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ARTICLE INFO ABSTRACT

Radioactive waste is planned to be disposed in a deep geological repository in the Opalinus Clay (OPA) rock
formation in Switzerland. Copper coating of the steel disposal canister is considered as an option to ensure
complete waste containment for a period of 100’000 years. Sulphide is a potential corroding agent to copper.
While background sulphide concentrations in the OPA are very low (ca. 10~ 11 mol/L), it cannot be ruled out that
sulphide reducing bacteria (SRB) thriving at discrete locations within the engineered barrier system (EBS) of the
repository could generate significantly higher dissolved sulphide concentrations. The aim of this study is to
conservatively evaluate the potential for SRB to generate and sustain elevated sulphide concentrations in the
repository near-field by considering specific geochemical bottle-necks, to quantify the maximum sulphide fluxes
towards the canister, and to assess their potential to corrode the copper canister coating. To address these
objectives reactive transport calculations are performed, and main conceptual and parametric uncertainties of
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the model are assessed.

1. Introduction

In Switzerland, all categories of radioactive waste including spent
nuclear fuel (SF) and vitrified high-level waste (HLW) are planned to be
disposed in repositories constructed in the Opalinus Clay (OPA). SF and
HLW will be encased in canisters, emplaced into horizontal tunnels
excavated in the rock, and backfilled with a clay-rich material (MX-80
bentonite). Details on the reference disposal concept can be found in
Nagra (2002). One of the long-term requirements for the canister is to
provide complete radionuclide containment over a minimum period of
1000 years (Patel et al., 2012). Nagra (the Swiss National Cooperative
for the Disposal of Radioactive Waste) is currently exploring various
options for canister materials, copper-coated steel being one possibility,
which can significantly prolong the canister lifetime (Holdsworth et al.,
2014).

Sulphide is a potential corroding agent to copper under anaerobic
conditions. Sulphide transport through the repository's engineered
barrier system (Wersin et al., 2014; Briggs et al., 2016, 2017) and its
corrosive effect have been evaluated by various nuclear waste disposal
organisations who consider copper as canister material (SKI, 1996; SKB,
2010; SSM, 2011; Wersin et al., 2014). In the pristine OPA dissolved
sulphide concentrations are very low (ca. 10~ ' mol/L), controlled by
the dissolution of pyrite (Pearson et al., 2003; Mader, 2009). After re-
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saturation with the OPA pore water, reducing redox conditions will set
in throughout the repository's near-field (Wersin et al., 2003). At
equilibrium with pyrite, dissolved sulphide concentrations in the ben-
tonite backfill will also be low.

Sulphate (celestite in the OPA — Wersin et al., 2013, and gypsum in
the MX-80 buffer - Kiviranta and Kumpulainen, 2011) will be present in
the repository's near-field, and its reduction could generate sulphide. It
is known that at temperatures below 100 °C sulphate cannot be reduced
to sulphide at a measurable rate without microbial mediation (e.g.
Krauskopf, 1979; Grauer, 1991). Bacteria are abundant in deep sub-
surface (Whitman et al., 1998; McMahon and Parnell, 2014), and can
thrive in zones hydrologically disconnected from the surface environ-
ment (Lovley and Chapelle, 1995). Some microbial communities in-
habiting the deep subsurface have been shown to reduce sulphate to
sulphide (Pedersen, 1997). Sulphate Reducing Bacteria (SRB) may
utilise a variety of electron donors (e.g. organic compounds or hy-
drogen dissolved in the pore water) to reduce sulphate (e.g. Liamleam
and Annachhatre, 2007; Muyzer and Stams, 2008). In OPA, sulphate
reduction by bacteria utilising hydrogen (Bagnoud et al., 2016) and
dissolved organics (Wersin et al., 2011) as electron donors has been
demonstrated in situ at the Mont Terri Underground Research Labora-
tory (URL) in Switzerland. In the excavation-damaged zone (EDZ) of the
emplacement drift, porosity will be increased due to the excavation of
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the tunnel. Increased porosity and availability of an electron donor
could trigger SRB activity, resulting in sulphate reduction to sulphide.

In this study, calculations are performed using the reactive transport
(RT) methodology, which allows direct coupling of bio-geochemical
reactions and mass transfer. A simplified 1D radial geometry of the
near-field is considered, which allows material volumes to be accounted
for. Therefore, the inventory of substrates for bio-geochemical reactions
and dilution on diffusion are accurately represented. In view of sig-
nificant conceptual and parametric uncertainties, realistic modelling of
SRB activity near the repository, especially over long periods, is cur-
rently impossible. Therefore, an approach is adopted whereby un-
certainties are bounded by a conservative choice of processes and
parameter values, such that the estimated sulphide concentrations and
fluxes are pessimistic.

The aims of this study are to: (1) conservatively assess the potential
for SRB to generate elevated sulphide concentrations in the near-field
by considering specific geochemical bottle-necks, (2) quantify main
model uncertainties, and (3) to conservatively evaluate maximum sul-
phide fluxes towards the canister as well as (in a simplified manner)
assess their potential to corrode the copper canister coating.

