
depending on the available electron donor. In the first case, a reaction induced by the presence of
CH,O0 is considered (Equation 6-1). The second pathway refers to the sulfate reduction induced by
the presence of dissolved H,. The main source of aqueous CH,0 in the RTI is the dissolved organic
matter (DOM) that diffuses from the buffer and the backfill towards the RTI and acts as an electron
donor according to Equation 6-1 (Figure 6-2).

2CH,0 + 4H,0 — 2HCO3 + 10H* + 8e~ (6-1)
Sulfate is the electron acceptor and it is reduced to sulfide (HS") according to:
SOZ™ + 9H*+8e~ — HS™ + 4H,0 (6-2)

If sulfide reaches the canister, H, is expected to be generated as a sub-product of the corrosion
process (Figure 6-2) according to:

2Cu+ HS™ + H,0 - Cu,S+ H, + OH- (6-3)

If dissolved hydrogen reaches the RTI, it is available for bacteria and a second sulfate reduction
process will be activated:

4H, + SO2™ + H* - HS™ + 4H,0 (6-4)

Reactions given in Equations 6-2 and 6-4 produce aqueous sulfide. In the Base Case, mackinawite
precipitation (FeS in the reaction below) is the only process potentially able to control sulfide
concentrations in the system (Equation 6-5).

Fe?* + HS™ - H* + FeS (6-5)

The interplay of this chemical reaction sequence will determine HS™ concentrations in the whole
system and, as a consequence, the canister corrosion depth.
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The corrosion depth (d, in meters) is calculated from the moles of Cu consumed in the reaction 6-3
as follows:

d=Cu-Vp -5 (6-6)

In this equation, Cu denotes the mass of copper consumed (mol), V,, is the molar volume of copper
(7.087-107° m’/mol) and A (m’,i,ea) is the surface area of the copper canister (1 m” in the present
work). All chemical reactions in the model are considered under thermodynamic equilibrium and
solved using the ThermoChimie thermodynamic database v9b (Giffaut et al. 2014). The only excep-
tions are the Monod kinetics (Jin et al. 2013) implemented in the RTI to simulate the reduction of
sulfate to sulfide in the RTI domain (see Equations 6-7 and 6-8 below). Redox states for S and H, are
considered decoupled in the database, so no redox equilibrium is considered for these two systems.

A summary of the geochemical processes and parameters of each domain is given in Appendix B.
The Base Case stipulates that production of sulfide only occurs in the RTI and RDI domains. As
shown below, the rate-limiting factor for sulfide production is transport of reductants (CH,O and H,)
towards the RTI, since the kinetic rates of sulfide production are much faster than the diffusion rates.
At the same time, the effective diffusion coefficient in the RTI/RDI is more than 2 orders of magni-
tude lower than that of the bentonite barriers. Sulfide reaching the canister surface is consumed in
the corrosion reaction assuming an instantaneous reaction (Equation 6-3).

6.2.2 Intact rock

The bedrock domain is included as an Equivalent Continuous Porous Medium (ECPM) representation
of the rock matrix and fractures, with a porosity corresponding to fractured rock (Table 6-1). Diffusive
transport is assumed between the intact rock and the RTI/RDI and zero groundwater flow is consi-
dered. Diffusion coefficients are shown in Table 6-1 (Posiva 2013). The sulfate-rich brackish water
defined in Hell4 et al. (2014) is the reference groundwater prescribed for this domain (Table 6-2).
However, as reasoned above, sulfate and sulfide concentrations were initially set to zero. Constant
boundary properties (fixed groundwater concentrations) were imposed at a distance of 5 m from the
RTI. Calcite and mackinawite are the only minerals allowed to precipitate as secondary minerals.

Table 6-1. Physical parameters of the host rock (Posiva 2013).

Parameter Value Observations

Total porosity (¢h) 0.00515 Rock represented as ECPM (matrix and fractures) From rock
matrix porosity and a kinematic porosity of 0.15 % on p.22,
Table 2-5 and p.57, Table 4-2 of Hartley et al. (2013).

Diffusion accessible porosity 0.005 Groundwater flow modelling in Hartley et al. (2013) referred
(Rock matrix porosity) to in Posiva (2013, Section 6.1 (p.169) and Section 7.8, Table
7-13 (p.578))

Molecular diffusion coefficientin =~ 1.0-10° m%s Posiva (2013, Table I-1, p.733)
water (D,,)

Effective diffusion coefficient (D,) 6-107"*m?s  Posiva (2013, Table I-1, p.733)
for intact rock matrix

Effective diffusion coefficient (D,) 2-107"m?s  Estimated in this project to provide diffusion in a ECPM
for fractured rock representation of the rock

6.2.3 Rock-Tunnel Interface (RTI)

The rock-tunnel interface is represented as an ECPM, with a porosity of about 4 times the value for
intact rock (Figure 6-1, Table 6-3). Groundwater composition and minerals in equilibrium in the RTI
are the same than those for the intact rock (Helld et al. 2014, Table 6-2). However, as the porosity in
the RTT is higher than in the intact rock, the effective diffusion coefficient is higher and equal to
5-107" m?/s (Table 6-3).
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As mentioned above, Sulfate Reducing Bacteria (SRB) activity is restricted to the RTI/RDI. A
constant concentration of biomass [X] of 3.54-107° mol/Ly,, (3.54-107* mol/m® ,,.gium) is assumed.
This value is calculated from the total number of cells of SRB by assuming an average cell dry
mass of 5x107" g/cell and an average formula of CsH,O,N with a molar mass of 113.115 g/mol. In
the Base Case, [X] corresponds to the attached cells in the fracture surfaces as well as suspended in
groundwater. No minerals are included in the RTI as an initial condition. The only secondary minerals
allowed to precipitate are calcite and mackinawite.

Table 6-2. Chemical composition of references waters for the different domains (from Hella et al.
2014, Table 6-3). Concentrations in mg/L unless otherwise stated.

From Brackish water From Brackish water From sulfate-rich brackish water
Sample OLKR6_135_8 Sample OLKR6_135_8 Sample OLKR6_135_8
log p(CO,) -2.7 log p(CO,) -2.7 Depth (z, m) -101
pH 7.23 pH 7.21 pH 7.6
Eh (mV) -207 Eh (mV) -201 Eh (mV) -240
Alk. (eq/L) 7510 Alk. (meg/L) 0.73 Alk. (HCO3) 111
lonic strength  0.2712 lonic strength  0.2451 TDS (g/l) 7.2
(eq/L) (eq/L)
Na 150.8 Na 110.24 Na 1760
K 0.9 K 0.67 = iK 19
Mg 144.4 Mg 16.04 % Mg 180
Ca 30.7 _iCa 35.35 Gica 650
E Cl 222.3 E Cl 176.01 5 Cl 4010
E S(VI) 94 5 S(VI) 18.5 8 S(VI) 460
0 S(-11) 0.0012 g S(-1) 0.0006 '5 S(-11) 0.02
COs 0.9 COs 0.865 Zipic 223
Sr 0.2 Sr 0.167 Zigr 8.1
Si 0.17 Si 0.173 SiO, 11
Mn 0.041 Mn 0.033 Mn 1.2
Fe 0.011 Fe 0.018 Fe 0.32
F 0.032 F 0.025 F 0.3
Br 0.33 Br 0.265 Br 13.2
B 0.11 B 0.089 B 0.62
NH, - NH, - NH, 0.33
PO, - PO, - PO, 0.03
Table E-2 (Posiva 2013) Table F-2 (Posiva 2013) Table 6-3 (Hella et al. 2014)

Table 6-3. Physical properties of the rock-tunnel interface (RTI) and rock-deposition hole
interface (RDI). Data from Posiva (2013) and Hartley et al. (2013).

Rock-tunnel interface (RTI). Underground openings data (Posiva 2013)

Parameter Value Source

Thickness, except below tunnel floor 0.3m Agreed in this project

Thickness below tunnel floor 04m Section 5.1.5, p.80 and Table E-1, p.234 in Hartley et al. (2013)
Porosity 0.01 Table E-1, p.234 in Hartley et al. (2013)

Effective diffusion coefficient (D,) 510" m%s Estimated as D, = D,, F;, with F;=0.71 8"

(Figure 3-5 in Byegard et al. 2008, p.45), and 6=0.01

Rock-Deposition hole interface (RDI)

Parameter Value Source

Thickness of affected area 0.1m p.74, and Table E-1, p.234 in Hartley et al. (2013)
Porosity of affected area 0.02 Table E-1, p.234 in Hartley et al. (2013)

Effective diffusion coefficient (D,) 1.510"m?%s Estimated as D, = D,, F;, with /;=0.71 8'%®

(Figure 3-5 in Byegard et al. 2008, p.45), and 6=0.02
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Sulfate reduction to sulfide is assumed to occur via two different processes, i.e. using either CH,O
or H, as electron donor. These reactions were implemented as Monod kinetics rate expressions, as
follows:

diso3”] _ _ d[HST] _ ~[X] -k [Ho] [S0%7]

dt dt max * Ky, +[Hg] Kgoz-+[S037] (6-7)
diso3 ] _ _dHST] _ o1, . [CcH,0] [s0i”]
dt - dt - [X] kmax KCH20+[CH20] KSO‘%—‘F[SO;‘,_] (6_8)

where the k., value for the H,—mediated reaction is 6.4-10°s™! (Maia et al. 2016) and the k., value
for the CH,O—mediated reaction is 1.5-10* s (Jin et al. 2013). The values of the half-saturation
constants Ku,, Kcn,o and Ksoz- are 4.0-10°M (Maia et al. 2016), 5.0-10°M (Jin et al. 2013) and
1-10° M (Nethe-Jaenchen and Thauer 1984), respectively.

Initially, there are no reductants (CH,O, H,) in the RTI/RDI. Sulfate and organic matter are supplied
from the backfill and buffer. In turn, dissolved H, is a product of the sulfide-induced corrosion of the
canister, which can diffuse through the bentonite barriers towards the RTI. Mackinawite precipitation
is allowed in the entire model domain as a secondary mineral (except in the canister).

6.2.4 Backfill

The composition of the reference porewater, derived from brackish water (Table 6-2), is taken
from Posiva (2013). The main material properties for the backfill are included in Table 6-4 and its
mineralogical composition in Table 6-5. The only reactive minerals included in the simulations are
calcite, gypsum, organic matter and siderite. Mackinawite is not initially present in the backfill, but
is allowed to precipitate. Cation exchange with a constant cation exchange capacity (CEC) is imple-
mented in the model, based on the mass fraction of montmorillonite. No montmorillonite dissolution
is considered. Selectivity coefficients for Na*, Ca*", Mg** and K" are adopted from Bradbury and
Baeyens (2002). Fe** exchange was also considered, assuming a selectivity coefficient for Na“— Fe**
of K =2.51 (Charlet and Tournassat 2005). The potential impact of iron contained in the montmo-
rillonite layer structure in the form of Fe(II/III) on redox reactions is not considered in the model.

It is assumed that 0.1 wt.% of the solid organic matter (SOM) concentration is prone to degradation
and subsequently available as dissolved CH,O (i.e. 10 % of 1 wt.% of the backfill in weight). An
aqueous concentration of 2 mg/l (mg of C) is assumed for CH,O in equilibrium with the SOM. This
is implemented as a chemical reaction in thermodynamic equilibrium between the DOM and the
SOM, with an equilibrium constant fitted to maintain the assumed aqueous concentration until all
dissolvable SOM is exhausted.

Table 6-4. Physical properties of the backfill (data from Hella et al. 2014 and Posiva 2013).
Effective diffusion coefficients and porosity values agreed upon by the members of the project.

Parameter Value
Pore diffusivity D, (m?/s) 5.00-107"
$(physical bulk porosity) 0.43
Effective diffusivity D, (m%s)  2.15-10°"
Dry density (kg/m®) 1720
CEC (eq/L) 2.12
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Table 6-5. Mineralogical composition of the buffer (Hella et al. 2014, Table 7-5) and backfill
(Hella et al. 2014, Table 7-11). Solid organic carbon assumed in this work.

Minerals Composition (wt.%) Composition (mol/kgyater)
Buffer Backfill Buffer Backfill
Calcite 1.40 2.20 0.51 0.88
Gypsum 0.40 1.90 0.08 0.44
Siderite 0.50 1.10 0.16 0.38
Montmorillonite 75.00 48.60 4.99 3.54
Kaolinite 0 6.20 0 0.96
lllite 0 15.40 0 1.58
Mica 0 4.30 0 0.43
Quartz 15.20 16.10 9.24 10.72
Feldspar 8.00 1.10 1.05 0.16
Dolomite 0 0.30 0 0.07
Pyrite 0.30 0.80 0.09 0.27
Tridymite 0 0.90 0 0.60
Goethite 0 0.30 0 0.14
Hematite 0 0.20 0 0.05
Magnetite 0 0.30 0 0.05
Anatase 0 0.20 0 0.10
Organic Carbon 0.10 0.10 0.30 0.33

6.2.5 Buffer

The buffer is composed of compacted MX-80 bentonite. The initial porewater composition for the
buffer corresponds to the one derived from brackish water (OLKR6 135 8), as given in Table 6-2.
The main physical properties of the buffer are included in Table 6-6 and its mineralogical composi-
tion in Table 6-5. The only reactive minerals initially present in the buffer included in the model are
calcite, gypsum, and solid organic matter. Mackinawite and siderite are not initially present but are
allowed to precipitate. No montmorillonite dissolution is considered. Instead cation exchange with
a constant cation exchange capacity (CEC) is implemented in the model, based on the mass fraction
of montmorillonite and using the selectivity coefficients from Bradbury and Baeyens (2002), and
Charlet and Tournassat (2005) for Fe™. Siderite is not considered to be initially present in the buffer.
The reason for this assumption is to be consistent with the input porewater in Table 6-2, which is not
in equilibrium with siderite.

Calcite and gypsum are assumed to dissolve/precipitate under equilibrium conditions, while mackina-
wite and siderite precipitation is allowed as secondary phases (initial concentration set to zero). A fixed
CH,O0 concentration is assumed, i.e. 2 mg/L (mg of C), following the same constraints as for the
backfill.

Table 6-6. Physical properties of the buffer (from Hella et al. 2014 and Posiva 2013). Effective
diffusion coefficients and porosity values agreed upon by the members of the project. The
temperature is 25 °C.

