Applied Clay Science 211 (2021) 106193

FI. SEVIER

Contents lists available at ScienceDirect

Applied Clay Science

journal homepage: www.elsevier.com/locate/clay

Research Paper

Check for

Modelling of solute transport and microbial activity in diffusion cells | e
simulating a bentonite barrier of a spent nuclear fuel repository

Mirjam Kiczka® ", Marek Pekala®', Susanna Maanoja ™, Eveliina Muuri ¢, Paul Wersin

a

2 University of Bern, Institute of Geological Sciences, Rock-Water Interaction, Baltzerstrasse 1+3, 3012 Bern, Switzerland
Y Tampere University, Faculty of Engineering and Natural Sciences, Research group of Bio and Circular Economy, P.O. Box 541, 33014 Tampere, Finland

¢ Posiva Oy, Olkiluoto, 27160 Eurajoki, Finland

ARTICLE INFO

Keywords:

Reactive transport modelling
Sulfide

Organic matter

Engineered barrier system
Buffer-host rock interface
Geological disposal

ABSTRACT

Microbial sulfate reduction possesses a potential risk for the long-term safety of spent nuclear fuel repositories
because under expected repository conditions sulfide is the main corroding agent for copper and copper-coated
steel canisters foreseen in the Scandinavian disposal concepts. It is thus essential to understand and quantify the
processes and factors impacting microbial sulfide production within and around compacted bentonite, which is
planned to be used as a buffer material in many repository concepts. In the present study reactive transport
modelling was applied to increase the understanding of diffusion cell experiments, which brought sand layers
with or without inoculated microorganisms in contact with compacted and saturated bentonites of different
mineralogy. Model results obtained for a sodium bentonite from Wyoming and a calcium bentonite from Bulgaria
gave strong evidence for the activation of bentonite indigenous microorganisms, at least in zones of a reduced
density close to the bentonite/sand interface. For all experiments, the calculations indicated that after an initial
phase of favourable conditions, microbial activity was limited by the (bio-)availability of organic carbon. In the
Bulgarian bentonite, characterized by a very low gypsum content, the model furthermore suggested some in-
termediate control of microbial sulfate reduction by sulfate availability. The present study thus demonstrated the
rapid evolution of a transport limited system in settings where zones of microbial activity are in contact with
highly compacted microbially-inactive bentonite. Gypsum dissolution calculated and determined experimentally
for the Wyoming bentonite indicated significant gypsum dissolution in the first 2 cm from the interface during
450 days. The reactive transport model applied successfully in this study for the description of an experimental
system followed the conceptual models for microbial sulfate reduction in repository settings. The results obtained
offer insights regarding the mechanism and magnitude of biogeochemical reactions that might occur in the vi-
cinity of the bentonite buffer surrounding the waste canister and in so doing, may be relevant for the near field of
HLW repositories.

1. Introduction

central role for the long-term safety of the repository, because they
isolate the canisters from flowing groundwater, protect them from cor-

The Scandinavian concept for the disposal of spent nuclear fuel (SNF)
in a deep geological repository foresees the construction of an engi-
neered barrier system (EBS) in crystalline host rock (Posiva, 2018; SKB,
2010a). In the disposal concept, the SNF will be encased in copper
canisters, which are emplaced in vertical deposition holes excavated in
horizontal deposition tunnels. Compacted bentonite will be used as
buffer material surrounding the canisters in the deposition holes and as
backfill material of the deposition tunnels. The bentonite barriers play a
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rosive agents (e.g. sulfide), shield them from detrimental mechanical
processes and retard migration of radionuclides released in case of
canister failure (Posiva, 2018; SKB, 2010a).

However, bentonite may also be a source of nutrients for microor-
ganisms. Although microbial activity will largely be suppressed within
highly compacted bentonite (Bengtsson and Pedersen, 2017), it might
evolve in the excavated damaged zone (EDZ) at the bentonite — rock
interface (Stroes-Gascoyne, 2010; Stroes-Gascoyne et al., 2011). Of
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particular concern for long-term safety are sulfate-reducing microor-
ganisms (SRM) that, by using organic matter (OM) or H; as an electron
donor and sulfate as an electron acceptor, release sulfide to the system,
which is the primary corrosive species for copper (King et al., 2013). The
flux of sulfide in the bentonite barrier towards the canister thus exhibits
the major control on corrosion and integrity of the canister (King et al.,
2017).

