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ABSTRACT

Copper canisters are a central component in the safety of the Finnish spent fuel repository concept (KBS-3),
where the main corrodent potentially affecting the canister integrity is sulfide. In this study, a 3D numerical
model is developed to assess the evolution of sulfide fluxes and the spatially resolved canister corrosion depths
for the Finnish spent nuclear fuel repository concept. The backfilled tunnel and the disposal hole are imple-
mented using repository geometries, with sulfide being produced at their interface with the rock (excavation
damaged zone) by sulfate reducing bacteria (SRB). Recent experimental findings regarding the microbial sulfate
reduction process as well as the scavenging of sulfide via iron (oxy)hydroxides are incorporated in the reactive
transport model. Long-term simulations are performed, predicting a heterogeneous corrosion of the canister with
a max. corrosion depth of 1.3 mm at the bottom corner after one million years. The evolution of sulfide fluxes
shows two main phases, depending on the source of sulfate: first sulfate is supplied by the dissolution of gypsum
from the bentonite barriers, followed by a steady, low-level supply from the groundwater. Sensitivity cases
demonstrate that both the organic carbon and Fe(III) oxide contents in the bentonite are critical to the corrosion
evolution, by being the main electron donor for SRB activities and the major sulfide scavenger in the bentonite,
respectively. The backfilled tunnel contributes little to the flux of corrosive sulfide to the canister due to the
attenuation by Fe(III)-oxides/hydroxides but induces a notable flux of sulfate into the disposal hole.

1. Introduction

anaerobic conditions, sulfide is the main species for copper corrosion in
the repository environment (King et al., 2017), where it can be gener-

The Finnish repository for spent nuclear fuel (SNF) at Olkiluoto is
based on the KBS-3 disposal concept (Posiva, 2021). In this concept,
multiple engineered barriers are designed to ensure the long-term safe
storage of the spent nuclear fuel, including a copper-shielded metal
canister and compacted bentonite materials surrounding the canister
and backfilling the disposal tunnel (Fig. 1). The bentonite in the disposal
tunnel, which lies above the disposal holes, is referred to as the backfill,
while the bentonite around the canister in the disposal holes is referred
to as the buffer (Fig. 1 (b)). The role of the bentonite barriers are
essential, because they not only isolate the waste canister from the
regional groundwater system by their extremely low permeability and
favorable retention properties, but they also limit the transport of
copper-corrosive agents towards the canister, among others. In
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ated from sulfate by sulfate reducing bacteria (SRB). Although, in
principal, the swelling of compacted bentonite after saturation with
groundwater prevents microbial activity within itself, SRB can still be
active in the excavation-damaged zones (EDZ) at rock/bentonite in-
terfaces (Stroes-Gascoyne et al., 2010) and produce sulfide diffusing
towards the copper canister. Experimental studies (Maanoja et al., 2020;
Kiczka et al., 2021) have shown that bentonite can provide both sulfate
and nutrients to SRB. On the other hand, bentonite may act as scavenger
of sulfide (Svensson et al., 2017; Pedersen et al., 2017). For example, Fe
(III) (oxy)hydroxides (termed Fe(IIl) oxides hereafter) present as
accessory minerals in the bentonite may react with sulfide via a complex
redox process (Poulton et al., 2004; Posiva, 2021) in which sulfide is
immobilized via oxidation to sulfur and Fe(Il) is released into the
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porewater. This Fe(II) may subsequently react with sulfide to form solid
Fe-sulfide minerals such as mackinawite, thereby further attenuating the
sulfide flux to the canister.

In recent years, the long-term copper corrosion due to sulfide has
been studied by various numerical models (Smith et al., 2007; Stenlid
et al., 2019; King et al., 2020). For instance, simple transport models
assuming constant sulfide concentrations at the bentonite/host rock
interface have been applied to estimate Cu corrosion depths (Briggs et al.
(2016)), illustrating the important role of biogeochemical processes in
regulating sulphide concentrations and fluxes in the host rock and the
engineered clay barrier. One-dimensional reactive transport models
have been developed to predict evolution of sulfide corrosion on copper
canisters, accounting for the microbial reduction of sulfate in the re-
pository using Monod kinetics (Cloet et al., 2017; Pekala et al., 2019a;
King et al., 2020). Using a reactive transport model scheme and a simple
2D geometry, the impact of sulfide on Cu canister corrosion was assessed
for the SNF repository at Olkiluoto (Wersin et al., 2014). This model was
further extended to a 3D geometry of the near field and included Monod
kinetics for describing microbial processes, (Wersin et al., 2017;
Alt-Epping and Wersin, 2018a; Pekala et al., 2019b). By incorporating a
realistic geometry of the repository into the model, it is now possible to
accurately account for the distribution of materials and processes and
for the length of transport pathways.

In this study, the newest development of the 3D reactive transport
model for the assessment of sulfide in the Finnish SNF repository at
Olkiluoto is described. It incorporates recent experimental findings
regarding the microbial sulfate reduction process under site-specific
conditions at Olkiluoto and the role of organic carbon as source for
SRB activity in the bentonite barrier (Maanoja et al., 2020, 2021; Kiczka
et al., 2021) as well as the scavenging of sulfide via Fe(IIl) oxides
(Posiva, 2021). Long-term (up to one million years) simulations of sul-
fide fluxes and the heterogeneous corrosion of the copper canister are
performed. The simulations include the dominant reaction processes
controlling the corrosion rate of the canister: the dissolution of gypsum
as the source of sulfate, the dissolution of organic matter as the domi-
nant electron donor, and the attenuation of sulfide by reactive iron. The
objective of this study is to assess the evolution of sulfide fluxes in the
near field and its impact on copper canister corrosion using a realistic
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geometric representation of the repository and conservative but
reasonable assumptions from current understanding regarding sulfide
fluxes to the canister. The 3D reactive transport model focusses on the
saturated anaerobic long-term evolution up to one million years and
assumes constant ambient temperatures. The simulations provide space
and time resolved estimates for the corrosion rate of the canister and
hence enable predictions as to where and when the highest corrosion
rate occurs. Although this 3D reactive transport model is rather complex
compared to the ones used in the previous safety assessment, it should be
born in mind that it represents an abstracted and simplified description
of the biogeochemical system of a SNF repository. Therefore, the results
of this study should not be interpreted as exact predictions, but rather
estimations of the sulfide system on the pessimistic side. The simulations
yield insights into the rate limiting processes controlling sulfide fluxes
and the corrosion rate over a period of 1 million years. Furthermore, the
contribution of the backfilled tunnel to sulfide corrosion is investigated,
and the uncertainties in model conceptualization and parameterization
is extensively discussed.