Parameter Value
Pore diffusivity D, (m?/s) 5.00-107"
$(physical bulk porosity) 0.43
Effective diffusivity D, (m%s)  2.15-10""
Dry density (kg/m®) 1570
CEC (eg/L) 2.873
Grain density (kg/m?) 2760
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6.2.6 Canister

In this work, the interaction between the buffer porewater and the canister is considered using a porous
medium representation of the canister domain with a thickness of 0.05 m and a pore diffusivity that is
higher than that of the buffer. Canister corrosion is represented by a chemical process where HS™ is
consumed to produce Cu,S and H, according to the stoichiometry of reaction 6-3. Strictly speaking,
this reaction should be limited by the solubility of Cu,S (~107"* M of sulfide under these conditions)
but in the model presented here the canister domain acts as a perfect sulfide sink, producing H, at the
same time. The H, produced is considered in the model to be decoupled from aqueous chemistry and
can only react with SRB in the RTI to produce sulfide. The initial porewater in the canister has the
same composition as that considered for the buffer (Table 6-2). No mineral reactions are considered
in this domain. Transport properties are set arbitrarily high with a porosity of 0.5 and D, value of
2.5:107'° m?/s, so that the porous medium representation of the canister does not limit solute transport.

6.3 Traditional reactive transport model
6.3.1 Implementation of the model

The Base Case described above and summarized in Table 6-7 has first been implemented in the
reactive transport code iCP (Nardi et al. 2014) using a traditional model. This model is considered
traditional in the sense that bentonite is treated as a single bulk porosity system, while the interlayer
is only considered via cation exchange reactions. The 12.25 m long model domain comprising (from
left to right) the canister, buffer, backfill, RTI, and rock is discretized with cell sizes ranging from
10~ m at the backfill-RTI interface to 0.05 m in the buffer and backfill domains (see Appendix C
for details about the finite element mesh). Preliminary test cases showed that mesh refinement was
needed at the RTI — backfill interface to ensure mass conservation, due to the sharp contrast in
porosities at this interface (0.43 in the backfill and 0.01 in the RTI) and especially due to the kinetics
of sulfide production at the interface.

The time span of the Base Case simulation is 100 000 years. The time step size for communication
between the transport step and the chemical step is constant and equal to 1 year throughout the
simulation. Within each time step, Comsol subdivides it to solve the diffusion of solutes, while
Phreeqc also subdivides it to solve the kinetics in the RTT domain.

Boundary conditions for transport are no flux (i.e. closed boundary) at the left of the canister domain
and at the rock right boundary. It is noted that preliminary simulations (not presented in this report)
led to the conclusion that the contribution of the rock to the total sulfide mass balance was negligible
even in the case that considers a fixed concentration of sulfide in the rock boundary (equal to 0 M).
In consequence, most of the simulations presented in this work do not consider the rock domain at all.

6.3.2 Results of the Base Case

The evolution of the variables directly involved in the production of aqueous sulfide are presented
in Figure 6-3. Sulfate concentrations remain virtually constant in all the modelled domains over
time (Figure 6-3a). This is due to the large mass of gypsum available in the bentonite backfill. After
100 kyr, gypsum is still present in the entire backfill, with only partial dissolution near the RTI
(Figure 6-4). The presence of gypsum thus controls the aqueous concentration of sulfate.

The consumption of organic matter within the RTI due to SRB activity follows the stoichiometry
given by Equations 6-1 and 6-2. Two moles of organic matter (electron donor) are consumed per
mole of sulfate (electron acceptor) consumed in the reactions. Moreover, the aqueous concentration
of DOM in the backfill is much lower than the concentration of sulfate. Thus, the limiting factor for
the reduction of sulfate is the availability of organic matter. This is observed in Figure 6-3, where the
concentration of DOM suddenly drops to 0 at the RTI (Figure 6-3b), while sulfate concentration is
hardly affected (Figure 6-3a).

Aqueous sulfide is produced by microbially-induced sulfate reduction in the RTI following the two
paths described by the Monod reactions in Equations 6-7 and 6-8 (Figure 6-3c). That is, first as a
result of the diffusion of sulfate and DOM from the barriers towards the RTI and later also from the
diffusion of H, produced at the canister.

54 SKB TR-18-07



Table 6-7. Geochemical composition of each model domain in the full Base Case: minerals,
porewater and exchanger. Na concentration is used for charge balancing the solutions.

Domain Canister Buffer Backfill RTI Rock

Pore solution

pH 7.2 7.2 7.2 71 71
pe -34 -34 -34 -3.3 -3.3
Total concentrations (M)
Cc 8.94E-04 8.94E-04 8.74E-04 1.73E-03 1.73E-03
Ca 4.04E-02 4.04E-02 3.58E-02 1.62E-02 1.62E-02
Cl 2.22E-01 2.22E-01 1.76E-01 1.13E-01 1.13E-01
DOM 1.67E-04 1.67E-04 1.67E-04 O 0
Fe 1.11E-05 1.11E-05 1.82E-04 5.70E-06 5.70E-06
Na 1.51E-01 1.51E-01 1.11E-01 6.69E-02 6.69E-02
S(-I1) 1.20E-06 1.20E-06 6.00E-07 O 0
S(VI) 1.96E-02 1.96E-02 1.95E-02 O 0
K 9.00E-04 9.00E-04 6.74E-04 4.70E-04 4.70E-04
Mg 1.44E-02 1.44E-02 1.62E-02 7.45E-03 7.45E-03
Si 1.70E-04 1.70E-04 1.73E-04 1.80E-04 1.80E-04
Cation exchange (mol/kg,.tr)
NaX - 9.84E-01 5.84E-01 - -
CaX; - 7.34E-01 5.61E-01 - -
MgX, - 1.98E-01 1.97E-01 - -
KX - 2.50E-02 1.49E-02 - -
FeX, - 2.04E-04 291E-03 - -
Mineral phases (mol/kg,atr)
Calcite - 5.10E-01 8.79E-01 0 0
Gypsum - 8.48E-02 4.41E-01 - -
SOM - 3.04E-01 3.33E-01 - -
Siderite - 0 3.80E-01 - -
Mackinawite - 0 0 0 0

As it is produced, sulfide either diffuses across the bentonite barriers towards the canister (where it is
consumed by the corrosion of copper according to reaction 6-3), migrates into host rock (Figure 6-3c),
or precipitates as mackinawite (Figure 6-4a). The sulfide concentration near the RTI is observed to
continuously increase during 100 kyr. This is a result of the continuous biotic sulfate reduction in
the RTI domain. It is noted that mackinawite precipitation in this region controls the aqueous sulfide
concentration. However, the release of H' from the sulfate reduction (Equations 6-1 and 6-2) and
from mackinawite precipitation (Equation 6-5) leads to a gradual decrease in the pH of the backfill
porewater (Figure 6-5). As a result, the solubility of mackinawite changes and higher sulfide
concentrations are needed to maintain equilibrium.

The corrosion of copper leads to the generation of H,, which diffuses towards the RTI (Figure 6-3d).
Its concentration is maximal at the canister and continuously increases with time. After 100 kyr, it
reaches a value of 0.8 uM, much lower than the solubility of H, at 5 MPa and 25 °C (~0.0385 M).
Therefore, no gas phase is expected to form in these conditions. When H, reaches the RTI, a second
sulfate reduction reaction (Equation 6-4) is triggered, contributing to sulfide production. This
second sulfate reduction process has a much lower impact on sulfide concentrations than the first one,
which is to be expected given the small H, concentrations.

ITron concentration rapidly equilibrates due to diffusive transport and chemical buffering of iron minerals
(siderite and mackinawite) and iron in the exchanger (see Figure 6-3e and Figure 6-6¢). Thereafter, it
remains with minor changes over time. As Fe*' is being predominantly governed by the presence of
iron minerals, its behaviour is analysed simultaneously with the evolution of these phases (Figure 6-4).
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Figure 6-3. Longitudinal profiles of aqueous concentrations (mol/kg,..) of (a) total sulfate, (b) dissolved
organic matter (DOM), (c) total sulfide, (d) dissolved H,, and (e) total Fe’* for different times in the

modelled system.

As a consequence of sulfide production, mackinawite precipitates within the RTI and also at the
interface between backfill and RTI due to the high availability of sulfide and Fe*" (Figure 6-4a). Fe*'
is supplied by diffusion from the backfill towards the RTI, triggering partial dissolution of siderite
(Figure 6-4c). Mackinawite formation is a key process that has two major effects:

1. To act as the main sulfide sink (see Equation 6-5)

2. To limit the sulfide concentration by its solubility control on HS".

The first effect is a very important sulfide buffer, acting as a sink for more than 90 % of the sulfide
produced at the RTI. The second effect limits the concentration gradient that drives diffusion of

sulfide from the RTI towards the canister.

Figure 6-4 (b to d) also shows that the sources of sulfate, organic matter, and iron, represented by
gypsum, SOM, and siderite, respectively, are far from being exhausted. This means that the same
governing processes described above will control sulfide production and consumption for a much
longer period than the simulated time of 100 kyr.

The evolution of pH in the model domain over a period of 100 kyr is shown in Figure 6-5. The
reduction of sulfate to sulfide in the RTI by means of the organic matter path causes a decrease of
pH in the whole system that is still present after 100 kyr. Very small changes in the cation exchange
composition are observed over the whole simulated period (Figure 6-6).
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Figure 6-4. Longitudinal profiles of mineral phases near the interface between backfill and RTI for different
times: (a) mackinawite, (b) gypsum, (c) siderite, and (d) solid organic matter (SOM).
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Figure 6-5. Longitudinal profiles of pH for different times in the modelled system.
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Figure 6-6. Longitudinal profiles of Na*, Ca’*, and Fe’* in the exchanger of the buffer and backfill
domains.

The global sulfide production associated with reactions 6-2 and 6-4 clearly highlights the higher impact
of biotic sulfide production via the organic matter path as compared to the H, path (Figure 6-7). In
a period of 100 kyr, around 3.54 moles of sulfide are produced by biotic reactions linked to organic
matter, while only 7.61-107 moles are produced by the H, path.

Figure 6-8 (a and b) shows the global consumption of sulfide by mackinawite formation and corrosion
as a function of time. As stated before, mackinawite precipitation is the only retardation process that
effectively controls the concentration of sulfide and ultimately the copper corrosion. In a period of
100 kyr, 3.50 moles of mackinawite are produced (Figure 6-8a). Note that this process is controlled
by the availability of Fe**, which in turn is controlled by partial dissolution of siderite present in the
backfill (Figure 6-4c).

All the above-mentioned processes determine sulfide fluxes reaching the canister (Figure 6-8c), which
vary between 2-107 and 2-107° mol/(m?y) during the course of the 100 kyr simulation. There is a
sulfide flux decrease after 100 years due to an increase in mackinawite precipitation (Figure 6-8a),
caused by an increase in iron concentrations in the backfill (Figure 6-3¢). After about 2 kyr, the
hydrogen formed by canister corrosion reaches the RTI (Figure 6-3d), producing sulfide (Figure 6-7b)
and increasing sufide fluxes. The results indicate that only a total amount of 0.044 moles of sulfide are
consumed at the canister in the corrosion process (per m* of canister surface). The estimated corrosion
depth over time is shown in Figure 6-8d. After 100 kyr the corrosion depth is ~0.624 um. It is noted
that the corrosion depth is highly dependent on geometrical assumptions of the adopted 1D model.
This is due to the fact that the distance of the sulfide source to the canister is very important in
determining the concentration gradients and the time needed by sulfide to diffuse towards the canister.
Indeed, a more realistic value should result from a 3D representation of the near-field system. In the
present simulations, the geometry represents a vertical profile traversing the RTI, the backfill, the
buffer, and the canister. This assumption is not conservative, as the source of sulfide in the model
(the RTI domain) is at a distance that is much larger than the RDI and the rock tunnel interface
below the tunnel floor.

The budget of total sulfide at 100 kyr is presented in Table 6-8. It is clearly seen that the path of sulfate
reduction that governs the system is via organic matter (CH,0), accounting for more than 99 % of the
total sulfide produced. The H, path only produces the remaining 0.8 %.

58 SKB TR-18-07



S(-1) flux (mol/m?y)

S(-Il) formation by CH,O path S(-Il) formation by H, path

1.00E+01 1.00E-02
(b)
1 00E+00 _ 1.00E-03}
< E
E g 1.00E-04}
g 1.00E-01 <
o E 1.00E-05}
= 1.00E-02 =
= & 1.00E-06 |
(2]
1.008-03 1.00E-07 |
1.00E-04 - - - - 1.00E-08 - -
1.00E+00 1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+02 1.00E+03 1.00E+04 1.00E+05
Time (years) Time (years)

Figure 6-7. Cumulative Global production of sulfide by microbial-induced sulfate reduction in the RTI
domain as a function of time, considering a cross-section of 1 m’: (a) CH,O path and (b) H, path.
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Figure 6-8. Cumulative aqueous sulfide consumption by (a) mackinawite precipitation and (b) corrosion
in moles (considering a cross-section of 1 m’), flux of sulfide reaching the canister (c), and corrosion depth

over time (d).

Of the total sulfide produced, less than 1 % accumulates as dissolved sulfide in the porewater of the
different domains, while most of the total sulfide produced (~99 %) precipitates as mackinawite at
the expense of siderite dissolution in the backfill. Only ~1 % of the sulfide produced reaches the
canister and corrodes the copper. Sulfide escaping the system through the rock boundary at 5 m
from the RTI is negligible (<2.5-107'° moles/year). This is mainly due to the very low porosity and
diffusivity of the rock, which results in a very small diffusive flux of sulfide out of the system even
though the concentration gradient is relatively large.
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Table 6-8. Sulfide budget of the Base Case.

Produced sulfide (moles/m?) Consumed sulfide (moles/m?) Corrosion depth (um)
CH,0 path H, path Total | Mackinawite Porewater Corrosion Total
3.54 0.00761 3.55 |3.50 (98.71 %) 0.00948 (0.27 %) 0.044 (1.24 %) 3.55 |[0.624

The results of the Base Case indicate that the sulfate reduction processes in the RTI are limited by
the flux of dissolved organic matter from the backfill. As seen in Figure 6-3, DOM concentrations
tend to zero in the RTI (a value of 1-10™® M is the threshold under which kinetic reactions of sulfide
production are deactivated in the model for numerical efficiency and stability). At the same time, sulfate
concentrations are high, controlled by gypsum in the backfill. This means that kinetic reactions are faster
than diffusive fluxes of DOM from backfill to RTT.