Hence, various studies quantified the release and flux of sulfide and
ensuing corrosion of copper canisters in deep geological repositories,
using methods from simplified mass balance and transport consider-
ations (Briggs et al., 2017; SKB, 2010b; Werme et al., 1992) to elabo-
rated reactive transport calculations (Cloet et al., 2017; King et al., 2020;
Pekala et al., 2019a; Pekala et al., 2020; Pekala et al., 2019b; Wersin
et al., 2014). Depending on the complexity of the models, assumptions
regarding the parameterization of the microbial sulfate reduction and
the availability of nutrients, i.e. sulfate and OM are required. Microbial
sulfate reduction kinetics were extracted either from experimental
studies with simplified organic molecules (Hallbeck, 2014; Maia et al.,
2016) or from natural analogue studies (Glombitza et al., 2013; Holmer
and Storkholm, 2001). The mobility and bioavailability of OM in
bentonite was shown to be limited due to its recalcitrant nature
(Marshall et al., 2015). Based on this finding, some reactive transport
studies considered a fraction of 1 to 10% of the total OM to be available
for microbial sulfate reduction (King et al., 2020; Pekala et al., 2019a),
whereas other studies accounted for the large uncertainty still associated
with this parameter by conservatively assuming a bioavailability of
100% (Cloet et al., 2017; Pekala et al., 2020; Pekala et al., 2019b).

Recently, Maanoja et al. (2020) presented an experimental study to
shed more light on the question, whether OM can dissolve from com-
pacted bentonite and sustain biological sulfate reduction in an
excavation-damaged zone (EDZ). In their study, the EDZ was simulated
by diffusion cells with compacted bentonite (dry density ~ 1.35 g/cm?)
and a quartz sand layer . Three bentonites were studied, including two
sodium bentonites originating from Wyoming and India and a calcium
bentonite from Bulgaria. For each bentonite, one cell was prepared with
the sand layer inoculated with known SRM communities, and a second
one with sterilized sand (referred to as “uninoculated” cell). As a novelty
to earlier studies (Bengtsson and Pedersen, 2016, 2017), no artificial OM
source was added to the experiments by Maanoja et al. (2020). The
authors presented several lines of evidence, e.g. Fe sulfide precipitation
and the different evolution of key parameters (sulfate, dissolved inor-
ganic and organic carbon) in the sand layers of inoculated and uninoc-
ulated cells that showed that OM dissolving from compacted bentonite
can sustain the growth of microorganisms, including SRM. It was further
concluded by Maanoja et al. (2020) that part of the microbial activity in
the cell experiments presumably occurred in the bentonite, supporting
the observation of viable sulfate reducing bacteria in commercial ben-
tonites (Masurat et al., 2010; Matschiavelli et al., 2019).

While the data presented and interpreted by Maanoja et al. (2020)
focused on the microbiology and OM in the sand layers, additional un-
derstanding of sulfur cycling in deep geological repository settings can
be obtained from the data of this unique experimental set-up. In the
present study, reactive transport modelling was used as a tool to unravel
and quantify the main coupled geochemical processes in the experi-
ments, providing insights into controls of microbial activity in different
bentonites and their evolution over time, as well as providing con-
straints for the bioavailability of OM in bentonites. Additional experi-
mental data on sulfur re-distribution in the interface region are
presented, which support the model calculations and give evidence for
gypsum dissolution and Fe-sulfide precipitation within the bentonites. A
comprehensive picture of the major processes of nutrient release, solute
transport and microbial activity in the experimental system was estab-
lished, which improves the process understanding of sulfide production
in zones of lower density at bentonite — rock interfaces.
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2. Materials and methods
2.1. Experimental set-up and operation