2. Conceptual model and assumptions

The conceptual model considers that sulphate minerals present in
the backfill (gypsum, CaSO,2H,0(s)) and in the surrounding OPA
(celestite, SrSO4(s)) are the source of dissolved sulphate for SRB ac-
tivity. The minerals can dissolve/precipitate according to:

CaS0,- 2H,0(s) < Ca?*(aq) + SO3~(aq) + 2H,0 1

SrS04(s) < Sr2*(aq) + SO~ (aq) 2)

Solid organic matter (SOM) is present both in the bentonite backfill
and in the OPA. SOM can release dissolved organic matter (DOM) into
the pore water according to:

SOM(s) — DOM(aq) 3

SRB are assumed inactive in the undisturbed OPA (Stroes-Gascoyne
et al., 2007) and in the highly compacted bentonite backfill (Pedersen
et al.,, 2000; Masurat et al., 2010; Stroes-Gascoyne et al., 2010; Stone
et al., 2016), but active in the excavation-damaged zone (EDZ) of the
OPA, where small open fractures provide space for bacterial viability.
SRB can utilise naturally occurring dissolved organic matter as electron
donor and sulphate as electron acceptor in their metabolic activities.
Sulphide generation is accompanied by the release of CO5 (which
causes acidification via the formation of carbonic acid) according to the
reaction (where DOM is simplistically represented by CH,O(aq) to in-
dicate reaction stoichiometry):

2CH,0(aq) + S02~(aq) + H*(aq) — HS™(aq) + 2H, O+ 2C0,(aq)
(€]

The generated sulphide may partly precipitate in the EDZ due to
solubility constraints, and partly diffuse out of the EDZ. It is assumed
that a ferrous sulphide mineral with a 1:1 stoichiometry will be the
most likely solubility-controlling phase according to:

Fe?*(aq) + HS(aq) < FeS(s) + H*(aq) 5)

Iron required for the precipitation of ferrous sulphide can be pro-
vided by the dissolution of siderite (FeCOs(s), in the OPA) and goethite
(FeOOH(s), in the MX-80 backfill):

FeCOs(s) + H*(aq) < Fe?*(aq) + HCO; (aq) 6)

)

Other reactions in the geochemical model include: the dissolution/
precipitation of calcite (CaCO3(s)) and dolomite (CaMgCO3), cation
exchange for Na*, Ca®*, Mg?" and K" (in the MX-80 backfill and in

FeOOH(s) + 3H*(aq) < Fe3*(aq) + 2H,0
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Fig. 1. Schematic of main processes considered in the conceptual geochemical
model.

the OPA), and protonation/de-protonation reactions on montmor-
illonite surfaces (in the MX-80 backfill). The main geochemical reac-
tions involved in sulphide cycling are schematically shown in Fig. 1.

The rates of all mineral dissolution/precipitation reactions (except
for SOM dissolution and sulphate reduction) are adjusted to mimic local
chemical equilibrium. All aqueous reactions, exchange reactions and
surface protonation reactions assume chemical equilibrium.
Geochemical calculations are performed at 25°C using the
Thermochimie thermodynamic data base v.9b (Giffaut et al., 2014)
utilising the Lawrence Livermore National Laboratory (LLNL) aqueous
activity model.

S(VI) and S(-II) are the only redox states of sulphur considered in
the model, while the S(VI)/S(-II) redox pair is decoupled from redox
equilibrium. The microbial sulphate reduction reaction is represented
as a kinetic Monod reaction of the form:

I

Where: Rggp is the sulphate reduction rate [mol/(Lywaters)], ksgs is the
SRB activity rate constant [mol/(LyacerS)], Cpon is the concentration of
DOM [mol/Lyater], Kpoum is the half-saturation constant for DOM [mol/
Lwater]l, Csoq4 is the concentration of the sulphate species [mol/Lyaterl,
and K304 is the half-saturation constant for the sulphate species [mol/
Luater]- Note that the simplified implementation of Monod kinetics re-
presented by equation (8) assumes constant size of SRB population in
time (ksgp is a constant parameter).

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

Cpbom

Rsrp = kSRB(
Coom + Kpowm

Cso4 )
Csos + K304 (8)

Rsom = Ksom (1 - %&)
CDOM,max

Where Rgop is the SOM dissolution rate [mol/(miyus)], kson is the rate
constant of SOM dissolution [mol/(miucs)], Cpon is the DOM con-
centration [mol/L], and Cpopmax is the maximum DOM concentration
[mol/L].

Copper canister corrosion is represented simplistically by assuming
instantaneous sulphide consumption at the canister surface according
to the stoichiometry: 2 mol of Cu consumed per 1 mol of sulphide. The
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reaction stoichiometry additionally includes the consumption of pro-
tons, to mimic the formation of chalcopyrite according to:

2Cu(s) + HS(aq) + H(aq) » Cu,S(s) + Hy(aq) 10)

Corrosion is controlled by the rate of sulphide transport towards the
canister surface, and is therefore proportional to the time-integrated
sulphide flux. The potential formation of solid corrosion products and
their potential protective effects is disregarded, and uniform corrosion
is considered. Furthermore, the impact of hydrogen generated by
chalcocite precipitation is ignored.

Mass transfer is by diffusion in the water-filled porosity according to
Fick's law, and considering an effective diffusion coefficient common to
all dissolved species. Materials are represented as continuous porous
compartments with homogenous properties, which are fully water-sa-
turated and under isothermal conditions. It is further assumed that
mineral dissolution and precipitation reactions have no impact on
porosity and diffusivity, and the effect of increased temperature is ne-
glected.