To analyse this in more detail, the Damkdhler number (D,) for DOM at the interface between back-
fill and RTI is estimated. This dimensionless number is the ratio between the reaction rate (mol/s)
and the diffusion rate (mol/s) (for a purely diffusive transport scenario). A value much higher than
1 indicates that kinetics is faster than diffusion and therefore that diffusion is the limiting process.
The details of this calculation are presented in Table 6-9. It can be observed that the value is ~2200,
which is much higher than 1. This is so even when considering that the volume of RTI where sulfide
production occurs is limited to 1 cm from the interface (i.e. a volume of 10 litres, cross-section of
1 m?). This calculation indicates that DOM is consumed much faster in the RTI than the transport
capacity of the system at the interface.

Table 6-9. Damkohler number (D,) of the diffusion-reaction of dissolved organic matter (DOM)
across the backfill-RTI interface.

Process Term Quantity Unit

DOM consumption = MT= Monod Terms (reaction 6-7) 0.167 -

by sulfate reduction Kono 1.5E-04 1/s
Xi 3.54E-07  mol/Legium
V = volume RTI (assuming 1 cm) 10.0 Lmedium
Reaction rate: R = V-[X] kyax'MT-2 1.77E-10  mol/s

Diffusion of DOM Deéinertace (@Sssuming RTI value) 5.0E-13 m?/s

across interface ¢ (porosity) 0.01 M3420 / M pegium
Ve (concentration gradient assuming 1 cm) 16.1 mol/ (M®z0-m)
A (cross-section area) 1.0 m?
Jdiff = A¢ Demterfacevc 805E_14 mOI/S

D.=R/ Jux D, =R/ Jus 2198 -

6.3.3 Base Case simplifications

A simplified model of the Base Case has been implemented to obtain a reduced system that effectively
captures all the features described in the previous section, both qualitatively and quantitatively. The
objectives of developing this model are:

« To test the sensitivity of the results to a number of simplifications of the system

*  To obtain a simple model that can be more easily implemented in and compared with
the hybrid model.

A summary of the simplifications that have been applied is presented in Table 6-10. Firstly,
aqueous species that presented concentrations below a threshold value of 10° M throughout the
simulation time and over the entire model domain in the full Base Case were eliminated from the
database. A list of the species considered in each case is presented in Appendix D. Moreover, the
chemical elements K, Mg, and Si were excluded from the system. This simplification is based on
the limited contribution of these elements to the processes affecting sulfide production, transport,
and consumption in the present setup. Finally, the rock domain was removed and replaced by a
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closed boundary at the RTI-rock interface. This is supported by the negligible impact of the rock in
the sulfide budget (Section 6.3.2). The geochemical composition of each domain implemented in the
model is given in Table 6-11.

Table 6-10. Summary of simplifying assumptions made in the simplified Base Case with respect
to the full Base Case. Aqueous chemical species that do not present concentrations above the
threshold value during the whole full Base Case simulation are removed from the the thermo-
dynamic database Thermochimie v9b (Giffaut et al. 2014).

Simulation Threshold value K, Mg and Si  Species in exchanger Rock
(mol/kGuyater) included

Full Base Case None Yes Na, K, Ca, Mg, Fe Yes

Simplified Base Case  1:10°° No Na, Ca, Fe No

Table 6-11. Geochemical composition of each model domain in the simplified Base Case:
minerals, porewater and exchanger. Na is used for charge balancing the solutions.

Domain Canister Buffer Backfill RTI

Pore solution

pH 717 7.7 7.21 7.07
pe -34 -34 -34 -3.3
Total concentrations (mol/kgyater)
C 8.92E-04 8.92E-04 8.72E-04 1.72E-03
Ca 3.99E-02 3.99E-02 3.51E-02 1.62E-02
Cl 2.22E-01 2.22E-01 1.76E-01 1.13E-01
DOM 1.67E-04 1.67E-04 1.67E-04 1.00E-10
Fe 1.10E-05 1.10E-05 1.79E-04 5.70E-06
Na (charge) 1.80E-01 1.80E-01 1.43E-01 8.23E-02
S(-II) 1.20E-06 1.20E-06 6.00E-07 0
S(VI) 1.87E-02 1.87E-02 1.84E-02 0
Cation exchange (mol/kgyater)
NaX - 1.23E+00 8.07E-01 -
CaX, - 8.21E-01 6.54E-01 -
FeX, - 2.23E-04 2.98E-03 -
Mineral phases (mol/kgater)
Calcite - 5.10E-01 8.79E-01 0
Gypsum - 8.48E-02 4.41E-01 -
SOM - 3.04E-01 3.33E-01 -
Siderite - 0 3.80E-01 -
Mackinawite - 0 0 0

As shown in Figure 6-9 and Table 6-12, these simplifications do not affect the final results obtained
for the temporal evolution of key parameters to any significant extent. The evolution of sulfide pro-
duction and corrosion depth is virtually unaffected. Therefore, the simplifications will be applied to all
simulation cases presented in the following sections, including all variant cases and hybrid models.
The simplified Base Case is referred to as Base Case from now on and is used for comparison purposes.

6.3.4 Effect of surface complexation

A model was implemented using the traditional reactive transport approach that includes surface
complexation reactions due to mineral edge sites in the backfill and buffer domains. The motivation
for this is that surface complexation can buffer changes in pH to some extent and thus affect the
transport of sulfide from the RTI towards the canister. The thermodynamic constants for protonation
and deprotonation reactions and site capacities were set according to the surface complexation model
proposed by Bradbury and Baeyens (1997), with a dry density of 1,570 kg/m’.
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Figure 6-9. Comparison of results: Full Base Case vs. simplified Base Case (corrosion depth, sulfide budget
plots): cumulative sulfide generation (in moles/m?) by (a) CH,O path and (b) H, path, (c) corrosion depth
(m), and (d) sulfide flux reaching the canister (moles/m’ year).

Figure 6-10 displays the pH buffering effect of including surface complexation reactions and

its impact on the sulfide concentrations. Including protonation/deprotonation reactions has the
effect of buffering the pH. As a result, the pH decreases more slowly near the RTI in the case with
surface complexation. After 100 kyr, the pH drops to 6.5 in the case without surface complexation
reactions, while including the Bradbury and Baeyens (1997) model buffers the pH to a value of 6.7.
The effect of a different pH is a shift in the mackinawite — sulfide equilibrium, ultimately leading

to lower concentrations of aqueous sulfide (Figure 6-10b). Figure 6-11 shows the total sulfide and
HS™ concentrations in equilibrium with mackinawite at different pH values using ThermoChimie
for the geochemical conditions of the backfill. As can be observed, sulfide concentrations are highly
dependent on the pH value, with changes of several orders of magnitude even in the pH range going
from 6 to 8.

A summary of sulfide production and consumption for both cases is given in Table 6-12.
Mackinawite precipitation is increased by only 0.6 % in the case with surface complexation reactions
(Figure 6-12c), and canister corrosion decreases by 33 % after 100 kyr (Figure 6-12¢). Therefore,

it may be concluded that the effect of including surface complexation reactions is not significant,
although it is not negligible. Nonetheless, surface complexation reactions are not considered in the
simulations of the variant cases (Section 7), except for the case studying interface metals.

62 SKB TR-18-07



Backfill

11 RTI

no SC, 0 ky no SC, 10 ky no SC, 50 ky no SC, 100 ky
SC, Oky SC,10ky = -==SC,50ky = = =SC, 100 ky
(@ ;5 (b) 1.08-04
=
Buffer Backfill =
E 1.0E-05
TOf—eeee LT 4
------ = -
T ] ) -
S £ 1.0E-06
| - e
6.5 = =
< 1.0E-07
(/2]
6.0 1.0E-08
0 2 4 6 0 2 4

Distance (m)

Distance (m)

Figure 6-10. Longitudinal profiles of (a) pH and (b) aqueous sulfide for different times in the modelled
system for the Base Case with (SC) and without (no SC) surface complexation.
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Figure 6-11. Equilibrium concentration (in M) of total sulfide and of species HS obtained after equilibra-
ting mackinawite with the initial backfill pore solution (with a fixed Fe concentration of 1.82-10° M) for

different values of pH.

Table 6-12. Sulfide budget in the modelled system at 100000 years: production, consumption,
and accumulation. Amount of sulfide in moles, considering a cross-section of 1 m% Percentages
are given with respect to total sulfide produced.

Produced sulfide (moles) Consumed sulfide (moles) Corrosion
Case depth
CH,0O path | H, path Total | Mackinawite |Porewater | Corrosion | Total (um)

Base Case 3.54 7.61E-03 |3.55 |[3.50 9.48E-03 |4.40E-02 |3.55 |0.624
(98.7 %) (0.268 %) |(1.24 %)

Simplified Base Case 3.55 8.21E-03 |3.56 |3.50 1.02E-02 |4.76E-02 |3.56 |0.675
(98.6 %) (0.287 %) |(1.34 %)

Base Case with Surface |3.55 5.62E-03 |3.56 |3.52 5.49E-03 |3.18E-02 |3.56 |[0.451

Complexation (99.0 %) (0.15%) |(0.89 %)
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6.4 Hybrid model

In this section, the Base Case presented in sections 6.2 and 6.3 is adapted to the hybrid model
(Section 2). The objective of this simulation case is to assess the effect of considering a different
conceptual model of reactive transport in compacted bentonite on the estimates of sulfide production
and corrosion depth. This assessment is based on comparing the hybrid model with the (simplified)
Base Case implemented using the traditional single-porosity and cation exchange reactive transport
approach (Section 6.3).

6.4.1 Model setup and implementation

The geometry of the system is identical to the simplified Base Case and considers a vertical profile
from the canister top lid to the RTI (0.3 m), traversing the buffer (2.5 m) and backfill (4.4 m) domains.
The bedrock is not modelled in this case, given the negligible impact on the results when compared
to the full Base Case (see previous section). Closed boundary conditions (zero diffusive flux) are
considered at the RTI-bedrock interface and at the left of the canister (x=0 m).

The modelled processes are exactly the same as in the Base Case presented in sections 6.2 and 6.3,
and so is the mineralogical composition, total porosity, and dry density. For simplification purposes,
the cation exchange capacity of the buffer and backfill are considered the same and equal to that of
the backfill (2.12 eq/kg).

Total porosity is partitioned into interlayer and bulk porosities. Given the lack of reliable data on
the distribution of porosities, it is assumed here for the buffer and backfill that for a dry density

of 1,570 kg/m’, 90 % of the total porosity is interlayer water. The remaining 10 % represents the
disconnected bulk porosity (Table 6-13). The effect of using different porosity distributions on solute
transport has been analysed in Section 2.4.2 and has been tested in Section 5.3. Results indicate that
increasing the fraction of bulk porosity slows down solute transport. On the other hand, increasing
the bulk porosity has the effect of higher reactivity of the system, which in the hybrid model depends
on the bulk water mass to solid mass. Table 6-13 summarizes the distribution of porosities in the
different model domains. Pore diffusion coefficients are also given in Table 6-13.

Table 6-13. Porosity distributions and pore diffusion coefficients in each model domain.

. . - 2
Domain ¢tot ¢bulk ¢lnt D,=D. (m?/s)
Canister 0.43 0.043 0.387 5107
Buffer 0.43 0.043 0.387 510"
Backfill 0.43 0.043 0.387 510"

RTI 0.01 0.010 0.000 5-107"

Given the partition of total porosity between bulk and interlayer porosities in the hybrid model, the
porewater composition of each domain needs to be calculated. This can be done in several ways. In
this work, the assumption is that the water composition of the bulk porosity is the same as the one
reported for the simplified Base Case (Table 6-11). The reason behind this assumption is the need

to have a model that is as similar as possible to the Base Case setup, for comparison purposes. The
interlayer water composition is calculated as a function of the bulk composition using Equation 2-15
and the CEC value of the backfill (Table 6-14 and Table 6-15). It is noted that with this methodology
the initial interlayer porewater composition does not depend on the choice of bulk/interlayer porosity
distribution.
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Table 6-14. Backfill porewater compositions for bulk and interlayer porosities, and variables used
to calculate these compositions. z;is the species charge, c,, and c;,; the species concentrations
in the bulk and interlayer waters respectively, y,.« and y;, the species activity coeficients in the
bulk and interlayer waters respectively, and I' the ratio between the activity coefficients in the
bulk and interlayer solutions (Equation 2.16). The pH of the bulk water is 7.21 and of the interlayer
water 6.30. The initial value of the Donnan factor fj is 0.123.