The experimental set-up and sampling procedures were described in
detail in Maanoja et al. (2020). Briefly, individual diffusion cells were
prepared, each with two cylindrical sections, one of 16 cm height and
20 cm diameter with saturated compacted bentonite and one of 4.3 cm
height and 16 cm diameter with loosely packed quartz sand (Fig. 1).
Both compartments were separated by a titanium filter. The present
study focussed on the sodium-rich bentonite from Wyoming and the
calcium-rich bentonite from Bulgaria (Table 1). While the Wyoming
bentonite sample was characterized by a high montmorillonite content
of 88 mass-% and a gypsum inventory of 0.12 mass-% S-SOg4, the
Bulgarian bentonite sample had almost 20% less montmorillonite (70
mass-%) and contained very little gypsum, amounting to less than 0.05
mass-% S-SO4 (Kiviranta and Kumpulainen, 2011; Kumpulainen et al.,
2016; Maanoja et al., 2020). For each bentonite, two cells were pre-
pared, one with the sand layer inoculated with a mixture of known SRM
and microorganisms enriched from groundwater of the finish repository
site, in the following referred to as “inoculated cells” and another cell
without any initial inoculation of the sand. In these latter “uninoculated
cells”, however, microorganisms indigenous to the bentonites were
present, because unlike the sand, the bentonite was not sterilized.

Artificial groundwater (AGW) of saline type (Hella et al., 2014) was
used to saturate the bentonite, which was compacted to a target dry
density of 1400 kg/m®. Due to swelling in the homogenization phase and
once in the experimental phase, due to breaking of plunger height-
adapters, two re-compaction steps were required and final dry den-
sities of 1314 to 1368 kg/m> were reached in the different cells. The
impact of the re-compaction events on the sulfate and DOC content of
the bentonites was however considered minor (<0.2%) (Maanoja et al.,
2020). The entire set-up of the diffusion cells, including the initial
bentonite and AGW, were de-oxygenated, assembled in a glovebox and
sealed against atmosphere. After assembling the cells, the sand layer was
saturated with the AGW using the sampling ports.

Every third week, approximately 3 vol-% of the porewater in the
sand layer were extracted for analyses and simultaneously replenished
by the same amount of fresh AGW. Some deviations from the sampling
protocol were required as detailed in Maanoja et al. (2020). After 398 to
454 days, the cells were opened and four blocks, including the filter
were cut from the central part of the bentonite, which had been in
contact with the sand layer. The samples were sealed in several layers of
vacuum foil and stored at 4°C until further processing.

Part of the bentonite samples were subjected to a sequential leaching
in order to determine the remaining leachable sulfate content after the
experiment. The sequential leaching method was outlined in detail in
Maanoja et al. (2021) and is briefly summarized in the supplementary
material (available online only).

2.2. Analytical techniques

The solutions of the regular sampling from the cell sand layers were
analysed for pH, Eh, DIC, DOC, CH4, sulfide, sulfate and total Fe as
described in Maanoja et al. (2020). In addition, Cl concentrations were
measured via ion chromatography (Dionex ICS-1600; SFS-EN ISO
10304) with an IonPac AS22 4x250 mm column, an ASRS 300, 4 mm
suppressor at 31 mA and 4.5 mM NayCO3/1.4 mM NaHCOj3 as an eluent
at 1.2 mL/min. Samples for cation analysis (Na, NHy, K, Ca, Mg, Sr) were
filtered (PET 0.45 pm) and stored at 4°C until measured by a Metrohm
850 Professional IC, equipped with a Metrohm Metrosep C4-150/4.0
separation column, a Metrosep C4 Guard/4.0 pre-column and an up-
stream Metrosep RP 2 Guard/3.5 column using a 1.7 mM HNO3 and 0.7
mM dipicolinic acid eluent solution.

Spatially resolved elemental distributions in the uppermost 4-5 cm
of the bentonite profile were examined using Scanning Electron
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Fig. 1. Schematic slice plane of the cylindrical experimental cell (A) (modified after Maanoja et al. (2020); SS: stainless steel, PEEK: polyether ether ketone, Ti:
titanium) and the cubic 3D model (B) with indication of the four domains (sand layer, filter, bentonite with microbial activity (MA) and bentonite without MA),
observation points (OP) and inlet/overflow of artificial groundwater (AGW) during sampling events. Spatial discretization of the grid is indicated in grey. Horizontal
lines subdivide the grid in regions with equal spatial resolution in Z dimension indicated by the number xsize of the cells for each section. Spatial discretization is

equal in X and Y dimension and visualized by the horizontal lines.