3. Input data
3.1. MX-80 backfill

Goethite content in the backfill is estimated at 0.64 wt % based on
Fe mass balance using data of Kiviranta and Kumpulainen (2011). Solid
organic matter is estimated at 0.1 wt.-% based on Wersin et al. (2014).
The remaining mineralogical composition of the backfill is simplified
after Kiviranta and Kumpulainen (2011) to include: montmorillonite
(only for surface protonation and ion exchange reactions), gypsum,
calcite and quartz. For cation exchange and surface protonation in the
MX-80 backfill the models and parameterisation of Bradbury and
Baeyens (2003), and Bradbury and Baeyens (1997), respectively, are
used. The total porosity of the bentonite backfill is 0.48 (Van Loon,
2014), dry density equals 1’450 kg/m? (Savage, 2014), and the effective
diffusion coefficient is 2:10 ™2 m?/s (Nagra, 2014b).

3.2. OPA and EDZ

Solid organic matter is taken to be present at 0.6 wt % (Nagra,
2014a). The remaining mineralogical composition of the OPA was
simplified after Nagra (2014a) to include: calcite, siderite, dolomite and
quartz. Celestite is estimated based on Wersin et al. (2013). A generic
exchanger is implemented to represent cation exchange reactions with
total CEC and composition reported by Pearson (2002). The total por-
osity is 0.11 (Gaus et al., 2014) and 0.14 (Nagra, 2014a) for the OPA
and the EDZ, respectively. The effective diffusion coefficient equals
2107**m?/s and 10~ ' m?/s for the OPA and the EDZ, respectively
(Nagra, 2014b).

Diffusive transport in the OPA and in the MX-80 backfill is treated
simplistically by considering a single porosity and a common effective
diffusion coefficient (D.) to all dissolved species, with a value char-
acteristic of anions. The choice of D, characteristic of anions is justified
by the expectation that sulphate transport will be predominantly in the
anionic form (SO42_(aq)), and so will be the sulphide (HS ™ (aq)) gen-
erated by SRB. It is recognized however, that solute transport in com-
pacted clays is complex: anions, cations and neutral species are affected
differently, and that there remain uncertainties regarding the overall
effect on sulphide generation and transport.

3.3. Key parametric uncertainties

Mathematical representation of the conceptual model described
above requires that a number of parameter values be quantified. Some
of these values are poorly constrained under disposal conditions. Below,
key areas of uncertainty are identified, and parameter values are esti-
mated based on available laboratory and field data.
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3.4. Rate of SRB activity

The maximum rate of SRB activity (at full substrate availability) is
defined according to equation (8) by the rate constant ksgg. This
lumped parameter represents the intrinsic ability of SRB to reduce
sulphate and the size of bacterial population (biomass). Rates of mi-
crobial sulphate reduction observed in nature and laboratory experi-
ments vary by orders of magnitude (e.g. Goldhaber and Kaplan, 1975;
Holmer and Starkholm, 2001; Wersin et al., 2011; Glombitza et al.,
2013; Hallbeck, 2014; Glombitza et al., 2015; Richards and Pallud,
2016) with peak values around 1 mol/(L-yr), but usually significantly
lower. Based on the above, the value of 0.1 mol/(L-yr) is assumed for
the SRB rate constant (ksgp). Additional sensitivity calculations are also
carried out considering values of 1 and 10~ > mol/(L-yr). For the sim-
plified Monod model (equation (8)), the DOM and sulphate half-sa-
turation constants are defined at 10~ °mol/L, based on the review by
Maia et al. (2016). This is similar to the values used by Grandia et al.
(2006) for modelling of the Mont Terri in situ PC experiment (310°°
and 10~ ®mol/L for acetate and sulphate half-saturation constants, re-
spectively). Additional test calculation cases are performed assuming
half-saturation constants of 10~° and 10~ > mol/L.

3.5. Avadilability of DOM

DOM concentrations in anoxic extracts of the OPA were reported to
be in the range 3.9 = 0.4 to 8.8 + 0.8 mg C/L (milligram carbon per
litre solution), while DOM measured in the pore water were
1.2-15.8 *= 0.5 mg C/L (Courdouan Merz, 2008). Acetate, lactate and
formate were identified in the extracts and pore water with LMWOA
(low molecular weight organic acids) constituting 36% of the DOC.
DOM concentration in the MX-80 bentonite is unknown. Based on the
above, the DOC concentration (Cpom,max in Equation (9)) in both OPA
and the MX-80 backfill is defined at 1 mg/L. Sensitivity calculation
cases are additionally performed, where the DOC concentrations in OPA
and the backfill are assumed to be 0.1 and 10 mg/L.

3.6. Rate of dissolution and extractability of SOM

Dissolution rates of SOM in the OPA and in the MX-80 bentonite are
currently unknown. However, the dissolution of SOM found in soils has
been studied, and the results are used here as a proxy to estimate two
parameters: the rate of SOM dissolution and its extractability.
Schaumann et al. (2000) evaluated the data presented by Reemtsma
et al. (1999) and calculated the soil SOM dissolution rate of around
0.1 pg DOM per minute per g SOM. Assuming the atomic mass of 12 u
(pure carbon) for DOM, dry density of OPA of 2’450 kg/m> and SOM
content in the OPA of 0.6 wt% this corresponds to about 2:10~®mol/
(miues). Therefore, the value of 10 ~°® mol/(mds) is adapted here as
the upper limit for the rate of SOM dissolution in the OPA and the MX-
80. A sensitivity calculation is additionally carried out by provisionally
considering a value of 10~ mol/(mics) as the lower SOM dissolu-
tion rate. The total amount of organic matter in the OPA (Nagra, 2014a)
and MX-80 bentonite (e.g. Karnland, 2010; Kiviranta and Kumpulainen,
2011) are known. As a limiting case, the entire reported content of SOM
is assumed leachable. A sensitivity calculation is additionally carried
out considering that only 1% of the total SOM present is leachable. This
value is estimated based on leaching of SOM in OPA by Courdouan
et al. (2007), and based on data on extractable DOC in MX-80 reported
by Marshall et al. (2015).