2. Conceptual biogeochemical model

The pathway of sulfide in the repository near field depends on the
complex interplay between the sulfur, iron, carbon and hydrogen cycles
(Pekala et al., 2019a). The main biogeochemical processes considered in
the model are illustrated in Fig. 2. Since these processes may occur in
different regions of the repository, the arrows in Fig. 2 may be seen as
representing the transport of species between different regions.

2.1. Sulfide generation

Compacted bentonite is not suited to sustain the life of microbes.
When emplaced at the target design density, the compacted bentonite
will, once saturated, produce a high swelling pressure and a low free
pore space, thus preventing microbial activity (Pedersen et al., 2000;
Masurat et al., 2010; Stroes-Gascoyne et al., 2010; Stone et al., 2016).
However, local damage to the rock caused during construction of the
repository can result in enhanced porosity in the excavation-damaged
zones (EDZ), the presence of which might trigger microbial activities.

Backfill

(o)
o
=
0
-+
(]
=

Fig. 1. (a) Sketch of the repository system. (b) Regions and materials within the model. RTL: rock tunnel interface; RDI: rock disposal hole (c) Dimensions of

the model.
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Fig. 2. Schematic of main processes considered in the conceptual biogeochemical model.

In this model, sulfate reducing bacteria (SRB), that can reduce dissolved
sulfate (S(VI)) to sulfide (S(-II)) are assumed to be active exclusively in
such excavation-damaged zones. Two SRB reactions are considered in
the model, with different electron donors: dissolved organic matter
(DOM) as shown in Eq. (1) (Wersin et al., 2011), or Hy(aq) as shown in
Eq. (2) (Bagnoud et al., 2016).

2CH,0(aq) + SO (aq) =5 HS ™ (aq) + H' (aq) + 2HCO; (aq) M
4H;(aq) + SO? (aq) + H™ (aq) 22 HS (aq) + 4H,0 (2

Note that CH20(aq) is used as a simplified stoichiometric formula
representing DOM with an average carbon oxidation number of zero. In
Eq. (1) the release of COs is the source for acidity, while Eq. (2) produces
alkalinity.

SRB activity is represented using a Monod kinetics model:

[DOM] [s07 ]
mm+%ﬁﬂm«mg> @

W [Ha] ) [Soz—}
RSRB kmax <[H2} +K§Iz> <[SO§ ] +Kgozf @

where RDOMSRB and RH2SRB are the sulfate reduction rates considering
DOM and hydrogen as the electron donor, respectively, [DOM], [Ha],
[802'4], and [HS™] are the concentrations of DOM and dissolved
hydrogen, and the activities of sulfate and sulfide, respectively, KPOM
and kM2, are the maximum rate constants for DOM and hydrogen as
the electron donor, respectively, and K42 and KSgo4. are the half-
saturation constants for hydrogen and sulfate, respectively (refer to
Section 3.4 for parameter values).

The total sulfate reduction rate (RTOTALSRB) can be expressed by the
sum of the sulfate consumed by the two electron donor pathways:

d[HS7]
= = Rglglaw + RSRB ®

max

RO 2"

RTOTAL _ 7d [S()i_} _
SRB dt dt

2.1.1. Sources of electron donors
DOM is released by solid organic matter (SOM) from the bentonite in
the backfill and the buffer:

SOM (s)—DOM (aq) (6)

The dissolution of SOM is represented as a kinetic reaction of the
form:

DOM
Rsom = ksom'<1 - [ ] )

[DOM, ] 7)
where Rgopy is the SOM dissolution rate, kgoy is the rate constant of SOM
dissolution, [DOM] is the DOM concentration, and [DOMp,.y] is the
maximum DOM concentration (refer to Section 3.4 for parameter
values).

Ha(aq) in the system is continuously supplied by the copper corro-
sion reaction (Eq. (13)), as well as by the dissolved Hj in groundwater
(emanating from the rock). Other than the reaction with SO%’ (Eq. (2)),
H, is assumed to be inert, thus exerting no control on Eh.

2.1.2. Sources of sulfate
Gypsum (CaSO4-2H,0), that is initially present in the backfill and
buffer, serves as the major source of sulfate in early times.

CaS0,-2H,0(s) < Ca**(aq) + SO2™ (aq) + 2H,0 (8

After the depletion of gypsum in the near field, groundwater in the
host rock continues to provide sulfate to the system.

2.2. Sulfide attenuation: iron system

During the transport of sulfide, dissolved Fe and Fe-minerals act as
efficient scavengers for sulfide in anaerobic environments (Pekala et al.,
2019a; Rickard and Luther, 2007). Fe(IIl) minerals, such as goethite,
present as accessory mineral in the backfill and buffer, can react with
sulfide directly and release aqueous Fe(Il) (for details, refer to Supple-
mentary Information (SI)-Section 3):

2FeOOH(s) + HS™ (aq) + SH* —2Fe* (aq) + S° + 4H,0 ©)

It should be noted that the sulfidation of Fe(III) oxides involves a
complex redox reaction with a number of intermediate steps (e.g. Dos
Santos Afonso and Stumm, 1992; Poulton et al., 2004). These are not
explicitly accounted for in the model and a simplified kinetic rate based
on experimental data is considered for the reaction. For simplicity, the
formation of elemental sulfur in Eq. (9) is not explicitly considered in the
model, so that sulfide reacting with Fe(IIl) oxides is removed irreversibly
from the system.

Furthermore, sulfide can be also consumed by iron sulfide (mack-
inawite) precipitation via Fe(II) produced partially by the sulfidation
reaction (Eq. (9)):

Fe’"(aq) + HS™ (aq) <> FeS(s) + H' (aq) (10)
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Due to the lack of data and to be on the conservative side, further
transformation from mackinawite to more insoluble pyrite is not
considered in this model.

Aside from Fe(Il) released from goethite, aqueous Fe(Il) is initially
present in the pore waters in the model, and will be continuously sup-
plied by the groundwater in the host rock. The Fe concentration in the
groundwater is controlled by Fe-bearing minerals in the rock, such as
biotite or chlorite. Here we assume that only chlorite (chamosite) is
present in the EDZ and the host rock:

FesAl(AlSi;)0y0(OH)g 4 16H' —5Fe?" 4 2A1°" 4 3H,Si0, +6H,0  (11)

Cation exchange reactions (Section 2.4) and the precipitation of Fe
(ID)-bearing minerals such as mackinawite (Eq. (10)) and siderite (Eq.
(12)) also affect the Fe concentration in the system.