Microscopy (SEM) and Elemental Energy Dispersive Spectroscopy (SEM-
EDX). Therefore, an approximately 1.5 cm thick and 5 cm long slice was
cut from the central side of one bentonite block from each experiment,
freeze dried, embedded in epoxy resin (Araldite) and polished. The
analytical work was performed at a SEM (EVO-50 XVP, Carl Zeiss AG,
Oberkochen, Germany) equipped with an EDAX Saphire light-element
detector (AMATEK, Berwyn, Pennsylvania, USA). EDX element maps of
0.5%x0.404 mm, a resolution of 128100 pixels and a dwell time of 500
ps/pixel were acquired. The element maps were collected in a grid with
5 adjacent maps along the y-axis (parallel to the filter-bentonite inter-
face) and 23-31 maps along the x-axis (distance to the interface). Dis-
tribution along the x-axis provided full coverage in the first few mm and
25-30% coverage of the following 4-5 cm. A total of 14 elements were
probed and quantified without a standard as relative atom-% per map.
The results for Fe and S are presented as “Al-normalized” chemical
profiles, which describe the atomic ratio of Fe or S over Al as a function
of the distance from the bentonite-filter interface. This approach is based
on the assumption that from the elements probed Al is the least likely to
vary along the profile with respect to quantity and localization (Hadi
et al., 2019). In the profiles, each point with its error bars represents the
average and range of the ratio of Fe or S over Al in the 5 maps at equal
distance to the interface.

2.3. Reactive transport calculations

2.3.1. Conceptual model and main simplifications

The following conceptual model describes the main processes, which
were considered relevant for the understanding and description of the
evolution of porewater compositions and mineralogy in the experi-
mental cells. It was built on conceptual models for microbial sulfate
generation and transport in the near field of radioactive waste disposals
described previously (Pekala et al., 2019a; Pekala et al., 2019b), but
accounted for specific characteristics of the closed experimental system.

Solute transport in the cell experiments was assumed to be by
diffusion only, except for sampling events, in which the injection of
AGW induced an advective flow in the sand layer. Various experimental
studies on diffusion in compacted bentonite indicated lower accessible

porosities and thus effective diffusion coefficients for anions as
compared to neutral species and cations (Glaus et al., 2017; Glaus et al.,
2010; Muurinen et al., 2007; Van Loon et al., 2007). These observations
led to the development of anion-exclusion models, which subdivided the
porespace in bentonites into a “free” electrically neutral solution, a
diffuse double layer (DDL) at the external surface of clay particles and an
interlayer (IL) porespace. The IL porespace is generally considered
devoid of any anions, due to the negative layer charge induced by
isomorphic substitution (Appelo, 2013; Tournassat and Appelo, 2011;
Wersin et al., 2004). For the implementation in the 3D reactive transport
model, a simplification of the complex solute transport in bentonite
matrixes was required. Thus, a simple Fickian diffusion model was used
here, assigning the same diffusion coefficient to all dissolved species.
Diffusion in the bentonite was assumed to take place only in the “free”
porosity that is the fraction of the total porosity not affected by the
surface charge of the clay minerals. All anions of the residual porewater
and of the AGW, which was added to fully water saturate the sample,
were considered to reside in this “free” porespace due to the anion
exclusion effect.

It was assumed, that only a part of the OM of the bentonites could be
released to the porewater and that dissolved OM was fully bioavailable
and could simplistically be represented by the single generic model
compound. The selected model compound CH20(aq) can be considered
representative for biodegradable DOC with respect to the average
oxidation state of carbon and thus inherent reduction potential (Valle
et al., 2018), although OM in porewaters obviously exhibits manifold
compounds and variable carbon oxidation states, leading to a variety of
stoichiometries in the sulfate reduction reaction (Liamleam and
Annachhatre, 2007). Gypsum (CaSO4-2H50(s)) was taken to be the main
source of sulfate in the system.