Species z; Cpuik (Mol/kgw) Bulk activity vy, Ybulk r Cint (MOlI/kgW) Cir" Z; Coulk” Zi

OH- -1 2.26E-07 1.61E-07 0.711 0.711 1.00 2.77E-08 —-2.77E-08 —2.26E-07
H* +1 8.55E-08 6.19E-08 0.724 0.724 1.00 6.97E-07 6.97E-07 8.55E-08
HCO;~ -1 6.84E-04 4.87E-04 0.711 0.711 1.00 8.39E-05 -8.39E-05 —-6.84E-04
CO, 0 6.79E-05 6.79E-05 1.000 1.000 1.00 6.79E-05 0 0
Ca(HCO,)" +1  7.62E-05 5.52E-05 0.724 0.724 1.00 6.21E-04 6.21E-04 7.62E-05
Na(HCO;) 0 2.69E-05 2.69E-05 1.000 1.000 1.00 2.69E-05 0 0
CaCO;, 0 5.50E-06 5.50E-06 1.000 1.000 1.00 5.50E-06 0 0
CO;? -2 1.33E-06 3.68E-07 0.030 0.277 9.25 1.85E-07 -3.69E-07 —2.65E-06
Na(CO;)~ -1 9.46E-07 6.73E-07 0.712 0.712 1.00 1.16E-07 -1.16E-07 —9.46E-07
Fe(COs) 0 7.76E-06 7.76E-06 1.000 1.000 1.00 7.76E-06 0 0
FeH(CO,;)* +1  7.98E-07 5.78E-07 0.724 0.724 1.00 6.50E-06 6.50E-06 7.98E-07
Fe(COs),2 -2 5.92E-10 1.64E-10 0.030 0.277 9.25 8.25E—11 -1.65E-10  —1.18E-09
Ca™ +2  291E-02 9.01E-03 0.949 0.309 0.33 6.30E-01 1.26E+00 5.83E-02
CaClI" +1 7.78E-04 5.63E-04 0.724 0.724 1.00 6.34E-03 6.34E-03 7.78E-04
CaCl2 0 3.07E-05 3.07E-05 1.000 1.000 1.00 3.07E-05 0 0
Ca(S0,) 0 5.07E-03 5.07E-03 1.000 1.000 1.00 5.07E-03 0 0
CI- -1 1.71E-01 1.22E-01 0.711 0.711 1.00 2.10E-02 -2.10E-02 -1.71E-01
NaCl 0 3.79E-03 3.79E-03 1.000 1.000 1.00 3.79E-03 0 0
FeCl* +1  1.00E-05 7.26E-06 0.724 0.724 1.00 8.16E-05 8.16E-05 1.00E-05
FeCly~ -1 1.15E-06 8.19E-07 0.712 0.712 1.00 1.41E-07 -1.41E-07 -1.15E-06
DOM 0 1.67E-04 1.76E-03 10.552 10.552 1.00 1.67E-04 0 0
Fe*? +2  1.39E-04 4.31E-05 0.983 0.309 0.31 2.91E-03 5.82E-03 2.79E-04
Fe(HS)* +1  2.40E-07 1.74E-07 0.724 0.724 1.00 1.95E-06 1.95E-06 2.40E-07
H, 0 1.99E-11 1.99E-11 1.000 1.000 1.00 1.99E-11 0 0
Hy 0 1.00E-10 1.06E-10 1.055 1.055 1.00 1.00E-10 0 0
Na* +1  1.36E-01 9.84E-02 0.724 0.724 1.00 1.11E+00 1.11E+00 1.36E-01
Na(SO,)~ -1 3.32E-03 2.36E-03 0.712  0.712 1.00 4.08E-04 —4.08E-04 -3.32E-03
HS™ -1 2.49E-07 1.84E-07 0.740 0.740 1.00 3.05E-08 -3.05E-08 —2.49E-07
H,S 0 1.11E-07 1.11E-07 1.000 1.000 1.00 1.11E-07 0 0
SO, -2 9.94E-03 2.76E-03 0.030 0.277 9.25 1.39E-03 —-2.77E-03  —1.99E-02
H(SO,4)~ -1 2.29E-08 1.63E-08 0.712  0.712 1.00 2.81E-09 -2.81E-09 -2.29E-08

Fe(SO,)* +1  8.10E-20 5.87E-20 0.724 0.724 1.00 6.60E-19 6.60E-19 8.10E-20

Totals 2.36E+00 6.23E-06

As stated in previous sections (Section 2.3.3 and Section 4), there are at present large uncertainties
regarding the values of interlayer activity coefficients, as well as in the selectivity coefficients.
Therefore, in this study it is assumed, as a first approximation, that most activity coefficients are
equal in the interlayer and in the bulk solutions. The ratio between these two coefficients is therefore
equal to 1 (Table 6-14 and Table 6-15). The exceptions are divalent cations (Ca*" and Fe*") and
divalent anions (SO,*", Fe(COs),”", and CO;>). For divalent cations, experimental data on selectivity
coefficients for the exchange between Na“ and Ca® or Fe** can be used to derive interlayer activity
coefficients (see Section 2.3.4 and Section 4). For the Base Case, the selectivity coefficients dataset
from Bradbury and Baeyens (2002) is used, as specified in Table 6-16. For Fe**, data from Charlet
and Tournassat (2005) is used in the Base Case. Note that during the simulation the activity coeffic-
ients in the bulk and interlayer water may change, but the corresponding selectivity coefficients will
remain constant.
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Table 6-15. Buffer porewater compositions for bulk and interlayer porosities, and variables used
to calculate these compositions. z;is the species charge, c,,« and c;,; the species concentrations
in the bulk and interlayer waters respectively, y,.x and y;, the species activity coeficients in

the bulk and interlayer waters respectively, and I' the ratio between the activity coefficients in
the bulk and interlayer solutions (Equation 2.16). The pH of the bulk water is 7.17 and of the
interlayer water 6.31. The initial value of the Donnan factor f; is 0.137.

Species Z; Cpux (MOl/kgw) Bulk activity vy Youlk r Cint (MOl/kgW) Ci* Z; Chuk” Zi
OH- -1 2.10E-07 1.47E-07 0.699 0.699 1.00 2.88E-08 -2.88E-08 -2.10E-07
H* +1 9.46E-08 6.75E-08 0.713 0.713 1.00 6.90E-07 6.90E-07 9.46E-08
HCO;~ -1 6.93E-04 4.85E-04 0.699 0.699 1.00 9.50E-05 -9.50E-05 -6.93E-04
CO, 0 7.37E-05 7.37E-05 1.000 1.000 1.00 7.37E-05 0.00E+00 0.00E+00
Ca(HCO;)* +1 8.43E-05 6.01E-05 0.713 0.713 1.00 6.15E-04 6.15E-04 8.43E-05
Na(HCO;) 0 3.31E-05 3.31E-05 1.000 1.000 1.00 3.31E-05 0.00E+00 0.00E+00
CaCO;, 0 5.50E-06 5.50E-06 1.000 1.000 1.00 5.50E-06 0.00E+00 0.00E+00
CO;2 -2 1.29E-06 3.36E-07 0.030 0.260 8.66 2.11E-07 —4.21E-07 -2.59E-06
Na(CO;)- -1 1.09E-06 7.61E-07 0.699 0.699 1.00 1.49E-07 -1.49E-07 -1.09E-06
Fe(COs,) 0 4.58E-07 4.58E-07 1.000 1.000 1.00 4.58E-07 0.00E+00 0.00E+00
FeH(CO;)* +1 5.20E-08 3.71E-08 0.713 0.713 1.00 3.79E-07 3.79E-07 5.20E-08
Fe(COz),? -2 3.41E-11 8.85E—12 0.030 0.260 8.66 5.55E-12 -1.11E-11 -6.81E-11
Ca™ +2 3.36E-02 9.86E-03 0.922 0.293 0.32 5.69E-01 1.14E+00 6.73E-02
CaClI" +1 1.07E-03 7.60E-04 0.713 0.713 1.00 7.77E-03 7.77E-03 1.07E-03
CaCl2 0 5.10E-05 5.10E-05 1.000 1.000 1.00 5.10E-05 0.00E+00 0.00E+00
Ca(S0O,) 0 5.09E-03 5.09E-03 1.000 1.000 1.00 5.09E-03 0.00E+00 0.00E+00
Cl -1 2.15E-01 1.50E-01 0.699 0.699 1.00 2.95E-02 —-2.95E-02 -2.15E-01
NaCl 0 5.78E-03 5.78E-03 1.000 1.000 1.00 5.78E-03 0.00E+00 0.00E+00
FeCl* +1 8.09E-07 5.77E-07 0.713 0.713 1.00 5.90E-06 5.90E-06 8.09E-07
FeCly~ -1 1.42E-07 9.90E-08 0.700 0.700 1.00 1.94E-08 -1.94E-08 -1.42E-07
DOM 0 1.67E-04 1.78E-04 1.067 1.067 1.00 1.67E-04 0.00E+00 0.00E+00
Fe +2 9.49E-06 2.78E-06 0.955 0.293 0.31 1.55E-04 3.10E-04 1.90E-05
Fe(HS)* +1 4.86E-08 3.47E-08 0.713 0.713 1.00 3.55E-07 3.55E-07 4.86E-08
H, 0 2.02E-11 2.02E-11 1.000 1.000 1.00 2.02E-11 0.00E+00 0.00E+00
Hy 0 1.00E-10 1.07E-10 1.067 1.067 1.00 1.00E-10 0.00E+00 0.00E+00
Na* +1 1.71E-01 1.22E-01 0.713 0.713 1.00 1.24E+00 1.24E+00 1.71E-01
Na(SO,)~ -1 3.83E-03 2.68E-03 0.699 0.699 1.00 5.25E-04 -5.25E-04 -3.83E-03
HS™ -1 7.76E-07 5.70E-07 0.735 0.735 1.00 1.06E-07 -1.06E-07 -7.76E-07
H,S 0 3.76E-07 3.76E-07 1.000 1.000 1.00 3.76E-07 0.00E+00 0.00E+00
S0,2 -2 9.73E-03 2.53E-03 0.030 0.260 8.66 1.59E-03 -3.17E-03 -1.95E-02
H(SO,)~ -1 2.33E-08 1.63E-08 0.699 0.699 1.00 3.19E-09 -3.19E-09 -2.33E-08
Fe(SO,)* +1 5.25E-21 3.74E-21 0.713 0.713 1.00 3.83E-20 3.83E-20 5.25E-21
Totals 2.36E+00 4.38E-05

Table 6-16. Selectivity coefficients (K) for Na*, Ca?*, and Fe** from Bradbury and Baeyens (2002)
and Charlet and Tournassat (2005), and resulting interlayer activity coefficients (assuming that
the value for Na* is the same as in bulk water). See Section 2.3.4 for more details.

Exchange reaction K Yint (backfill) vy, (buffer)

X+ Na® = NaX 1.0 0724 0.713
2X"+Ca*=CaX, 26 0.949 0.922
2X" + Fe* = FeX, 2.51 0.983 0.955

For the divalent anion SO,*, interpretation of experimental data (Birgersson 2019) suggests that
the activity coefficient in interlayer water is much lower than in bulk water. The estimated value is
~0.03 (instead of ~0.3 in bulk water). By analogy, the same activity coefficient for the interlayer is
assumed for Fe(CO,),”, and CO5> species. The value of 0.03 is considered constant throughout the
simulation.
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It is important to note that the hybrid model considers both interlayer and bulk porewaters, as
opposed to the traditional model that considers bulk porewater only. Therefore, the mass of solute
in the interlayer in the hybrid model is in excess of what is considered in the traditional model. The
exceptions are of course the cations Na“, Ca™, and Fe™, which are consistent in both models since
cation exchange reactions for these three cations are included in the traditional model. The aqueous
sulfide and sulfate species in the bulk pore water include anions (HS™, H(SO,)", Na(SO,), SO,%),
but also neutral species (H,S, Ca(SO,)) and positively charged species (Fe(HS)", Fe(SO,)"). As a
result, the total mass of sulfide and sulfate species in the interlayer water is substantial, especially
when considering that the interlayer porosity is 90 % of the total porosity. This is illustrated in
Table 6-17. As may be observed, the Donnan equilibrium constraint between bulk and interlayer
water leads to a very different distribution of aqueous species in each porosity type. While in the
bulk porosity sulfate and sulfide are mostly in the form of SO,* (52 %) and HS™ (65 %), in the
interlayer water these fractions are significantly reduced (22 % and 13 %, respectively). Initially,
the mass of sulfate and sulfide aqueous species in the interlayer porosity is respectively 3.5 and 6.3
times that of the bulk porosity.

Table 6-17. Sulfide and sulfate aqueous species in the buffer porewater: z;is the species charge
and c,,« and c;, the initial species concentrations in the bulk and interlayer waters respectively.
Bulk and interlayer concentrations given in mol/kg of bulk and interlayer water, respectively.

Sulfate zZ; Cpuk (MOl/kg b.w.) ¢ (Mmol/kg i.w.) Ratio bulk Ratio int
Ca(S0,) 0 0.00509 0.00509 0.273 0.707
Na(SO,)” -1 0.00383 0.00052 0.205 0.073
S0O,2 -2 0.00973 0.00158 0.522 0.220
H(SO,) -1 2.329E-08 3.194E-09 1E-06 4E-07
Fe(SO,)" 1  5.247E-21 3.825E-20 3E-19 5E-18
Total 1.000 1.000
Sulfide Z,  Cpuk (Mol/lkg b.w.) ¢, (mol/kg i.w.) Ratio bulk Ratio int
Fe(HS)* 1 4.863E-08 3.545E-07 0.041 0.424
HS™ -1 7.756E-07 1.064E-07 0.646 0.127
H,S 0 3.758E-07 3.758E-07 0.313 0.449
Total 1.000 1.000

Interfaces between domains (canister, buffer, backfill, and RTI) are modelled as follows:

»  The canister-buffer interface is considered as an extension of the bentonite buffer, which means
that the canister is considered as a porous medium with the same porosity and CEC values as the
buffer.

*  Given that the CEC of the buffer and backfill are considered the same in this simplified case,
the interface between these two domains does not imply any electrostatic potential drop (Section
2.3.1). Therefore, no specific treatment of this interface is needed.

»  The backfill-RTT interface is more complex due to the fact that the RTI is treated as a porous
medium with a single bulk porosity type. Therefore, at this interface the discontinuity between
the transported species at each side of the interface needs to be explicitly solved (see Section 3).
The interlayer concentrations in the backfill are in Donnan equilibrium with the bulk concen-
trations in the RTI. This equilibrium is calculated dynamically in the model taking into account
the concentration discontinuity resulting from the electrostatic potential drop and ensuring mass
conservation.

The 7.25 m long one-dimensional domain is discretized with finite elements ranging between 107
and 0.05 m (within the buffer and backfill) with the same mesh as in the traditional model, see
Appendix C. In turn, temporal discretization is handled in iCP as follows. Communication times for
the operator splitting procedure are manually set every 1 year. These define the times at which the
coupling between physical and chemical processes occurs. For each time increment, Comsol solves
the time dependent physics partitioning the time increment into substeps. In addition, for each time
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increment, Phreeqc solves the time dependent system of equations using Runge-Kutta integration

scheme for kinetic reactions (Parkhurst and Appelo 2013). More details can be found elsewhere

(Nardi et al. 2014).

6.4.2 Results

In this section, the results of the Base Case hybrid model are presented and compared to the Base
Case traditional model. First, the results in terms of sulfate and dissolved organic matter concen-
trations (DOM) in the bulk aqueous pore solution are shown in Figure 6-13. These are controlled
respectively by gypsum and solid organic matter (SOM) solubilities and are very similar between
both models. The small difference observed in sulfate concentrations between the traditional and
hybrid models (Figure 6-13a) is probably be due to different calcium concentrations in both models,
which affect the sulfate concentration in equilibrium with gypsum. As there is an excess of gypsum
and SOM in the buffer and backfill, no significant changes in aqueous concentrations are observed.