Fe’* (aq) + CO3*" (aq) < FeCOs(s) 12

2.3. Corrosion of the copper canister

A fraction of the sulfide eventually diffuses through the bentonite,
and can reach the canister surface, where it instantly reacts with metallic
copper to produce chalcocite (CuyS):

2Cu(s) + HS™ (aq) + H (aq)—>Cu,S(s) + Hy(aq) 13)

The corrosion reaction is considered to be limited by the sulfide flux
to the canister. Therefore, canister corrosion depth is proportional to the
time-integrated sulfide flux. The description assumes a general corrosion
mode and is compatible with the corrosion model put forward by King
et al. (2017). Hydrogen generated by Eq. (13) can diffuse back towards
the interface areas, where it is utilized by SRB (Eq. (2)) as indicated by
Fig. 2.

2.4. pH buffering and cation exchange reactions

Sulfate reduction in the interface areas affects alkalinity and pH (Eq.
(1) and (2)). In the bentonite, changes in pH are resisted by goethite
dissolution (Eq. (9)) and calcite equilibrium reactions:

CaCOs(s) +H™ (aq) «» Ca’* (aq) + HCO; (aq) a4

Furthermore, pH in the bentonite is buffered due to surface proton-
ation reactions occurring on the edge surfaces of abundant
montmorillonite:

=SOH<+ = SO~ + H*(aq) (15)

= SOH + H" (aq) & = SOH; (16)

In the interface areas and in the intact rock, pH decrease is addi-
tionally resisted by kinetic dissolution of silicates such as chlorite and
kaolinite (Eq. (11)).

In the buffer and backfill, major cations (Na*, Ca%*, Mg?*, K*, Fe?™)
undergo equilibrium exchange reactions according to:

1., .1 1 1
I 42X & HIX + P a7
i i J

where X is the exchange site, J is reference cation, and I is exchanging
cation.

3. Model description
3.1. Model geometry

A 3D reactive transport model is developed using PFLOTRAN (www.
pflotran.org) with the adapted Thermochimie thermodynamic database

v.9.0b. The model geometry follows the Finnish multi-barrier KBS-3V
concept (Salonen et al., 2021; Wersin et al., 2017), in which copper-iron
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canisters are emplaced vertically in individual disposal holes and sur-
rounded by swelling bentonite, as shown in Fig. 1(a). Intact crystalline
host rock adjacent to the backfill and buffer is presented with the distinct
properties from the bulk host rock. The EDZ is assumed to extend 10 cm
around the disposal hole (rock disposal hole interface, RDI), 40 cm
under the tunnel and 30 cm around the walls and ceiling of the tunnel
(rock tunnel interface, RTI) (Pekala et al., 2019a).

The spacing between the cylindrical disposal holes (at the center) is
8.9 m. Due to intrinsic symmetries (groundwater flow is not considered),
the geometry of the model can be reduced to a quarter of the repository
unit with a tunnel length of 4.45 m. The model geometry (quarter ge-
ometry) is presented in Fig. 2(b and c), where the host rock compart-
ment extends 1 m away from the top of the tunnel and below the disposal
hole, and 1.35 m away from the side tunnel wall.

3.2. Material properties

Different materials are used for the defined regions. The physical
properties of the materials are listed in Table 1, the mineral composi-
tions are listed in Table 2, and more details in SI-Section 2. The inside of
the canister is considered inactive, thus only the surface of the canister
are represented, where Eq. (13) takes place.

3.2.1. Buffer

The reference material in the model for the buffer is a Na-rich
Wyoming bentonite. The buffer material has a dry bulk density of
1557 kg/m?, a porosity of 0.43, and an effective diffusion coefficient of
2:107'" m%/s (Wersin et al., 2014; Posiva, 2021).

The main mineral in the Wyoming bentonite is smectite (montmo-
rillonite), amounting to about 83 wt% (Kiviranta et al., 2018). Accessory
minerals, such as quartz, illite, calcite, feldspar, gypsum, and Fe oxides
(goethite) are identified by X-ray diffraction analysis (XRD) (Kiviranta
et al., 2018). The content of organic carbon (i.e., SOM), together with
inorganic carbon, sulfate, and sulfide, are determined using LECO
chemical analysis (Karnland et al., 2006; Kiviranta et al., 2018). The
latter values are then used to quantify the content of calcite, gypsum,
and pyrite. The amount of iron oxides is generally low and difficult to
estimate from XRD analysis. Bradbury and Baeyens (2002) determined
the amount of “total iron (hydr)oxide” by dithionite-citrate-bicarbonate
extraction procedure on bulk Wyoming bentonite to be 25.9 + 0.7
mmol/kg, which corresponds to 0.23 wt% of goethite (FeOOH). For
simplicity, smectite is considered inert and only reactive minerals are
included in the buffer, as listed in Table 2.

Montmorillonite sorption properties are calculated based on Posiva
(2021). Cation exchange and surface protonation model parameters are
taken from Bradbury and Baeyens (2003), and Bradbury and Baeyens
(1997), respectively. In addition, Fe exchange is included in the model
for buffer and backfill with selectivity coefficients reported by Charlet
and Tournassat (2005).

3.2.2. Backfill

The backfill material is Italian bentonite. The material has a dry bulk
density of 1425 kg/m® and a porosity of 0.502 (Kiviranta et al., 2018).
The effective diffusion coefficient of the backfill is estimated according
to the empirical D.-dry density relationship proposed by Kiczka et al.

Table 1
Porosities (¢) and effective diffusion coefficients (De) used for the bulffer,
backfill, interface areas (RTI & RDI), and the intact rock.

¢ [%] De [m?/s]
Buffer 43 2.0 x 1071
Backfill 50.2 2.7 x 10711
RTI 1 5.0 x 10713
RDI 2 1.5 x 10712
Rock 0.515 2.0 x 10713
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Table 2

Initial geochemical conditions. (1) 1 mg C/Lyacer Of organic carbon assuming
molar mass of pure carbon (12 g/mol), (2) 2 mg C/Lyaeer Of organic carbon
assuming molar mass of pure carbon (12 g/mol), (3) a trace amount of kaolinite
assumed to be present in the buffer and backfill (0.1 wt%), and in the rock
(0.001 wt%) (1) secondary minerals (allowed to form if over-saturated).