SRM were considered active in the sand layer of “inoculated” cells
and in the top part of the bentonite in both, “inoculated” and “uninoc-
ulated” cells, where lower densities might have been favourable for the
activation of indigenous microorganisms (Stroes-Gascoyne et al., 2011).
In the model concept, the metabolism of SRM used sulfate as electron
donor and DOC as electron acceptor, by this releasing sulfide and DIC to
the porewater. It was further assumed that a Monod-type kinetic could
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Table 1

Initial geochemical conditions used in the reactive transport modelling (RTM).
Note, that for the bentonites only the “free” porosity is considered in the RTM.
Mineralogy based on Kiviranta and Kumpulainen (2011) for Wyoming and
Kumpulainen and Kiviranta (2015) for Bulgarian bentonite; *no data available,
fitted; —° minerals initially not present but allowed to precipitate. Composition
of sand porewater largely follows the artificial groundwater (AGW) composition
but accounts for some deviations measured in the porewater samples at day 0.

Bentonite layer Sand layer

Wyoming Bulgarian Wyoming Bulgarian
Input initial porewater model
Dry density (kg/m%) 1355 1364 -
Initial water content (%) 12.3 14.6 -
Total porosity (—) 0.51 0.51 0.45
“free” porosity (—) 0.09 0.16
Chloride (mol/kg,,) 135102  1.35.10°°
CEC (cmol(+)/kg) 94.0 70.0
Na™ (cmol(+)/kg) 58.5 14.4
Ca?" (cmol(+)/kg) 24.5 46.2
Mg?" (cmol(+)/kg) 9.0 7.0
K* (cmol(+)/kg) 2.0 2.5
Transport
D, (m?/s) 23107 411071 3.0.10°%°
Porosity (—) 0.09 0.16 0.45
Mineralogy (mass-%)
Montmorillonite (exchanger) 88.2 69.8
Gypsum 0.9 0.035* R
Calcite 0.2 11.0 5
Goethite 0.03 0.03 R
Quartz 3.9 10.6 100
Siderite - 0.1 $
Fe(II) source 0.05 0.05 -
Mackinawite E § R
Initial porewater / AGW composition
pH 7.97 7.82 6.35 6.46
pe -3.41 -6.03 - -
Alk (eq/kg,,) 5.6-107* 1.5-107* 5.1:107° 5.6-107°
Tonic strength (mol/kg,,) 5.9.107" 451071 2.0-1071 2.1.1071
Cinorg (mol/kgy) 5410*  1310°*  8310° 83107
S(VI) (mol/kgy) 9.81073 141072 21107 2.7.107*
Cl (mol/kg,) 5.9.107! 3.7.107! 1.8107! 1.8.107!
Na (mol/kgy,) 5.5.107" 1.8.1071 1.2.107! 1.2.107!
K (mol/kgy) 4.7.1073 7.0-1073 31107 3.7.107*
Ca (mol/kg,,) 1.3:102 7.9-1072 3.2:1072 3.1:102
Mg (mol/kgy) 1.4.1072 1.6:1072 2.7.1072 271072
Fe (mol/kgy) 551077 4.4.107* 3.3.1077 3.7.1077
S(ID) (mol/kg,,) - - - -
Si (mol/kgy) 1.8.10°* 1.810°* 1.7.1074 1.7.1074
log pCO, -3.69 —-4.26 - -

adequately describe the activity of SRM.

Sulfide was assumed to precipitate as mackinawite, with Fe(Il) pro-
vided by a generic Fe(Il) source. The simplification was chosen, because
the available experimental data did not allow for a quantification of
both, Fe(Il) release by e.g. microbially induced Fe-oxide reduction,
siderite dissolution or release from montmorillonite and the processes of
sulfide immobilisation, including beside mackinawite precipitation also
sulfidation of goethite and structural Fe(IIl) in montmorillonites. In
particular, the natural variability in Fe content in the bentonite, limited
data on sulfide fluxes and the activity of microorganisms and sulfide
production in the bentonite itself impeded a detailed modelling of those
processes.