The production of sulfide in the RTI via the two sulfate reduction paths (see Section 6.2 for more
details) is shown in Figure 6-14. Comparison with the results of the traditional model shows a

relatively good agreement for the CH,O path, which accounts for most of the total sulfide produced
in the system. This result is to be expected, given that sulfide production is limited by transport of
dissolved organic matter (DOM) from the backfill towards the RTI. Indeed, diffusive flux of CH,0,
a neutral species, towards the RTI is very similar in the hybrid model as compared to the traditional
model. This is due to the fact that retardation induced by the bulk pores (see Equation 2-53) is in this
case small (for a neutral species and the partition of porosity assumed in the Base Case, the diffusive
flux is only 10 % smaller). Sulfate fluxes from backfill to RTI are also lower than in the traditional
model. However, given that stoichiometrically 2 times more DOM than sulfate is needed to produce
1 mol of sulfide, and given the high sulfate concentrations in the backfill, the limiting factor is DOM
diffusive fluxes entering the RTI domain.
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Figure 6-13. Comparison of the results of the hybrid model (HM) and the traditional model (TM): longitudinal
profiles of (a) sulfate, (b) dissolved organic matter (DOM), and zoom of the RTI-backfill interface for (c) gypsum,

and (d) solid organic matter (SOM) concentrations at different times (0, 10, 50, and 100 kyr). Aqueous concentra-
tions are given in mol per kg of bulk water while mineral concentrations are given in mol per litre of medium.
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Figure 6-14. Results of the hybrid model and comparison with the traditional model results at different
times: 0, 10, 50, and 100 kyr. Longitudinal profiles in the RTI (a, b) and the backfill-RTI interface (c, d).
Accumulated sulfide production at each point in the RTI via the (a) CH,O path and (b) H, path and (c)
siderite and (d) mackinawite concentrations in the backfill-RTI interface, in mol per litre of medium.

On the other hand, the H, rate path produces more sulfide in the hybrid model than in the traditional
model. This is due to larger corrosion rates in the long term for the hybrid model, as explained below.
Still, the contribution to the total sulfide production is insignificant in both cases (below 1 %). The
increase in sulfide concentrations in the RTI and the backfill triggers the precipitation of mackina-
wite. This precipitation is maintained in time due to the large availability of siderite (the source of
iron), which gradually dissolves as the result of mackinawite formation. As shown in Figure 6-14¢
and d, there is more mackinawite precipitation and siderite dissolution in the traditional model, where
this process is also more localized. In the hybrid model, the region of mackinawite precipitation is
around 0.1 m larger than in the traditional model.

The sulfide concentrations, on the other hand, differ substantially as shown in Figure 6-15. This
figure presents the total sulfide concentrations in the bulk porosity (Figure 6-15a), interlayer porosity
(Figure 6-15b), and total porosity (Figure 6-15¢). The hybrid model shows smaller sulfide concentra-
tions in the bulk water (Figure 6-15a), due to the effect of pH on the thermodynamic equilibrium
between mackinawite and sulfide (see Figure 6-16 and Figure 6-11). The pH near the RTI is in turn
higher in the hybrid model due to the fact that less mackinawite precipitation releases less protons.

The sulfide concentrations in the total porewater, however, are significantly higher in the hybrid model
(Figure 6-15¢). This is due to the relatively high concentrations in the interlayer water (Figure 6-15b).
Figure 6-17 gives more detailed information about the aqueous speciation of sulfide species in the
interlayer after 100 kyr. As may be observed, most of the sulfide in the interlayer is in the form of a
cation, Fe(HS)", accounting for more than 80 % of the total. The diffusive flux of this cation, given
its high concentration gradient in the interlayer water, is much larger than that of the anion HS™ in the
hybrid model, or even than the diffusion rate of the traditional model.
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Figure 6-15. Results of the hybrid model and comparison with the traditional model results in terms of
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Figure 6-17. (a) Speciation of sulfide in the bulk porosity (calculation done in Phreeqc using Thermochimie)
and (b) results of the hybrid model in terms of longitudinal profiles of sulfide aqueous species in the interlayer
water, relative to the total amount of sulfide in the interlayer at 100 kyr.

Figure 6-18, Figure 6-19 and Table 6-18 present the global production and consumption of sulfide
in the system as a function of time, respectively, for the hybrid model and the traditional model. The
production of sulfide by the CH,O path is very similar in both models. The hybrid model predicts a
6.5 % decrease in the amount of sulfide produced. On the other hand, the production of sulfide by
H,, generated in the corrosion process, increased by a factor of 1.74 in the hybrid model after 100 kyr.
This is due to the higher corrosion rates in the long term. Higher corrosion rates are obtained in the
hybrid model due to the larger transport capacity of sulfide in the hybrid model resulting from the
high concentration of the cation Fe(HS)" in the interlayer water (Figure 6-17).

The canister corrosion is almost doubled in the hybrid model as compared to the traditional model
after 100 kyr, see Figure 6-19b and Table 6-18, due to a higher diffusive flux of sulfide in the hybrid
model, as described above and displayed in Figure 6-20. It is noted that during the first 1000 years,
sulfide fluxes are lower in the hybrid model. The reason for this is that initially the buffer presents
low iron concentrations (see Figure 6-3¢), which results in a low Fe(HS)" fraction.

As there is relatively more sulfide consumption by canister corrosion in the hybrid model, the relative
sulfide consumption by mackinawite precipitation decreases slightly (Figure 6-19b and Table 6-18).

Table 6-18. Sulfide budget in the Base Case obtained with a traditional and a hybrid model
at 100000 years: production, consumption, and accumulation. Amount of sulfide in moles,
considering a cross-section of 1 m?. Percentages are given with respect to total sulfide produced.

Produced sulfide (moles/m?) Consumed sulfide (moles/m?) Corrosion
Case depth
CH20 path Hz path Total Mackinawite | Porewater | Corrosion | Total (um)
™ 3.55 8.21E-03 |3.56 3.50 1.02E-02 |4.76E-02 |3.56 |0.675
Base (98.6 %) (0.287 %) | (1.34 %)
Case HM 3.32 1.43E-02 |3.33 3.20 2.23E-02 |8.30E-02 |3.31 |1.18
(96.2 %) (0.67 %) (2.49 %)
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(a) S(-1l) formation by CH,O path (b) S(-1l) formation by H, path
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Figure 6-18. Results of the hybrid model and comparison with the traditional model results in terms
of cumulative sulfide global production (in moles, considering a cross-section of 1 m’) over 100 kyr
by microbial-induced sulfate reduction in the RTI domain: (a) CH,O path and (b) H, path.
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Figure 6-19. Results of the hybrid model and comparison with the traditional model results in terms of
cumulative sulfide global consumption (in moles, considering a cross-section of 1 m?) over 100 kyr by (a)
mackinawite precipitation and (b) corrosion.
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Figure 6-20. Results of the hybrid model and comparison with the traditional model results in terms of (a)
corrosion depth and (b) sulfide flux reaching the canister over 100 kyr.
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7 Variant cases

In this section, a set of sensitivity cases are presented to assess the impact of several processes on the
corrosion of the canister. These cases are presented in Table 7-1.

Table 7-1. List and description of sensitivity cases simulated in this work.

Case Description Models used

Backfill Density ~ Backfill density low enough to sustain SRB activity in its entire volume Traditional and Hybrid

Interface Metals  Interfaces metal corrosion: effect of rock bolts and stretch metal Traditional and Hybrid
producing H, and magnetite

Organic Matter Effect of changing organic matter content in buffer and backfill Traditional and Hybrid

Fe(ll) Minerals Effect of changing the amount of Fe(ll) minerals that can react with Traditional and Hybrid

sulfide in the buffer and backfill

7.1  Backfill Density

In the Base Case model, SRB activity was limited to the RTI domain. This variant case, on the
other hand, considers a backfill density that is low enough to sustain SRB activity and thus sulfide
production. Sulfate reduction in the backfill follows the same Monod reaction rates as in the RTI
given by Equations 6-7 and 6-8. The parameters for these reactions are also the same as for the RTI,
except for the biomass concentration. Two subcases of this variant case were simulated using different
biomass concentrations in the backfill. Given that the rate is linearly proportional to the biomass
concentration, a ‘fast case’ is simulated that corresponds to 2-10° cells/L of biomass, while a ‘slow
case’ corresponds to a value of 1-10° cells/L.

7.1.1 Traditional model

Figure 7-1a shows SOM consumption in the two Backfill Density cases (considering the “fast” and
“slow” SRB rates), where they are compared to the Base Case. In the “fast” Backfill Density case, the
SOM of the backfill is completely consumed in only 40 years, while in the “slow” case this process
takes ~ 100 kyr. The final state of both simulations, however, is very similar: the backfill SOM is
completely consumed, and DOM is diffusing from the buffer to the backfill, where it is consumed
by the sulfate reduction process. In both simulations, reducing the backfill density causes a much
higher SOM consumption as compared to the Base Case.

The sulfate reduction reaction by the CH,O path taking place in the backfill produces a high amount
of sulfide, two orders of magnitude higher than the same reaction in the RTI in the Base Case (see
Figure 7-1b and Figure 7-2a). Within 40 years, 315 moles of sulfide are produced by the consumption
of organic matter from the backfill. After 100 kyr, sulfide production increases up to 341 moles due
to the contribution of organic matter from the buffer (Figure 7-2a). This is much more than the 3.55
moles of sulfide produced in the Base Case. In turn, mackinawite precipitation in the entire backfill
is significant in these variant cases (Figure 7-1c). Due to the difference in biomass concentration, the
production of sulfide is faster initially in the fast Backfill Density case (Figure 7-2a). After 40 years,
however, when the backfill SOM is exhausted, this process is slowed down as it is limited by the
in-diffusion of DOM from the buffer. The result is that at 100 kyr both variant cases present similar
values of total sulfide produced by the CH,O path. The increase in sulfate reduction rates in the cases
with low backfill density causes a pH decrease from 7.2 to 5.5 (see Figure 7-1d) which increases
sulfide solubility under mackinawite equilibrium by almost two orders of magnitude (Figure 7-1b).
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In the Backfill Density cases, similar to the Base Case, most of the sulfide precipitates as mackinawite
(see Table 7-1), but in the whole backfill domain (Figure 7-1c), while in the Base Case precipitation
is limited to the interface between backfill and RTI (see Figure 6-4a).

Due to the increase in sulfide production, corrosion of the canister is significantly increased in both
variant cases and, as a consequence, also the sulfide production by the H, path (see Figure 7-2d and
b). The corrosion depth at 100 kyr obtained with the fast case is higher than that of the slow case, but
Figure 7-2d indicates that this tendency can change in the next 10 kyr, as the corrosion rate in the
slow case is faster by the end of the simulation.
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Figure 7-1. Longitudinal profiles of (a) solid organic matter (SOM), (b) total sulfide concentration and
(c) mackinawite for different times in the traditional model Backfill Density (BD) cases as compared to the
Base Case (BC). Aqueous concentrations are given in mol per kg of water while mineral concentrations are

given in mol per litre of medium.
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Figure 7-2. Comparison of the traditional model Backfill Density variant case results (corrosion depth,
S(-11) budget plots): cumulative sulfide generation (in moles/m?) by (a) CH,O path and (b) H, path, (c)
cumulative sulfide consumption by mackinawite precipitation (in moles/m>), (d) corrosion depth (m),
and (e) sulfide flux reaching the canister (moles/m’ year).
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7.1.2 Hybrid model

In this section, the hybrid model results of the Backfill Density cases are compared to the traditional
model results.

Figure 7-4 and Figure 7-5 present the results of the slow and fast Backfill Density cases, respectively.
These figures and Table 7-1 show that, in general, the traditional and hybrid models of the Backfill
Density cases do not differ much, especially in the longer term.

Sulfide formation via the CH,O path is slightly lower in the hybrid models, for the same reason as
in the Base Case: there is 10 % less porosity available for SOM diffusion in the hybrid models. This
should not have an effect at the beginning of the simulations, as there is organic matter present in the
backfill itself. Once this organic matter in the backfill has been consumed completely, however, the
reaction is limited by in-diffusion from the buffer.

As there is less sulfide production, there is also less mackinawite precipitation in the hybrid models
(see Figure 7-4c, Figure 7-5¢ and Table 7-1).

When it comes to sulfide transport through bentonite, the use of a hybrid model results in two competing
effects: a reduction of porosity available for diffusion reduces the effective diffusion coefficient,
whereas the high concentration of cations in the interlayer causes a larger sulfide gradient. In the
Base Case, the hybrid model resulted in much higher sulfide concentration gradients through the
buffer and backfill than the traditional model (Figure 6-15) which caused higher sulfide fluxes into
the canister in the long term (Figure 6-20b). In the Backfill Density cases, on the other hand, using

a hybrid model increases sulfide concentration gradients to a much lesser extent (Figure 7-3). The
overall effect of these concentration gradients and a reduced effective diffusion coefficient are
slightly smaller sulfide fluxes reaching the canister in the hybrid models (Figure 7-4e and Figure 7-5e).
Smaller sulfide fluxes in turn, imply less canister corrosion, less hydrogen formation and less sulfate
reduction by the H, path (see Figure 7-4, Figure 7-5 and Table 7-1).
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HM, 0 ky HM, 10ky — — —HM,50 ky — — —HM, 100 ky
@ Fast case (b) Slow case
1.0E-03 1.0E-03
= Backfill = Backfill
Buffer = Buffer =
5 80E-04| | sz zzz-Z-<o v E 8.0E-04 r
=) 1 | I Y et o
< - x
O 6.0E-04 7 S 6.0E-04 ]
E E
= 4.0E-04 = 4.0E-04
71 n
= 2.0E-04 = 20E-04
° ° |
- ot ’
0.0E+00 0.0E+00
0 4 6 0 2 4 6
Distance (m) Distance (m)

Figure 7-3. Results of the hybrid model and comparison with the traditional model results for the fast (a)
and slow (b) Backfill Density cases in terms of longitudinal profiles of total sulfide concentrations in total
water (mol/kg t.w., i.e. total water) at different times: 0, 10, 50, and 100 kyr.
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Figure 7-4. Comparison of slow Backfill Density case results: Traditional vs. hybrid model (corrosion
depth, S(-II) budget plots): cumulative sulfide generation (in moles/m’) by (a) CH,O path and (b) H, path,
(c) sulfide consumption by mackinawite precipitation (in moles/m?), (d) corrosion depth (m), and (e) sulfide
flux reaching the canister (moles/m’ year).
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Figure 7-5. Comparison of fast Backfill Density case results: Traditional vs. hybrid model (corrosion depth,
S(-1I) budget plots): cumulative sulfide generation (in moles/m?) by (a) CH,O path and (b) H, path, (c)
cumulative sulfide consumption by mackinawite precipitation (in moles/m’), (d) corrosion depth (m), and
(e) sulfide flux reaching the canister (moles/m’ year).
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Table 7-2. Produced and consumed sulfide at 100 kyr in the Backfill Density cases and the Base
Cases. Percentages are given with respect to total sulfide produced.