Rock & EDZ Buffer Backfill
pH 7.12 7.65 7.64
pe -3.25 -3.14 —-4.07
Eh (mV) —~192 —-0.19 —0.24
Total component [mol/Lyyater]
Al 2.77E-09 8.72E-09 8.75E-09
C(4) 1.70E-03 1.16E-03 1.39E-03
Ca 1.62E-02 1.15E-02 1.20E-02
cl 1.14E-01 4.85E-02 1.02E-01
Fe 1.82E-05 2.21E-06 2.98E-06
K 4.90E-04 5.34E-04 7.76E-04
Mg 7.46E-03 5.32E-03 2.88E-02
Na 7.71E-02 1.32E-01 1.85E-01
S(-IN) 6.28E-07 2.41E-07 3.24E-07
S(VI) 4.82E-03 5.85E-02 8.21E-02
Si 1.82E-04 1.82E-04 1.81E-04
DOM (g 33E-05 1.67E-04 1.67E-04
Ha(aq) 1.00E-03 1.00E-03 1.00E-03
Reactive minerals [wt.%]
Gypsum ®0.00 1.07 1.2E-01
Calcite 1.0E-03 8.3E-01 2.42
Quartz 9.64 3.80 4.0E-01
SOM 0.00 2.3E-01 3.4E-01
Goethite ©0.00 2.3E-01 1.30
®Kaolinite 1.0E-03 1.0E-01 1.0E-01
Chlorite 4.7E-03 ®0.00 ®0.00
Siderite ®0.00 ®0.00 ®0.00
Mackinawite ©0.00 ®0.00 ®0.00
Surfaces [mol/Lyyater]
S NA 0.119 0.102
Sw2 NA 0.119 0.102
Exchanger [eq/Lwater]
CEC NA 3.367 3.035

(2020), as 2.7-107H m%/s.

Like in the Wyoming bentonite, smectite composes the majority
(about 83 wt%) of the Italian backfill bentonite (Kiviranta et al., 2018;
Posiva, 2021). Accessory minerals, such as quartz, illite, calcite, feld-
spar, and Fe oxides (mostly hematite) are identified from XRD data. Note
that for simplicity, Fe oxides are represented by goethite as in the buffer.
The LECO chemical analysis (Karnland et al., 2006) yields about 0.34 wt
% SOM, but very low content of sulfur (thus low amounts of gypsum and
pyrite). The reactive backfill mineral composition is listed in Table 2.

3.2.3. Host rock and EDZ

The granitic host rock at Olkiluoto is fractured and fractures are
coated with clay minerals (kaolinite, illite), Fe-sulfides (pyrrhotite and
pyrite), calcite, and chlorite (Aaltonen et al., 2018). The rock matrix
mostly comprises high-grade metamorphic gneisses, containing quartz,
feldspars, and mica. As a simplification, the fractured rock is treated as
homogeneous porous medium in the model, in which only kaolinite,
calcite, chlorite, and quartz are considered as active minerals in the rock
(Table 2). The content of chlorite (chamosite) is estimated based on the
fracture density and coating thickness (Fox et al., 2012; Aaltonen et al.,
2018) (for details, see SI-Section 1), whereas arbitrary contents of
quartz, calcite, and kaolinite are implemented in the host rock. The rock
porosity of 0.515% is adopted from Pekala et al. (2019a), which is
estimated based on Hartley et al. (2013). The value of the effective
diffusion coefficient of the rock is also adopted from Pekala et al.
(2019a) (Table 1).

For the interface areas (RTI and RDI), the same mineral compositions
as the host rock are considered. The physical porosities are taken after
Hartley et al. (2013), and the effective diffusion coefficients are adopted
from Pekala at al. (2019a) (Table 1).
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3.3. Boundary and initial conditions

3.3.1. Boundary conditions

The three vertical faces (at x = 0 m, y = 0 m, and y = 4.45 m) of the
model are considered closed due to symmetry (Fig. 2), whereas the top
face (z = 14.95 m), bottom face (z = 0 m), and one side face (x = 3.5m)
are open. The initial pore water is at hydrostatic pressure with fixed top
boundary pressure of 4.5 MPa, and isothermal condition with a uniform
temperature of 25 °C are assumed. In such settings, we expect that only
diffusive transport occurs across these open boundaries. The water
chemistry at the open boundaries is identical to the initial groundwater
in the rock, as listed in Table 2.

3.3.2. Initial pore water compositions

The evolution of the composition of the groundwater at repository
depths is not known with certainty as it may change over a million years
due to climate variations and changes in subsurface hydrology. In this
study, we assume that the groundwater has a composition correspond-
ing to the sulfate-rich brackish groundwater throughout the assessment
period. This is a conservative assumption regarding sulfide fluxes as the
brackish water is characterised by the highest concentration of dissolved
sulfate (4.82-10 2 mol/L or ca. 460 mg/L) of all reference and bounding
groundwater types defined in Hella et al. (2014). DOM concentration in
the groundwater is assumed to be 1 mg C/L, based on measurements in
the Olkiluoto groundwater (Makeld et al., 2016), and the concentration
of dissolved hydrogen is assumed to be 10~° mol/L. The initial
composition of the groundwater is listed in Table 2 (Rock and Interface
areas). The same composition is used as a fixed (Dirichlet) boundary
condition for transport along the open boundaries.

The initial compositions bentonite porewaters (as listed in Table 2)
were modelled based on the approach described in Wersin et al. (2016)
and assuming mixing of residual water and groundwater (SI-Section 2).
Based on Kiczka et al. (2021), the concentration of DOM present in the
bentonite porewater is estimated to be 2 mg C/L. This assumption may
be conservative as the value, used to represent SOM solubility in the
bentonite over a period of a million years, was calibrated from short
term laboratory experiments, during which the solubility may be
over-estimated due to leaching of soluble components over time.

Initial Ho(aq) concentration in the buffer and backfill porewaters are
assumed to equal the concentrations in the groundwater, 1072 mol/L,
considering that Ha(aq) is supplied to the bentonite porewater during its
saturation with the groundwater and that there is no source or sink of
Hj(aq) within the buffer/backfill.

3.4. Reaction rate implementation

The SRB reactions are represented by the standard Monod formula-
tion, where single lumped rate constants (KPOM, . and k2, in Egs. (1)
and (2), respectively) are used. Such simplified formulation implies that:
(i) potential changes in bacterial population size in time and space are
disregarded, (ii) the availability of other constituents (such as P or N)
required to sustain SRB activity are never limiting, and (iii) at full
availability of DOM/Hy(aq) and dissolved sulfate the reaction proceeds
at maximum rate defined by the lumped rate constant. Based on sulfide
production rates derived from field and laboratory studies (Goldhaber
and Kaplan, 1975; Richards and Pallud, 2016, and references within),
the value of this rate constant (i.e. the maximum sulfide production rate
assuming full availability of reaction substrates), for the DOM and
Hy(aq) pathways, is defined at 5.10° and 10~* molgyifide/ (Lwatereyear),
respectively. In addition, the value of Kgo4 = 107° [mol/L] (Nethe--
Jaenchen and Thauer, 1984) is used, while for Kpoy the value 5.10°°
[mol/L] is used (corresponding to that of acetate when used as reductant
—Jin et al., 2013). The reported values of Ky, are between 1.3-10"%and
20-107% [mol/L] (Maia et al., 2016) and a value of 4-10~° [mol/L] is
adopted (Table 3).