3.7. The sulphide-solubility limiting mineral

Based on the widely studied chemistry of ferrous sulphide solutions
(e.g. Rickard and Luther, 2007, and references therein) mackinawite
(with  logK —3.6 for the reaction: Mackinawite
(s) + H%(aq) =Fe®’*(aq) + HS (aq) as implemented in the
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Thermochimie thermodynamic database v.9.0b, Giffaut et al., 2014) is
considered to be the sulphide solubility limiting mineral in most of the
present calculations. In addition, to conservatively evaluate the upper
limit of sulphide solubility, sensitivity calculations are performed by
considering the amorphous FeS(am) (with logk = —2.95 for the re-
action: FeS(am) + H™ (aq) = Fe?"(aq) + HS (aq) as implemented in
the Thermochimie thermodynamic database v.9.0b, Giffaut et al., 2014)
to be the sulphide solubility limiting mineral.

3.8. Iron availability

Siderite is reported as a constituent of the OPA, and is considered to
control dissolved iron in the OPA pore water (Pearson et al., 2003;
Méader, 2009; Nagra, 2014a). However, there remain inconsistencies in
assuming siderite equilibrium to model dissolved Fe concentrations
measured in water samples collected at the Mont Terri URL in Swit-
zerland (Pearson et al., 2003). This could be due to presence of a Fe-
bearing solid solution. In most present calculations, siderite is assumed
the solubility-controlling mineral for dissolved Fe. Furthermore, sensi-
tivity calculations are carried out, where the solubility of siderite is
arbitrarily decreased by a factor ten. This serves as a simplistic illus-
tration of the impact of decreased iron availability.

3.9. Calculation cases
Based on the conceptual and parametric uncertainties discussed

earlier, the calculation cases considered in this study are presented in
Table 1.

3.10. Model set-up
3.10.1. Initial and boundary transport conditions

Initial geochemical conditions are presented in Table 2. The OPA
pore water is calculated by assuming equilibrium with calcite,

Table 1
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dolomite, quartz, celestite and siderite, and considering CO5(g) partial
pressure of 10~ %2 bar. Fixed exchanger composition reported by Mader
(2009) is used to calculate the equilibrium concentration of Na™,
Mg?*, K* and Sr**. It is assumed that the composition of the EDZ
corresponds to that of the undisturbed OPA. The MX-80 backfill pore
water is calculated by equilibrating the OPA pore water reported by
Mader (2009), assuming equilibrium with gypsum, calcite, quartz,
goethite at partial pressure of CO,(g) equal 10~ 22 bar. Fixed cation
exchanger reported by Bradbury and Baeyens (2003) is used to calcu-
late the concentrations of Na*, Mg?*, K*.

3.10.2. Geometry and numerical implementation

The calculations consider a 1D radial model domain (Fig. 2). The
external transport boundary assumes constant OPA pore water com-
position (Table 2). Although the canister is included in the model
geometry (to correctly represent dimensions and volumes), it is con-
sidered as chemically inert and diffusively impervious. Sulphide con-
sumption at the canister surface is simplistically represented by de-
fining an arbitrary small space (single cell of 1 cm length within the
outer canister zone) for this reaction to take place in.

Calculations are carried out using PFLOTRAN (www.pflotran.org)
with the Thermochimie thermodynamic database v.9.0b (Giffaut et al.,
2014). Diffusive transport and chemical reactions are solved in a one-
step global implicit manner. Aqueous complexation reactions, surface
complexation and cation exchange reactions are implemented as equi-
librium reactions. Mineral dissolution reactions are kinetic, but their
rates are adjusted relative to transport rates such that local equilibrium
is approximated.

Microbial reactions and SOM dissolution are implemented as kinetic
reactions. Most calculations are performed for a period of 100’000
years. For selected calculation cases evolution during 1°000’000 years is
considered. The backfill and EDZ are discretized with 1 cm cells, while
the cell size in the OPA gradually increases from 1 cm at its contact with
the EDZ to a maximum of 50 cm (10 m away from the EDZ).

Calculation cases. Bold face indicates parameters of interest for a given case. "siderite solubility is reduced by a factor of ten.

Case code SOM dissolution rate Maximum DOM Extractable SOM  Sulphide solubility Iron solubility SRB activity rate Half-saturation
constant (ksom) [mol/  concentration (Cpommax) [% of total] controlling mineral controlling constant (ksgp) constants (Kdon, KSo4)
(Mpui>s)] [mg/Lwater] mineral [mol/(Lyateryr)] [Mol/Lyyater]
REF1 107! 1 100 Mackinawite Siderite 0.1 107°
REF2 10°° 1 100 Mackinawite Siderite 0.1 10°°
DOM1a 107 0.1 100 Mackinawite Siderite 0.1 10°°
DOM1b 107 10 100 Mackinawite Siderite 0.1 10°°
DOM2a 10°° 0.1 100 Mackinawite Siderite 0.1 10°°
DOM2b 107 10 100 Mackinawite Siderite 0.1 107°
EXT1 107t 1 1 Mackinawite Siderite 0.1 107
EXT2 10°° 1 1 Mackinawite Siderite 0.1 10°°
SSOL1 107 1 100 FeS(am) Siderite 0.1 10°°
SSOL2 10°° 1 100 FeS(am) Siderite 0.1 10°°
FESOL1 1071 1 100 Mackinawite Siderite 10x less 0.1 107
FESOL2 107 1 100 Mackinawite Siderite 10x less 0.1 107
SRBla 107! 1 100 Mackinawite Siderite 1 10°
SRB1b 107 1 100 Mackinawite Siderite 10°° 10°°
SRB2a 10°° 1 100 Mackinawite Siderite 1 10°°
SRB2b 107° 1 100 Mackinawite Siderite 107° 107°
HSla 10711 1 100 Mackinawite Siderite 0.1 1072
HS1b 107 1 100 Mackinawite Siderite 0.1 107°
HS2a 10°° 1 100 Mackinawite Siderite 0.1 1073
HS2b 107 1 100 Mackinawite Siderite 0.1 107°
PES 10°° 10 100 FeS(am) Siderite 10x less 1 107°
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Table 2