Model | Produced sulfide (moles/m?) Consumed sulfide (moles/m?) Corrosion
Case Depth
CH,O path |H,path |Total |Mackinawite | Porewater |Corrosion | Total epth (um)
™ 3.55 0.00821 3.56 |3.50 0.0102 0.0476 3.56 | 0.675
(98.6 %) (0.287 %) | (1.34 %)
Base Case
HM 3.32 0.0143 3.33 |3.20 0.0223 0.0830 3.31 |1.18
(96.2 %) (0.67 %) (2.49 %)
™ 341 4.36 345 326 1.64 17.6 345 |250
Backfill (94.3 %) (0.48 %) (5.11 %)
Densit
(fasy | |HM  [333 375 (337|310 1.89 15.4 336|218
(94.7 %) (0.56 %) (4.57 %)
™ 320 2.38 322 311 1.59 9.78 322|139
Backfill (96.4 %) (0.49 %) (3.03 %)
Density
(slow) HM 319 217 321 310 1.87 9.05 320 |128
(96.5 %) (0.58 %) (2.82 %)

7.2 Interface Metals

The concept of the KBS-3V repository considers supporting the deposition tunnels with rock bolts
and stretch metal. The objective of performing this variant case is to evaluate the effect of corroding
steel from rock bolts and stretch metal in the rock-backfill interface on sulfide sinks and sources.
In the model, anaerobic steel corrosion leads to the production of hydrogen (H,) and magnetite.

This variant case includes an additional domain, the Backfill Steel Interface, or BSI, which represents
the steel embedded in the backfill material. The domain, located next to the RTI, is assumed to have
a thickness of 0.05 m and has the same properties as the backfill, with the difference that steel is added.
Steel is assumed to be regularly distributed in the walls and ceiling with a mass of 14 kg/m tunnel.
The steel concentration in the BSI is, then, 25.93 kg/m® BSI medium using a combined perimeter

of walls and ceiling of 10.8 m (see Hansen et al. 2010, Figure 2-1, reactors OL 1-2), and a BSI
thickness of 0.05 m.

Steel corrosion follows the reaction:
Fe(s) + 2H,0 — Fe*?+20H™ + H, (7-1)

The corrosion rate is assumed constant and equal to 2.8 pm/y. For metal wires with a circular
cross-section with 3 mm diameter this is equivalent to 6.39-10""" mol/(s-kg,,). Thus, the metal will
be fully corroded after only 536 years. In this case, the time step used during the first 1000 years of
simulation is 0.1 years, while for the rest of the time it is maintained at 1 year. Magnetite, a product
of steel corrosion, is added to the model as a secondary phase and can precipitate and dissolve under
thermodynamic equilibrium following the reaction:

2Fet3+ Fet? —8H* + 4 H,0 & Fe30,(s) 72

The H, produced by steel corrosion is considered in the model to be decoupled from aqueous
chemistry and can only be consumed by SRB in the RTI to produce sulfide.

7.2.1 Traditional model

The interface metals present in the BSI domain are fully corroded after 536 years, as shown in
Figure 7-6a. This corrosion produces a significant amount of H, (Figure 7-6b). Its concentration
reaches a maximum of 0.022 M after 536 years at the BSI and then decreases with time. The
maximum concentration is still lower than the solubility of H, at 5 MPa and 25 °C (~0.0385 M).
Therefore, no gas phase is expected to form in these conditions. The concentration of hydrogen
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along the modelled domain is shown in Figure 7-7 at different times. During the first 500 years,
hydrogen generation at the BSI (right boundary in the figure) leads to a constant increase in concen-
tration at this side. Thereafter, its concentration decreases at the BSI as hydrogen diffuses towards
the RTI and the canister. Hydrogen accumulates in the buffer and backfill until it is slowly consumed
in the RTI, which has a limited transport capacity. This is due to the fact that (1) the diffusion across
the bentonite barriers is much faster than towards the RTI, and (2) that the much lower porosity of
the RTI (0.01 vs. 0.43 in the backfill) leads to very small mass loss in the backfill for large changes
in concentrations in the RTI. This initial hydrogen accumulation in the buffer and backfill and slow
consumption by SRB activity in the RTI is the reason why after 5000 years the concentration gradient
of hydrogen is clearly from the canister towards the RTI.

(b) Point evolution of hydrogen concentration in the BSI
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Figure 7-6. (a) Steel consumption by corrosion in the BSI domain as a function of time (in moles,
considering a cross-section of 1 m’) and (b) concentration of H, in the mid-point of the BSI domain
in the Interface Metals simulation.
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Figure 7-7. Concentration of H, (in M) in the longitudinal profile of the modelled domain (except the RTI,
where H, tends to 0) in the Interface Metals simulation at different times: 0.1, 10, 100, 500, 1000, 5000,
20000, 50000, and 100000 years.
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As a result of the steel corrosion, sulfide production from the H, path increases by more than 2 orders
of magnitude as compared to the Base Case (see Figure 7-8b and Table 7-3). However, it is noted
that this reduction rate decreases significantly after ~ 1000 years due to a gradual decrease of hydrogen
concentrations (Figure 7-7). The cumulative sulfide production by the CH,O path is initially higher
in the Interface Metals case, probably due to the use of smaller time steps during the first 1000 years.
However, cumulative sulfide production is similar in both cases in the long term (2 % higher in the
Interface Metals case). The total amount of produced sulfide after 100 kyr increases by a factor of
2.7, mainly due to the hydrogen generated by steel corrosion.

Iron is released into the pore solution of the BSI by steel corrosion and, to a lesser extent, by siderite
dissolution (Figure 7-9c). This iron reprecipitates as magnetite (Figure 7-9a) and mackinawite
(Figure 7-9b). Figure 7-10a shows these processes in more detail. Magnetite reaches its maximum
concentration at full corrosion of the steel. Thereafter, it slowly dissolves at the expense of siderite
reprecipitation and more mackinawite formation due to in-diffusion of sulfide from the RTI.

(a) S(-l) formation by CH,O path (b) S(-Il) formation by H,path
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Figure 7-8. Cumulative sulfide global production (in moles, considering a cross section of 1 m’) over
100 kyr by microbial-induced sulfate reduction in the RTI domain in the Interface Metals (IM) and
Base Case (BC) traditional models: (a) CH,O path and (b) H, path.
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Figure 7-9. Longitudinal profiles of (a) magnetite, (b) mackinawite and (c) siderite concentrations, in mol
per litre of medium, in the BSI domain for different times in the Interface Metals (IM) and Base Case (BC)
traditional models.
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In the present model setup, hydrogen is also produced by magnetite precipitation in the BSI. This
leads to an increase in the pH of the system as a result of the redox control in Phreeqc (which limits
the stability of water by the reduction of water to hydrogen). This is shown in Figure 7-10b and
Figure 7-11b, where a maximum pH value of 8.5 is reached right after full corrosion of the steel
(between 500 and 600 years). Batch simulations performed with PhreeqC indicate that this increase
in pH is buffered by magnetite equilibrium in the BSI during the whole simulation (Figure 7-9a and
Figure 7-10a).

The increase in pH in the Interface Metals case results to be a key process by which the equilibrium
between mackinawite and sulfide is shifted towards much lower concentrations of sulfide than the
Base Case. This is similar to what is explained in Section 6.3.4 (Figure 6-11). The result is a much
lower sulfide concentration in the backfill next to the RTI and thus lower concentration gradients
towards the canister, as shown in Figure 7-11a.

In terms of canister copper corrosion, the effect of adding steel to the system near the RTI is a quite
significant reduction in the corrosion depth compared to the Base Case (96 % reduction after 100 kyr,
see Figure 7-12¢ and Table 7-3).

Figure 7-12 (a and b) shows the global consumption of sulfide by mackinawite formation and corro-
sion as a function of time. Compared to the Base Case, a much larger amount of mackinawite forms
in this case, which also forms much more rapidly. On the other hand, sulfide consumption by copper
corrosion is naturally reduced compared to the Base Case.

Paint lution of mineral i in the BSI (b) Point evolution of pH in the BSI
B T e
1.5r| — Stael LI L
1.4 Magnetite 24 et o S
1.3+ Mackinawite 8.3 7 -
1.2 Siderite b
1.1+ = Gypsum 8.2 I
. —_—

1| Caleite | ot Bl g i
0.9~ i ;
0.8 \\ - g
0.7 \ 7.9 e
0,6 \ )

7.8
0.5 \ //
0.4- = - . 1.7 /
0.3 o | T . s
x - 7.6 /

0.2- N\ kY
0.1} & s /S

O e e e T S U L S Y LV S D P S S ST

107! 107 10! 10° 10° 10" 1w 10” 10! 10° 10° 10°

Time [years) Time (years)

Figure 7-10. Time evolution of (a) mineral concentrations (mol/kg,...) and (b) pH in the mid-point of the
BSI domain in the Interface Metals simulation.
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Figure 7-11. Longitudinal profiles of (a) sulfide concentration and (b) pH for different times in the
Interface Metals (IM) and Base Case (BC) traditional models.
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Figure 7-12. Cumulative sulfide consumption by (a) mackinawite precipitation, and (b) canister corrosion
(in moles, considering a cross section of 1 m?), (c) canister corrosion depth and (d) sulfide flux reaching
the canister over 100 kyr in the Interface Metals (IM) and Base Case (BC) traditional models.

7.2.2 Effect of surface complexation

It has been concluded above that pH variations have a significant effect on sulfide transport and
corrosion of the canister in this sensitivity case. As discussed in Section 6.3.4, surface complexation
reactions could buffer the pH to some extent. Therefore, this sensitivity case was tested with the
same surface complexation model as the Base Case, see Section 6.3.4.

Longitudinal profiles of pH and sulfide concentration of the Interface Metals case with and without
surface complexation reactions are compared in Figure 7-13. In the case with surface complexation,
the increase in pH is buffered by protonation/deprotonation reactions in the backfill and buffer
domains. At the backfill-RTI interface, however, pH is similar in both cases.

Even though the effect of surface complexation on pH is significant away from the BSI, the global
effect on sulfide concentration and transport (Figure 7-13b) and canister corrosion (Figure 7-14) is
small. The increase in canister corrosion is only of 7 % (see Table 7-3).
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Figure 7-13. Longitudinal profiles of (a) pH and (b) sulfide concentration for different times in the
Interface Metals case with (SC) and without surface complextation reactions (no SC).

no SC

5.00E-08

5.00E-09

Corrosion depth (m)

5.00E-10 L
1.00E+00 1.00E+01 1

.00E+02  1.00E+03
Time (years)

1.00E+04  1.00E+05

Figure 7-14. Canister corrosion depth (in m) over 100 kyr in the Interface Metals model with (SC) and
without surface complextation reactions (no SC).

7.2.3 Hybrid model

The Interface Metals variant case was also simulated with the hybrid model. In this section, the
hybrid model is compared to the Interface Metals traditional model without surface complexation.

Sulfide production by the CH,O path (see Figure 7-15a and Table 7-3) is slightly reduced in the
hybrid model due to a limited DOM transport, as reported for the Base Case (Section 6.4.2). Sulfide
production in the RTI via the H, path (Figure 7-15b and Table 7-3) is also slightly lower in the hybrid
model, due to the retardation effect by bulk porosity for hydrogen diffusion towards the RTI. As
explained in Section 7.2.1, the hydrogen produced in the BSI due to steel corrosion first accumulates
in the buffer and backfill. This hydrogen then diffuses towards the RTI where it is consumed (see

Figure 7-7 and Figure 7-16).

The overall sulfide production is thus lower with the hybrid model. Still, canister corrosion in the
long term is larger than the result obtained with the traditional model (Figure 7-15d,e). This is due to
an increase in total sulfide concentrations (Figure 7-17b) and a reduction in mackinawite formation
in the hybrid model (Figure 7-15c and Table 7-3). On the one hand, a lower pH in the buffer and
backfill of the HM (Figure 7-17b) results in higher sulfide concentrations in equilibrium with
mackinawite in the bulk porewater (Figure 7-17a). On the other hand, the hybrid model results in
higher sulfide concentrations in the interlayer water due to the contribution of the cation Fe(HS)".
The overall result is a larger sulfide flux reaching the canister in the long term (Figure 7-15¢) and
thus higher canister corrosion depths in the hybrid model (Figure 7-15d, Table 7-3): after 100 kyr

of simulation, the corrosion depth is four times larger in the hybrid model.
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Figure 7-16. Longitudinal profiles of total hydrogen concentration, in moles per kg of total water,
for different times in the traditional and hybrid Interface Metals models.
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Table 7-3. Sulfide budget in the Base Case and Interface Metals simulations with traditional
model without (TM) and with (TM (SC)) surface complexation, and the hybrid model (HM) at
100 kyr: production, consumption, and accumulation. Amount of sulfide in moles, considering
a cross-section of 1 m% Percentages are given with respect to total sulfide produced.