At the canister surface, sulfide is consumed by a fast kinetic reaction



J. Ma et al.

Table 3
Rate constants and surface areas (or microbe densities) for the mineral (or mi-
crobial) reactions. * Microbial reactions using the Monod formulation.

Reaction Rate Surface area

constant

Mineral Rate dependency

[mol/m?/ [m?%/m3]

s]

Kinetic reaction:

SOM Eq. (6) 1.0x107° 1.0
Gypsum Eq. (8) 1.0x107° 1.0
Goethite Eq. (9) 1.75 x 14.0 [m?/g] HS™ and H" (first
103 order)
Mackinawite Eq. (10) 1.0 x 10°° 1.0
Chlorite Eq. (11) 6.4 x 0.36 H'
10717
Siderite Eq.(12) 1.0x10° 1.0
Calcite Eq. (14) 1.0x10°°® 1.0
Quartz 1.0x107% 1.0
Kaolinite 1.0x107° 1.0
Microbial reactions:* [mol/L,,/ Biomass Monod rate constant
5] [mol/m®] [mol/L]
SRB Eq. (1) 1.6 x 1.0 Kpom =5 x 107,
10712 Ksos = 107°
Eq. (2) 32x1072 1.0 Ko = 4 x 107, Kso4
=107°
Copper Eq. (13) 1.0 x 107  N/A Kus = 1071°

mimicking the formation of chalcocite (CusS). The corrosion reaction is
assumed to be instantaneous, such that the corrosion rate is controlled
by the rate of sulfide mass transport towards the canister surface. Except
for copper, all the other minerals’ dissolution and precipitation rates are
calculated based on transition state theory. Recent experiments on
bentonites (Kiczka et al., 2020; Maanoja et al., 2020, 2021) show that
organic matter (possibly retained by sorption onto montmorillonite
surfaces) may be released from the bentonite into the porewater almost
instantly. Therefore, an arbitrary fast SOM dissolution rate is used in the
model to establish local equilibrium (i.e. a max. DOM concentration of 2
mg/L). Besides SOM, arbitrary fast reaction rate constants are also used
to impose local equilibrium for gypsum, calcite, siderite, quartz, and
kaolinite.

We use goethite as a proxy for Fe(Ill) oxide minerals undergoing
sulfidation reactions. Goethite sulfidation (Eq. (9)) is assumed to pro-
ceed via a kinetic reaction with first order kinetics in sulfide and
hydrogen ion concentrations (details refer to SI-Section 3). The kinetics
of goethite sulfidation is associated with some uncertainty. Here we
attempt to use a high rate constant, a high reactive surface area of 14
mz/g (Dos Santos Afonso and Stumm, 1992) and include the activities of
HS™ and H' in the rate equation (SI Eq. A-8) such that the effective
dissolution rate of goethite is limited by the supply of the sulfide and/or
hydrogen ions (i.e. the pH). Note that, compared to experimental results,
areduced goethite dissolution rate is used in the calculations to facilitate
better numerical performance with a conservative model assumption
(detailed in SI-Section 3).

3.5. Calculation of canister corrosion depth

Two types of corrosion depths at the canister surface are calculated:
the surface-averaged corrosion depth, and the cell-resolved corrosion
depth. The surface-averaged corrosion depth (dgyy) reflects the time-
integrated sulfide flux to the canister, calculated as:

2 x ZMHS’ X Vin, cu
5

Scan

g = (18)

where Y Mpys- is the sum of the total sulfide that reaches the canister
S

surface (mol), Vi, ¢, is the molar volume of copper (m3/mol), and S.q, is
the total surface area of the canister (m?). The surface-averaged corro-
sion rate provides limited information as to the risk of canister failure
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and is used here as a parameter to assess and compare the temporal
evolution of corrosion under different model assumptions.

Like the other parts of the model, the canister surface is meshed into
cells, and cell-resolved corrosion depths (d.) are calculated in each cell.
Although cell resolved corrosion depths are integrated over the area of
the cell interfacing the buffer, these provide a space resolved and much
more accurate assessment of the risk of canister failure. In order to
capture more details near the top and bottom of the canister, a non-
uniform vertical discretization is used, with the finest cells (1 cm in
height) at the top and bottom corner of the canister and larger cells in
the middle of the canister. The cell-resolved corrosion depths depend on
the cell size of the canister surface, and are calculated as below:

2 X Mys- X Vi, cu

Aoy = ——mm—— 19
! Srell

where Mys- is the moles of sulfide that reaches the cell (mol), and S is
the surface area of that cell interfacing the buffer (m?).

4. Results
4.1. General evolution

The evolution of the system in the near field depends on the complex
interplay among the sulfur, iron, and carbon/hydrogen cycles which are
to a large extent driven by the reactivity and availability of primary and
the formation of secondary solid phases (Fig. 3). In general, the global
evolution of the system was found to display two phases based on the
simulation results discussed in detail in the following Sections 4.2-4.4:

Phase I: Up to ca. 300 ky, when the rate of sulfide production is
controlled by both DOM transport and the maximum sulfide production
rate (Table 3), with excess sulfate in the near field system. During this
phase, sulfate is supplied by the initial sulfate in the porewater and
dissolution of gypsum in the backfill and buffer (Fig. 3). In fact, there is
so much sulfate in the system that it diffuses outwards across the open
boundaries (Fig. 4(a)). The model predicts depletion of gypsum after
about 190 ky (Fig. 3), which is a key driver for the transition from Phase
I to Phase II.

Phase II: From ca. 300 ky to 1 My, when sulfate is mostly supplied by
groundwater via inward-diffusion from the open boundaries (Fig. 4(a)).
During this phase, sulfide production is strongly limited by the transport
of sulfate from groundwater. Following the depletion of goethite around
the canister at about 400 ky, a more or less stable flux of sulfide towards
the canister is established at about 3-107> mol/(rnz-y).