Initial geochemical conditions in the OPA, EDZ and MX-80. (1) Fe concentra-
tion assuming siderite equilibrium. 10 times lower concentrations are assumed
for cases FESOL, (2) Dissolved organic matter (DOM) is assumed to have the
generic molecular formula of CH,O. Alternative DOM concentrations assumed
in cases DOM, (3) Solid organic matter (SOM) in the MX-80 backfill. 100 times
lower SOM considered for case EXT, (4) Solid organic matter (SOM) in the OPA
and EDZ. 100 times lower SOM considered for case EXT, (5) FeS(am) is assumed
instead of mackinawite for cases SSOL, (1) Minerals initially absent, but allowed
to form if over-saturated.
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rate of SRB activity at 1’000 and 50’000 years for cases REF1 and REF2
(the slower and faster rate of SOM dissolution, respectively). SRB ac-
tivity at EDZ interfaces with the backfill and OPA is enhanced, where
diffusive fluxes increase the availability of sulphate and DOM.
Sulphide concentrations generated by SRB activity at the EDZ are
higher considering the faster SOM dissolution rate (REF2) than con-
sidering the slower SOM dissolution rate (REF 1). Furthermore, con-
sidering the slower SOM dissolution rate (REF1) SRB activity becomes
limited by diffusive supply of DOM, while under higher rates of SOM
dissolution the supply of sulphate is the limiting factor (compare Fig. 3a

OPA and EDZ MX-80 backfill and c). Under sulphate-limited SRB activity (REF2), gypsum and ce-
pH 7.98 7.31 lestite dissolve fast, leading to complete gypsum dissolution after ca.
pe —-3.08 -3.24 2’000 years (not shown). Following that, dissolved sulphate in the
Eh (mV) -182 —191 backfill becomes rapidly depleted, and SRB activity continues only at

. the EDZ contact with the OPA, where celestite dissolution continuously
Total dissolved [mol/L] | . . .
Na 1.67E-01 3.96E-01 provides sulphate. It is also to note that considering the slower SOM
Mg 5.80E-03 8.07E-03 dissolution rate (REF1), the calculated time required for complete
Ca 8.08E-03 1.18E-02 gypsum consumption in the backfill is significantly longer, about
Sr 3.10E-04 3.21E-04 12°000-13’000 years (not shown).
Ee i}iﬁ‘g%?os ig?ggg Sulphide generated by SRB activity at the interfaces precipitates as
si 1.82E-04 1.82E-04 mackinawite (Fig. 4, top), while the required Fe is supplied by siderite
cl 1.60E-01 1.60E-01 dissolution (Fig. 4, bottom). SRB activity in the EDZ increases sulphide
cav) 2.95E-03 3.43E-03 solubility under mackinawite equilibrium by generating CO, (according
:?ﬁ; ;ZEE% ;:gzi:% to Equation (4)), which drives pore water acidification due to dis-
@pom 8.33F-05 8.33F-05 sociation of carbonic acid. Fig. 5 shows the evolution of pH and the

concentration of total dissolved sulphide calculated during

Minerals [volume fraction] 1°000’000 years at the centre of the EDZ for REF1 and REF2. The figure
Caldte' 1.23E-01 1.07E-03 shows that (1) faster rate of SOM dissolution leads to higher SRB ac-
Dolomite 5.50E-03 ©0.00 . . e
Siderite 3.71E-02 0,00 tivity rate and increased acidification, and (2) lower pH leads to ele-
Celestite 3.70E-04 9,00 vated concentration of dissolved sulphide (via mackinawite solubility).
Gypsum ©0.00 5.66E-03 Following the SRB-driven perturbation, pH is predicted to reach a near
Quartz (1T-)84E'01 2.73E-02 steady state after about 100’000 to 200’000 years. The pH value at the
g?;g;[t?wx_so o (())(.)00 f;ggi steady state is defined by a balance between the rate of SRB activity, the
“SOM OPA 1.235-03 0.00 efficiency of chemical pH buffering, and the rate of diffusive transport.
®Mackinawite/FeS(am) 0.00 0.00 After SRB activity slows down due to complete sulphate consumption in

4. Results

Main features of geochemical evolution are presented in Fig. 3 as
radial profiles of sulphate, DOM and sulphide concentrations, and the

1 cm thick canister

the EDZ, a rebound of the pH is predicted over a period of up to 200’000
years. This process is controlled by a combination of diffusive transport
and buffering by the carbonate system.