@ |Model | Produced sulfide (moles/m?) Consumed sulfide (moles/m?) Corrosion
S CH,0 path| H, path Total |Mackinawite |Porewater Corrosion Total | Depth (um)
™ 3.55 8.21E-03 |3.56 |3.50 1.02E-02 4.76E-02 3.56 |0.675
@ (98.6 %) (0.287 %) (1.34 %)
S ™ (SC)|3.55 5.62E-03 |3.56 |3.52 5.49E-03 3.18E-02 3.56 |0.451
3 (99.0 %) (0.15 %) (0.89 %)
@ | Hm 3.32 1.43E-02 |3.33 |3.20 2.23E-02 8.30E-02 3.31 |1.18
(96.2 %) (0.67 %) (2.49 %)
w | TM 3.63 5.89 9.52 |9.56 -2.21E-03 1.98E-03 9.56 |2.81E-02
.g (100 %) (-2.32E-02 %) | (2.08E-02 %)
% TM (SC) | 3.63 5.89 9.52 |9.56 -2.19E-03 2.13E-03 9.56 |3.02E-02
1.:% (100 %) (-2.3E-02 %) | (2.32E-02 %)
g HM 3.40 5.82 9.21 8.69 2.76E-03 8.46E-03 8.69 |0.12
= (94.3 %) (3.0E-02 %) | (9.18E-02 %)
7.3  Organic Matter

The Organic Matter sensitivity case consists of varying the content of solid organic carbon (SOM)
available for sulfate reduction in the buffer and backfill. In the Base Case, solid organic matter

(SOM) is largely in excess after 100 kyr and increasing its initial amount would not have any effect

on the system. Thus, the opposite case was tested, reducing the initial amount of solid organic matter

by a factor of 10. The dissolved organic matter (DOM) in equilibrium with the SOM is the same as

the Base Case. Note that this sensitivity case is only simulated with the traditional model given that
the use of a hybrid model is not expected to have a large effect on DOM (a neutral species) transport.

Figure 7-19 displays the evolution of SOM in the present sensitivity case and in the Base Case.
Reducing the initial amount of solid organic matter in the backfill and buffer causes a faster depletion
of SOM at the interface between backfill and RTI. This means that the dissolved organic matter needs
to diffuse from the SOM dissolution front to the interface with the RTI, thus slightly limiting the
sulfate reduction rate at the latter (see Figure 7-20a and Table 7-4).

Due to the lower sulfide production, there is proportionally less mackinawite precipitation
(Figure 7-20c), sulfide flux reaching the canister (Figure 7-20¢), canister corrosion (Figure 7-20d)
and hydrogen formation (Figure 7-20b), see also Table 7-4. However, the effect is very small:

canister corrosion, for example, is reduced by only 4 % (Table 7-4).
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Matter sensitivity case (OM), as compared to the Base Case (BC).
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Table 7-4. Produced and consumed sulfide at 100 kyr in the Organic Matter case and the Base
case: production, consumption, and accumulation. Amount of sulfide in moles, considering a
cross-section of 1 m2

Produced sulfide (moles/m?) Consumed sulfide (moles/m?) Corrosion
Case Depth
CH,0 |H,path |Total Mackinawite | Porewater | Corrosion | Total (um)
path
™ 3.55 8.21E-03 |3.56 3.50 1.02E-02 |4.76E-02 |3.56 |0.675
(98.6 %) (0.287 %) |(1.34 %)
Base Case
HM 3.32 1.43E-02 |3.33 3.20 2.23E-02 |8.30E-02 |3.31 |1.18
(96.2 %) (0.67 %) (2.49 %)
Organic ™ 3.18 7.86E-03 [3.18 3.13 8.92E-03 |4.50E-02 |[3.18 |0.638
Matter (98.3 %) (0.28 %) (1.41 %)

7.4  Fe(ll) Minerals

The Fe(I) Minerals variant cases consist of varying the amount of iron minerals (i.e. siderite) that may
react with sulfide in the buffer and backfill to form mackinawite and thus act as a sink for sulfide. Two
different cases are presented below:

»  Siderite Increase (SI) case: the amount of siderite was increased from 0 to 0.5 wt. % in the buffer
and from 1.1 to 2.2 wt. % in the backfill. This case was simulated with the traditional model as
well as the hybrid model.

»  No Siderite (NS) case: siderite is initially removed from both the buffer and backfill, as well as
Fe from the cation exchanger. The only available Fe is the initial porewater concentration. This
case was tested with the traditional model only.

7.41 Traditional model

In the Siderite Increase case, siderite is still present in the entire backfill, as in the Base Case, even
after 100 kyr (including at the backfill — RTT interface, see Figure 7-21a). Also, pH in the buffer
and backfill presents a very similar evolution (Figure 7-21b), such that sulfide entering the buffer is
below the solubility limit. For that reason, there is no mackinawite precipitation in this domain in the
Sulfide Increase case (Figure 7-21c), despite the presence of siderite. Thus, the effect of increasing
the amount of siderite compared to the Base Case does not influence sulfide production and transport,
or its consumption (see Figure 7-22 and Table 7-5).

The removal of siderite from the system, however, does have a significant effect on sulfide concen-
trations in the long term (Figure 7-22). In the No Siderite case, the only source of iron is the initial
porewater concentration. Thus, there is much less iron available in the buffer and backfill to form
mackinawite, as compared to the Base Case (Figure 7-22c¢). This is especially the case after 10 kyr,
where Fe availability clearly starts to be the limiting factor for mackinawite formation (Figure 7-23b
and Figure 7-22c). This results in higher concentrations of sulfide and a larger sulfide flux reaching the
canister in the No Siderite case (see Figure 7-23a and Figure 7-22¢). Canister corrosion (Figure 7-22d)
and production of sulfide by the H, path (Figure 7-22b) increase by almost two orders of magnitude
at 100 kyr in the No Siderite case.
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Figure 7-22. Comparison of results of Fe(Il) mineral sensitivity cases vs. Base Case (corrosion depth,
S(-1I) budget plots): cumulative sulfide generation (in moles/m?) by (a) CH,O path and (b) H, path, (c)
cumulative sulfide consumption by mackinawite precipitation (in moles/m’), (d) corrosion depth (m), and
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because they overlap completely with the Base Case results.
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Figure 7-23. Longitudinal profiles of (a) total aqueous sulfide and (b) iron concentrations in mol/kg,,q.r for
different times in the case without siderite as compared to the Base Case.

7.4.2 Hybrid model

As mentioned above, the Siderite Increase case was simulated with both the traditional and the
hybrid model. The results of these two models are compared in this section.

Table 7-5 shows the sulfide budget for the hybrid and traditional Siderite Increase case, as well as for
the hybrid and traditional Base Case. If one compares the results of the two hybrid models, it is clear
that increasing the initial amount of siderite in the buffer and backfill does not have a significant
effect on the general evolution of the system. The same conclusion was reached for the traditional
models in the previous section.

Furthermore, the differences between the hybrid and traditional models in the Siderite Increase
case are very similar to the differences in the Base Case (compare Figure 6-18, Figure 6-19 and
Figure 6-20 with Figure 7-24).

Sulfide production by the CH,O path is slightly lower in the hybrid model (Figure 7-24a) due to a
limited transport of DOM. However, the higher flux of sulfide in the hybrid model in the long term
(Figure 7-24e) causes relatively less mackinawite precipitation, more canister corrosion and more
sulfide production by the H, path (Figure 7-24c, d and b respectively).
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Table 7-5. Sulfide budget in the different Base Case and Fe(ll) Minerals models at 100000 years:
production, consumption, and accumulation. Amount of sulfide in moles, considering a cross-
section of 1 m?. Percentages are given with respect to total sulfide produced.

Produced sulfide (moles/m?) Consumed sulfide (moles/m?) c .
Case orrosion
CH,0O path | H, path Total Mackinawite Porewater Corrosion | Total depth (um)
™ 3.55 8.21E-03 |3.56 3.50 1.02E-02 4.76E-02 |3.56 0.675
Base (98.6 %) (0.287 %) | (1.34 %)
Case HM 3.32 1.43E-02 |3.33 3.20 2.23E-02 8.30E-02 |3.31 1.18
(96.2 %) (0.67 %) (2.49 %)
™ 3.55 8.20E-03 |3.56 3.50 1.02E-02 4.76E-02 |3.56 0.675
Siderite (98.4 %) (0.286 %) | (1.34 %)
Increase HM 3.32 1.42E-02 |3.33 3.20 2.23E-02 8.29E-02 |3.31 1.18
(96.2 %) (0.67 %) (2.49 %)
No (TM) 3.55 5.29E-01 |4.08 3.45E-01 6.86E-01 3.03 4.06 43
Siderite (8.44 %) (16.8 %) (74.3 %)
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Figure 7-24. Comparison of Siderite Increase results of TM vs. HM (corrosion depth, S(-II) budget plots):
cumulative sulfide generation (in moles/m’) by (a) CH,O path and (b) H, path, (c) cumulative sulfide
consumption by mackinawite precipitation (in moles/m?), (d) corrosion depth (m), and (e) sulfide flux
reaching the canister (moles/m’ year).
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8 Summary

The main goal of the Integrated Sulfide Project between Posiva and SKB is the assessment of copper
corrosion in the canister of a KBS-3V repository due to the presence of sulfide. To this end, conceptual
and numerical models of sulfide in the near-field are needed to quantify the different processes
concerning sulfide production, transport and consumption.

In this work, a model — called the hybrid model — for treating the combination of diffusive transport
and aqueous chemistry in compacted, water saturated bentonite has been defined, numerically
implemented, and evaluated. The main idea behind the hybrid model is to assume all (diffusive)
transport to take place within an interconnected network of interlayer pores, while all chemical
reactions are treated entirely within a disconnected, stagnant bulk water phase. In this way, the
interlayer specific features of (ion) transport — which have been demonstrated experimentally to
fully dominate the transport characteristics of compacted bentonite — are captured. At the same time,
conventional geochemical simulators such as Phreeqc can be used to handle chemical reactions
within the bentonite. Moreover, a requirement of the hybrid model is that the bulk and interlayer
domains must be in local Donnan equilibrium at all times. Treating this type of equilibrium is
consequently central, and the details for a calculation framework have been presented in Section 2.3.

The key parameter calculated within this framework is the so-called Donnan factor (f,) which
quantifies the electrostatic potential difference between the bulk and interlayer domains. Once this
potential difference is known, ions are simply partitioned between the domains in accordance with the
Boltzmann distribution. A complicating aspect of performing this partitioning (as well as performing
the calculation of f)) is the requirement of knowing the activity coefficients for all involved chemical
species both in the bulk and in the interlayer domain. Therefore, procedures to relate interlayer activity
coefficients to experimental quantities — in particular to cation selectivity coefficients — were presented
in Section 2.3.4, and existing experimental data were evaluated in Section 6.4.1.

An implementation of the hybrid model in the reactive transport modelling framework iCP (Nardi
et al. 2014) was presented and verified using reasonably simple test cases. Several illuminating
results were obtained (see Section 5) by comparing the results of these test cases with the traditional
approach to reactive transport in compacted bentonite, which treats interlayer pores as simple ion
exchangers without transport capacity. In particular, these verification tests demonstrated that
qualitatively different results are obtained when the interlayer domain is allowed to dominate the
diffusional transport capacity, as compared to treating interlayers merely as cation sorption sites.
Moreover, the hybrid model presented here demonstrates that the Donnan equilibrium model
developed by Birgersson and Karnland (2009) is compatible with available geochemical models of
compacted bentonite (e.g. Bradbury and Baeyens 2003, Wersin 2003, Arcos et al. 2003). The hybrid
model resembles traditional geochemical models in that both consider that mineral and aqueous
reactions take place within a bulk porosity and that the interlayer water is chemically inactive.

The Base Case defined within the Integrated Sulfide project, modelling the near-field evolution of a
KBS-3V repository, was simulated first with a traditional approach (i.e. by treating interlayer pores
as cation exchange sorption sites with no transport capacity) in Section 6.3. In Section 6.4, on the
other hand, the hybrid model was applied to the Base Case and the results were compared to those
obtained with the traditional approach. These simulations are based on a 1D geometry and include
the canister, buffer, tunnel backfill, rock-tunnel interface (RTI), and host rock domains, with special
focus on sulfide reactions and transport. Note that this 1D setup is not fully representative for the
repository system and largely under-estimates canister corrosion. This is related with the fact that
the RDI in the deposition hole, which generates a significant amount of sulfide and is closer to the
canister than the RTI, is not included in the model.
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In addition, a set of variant cases have been simulated to study the impact on the corrosion of copper
in the canister of several processes:

» A backfill density that is low enough to sustain SRB activity in its entire volume (Section 7.1)

»  Presence of steel at the rock-tunnel interface: effect of corrosion of steel in rock bolts and stretch
metal producing hydrogen and magnetite (Section 7.2)

»  Effect of changing organic matter content in buffer and backfill (Section 7.3)

»  Effect of changing the amount of Fe(II) minerals that can react with sulfide in the buffer
and backfill (Section 7.4)

A summary of main results in the different models and variant cases are given in Table 8-1.

Simulations using the hybrid model are computationally more intensive than the traditional model due
to the complexity of the conceptual model (Donnan equilibrium calculations, transport of each aqueous
species, need of special treatment of interfaces between bentonite and other porous media, etc.).

When it comes to sulfide production by sulfate reduction, two reaction paths have been considered:
one in which the electron donor is organic matter (simplistically represented as CH,0), and another
one in which the electron donor is hydrogen. The results of the different simulations showed that the
first reaction path accounts for the vast majority (99 %) of sulfide production in absence of corroding
steel. If there is increased hydrogen production due to the presence of corroding steel, however, sulfide
production through the hydrogen path is comparable to the sulfide produced by the CH,O path.

Both sulfide production rates taking place in the RTI are much faster than the diffusion of reactants
into this domain. Therefore, sulfide production is mainly limited by diffusion of dissolved organic
matter from the backfill towards the RTI. The diffusion of sulfate, the other reactant needed for
sulfide production by the CH,O path, does not limit sulfide production because it presents higher
concentrations in the backfill and is needed in smaller quantities due to the stoichiometry of the
reaction. If the sulfide production reactions were to take place in the backfill as well, on the other
hand, one can expect an increase in sulfide production of almost two orders of magnitude in 100 kyr
(see Section 7.1).