4.2. Sulfide production

The production rate of sulfide is controlled by the concentration of
dissolved sulfate, DOM and Hj in the EDZ, as decribed in Egs. (3) and
(4). Sulfate is in excess during Phase I, and becomes rate-limiting in
Phase II. SOM is predicted to be depleted only in the very long term
(towards 1 My), and exclusively at the bottom of the buffer (Fig. 3).
Therefore, with the assumed fast SOM dissolution rate, DOM in the clay
is largely present nearly at the maximum SOM solubility (2 mg C/L)
throughout the calculation. The initial Hp(aq) contributes to the early
peak of the sulfide flux (Fig. 4(b)). However, Hy(aq) in the buffer is
consumed within the first 100 years, and for the rest of the simulation,
Ho(aq) is mainly supplied by diffusion from the surrounding ground-
water and corrosion of the canister (Eq. (13)). As shown in Fig. 4(c), the
concentration of DOM is about 3—4 orders of magnitude higher than that
of Hy in the RDI after about 500 y. Therefore, the overall sulfide pro-
duction is strongly dominated by the DOM pathway after 500 y. At 1 My,
the DOM pathway has contributed to 94% of total produced sulfide
(5211 mol), while the Hy(aq) pathway accounts for only 6% (Fig. 4(d)).
The total sulfide production rate reaches 82.4 mmol/y in the first year,
due to high initial concentration of sulfate and H; in the pore waters.
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Fig. 3. Evolution and distribution of major solid phases (gypsum, SOM, goethite and mackinawite) in the whole modelat selected times.
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Then, it quickly drops to 15.7 mmol/y after 500 y and decreases further
to 7.9 mmol/y after 5 ky (the slope of sulfide production in Fig. 4(d)).
The rate becomes relatively stable from 5 ky to 300 ky, with very slow
decreases, yielding an average production rate of 7.5 mmol/y in the first
300 ky (Phase I). There is a marked peak in the sulfide flux at about 300
ky where high sulfate coincides with decreasing attenuation by goethite
(Fig. 4(b)). In Phase II, following the depletion of gypsum, sulfide pro-
duction rate reduces to a stable value of 3.9 mmol/y after 450 ky, which
is roughly a factor two lower than the production rate during Phase I.
After about 750 ky, SOM in the lower buffer is substantially consumed,
which causes a small decline in the sulfide flux and a slower increase in
the max. corrosion depth at the bottom of the canister.

4.3. Sulfide attenuation — the iron system

The most important sink for the produced sulfide is the attenuation
by the iron system while sulfide diffuses through the bentonite barrier.
The key processes consuming sulfide are goethite dissolution accom-
panied by the released Fe?* in the bentonite and mackinawite precipi-
tation near the EDZ according to equations (9) and (10), respectively
(Fig. 3). During Phase I, despite the higher sulfide production rate, only
1.6% of the produced sulfide reaches the canister surface at 300 ky due
to strong attenuation by the iron system. Over the course of 1 My, 52% of
the total produced sulfide has precipitated as mackinawite, 41% is
consumed by the reaction with goethite (converted into elemental sul-
fur), while only 6% has reached the canister surface and caused it to
corrode (Fig. 4(d)). This mass balance indicates that very little sulfide
diffuses into the rock and ultimately leaves the model domain by
diffusing through the boundaries. This is consistent with the nearly zero
sulfide flux across the open boundaries shown in Fig. 4(a).

Furthermore, the small fraction of the sulfide reaching the canister
proves the efficiency of the iron system in shielding the canister from
corrosive fluxes and indicates that the produced sulfide is rapidly
immobilized by incorporation into solid phases near the EDZ. Fig. 5
shows that the sulfide produced from the RTI is at all times equal to the
sulfide that is consumed by the iron system in the upper part of the
model (the backfilled tunnel, RTI, and the upper surrounding rock). In
other words, due to the backfill barrier, there is no net flux of sulfide
from the upper part of the model to the canister. In contrast, in the lower
part of the model (the disposal hole, RDI, and the lower surrounding
rock), the consumption of sulfide by the iron system is slightly lower
than that is produced from the RD], leading to a net sulfide flux towards
the canister. The evolution of the sulfide flux to the canister surface
(Fig. 4(b)) matches the differences between the produced and attenu-
ated sulfide (Fig. 5), indicating that the sulfide reactions in the lower
part of the model dominate the sulfide flux to the canister. During Phase
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Fig. 5. Sulfide production rate in the RDI and RTI, and consumption rate by the
iron system in the upper (backfill, RTI, and the upper surrounding rock) and
lower (buffer, RDI and the lower surrounding rock) model.
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II, goethite is nearly depleted in the mid and lower buffer (Fig. 3),
leading to a significantly weakened protection of the canister and het-
erogeneous corrosion focusing at the bottom corner of the canister. The
more steady supply of sulfate and the weaker sulfide attenuation in the
lower buffer contribute to a more stable sulfide flux to the canister.

At 1 My, 95% of the aqueous Fe?* is provided by goethite dissolution
in the clays, whereas only 5% comes from chamosite dissolution in the
host rock (Eq. (11)). About 62% of the produced Fe?t precipitates as
mackinawite, about 34% precipitates as siderite in the backfill and
buffer, and the remainder reacts with the clay exchanger or is lost
through the open boundaries (Fig. 6).

4.4. Canister corrosion depth

The evolution of surface-averaged corrosion depth of the canister is
presented in Fig. 4(b). The average corrosion rate stabilizes during Phase
I at about 0.37 nm/y, due to steady sulfide production and weak sulfide
attenuation in the mid and lower buffer. The maximum cell-resolved
corrosion depths deviate from the average corrosion depth during
Phase II (Fig. 4(b)), indicating heterogeneous corrosion rates at the
canister surface during that phase. For example, the relative standard
deviation of the corrosion depth on the vertical canister wall is 12.5% at
200 ky, and increases to 75.1% at 1 My (Fig. 7). As shown in Fig. 6, over
the course of one million years, the top surface of the canister is well
protected by the bentonite above the canister. However, the bottom of
the canister is rather poorly protected, especially during the transition
from Phase I to Phase II (about 200 ky - 400 ky), when the production
rate of sulfide is still high, and the goethite in the bottom corner is
already largely consumed. After 1 My, the average corrosion depth is
predicted to be 0.26 mm, whereas the max. corrosion depth is predicted
to be 1.3 mm, which is safely within the designed thickness of the copper
layer of 50 mm (Jonsson et al., 2018). Highest corrosion rates occur at
the canister’s bottom corner, caused by the canister geometry (the
corner is exposed to sulfide fluxes from the bottom and the sides) and
depletion of goethite in the lower buffer.

5. Discussion

The reference model described above is developed based on current
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Fig. 6. Evolution of consumed and released aqueous Fe (mol) in the system.
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Fig. 7. Distribution of cell corrosion [m] at 200 ky (left) and 1 My (right) on the canister surface.

understanding of the near-field conditions at the Olkiluoto site.
Although the model captures accurately the geometry of the repository,
the processes and couplings between them, and the distribution of ma-
terials and properties, there are still uncertainties and questions related
to the conceptualization and parameterization of the model.