Fig. 6 shows that sulphide fluxes towards the canister are directly
proportional to dissolved sulphide concentrations in the EDZ. Figs. 5
and 6 indicate that the period of rapid geochemical changes is limited

Fig. 2. Schematic illustration of the radial geometry

“‘surface” No-flux of the disposal system with the orientation of 1D si-
C = mulation profile used in reactive transport calcula-
M: __0-525 M tions (dashed blue line). Can — canister. Dimensions
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to about 100’000 to 200’000 years. After this time, a near-steady state
(at least in terms of sulphide fluxes towards the canister) is attained.
Therefore, further discussions focus on the initial 100’000 years.

Fig. 7 (top) shows a comparison of sulphide fluxes towards the
canister [mol/(mZisceryr)] predicted over a period of 100’000 years for
all calculation cases. The calculated fluxes vary by a maximum of ca.
four orders of magnitude. This is largely due to differences in the as-
sumed rate of SOM dissolution. As discussed earlier, higher SOM dis-
solution rate leads to increased availability of DOM, enhanced SRB
activity, stronger water acidification, and elevated sulphide con-
centrations due to mackinawite solubility.

The highest sensitivity is related with the sulphide- and iron-solu-
bility controlling minerals. Considering FeS(am) (case SSOL) results in
sulphide fluxes increasing by a factor of ca. 4.5 compared to assuming
mackinawite as the sulphide-solubility controlling mineral. This reflects
the ratio of the solubility constants of these two minerals (Kgescam)/
Kmackinawite = 4.5). Decreasing the solubility of the iron-controlling
mineral by a factor of ten (FESOL), results in a sulphide flux decrease by
a similar factor. The latter two observations are useful as they allow
making simplified extrapolations of sulphide fluxes by considering
various sulphide- and iron-controlling minerals. Moreover, a limited
amount of extractable SOM (EXT1 and EXT2) leads to a significant
decrease in sulphide fluxes due to limited availability of organics. On
the other hand, the effect of varying DOM concentration within a range
of 100 (DOM cases) has a small to negligible effect on the calculated
flues (DOM2a and DOM2b are not shown as they overlap with REF2).

Varying the half-saturation constants within a range of six orders of
magnitude (HS1a, HS1b, HS2a, HS2b — not shown) has practically no
effect on the calculated sulphide fluxes. At the lower rate of SOM dis-
solution (SRBla and SRB1b), varying the rate of SRB activity (increase
10 times or decrease 10’000 times) does not affect the sulphide flux to
the canister (not shown). This suggests that sulphide flux is limited by
availability of DOM and sulphate rather than by the capacity of SRB to
utilise it. In the case of higher SOM dissolution rate (SRB2b), lowering

the effective maximum SRB rate constant results in restricting the
bacterial rate, and reduced sulphide fluxes to the canister. Fig. 7
(bottom) shows a comparison of the nominal canister corrosion depths
calculated for selected cases over a period of 100’000 years. The total
range of the calculated values at 100’000 years spans three orders of
magnitude from 2:10~° to 2:10 3 m. Table 3 presents a summary of the
calculated nominal canister corrosion depths at 100’000 years, and the
values calculated/estimated at 1°000’000 years.

Nominal canister corrosion depths at 1’°000’000 years are calculated
for the cases REF1, REF2 and PES. Based on the observation that a near-
steady state in sulphide fluxes is developed after about 100’000 to
200’000 years, the corrosion depths at 1’000°000 years for other cases is
estimated by linear extrapolation of the results at 100’000 years. Worth
noting is that in cases for which corrosion depths at 1°000’000 years are
calculated, the calculated values compare reasonably well with the
estimated ones.

5. Discussion

Realistic predictive modelling of SRB activity near the repository
over long times (hundreds of thousands of years and longer) is at pre-
sent not possible due to its complexity and incomplete understanding of
key processes. However, pessimistic estimates of sulphide concentra-
tions and sulphide fluxes towards the canister can be derived from
simplified models. For example, Briggs et al. (2017) presented 3D
transport calculations of sulphide in the near field of the Canadian re-
pository for Spent Fuel, where bio-geochemical reactions were re-
presented implicitly using constant sulphide concentrations. In the
present study, key reactions are represented explicitly using the re-
active transport methodology. The advantage of this approach is that
intrinsic coupling between reactions and diffusive transport are re-
presented directly, and that the impact of certain geochemical bottle-
necks is evaluated within a unified, dynamic geochemical framework.
Uncertainties are bounded by a conservative choice of processes and
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parameter values. Consequently, the predicted geochemical evolution
does not aim to represent quantitatively the most likely geochemical
evolution of the system. Instead, the choice of processes and parameter
values results in a prediction of a geochemical evolution that is pessi-
mistic in terms of sulphide concentrations and sulphide fluxes due to
potential SRB activity. Modelling results and their limitations are dis-
cussed below.