Once sulfide is formed in the RTI, its transport towards the copper canister is limited mainly by
mackinawite precipitation. This mineral acts as a sulfide sink and controls sulfide concentrations
through its solubility. In most of the cases tested in this work, more than 90 % of the sulfide precipi-
tated as mackinawite and only 1-2 % reached the canister causing copper corrosion. Mackinawite
precipitation depends on the availability of iron in the bentonite barriers as primary mineral (siderite)
and in the bentonite interlayer. For a variant case with absence of iron sources in the system, limited
mackinawite precipitation occurs. In this scenario, a significant amount of sulfide (74 %) reached the
canister, see Section 7.4. The solubility of mackinawite in terms of sulfide concentration at equilib-
rium depends on the pH of the pore solution. Cases with a relatively low pH due to SRB activity in
the backfill result in higher sulfide concentrations and up to 5 % of sulfide reaching the canister. On
the other hand, cases in which pH increases (Interface Metals case) result in less than 0.1 % of the
sulfide reaching the canister.

In general, the use of a hybrid model to simulate reactive transport in the system under study had a
small effect on the results as compared to the traditional modelling approach. The general trend was
that considering transport through interlayer pores, instead of through bulk porosity, slightly reduced
mackinawite precipitation and increased sulfide fluxes reaching the canister, and thus canister corrosion.
Depending on the simulation case, canister corrosion can decrease by 12 % or increase by a factor
of 4 when using a hybrid model as compared to a traditional reactive transport model, see Table 8-1.
However, it should be mentioned that the cases simulated in the present work may not be the best test
cases to analyse the differences between a traditional reactive transport model and the hybrid model.
In the current setup, the diffusion of sulfide from the RTI towards the canister is controlled, at least
to some extent, by the RTI transport properties, which acts as a diffusion barrier. In this context,
diffusion across the bentonite barriers is partially limited by the diffusive transport properties of
the RTI/RDI. Moreover, production and consumption of sulfide by sulfate reduction and corrosion/
mackinawite precipitation, respectively, take place outside the bentonite barriers (except some
mackinawite formation in the backfill). This is thought to be one of the reasons why different models
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for diffusion-reaction processes in compacted bentonite, such as the hybrid model or more traditional
models, yield rather similar results. In other words, the Base Case is not optimized for analysing
differences between a traditional reactive transport model and the hybrid model.

A final note concerns the numerical implementation of the models. No attempt to study in detail the
impact of the spatial and temporal discretization on the results has been made in this work, which has
mainly focused on the development of a new conceptual model for reactive transport in compacted
bentonite. Even though the results could be affected to some extent by different discretizations,
especially at the interfaces, it is thought that the governing processes and main conclusions of the

study would remain largely unaffected.

Table 8-1. Sulfide budget obtained in the different models at 100000 years: production,
consumption, and accumulation. Percentages are given with respect to total sulfide produced.

Produced sulfide (moles/m?) Consumed sulfide (moles/m?)

Case Corrosion
CH,O |H,path Total Mackinawite | Accumulated Corrosion Total |depth (um)
path precipitation | in water rate
3.54 7.61E-03 |3.55 3.50 9.48E-03 4.40E-02 3.55 |0.624

Base Case

(98.7 %) (0.268 %) (1.24 %)

BaieSCarl?e 3.55 5.62E-03 |3.56 3.52 5.49E-03 3.18E-02 3.56 |0.451

with Surface o o o

Complexation (99.%) (0.15 %) (0.89 %)

™ (355 8.21E-03 |3.56 3.50 1.02E-02 4.76E-02 356 |0.675
Base Case (98.6 %) (0.287 %) (1.34 %)
(Simpl.) HM [3.32 1.43E-02 |3.33 3.20 2.23E-02 8.30E-02 331 [1.18
(96.2 %) (0.67 %) (2.49 %)
™ | 341 4.36 345 326 1.64 17.6 345 |250

Backfill (94.3 %) (0.48 %) (5.11 %)

Density

(fast) HM (333 3.75 337 319 1.89 15.4 336 [218

(94.7 %) (0.56 %) (4.57 %)
™ |320 2.38 322 311 1.59 9.78 322|139

Backfill (96.4 %) (0.49 %) (3.03 %)

Density

(slow) HM (319 2.17 321 310 1.87 9.05 320 |[128

(96.5 %) (0.58 %) (2.82 %)
™ |3.63 5.89 9.52 9.56 -2.21E-03 1.98E-03 9.56 |2.81E-02
(100 %) (-2.32E-02 %) | (2.08E-02 %)

Interface ™ |[3.63 5.89 9.52 9.56 -2.19E-03 2.13E-03 9.56 |3.02E-02

Metals (SC) (100 %) (-2.30E-02 %) | (2.32E-02 %)

HM (3.40 5.82 9.21 8.69 -2.76E-03 8.46E-03 8.69 [0.12
(94.3 %) (-3.00E-02 %) | (9.18E-02 %)
. 3.18 7.86E-03 |3.18 3.13 8.92E-03 4.50E-02 3.18 |0.638

Organic Matter

(98.3 %) (0.28 %) (1.41 %)
™ |3.55 8.20E-03 |3.56 3.50 1.02E-02 4.76E-02 3.56 |0.675
Siderite (98.4 %) (0.286 %) (1.34 %)
Increase HM |3.32 1.42E-02 |3.33 3.20 2.23E-02 8.29E-02 3.31 |1.18
(96.2 %) (0.67 %) (2.49 %)
_ 3.55 5.29E-01 |4.08 3.45E-01 6.86E-01 3.03 4.06 |43
No Siderite
(8.44 %) (16.8 %) (74.3 %)
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Appendix A

Analysis of Equation 2-21

Assume the cation(s) with the highest charge to have valency m and the anion(s) with the highest
charge to have valency - k. Multiplying Equation 2-21 by f,” and ordering the terms in decreasing
powers of f;, gives an equation of the form

p(fp) =0 (A-1)
where
p(x) = Xrifa, - x" (A-2)

is a polynomial of order k£ + m. The coefficients a, are of the form
an=(m—n)‘2jl"j-c}’“lkn¢m (A-3)

am = —C1L (A-4)

where index j runs over all species with the same valency (m-n). As I'; and ¢, are positive

quantities, the sign of the a, - coefficients are determined by the valency factor (m-n). Thus,
by construction

a, <0,n=>=m (A-5)
a, =0,n<m (A-6)

The sequence of a, - coefficients consequently only change sign at one place, and according to
Descartes’ sign rule for polynomials, p(x) can only have a single positive real root, i.e. f. Furthermore,
from the definition of f;, the value of this root must be in the range 0 <x < 1. Since p(0) = a, > 0, the
derivative at x = f;, is negative (p(x) changes sign from positive to negative at x = f5,). Generally,

p'(x)=Yktmn.q, x"?! (A-7)
Thus,
p'(0) = a, (A-8)

and for m > I, the derivative at x = 0 is generally positive. Consequently, p(x) has a local maximum
in the range 0 <x < f5in this case (for the case m =1, p’(x) is negative for all x > 0 and p(x) has no
local extremes in this range). The second derivative of p(x) is

k+m

p"() =Epifn-(n—1)-a, - x"? (A-9)

Thus, when m <2, p"’(x) is negative in the whole range x < 0.

x x x x
fx)
—
0

-0.5 —
-1+ —
-1.5 - —

D) ! ! ! !
0 0.2 0.4 0.6 0.8 1

Figure A-1. Example of a polynomial p(x).

SKB TR-18-07 105






10-8L-d1l aMs

LOT

Summary of Base Case parameters and processes

Appendix B

Domain Groundwater/Porewater Minerals (equilibrium) Kinetic reactions Cation exchange | Transport Dimensions
Properties
Primary Secondary

Intact rock B-SO, (Table 6-3 in Hella et al. 2014) - calcite, mackinawite - - Porosity = 0.00515 | 5 m from the interfaces

SO,%* & sulfide concs. = 0 Der=2.0x10"" m?s | Vol =2050 m?

Ca or Na: charge balance

[Fe(I)]ror= 5.7x10°M

HC, OM: 0

Anoxic conditions

CI: 0.1131 M (4010 mg/L)

No SRB activity. No sorption processes
RTI B-SO, (Table 6-3 in Hella et al. 2014) - calcite, mackinawite Biotic SO, reduction with: - Porosity = 0.01 0.3 m, except below
(rock —tunnel | 50,2~ & sulfide concs. = 0 C-org: k=1.5x10-4 s Der=5.0x10""3 m?/s | tunnel floor, where it is
interface) DOC: Initially set to 0 Ha(ag): k = 6.4x10° s 04 m Junel contact

Charge balance on Na [biomass]: 3.54x10™* mol/m®

No sorption processes. Korge = 5.0x107° M;

SRB activity: Yes Kip = 4.0%x107° M;

Ksos = 1.0x107° M;

RDI B-SO, (Table 6-3 in Hella et al. 2014) - calcite, mackinawite Biotic SO, reduction with: - Porosity = 0.02 0.1 m Contact with
(rock — S0, & sulfide concs. = 0 C-org: k=1.5%x10-4 s Der=1.5x10""2m?s | deposition hole = 45.3
deposition m2 Vol = 2.45 m®

hole interface)

DOC: Initially set to 0
Charge balance on Na
No sorption processes
SRB activity: Yes

Ha(aq): k = 6.4x107° s™"

[biomass]: 1.06x10° mol/m®

Korge = 5.0x107° M;
Kz = 4.0x10° M;
Ksos = 1.0%107° M;

Backfill Brackish water Gypsum 189.8 mol/m? mackinawite - CEC =2120 Porosity = 0.43 4 m height, 3.5 m wide,
(Table F-2 in Posiva 2013) Calcite 467 mol/m? meq/L = 0.47 eq/ Dyy=2.15%10"" 7.5mlong (dlstanf;e btwn
DOC= 2 mg/L of C Siderite 163.3 mol/m° kg (Table F-2in | m%/s deptn. holes). Vol = 105
) N Posiva 2013) m? Cross section = 14 m
SOM(s)=0.1wt% of C (143.2 mol/m®) (Table 7-5 in Hella et al. 2014)
SRB activity: No
Buffer Brackish water Gypsum 36.5 mol/m?® siderite, mackinawite - CEC =2873 Porosity = 0.43 7.8 m height, outer
(Table E-2 in Posiva 2013) Calcite 327 mol/m® meq/L = 0.79 eq/ Dy =2.15x10""" diam. 1.75m, inner diam.
DOC= 2 mg/L of C (Table 7-5 in Hells et al. 2014)* kg (Table E-2in | m%s 1.05m. Vol = 14.6m
- 3 Posiva 2013)
SOM = 0.1wt% of C (130.7 mol/m?)
SRB activity: No
Canister - - - - - 4.8 m height, 1.05 m
diam, Area = 17.6 m?
TDB Thermodynamic database (Giffaut et al. 2014): Thermochimie version 9b: all equilibrium constants; sulfate/sulfide decoupled; hydrogen from corrosion decoupled

DOC = dissolved organic matter; SOM = solid organic matter

B-SO4 = Brackish-sulfate groundwater
CEC = Cation Exchange Capacity
SRB = Sulfate Reducing Bacteria
*no siderite is considered in the buffer initially, to keep the porewater Fe concentration as in Table E-2
HC = hydrocarbons; OM = organic matter






Coordinates of the finite element mesh nodes

Canister 6.93257 6.95005
0-0.05m: Every 0.01 m 6.93666 6.95008
Buffer 6.94000 6.95012
0.06164 6.94260 6.95017
0.07731 6.94453 6.95024
0.09838 6.94596 6.95034
0.12674 6.94702 6.95046
0.16489 6.94780 6.95064
0.21318 6.94838 6.95087
0.26261 6.94881 6.95119
0.31223 6.94913 6.95162
0.31223 - 2.55 m: Every 4.97-102 m 6.94936 6.95220
Backfill 6.94954 6.95298
2.55 - 6.69984 m: Every 5.00-102 m 6.94966 6.95404
6.74662 6.94976 6.95547
6.78493 6.94983 6.95740
6.81619 6.94988 6.96000
6.84169 6.94992 6.96349
6.86251 6.94995 6.96818
6.87949 6.94997 6.97449
6.89335 6.94999 6.98251
6.90466 6.95000 6.99188
6.91388 RTI 6.99188 — 7.25 m: Every 9.93-10° m
6.92141 6.95001 Rock
6.92756 6.95003 7.25-12.25 m: Every 0.01 m
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List of aqueous species

Full Base Case

Simplified Base Case

Ca(H,SiO,)*
Ca(HCO,)*
Ca(OH)*
Ca(S0,)
Ca2+

CaCl

CacCl,
CaCO;

CI-

CcO

CO,

CO*
Fe(CO;)
Fe(COs),>
Fe(COs)s*
Fe(H,sSi0,)*"
Fe(HS)"
Fe(HS),
Fe(HSO,)"
Fe(OH)"
Fe(OH)*
Fe(OH),
Fe(OH),"
Fe(OH),
Fe(OH);
Fe(OH),”
Fe(OH),*
Fe(SO,)
Fe(S0O,)
Fe(SO.,).
Fe2+

Fe®
Fe,(OH),"
Fes(OH)*
FeCl*
FeCl*
FeCl,
FeCl,"
FeCl,
FeCl;”
FeCl,~

FeCO,;OH
FeCO,0H"
FeHCO,"
FeHSO,*
H(SO.)
H*

H,
H,(Si0.)*
H,O

H,S
H3(Si0.)
H4(SiOy)
HCI
HCO;”
Hdg

HS™
K(OH)
K(SO.)
K

KCI
Mg(CO)
Mg(HsSiO,)"
Mg(HCO,)"
g(OH)"
Mg(SO.)
Mg*2
Mg4(OH),*
MgCI*
Na(CO,)”
Na(HCO;)
Na(OH)
Na(SO,)
Na*

NaCl

OH~

Sz

S*

S

S

Ss&
S,05”

=

S,0,.%

SO;*

S0,
Si,02(0OH)s
Si,04(0OH),*
Si;05(OH)s>
Si;06(OH),*
Siy06(OH)s>
Si;07(OH)s*
Si,O5(OH),*
SigO1s>

Ca(HCOy,)*
Ca(S0,)
Ca2+
CaClI"
CaCl,
CaCO;,
CI

CO,
CO~
Fe(COs,)
Fe(COs)*
Fe(HS)"
Fe(SO,)"
Fe2+
FeCl*
FeCly
FeHCO,*
H(SO.)
H

H,

H,S
H3(SiO,)
H4(SiO,)
HCO;~
Hdg

HS™
Na(CO,)”
Na(HCO;)
Na(SO,)
Na*

NaCl
OH~
S,0%
S0~
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