One important outcome of the reference model is that the backfill
effectively shields the canister from sulfide fluxes released from the RTI
by its iron system. The question is then whether the backfill has any
effect on canister corrosion and whether a simpler model of the depo-
sition hole is sufficient to accurately predict the canister corrosion rates.
Another important question is how much uncertainty there is when the
ambient groundwater is represented by a fixed groundwater composi-
tion at the boundaries. Finally, the results of the simulation depend on
the various parameters, such as mineral inventories, initial porewater
compositions, SRB rates, etc. These questions and uncertainties in the
model parameterization and the impact of some key parameters are
discussed in the following sections.

5.1. Role of the backfilled tunnel

Here, we take advantage of the 3D geometry to investigate the
impact the backfilled tunnel on sulfide corrosion. Fig. 5 shows that the
upper model (the backfill, RTI, and upper host rock) consumes almost all
the sulfide that is produced in the RTI, without affecting sulfide forming
in the lower model. This indicates that the exchange of sulfide between
the backfilled tunnel and the buffer is highly limited, due to the slow
diffusion and the fast sulfide attenuation in the bentonites. However, the
backfilled tunnel can still participate in the sulfide corrosion process by
exchanging chemical constituents such as sulfate, DOM, or Fe(Il). In the
reference model, the initial sulfate concentration, constrained by gyp-
sum equilibrium, is higher in the backfill porewater (Italian bentonite)
than that in the buffer (Wyoming bentonite), resulting in sulfate
diffusing from the backfill towards the buffer and triggering gypsum
precipitation in the upper buffer in the first 10-20 ky (SI Fig. S5). This
extra sulfate in the buffer enhances sulfide production at later times and
leads to stronger canister corrosion compared to cases not considering
the backfill. In order to acquire a better understanding of the governing
processes taking place in the backfill that affect the sulfide fluxes, and to

quantify the impact of the backfill tunnel on canister corrosion, a test
case that does not consider the backfill is presented in the SI-Section 5.1.
The comparison between this test case and the reference case demon-
strates that the exchange of sulfate between the backfill and the buffer
considerably increases the sulfide fluxes over the long term and con-
tributes to about 34% of the average canister corrosion (for details, see
SI-Section 5.1). However, it is important to note that, this contribution
from the backfill arises from the differences in the porewater composi-
tions between the backfill and the buffer, which could be caused by the
differences in mineral and exchanger compositions, residual water
contents, and the subsequent mass transport and reactions due to SRB
activity. One implication is that if the same bentonite materials are used
for both the backfill and the buffer (implying the same initial and
equilibrium porewater composition), the impact of the backfill is ex-
pected to be negligible.

5.2. Uncertainties in the boundary conditions

One of the uncertainties of the model, which is almost inevitable in
such numerical simulations, is the thickness of the surrounding rock and
the impact of the choice of boundary condition on the modelling results.
In this study, the groundwater composition is fixed at boundaries not
constituting planes of symmetry, allowing for species diffusion across
the boundaries. According to Fick’s law, a thicker rock interval between
repository and boundary will result in smaller concentration gradients
and slower diffusion rates. Thus, in a purely diffusive system the impact
of the boundary decreases when the model boundary is more extended
into the rock. In terms of sulfate transport, a rock interval of infinite
dimension would lead to slower sulfate out-diffusion into the rock (due
to elevated sulfate concentrations in the rock) and zero sulfate loss to the
boundaries when sulfate is available in excess (e.g. in Phase I of the
reference model). Later, when sulfate in the near field gets depleted (e.g.
in Phase II of the reference model), sulfate in the rock can eventually
diffuse back towards the disposal hole to support SRB reactions. In other
words, with an infinite rock interval, sulfate can be ‘preserved’ in the
surrounding rock without leaving the system. This is similar to the idea
of sulfate conservation and sulfate limited corrosion (Pekala et al., 2020)
that is used in some other models. One way to achieve sulfate
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conservation and to mimic the effect of an infinite rock interval is to set
fully closed boundaries which traps all the sulfate inside the model. In
SI-Section 5.2, a bounding case with all the boundaries closed is pre-
sented, showing that the closed boundaries significantly increase sulfate
concentrations in the porewater and enhance SRB activities during the
entire simulation such that Phase II has become irrelevant. Conse-
quently, the transport of DOM becomes the only rate-limiting factor for
sulfide production, which leads to much higher sulfide fluxes after 300
ky compared to the reference case (SI Fig. S8) and larger corrosion
depths in the upper canister (for details, see SI-Section 5.2). Note that
the assumptions that underline the scenario of fully closed boundaries
are that all the sulfate ‘preserved’ in the rock will be available for SRB
reactions, and, unlike in the reference case, sulfate will not be supplied
by groundwater after the depletion of sulfate in the near field. Moreover,
fully closed boundaries do not capture the accurate diffusion processes
by trapping sulfate completely in the near field. Thus, the arrival of
Phase II, at which point sulfate diffuses from the surrounding rock to-
wards the disposal hole, cannot be properly predicted. On the other
hand, concentration gradients between the near field and the rock are
expected to be steeper when advection is a significant transport mech-
anism in the rock. Hence one could argue that fixing the groundwater
composition along the boundaries and by this steepening the concen-
tration gradients in the rock, mimics a situation where there is advective
transport occurring in the rock at some distance from the disposal hole.

5.3. Uncertainties in mineral inventories and porewater compositions

The results of the model depend on the choice of initial conditions
and system parameters. Although the repository’s solid materials, their
properties, and their porewaters are represented based on experimental
observations and conservative judgements (Section 3.2 and 3.3), it is
important to acknowledge the uncertainties in the model parameteri-
zation and their impacts on the modelling results. A series of sensitivity
cases are presented in the SI Section 5.3-5.6. Due to the lack of experi-
mental data, arbitrary values are used in the sensitivity cases as illus-
trative examples of the impacts of these uncertainties on the predicted
canister corrosion depth. Below, the main conclusions from these
sensitivity cases are discussed.