Due to lack of relevant data for the OPA and the MX-80 bentonite,
experimental results on SOM dissolution in soils (Reemtsma et al.,
1999; Schaumann et al., 2000) are used to estimate the upper limit for
this parameter at 10~° mol/(m{s). Based on this assumption, the
nominal corrosion depth at 1’000’000 years is calculated to be about
210~ *m. It is noted however that this fast SOM dissolution rate value
is likely an over-estimate as the “fresh” SOM found in recent soils is
probably more soluble compared to the SOM in the OPA and in the MX-
80 bentonite. In particular, the OPA is known to have undergone sig-
nificant alterations during extended periods of heating and burial ac-
companying the diagenesis of the rock (Mazurek et al., 2006; Elie and
Mazurek, 2008). Moreover, the experiments of Reemtsma et al. (1999)
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appear to have been carried out under atmospheric oxygen access. It is
possible that (in comparison with oxygen depletion expected under
disposal conditions) oxygen presence in the experiments leads to
stronger SOM dissolution. Courdouan Merz (2008) reported noticeable
increase in leachability of organic matter in the Callovo-Oxfordian with
increasing exposure to oxygen. Recent work by Marshall et al. (2015)
suggests that, due to a history of diagenetic alterations, SOM in the MX-
80 bentonite is recalcitrant and poorly soluble. For example, water-
extractable DOC (supposed to be representative of labile carbon in the
pore water) in samples of MX-80 bentonite constitutes only about 8% of
the total organic carbon. Likewise, Karnland (2010) suggests that the
solid organic material in the MX-80 bentonite is “relatively insoluble”.
A realistic value for the SOM dissolution rate under relevant disposal
conditions is currently impossible to quantify. Here an illustrative case
is considered where the rate is arbitrarily reduced by 5 orders of
magnitude to 10~ mol/(m§ s). Considering this lower SOM dis-
solution rate, the calculated nominal corrosion depth at 1°000’000 is
about three times lower, 7:10 " °>m. For reasons similar to the ones
discussed above, the extractable (soluble in the pore water) amount of
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SOM likely constitutes only a small fraction of the total amount present.
If the leachable amount of DOM in OPA reported by Courdouan et al.
(2007) is considered (about 1%), the calculated corrosion depth is
lower still, about 3-10~>m at 1°000°000 years, regardless of the SOM
dissolution rate assumed. In the present model, DOM is represented
using a simplified generic formula (CH,0) for organic matter (Equation
(4)), which implies a 2:1 carbon to sulphate reaction stoichiometry (e.g.
sulphate reduction using acetate). It is noted that the reaction stoi-
chiometry could be somewhat different depending on the actual com-
position of the reacting carbon specie. However, given the large pool of
SOM present in the OPA, which is never exhausted in the calculation,
this is a minor model uncertainty.

In the present model, the SRB capacity to reduce sulphate (including
the size of the bacterial population) is included in the parameter kgsgp
(Equation (8)), which defines the rate of SRB activity at full substrate
availability. In the present calculations, the value of this parameter is
conservatively estimated based on the maximum values observed in
nature and in laboratory experiments. The calculations performed in-
dicate that, while considering the slower SOM dissolution rate (lower
DOM availability), varying the parameter had no appreciable effect on
the calculated sulphide fluxes. This is interpreted to indicate that under
such conditions, DOM availability limits sulphate reduction, not the
capacity of SRB to do so. When the faster rate of SOM dissolution is
considered (higher DOM availability), further increase in the ksgrp
parameter has no effect on sulphide fluxes. This also indicates that the
SRB capacity to reduce sulphate is not process limiting. However, while
considering the faster rate of SOM dissolution, a reduction in kgrp
causes the fluxes to decrease, indicating that in such a case the capacity
of SRB would limit the overall process of sulphate reduction. The above
observations indicate that the assumed reference rate of SRB activity is
high compared to DOM availability, even considering the upper limit
on SOM dissolution rate. This is conservative as it assumes that the size
of SRB population, and their intrinsic capacity to reduce sulphate, is not
limiting for the calculated sulphide fluxes.

Uncertainties regarding iron and sulphide solubility in the EDZ may
potentially have a significant impact. It is unlikely that amorphous FeS
(am) should control dissolved sulphide in the EDZ for extended periods
of time (e.g. hundreds of thousands of years). However, even con-
sidering such a case, the canister corrosion depth calculated at
1°000’000 years is pessimistically estimated at 1 mm. Worth noting is
that mackinawite could convert to pyrite (e.g. Donald and Southam,

1999; Rickard and Morse, 2005; Rickard and Luther, 2007), especially
in the long term. Given the very low solubility of pyrite under oxygen-
free conditions, sulphide concentrations controlled by equilibrium with
pyrite would be orders of magnitude lower.

As mentioned earlier, the current assumption is that siderite con-
trols dissolved iron in the OPA pore water. Dissolved Fe concentrations
measured in OPA are about ten times lower than the modelled ones
assuming siderite equilibrium. This could be an artefact due to oxida-
tion having taken place in the boreholes before sampling (Pearson
et al., 2003). On the other hand, it cannot be ruled out, that the dis-
solved iron concentrations are representative of in situ conditions,
which could be explained by equilibrium with a carbonate solid-solu-
tion that restricts iron solubility. A simplistic calculation considering
the solubility of siderite arbitrarily decreased by a factor of ten leads to
a maximum (for the faster SOM dissolution rate) canister corrosion
depth of about 3 mm at 1’000°000 years.

The calculation case PES, represents a speculative case intended to
test model extremes, where all model parameter values are selected to
increase sulphide fluxes towards the canister. The resulting estimated
nominal corrosion depth for this case is 6 mm at 1’°000’000 years. This
should be considered a highly pessimistic and unlikely scenario.

A general comment concerning all calculations, especially those
considering the faster rate of SOM dissolution, is that the minimum pH
values calculated due to SRB activity (ca. 5.9) are lower than measured
experimental data. Wersin et al. (2011) reported pH values measured
during the Porewater (PC) experiment in OPA at the Mont Terri Un-
derground Research Laboratory. The minimum pH values measured
were around 6.8 (with a reported 0.2 pH unit uncertainty). The sig-
nificantly lower pH values predicted by the model considering fast SOM
dissolution rates could indicate that SRB rates assumed are con-
servatively fast. Alternatively, the assumed pH-buffering model in OPA
could be incomplete and overlook an additional pH-relevant reaction
(such as the dissolution of clay minerals). However, the effect of the
predicted low pH values is to increase the concentrations of dissolved
sulphide under mackinawite equilibrium, and is therefore pessimistic.