5.3.1. Availability of substrates for SRB reactions

One major uncertainty regards the availability of substrates for SRB
reactions, for example, the content of reactive SOM in the bentonites,
the DOM and Hy(aq) concentrations in the porewaters, and the sulfate
concentrations in the groundwater. In the reference model, where all
analytically determined organic material is conservatively assumed to
be fully soluble, DOM is by far the dominant electron donor for the SRB
reactions. However, as discussed in SI-Section 4, the leachable SOM and
its solubility is still debatable. A sensitivity case presented in SI-Section
5.3 assumes that only 10% of the total SOM present in the bentonite can
dissolve, while the remainder constitutes an insoluble residue. With less
SOM in the clays, a significantly lower corrosion depth is calculated, due
to earlier depletion of SOM. Similarly, lowering the initial DOM con-
centrations in the bentonite porewaters also leads to substantially less
canister corrosion (SI-Fig. S12(a)). In both cases, DOM transport clearly
limits the rate of SRB activity. However, a case with higher initial DOM
concentration in the bentonites (for details, see SI Section 5.4) yields
canister corrosion rates that are very similar to the reference values (SI-
Fig. S12(b)). The extra sulfide that is produced in the early phase is
quickly attenuated by the iron system. A variation in the initial Ha(aq)
concentrations in the clay porewaters shows limited impact on the
canister corrosion (SI-Figs. S12(c) and (d)), as only about a few percent
of sulfide is produced via the Hy pathway. The sulfate concentration in
the groundwater is the rate-limiting factor for SRB reaction during Phase
II. As the reference model assumes a sulfate-rich brackish groundwater,
a lower sulfate concentration can lead to significantly less canister
corrosion.
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5.3.2. Uncertainties in the iron system

The presence of Fe(IIl) oxides (implemented as goethite) is the key to
sulfide attenuation in the system. This is because it does not only directly
react with sulfide, but also provides the majority of aqueous Fe?" for
mackinawite precipitation, which together consume about 94% of pro-
duced sulfide in 1 My. The reference model considers that sulfide can
react with all the Fe(IlI) oxides present in the bentonite. In order to
address the uncertainty in the available Fe(IIl) oxides, a pessimistic case
with only 10% of the goethite in both buffer and backfill compared to
the reference case is presented in SI-Section 5.5. A reduced goethite
content leads to earlier exhaustion of goethite in buffer (SI Fig. S13) and
significantly higher sulfide fluxes towards the canister (SI Fig. S14). In
the case of 10% goethite present in the bentonite, the max. corrosion
depth is about 4 times that of the reference case at 1 My. Whereas in a
more extreme case of no goethite present in the bentonite, the max.
corrosion depth would be as high as 20 times that of the reference case at
1 My.

Furthermore, given that there is sufficient Fe(II), mackinawite is
considered to be the solubility limiting mineral for sulfide in the model.
As discussed in the SI-Section 3, mackinawite could convert to pyrite,
especially in the long term. Given the very low solubility of pyrite under
oxygen-free conditions, sulfide concentrations controlled by equilibrium
with pyrite would be orders of magnitude lower. However, this trans-
formation reaction is very system-dependent and for conservative rea-
sons, we do not include the transformation from mackinawite to pyrite
in the model.

5.3.3. Diffusion coefficient of the rock and clay

Different regions in the model are idealized to be compartments with
average porous equivalent properties based on the available informa-
tion. However, due to the sparsely fractured nature of the rock, the
effective diffusion coefficients of the rock as well as the EDZ are difficult
to ascertain. Moreover, diffusion in the bentonites is assumed to be
homogeneous, while all diffusing species have the same effective
diffusion coefficient. Such a simplified formulation ignores additional
processes associated with solute diffusion in compacted clays, such as
species dependent diffusion and electrochemical migration related to
the effect of the negative surface charge of clay minerals on ion distri-
butions and transport. These can be more accurately described using
multi-porosity models implementing diffuse double layers (e.g. Alt-Ep-
ping et al., 2018). In addition, the dependence of diffusion coefficient on
temperature is not considered in the model. The increase in temperature
in the near field due to the release of decay heat from the canisters can
enhance diffusion by a factor of about 3 in the early stage (Wersin et al.,
2014). In order to envelope these uncertainties in the diffusion process,
several cases with increased or decreases effective diffusion coefficients
in the rock and EDZ, or in the bentonites are presented in SI Section 5.6.
The results show that increased diffusion coefficients, either in the rock
or in the clay, enhance the sulfide fluxes to some extent, and likewise,
decreased diffusion coefficients mildly reduce the sulfide fluxes. How-
ever, due to the buffering by the iron system and limited SOM inventory
in the buffer, overall the impact of diffusion coefficients are insignificant
on the canister corrosion.

6. Conclusions

This study presents a 3D reactive transport model to assess the sul-
fide fluxes and the spatially resolved canister corrosion depth in the KBS-
3 disposal concept. The parameterization of the model is based on
conservative but reasonable assumptions from experimental findings
and current understanding. Simulations predict focused corrosion of the
canister at the bottom corner, with a max. corrosion depth of 1.3 mm
after 1 My, which is safely within the designed thickness of the copper
layer (50 mm, Jonsson et al., 2018). It also demonstrates the strong
impact of gypsum and SOM on sulfide production, as well as Fe(IIl)
oxides on sulfide scavenging, which together control the net sulfide flux
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reaching the copper canister. The role of H; as potential electron donor
for SRB metabolism is negligible. Gypsum, present as accessory mineral
in the buffer material, provides sufficient sulfate for SRB reactions for
about 300 ky. Following the depletion of gypsum, the source of sulfate
changes from near-field gypsum dissolution to a far-field source of
groundwater diffusion, which leads to slower but steady sulfide pro-
duction. SOM in the buffer can support SRB for nearly 1 My, and a
reduced reactive SOM content effectively decreases the canister corro-
sion depth. During sulfide diffusion through the bentonite barriers,
goethite (used as a proxy for Fe(III) oxides) plays a critical role in sulfide
attenuation, because on one hand, it directly reacts with about 41% of
the produced sulfide (at 1 My) inside the bentonite, and on the other
hand it provides about 95% of Fe(II) available for mackinawite precip-
itation near the EDZ, which consumes about 52% of the sulfide at 1My. It
is important to note that pyrite formation has not been considered in the
model. The transformation of mackinawite, a fairly soluble phase, to
pyrite would lead to much lower sulfide concentrations and fluxes. Due
to strong sulfide-attenuation by Fe(II) oxides in the backfilled tunnel,
the backfill material does not directly affect sulfide fluxes to the canister.
This implies that the mineral inventories in the buffer dominates the
evolution of the sulfide flux to the canister. Simulations show that
corrosion rates cannot be predicted solely based on the inventory of
electron donors and acceptors in the repository, but they are a result of
multiple interacting transport and reaction processes that vary in space
and time. The complexity of the system is indicated by a spatially het-
erogeneous distribution of corrosion depths on the canister surface after
1 My, emphasizing the importance of using realistic 3D geometries of the
near field in model simulations. It is important to point out that there are
still considerable uncertainties in the model parameterization. The most
important uncertainties regard the availability of organic carbon and the
interaction between sulfide and Fe(IlI) phases. Further studies gaining
understanding of these processes can certainly be helpful to improve the
model.
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