Another general aspect concerning all presented calculations is that
the activity of SRB over very long periods is unknown. In this study an
assumption is made that SRB are present and active throughout the
simulation (100’000 years up to 1’°000’000 years). This assumption is
conservative as the activity of SRB could additionally be limited by
factors other than the availability of sulphate and DOM. For example,
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microorganisms are dependent on the presence of trace elements, which
constitute critical nutrients (such as Phosphorous). In the present
model, it is conservatively assumed that such availability is never
limiting for SRB.

The present geochemical model, and in particular the sulphide
generation reaction, is largely de-coupled from redox. The sole poten-
tially relevant redox coupling is via the iron system. However, under
the model assumptions (initially reducing conditions in the pore water
and redox buffering by the goethite/siderite mineral pair) redox re-
mains reducing throughout the calculation, and importantly, dissolved
iron remains almost completely dominated by Fe(Il). As a result, redox
has no practical effect on the modelled sulphide generation and sul-
phide fluxes. For this reason, the evolution of redox is not discussed
further. It is to note however that relevant uncertainties concerning
redox control in the OPA remain (Pearson et al., 2003; Mader, 2009).
The nature of the redox-controlling phases (sulphate/pyrite, goethite/
siderite or magnetite/siderite) is not entirely clear, especially following
a geochemical disturbance. Furthermore, the role of organic matter in
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microbial activity and redox reactivity of hydrogen generated by
anaerobic corrosion of copper and steel is not fully understood (Wersin
et al., 2003). Having in mind the above uncertainties, while decoupling
the S(VI)/S(-II) redox pair equilibrium, potential sulphide oxidation
due to a kinetic reaction was ignored. Likewise, potential sulphide
oxidation to elemental sulphur was not accounted for. Both these
simplifications are conservative in the sense that these additional po-
tential sinks for sulphide are disregarded, although given the calculated
pH and redox conditions (low dissolved oxygen concentrations) they
are not expected to be significant.

6. Conclusions

In this study, the potential of SRB in the near-field of the repository
for SF and HLW in the OPA in Switzerland is evaluated using the re-
active transport methodology. In view of limited experimental in-
formation, a combination of conservative assumptions and data from
analogue systems is used to estimate bounds on certain poorly
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constrained model parameter values. The overall approach is to make
assumptions that tend to enhance sulphide fluxes towards the canister,
wherever conceptual or parametric uncertainties are encountered. In
this sense, the calculated sulphide concentrations, sulphide fluxes to-
wards the canister, and the estimated nominal corrosion depths are
pessimistic.

Considering the conservative assumptions and model simplifications
made, the results of this study suggest that SRB have the potential to
generate dissolved sulphide concentrations significantly above the ex-
pected background values (approximately 10~ *! mol/L, based on pyrite
equilibrium). Given the large amount of sulphate and organic matter
that could serve as electron donor to SRB in the OPA, sulphide gen-
eration could theoretically continue for a very long time (e.g. many
hundreds of thousands of years). The assessment performed indicates
that at 1°000’000 years the estimated nominal corrosion depth could be
several millimetres in the most pessimistic cases considered. However,
in view of the multiple conservative assumptions made, these values
should be considered highly pessimistic. Nominal canister corrosion

depths significantly below 1 mm at 1°000’000 years are more probable.
Considering a copper coating thickness of about 3-5 mm, the results of
this study suggest that sulphide-assisted copper corrosion is unlikely to
compromise the copper coating during hundreds of thousands of years.

Outlook

In order to reduce the present level of conservatism in the model,
further experimental and field data are indispensable. In particular,
experimental data on in situ SRB activity (e.g. concentration of bacteria,
selectivity towards specific organic compounds as electron donors, and
availability of nutrients) under conditions comparable to those ex-
pected in the repository are needed. Moreover, experimental studies on
the rate SOM dissolution in the OPA and the bentonite backfill under
conditions relevant to disposal would be useful.

Additional issues are worthy further investigation, for example:
electrostatic effects associated with ion transport in compacted clays,
the effect of potential presence of cement and steel, SRB activity
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Table 3

Summary of calculated nominal corrosion depths for all considered cases at
100’000 and 1’000’000 years. 7 — extrapolated from results obtained for
100’000 years.

Case code  Nominal corrosion depth at Nominal corrosion depth at
100’000 years [m] 1°000°000 years [m]

REF1 4107° 7107°
REF2 510°° 210°*
DOM1a 310°° +5107°
DOM1b 710°° 1107
DOM2a 5107° 31074
DOM2b 510°° 13107
EXT1 210°° +2107°
EXT2 310°° +310°°
SSOL1 2107% +310°*
SSOL2 2107* 11073
FESOL1 4107° 15107
FESOL2 410~* 31073
SRBla 410°° 610°°
SRB1b 410°° 610°°
SRB2a 5107° 3107
SRB2b 1107° 2107
HSla 410°° 6107°
HS1b 410°° 610°°
HS2a 510°° +310°*
HS2b 5107° 3107
PES 21073 61073

directly in the backfill in case of accidental poor emplacement, addi-
tional sulphide retardation effects (such as potential oxidation of sul-
phide to elemental sulphur or sulphate). These issues, as well as addi-
tional aspects, will be addressed in future work.
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