2.3.2. Geochemical model and numerical implementation

For the reactive transport model the simulator PFLOTRAN (www.pfl
otran.org) was used (Hammond et al., 2014). Additional geochemical
calculations, such as the determination of the initial porewater were
performed with the computer code PhreeqC version 3.4.0 (Parkhurst
and Appelo, 2013). The Andra/Thermochimie v.9b database was
applied for all thermodynamic calculations (Giffaut et al., 2014; Grivé
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et al., 2015) considering a temperature of 25°C and utilizing the Law-
rence Livermore National Laboratory (LLNL) parameterization of the
extended Debye-Hiickel aqueous activity model.

The geochemical model accounted for aqueous complexation and
acid-base reactions of 12 primary species (H", Oo(aq), Na*, Mg?*, Ca®*,
K, FeZ", H,Si04, ClI-, CO3™, SO3~, S*7) and 35 secondary species.
Cation exchange reactions of Na*t, Ca®*, Mg?" and K* and surface site
protonation/deprotonation at the clay-edge sites were included as
equilibrium reactions according to the three-site model of Bradbury and
Baeyens (1997). Calcite, gypsum, goethite, quartz and mackinawite
dissolution and precipitation reactions were formulated as kinetic re-
actions but the rates were adjusted to approach local chemical
equilibrium.

Gypsum dissolution and precipitation was implemented according to

CaS0,-2H,0(s) < Ca>™ + S0,>” + 2H,0 €h)

The solid and dissolved OM pools were quantified in terms of organic
carbon (OC). The leachable OC pool was treated as a mineral releasing
CH0(aq) to the porewater according to

Leachable OC(s) < CH,0(aq) 2)

Eq. (2) was implemented as a fast kinetic reaction to attain a constant
CH,0 equilibrium concentration of 10~ mol/L in the “free” porewater.
This assumption was based on the observation that DOC concentrations
in the sand layer of various experimental cells changed little over time
(Maanoja et al., 2020) and that these concentrations were considered to
be in diffusive equilibrium with the bentonite porewater.

The sulfate reduction reaction was considered to follow the stoichi-
ometry of

2 CH,0(aq) +S0,*>” + H'—»HS™ +2H,0 +2CO, 3)

and implemented with a Monod kinetic reaction according to

_ [CH20(aq) ] . [SO; ]
Rstu = inar ([CHZO(aq)] + Koot ) ([505] + Ko ) “

SOy

where Rggrpr denotes the microbial sulfate reduction rate [mol/(Lyater-S)]1,
Kmax is the maximum rate constant [mol/(Lyater.S)], which could differ
for sand and bentonite layers but remained constant over time, [CH0O
(aq)] and [SO3 ] are the concentrations of DOC, expressed as CH,0, and
sulfate in the porewater, respectively [mol/Lyater] and KSCHzo(aq) and

K

S0%

respectively [mol/Lyater]. Half saturation constants were set to KSCHZO(aq)

= 510"® M CHy0(aq) (Jin et al., 2013) and K3, = 1-10"°> M SO~
4

(Nethe-Jaenchen and Thauer, 1984). The maximum rate constant Kyqy
represents a fitting parameter and its parameterization is discussed in
section 2.3.4.

The release of Fe(II) from the generic “Fe(II)_source” mineral was
implemented as a fast kinetic reaction with an equilibrium constant K of
1073 for the reaction

are the half-saturation constants of CHyO(aq) and sulfate,

Fe(II) _source < Fe(1I)(aq) (5)

2.3.3. Discretization

The geometry of the experimental diffusion cells (Fig. 1A) were
approximated using a structured rectangular grid with a 10 x 10 cell
extension in the X-Y plane and 142 cells in the Z-dimension. Resolution
in the Z dimension was variable with 0.5 mm in the first 2 cm of the
bentonite next to the filter increasing to 1 cm at the bottom of the cells
(Fig. 1B).

The model domain was divided into four internal regions based on
material properties: the sand layer, the filter and the bentonite sub-
divided in a 1 cm thick region adjacent to the filter with microbial ac-
tivity and a remaining region without microbial activity. The definition
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of a 1 cm thick homogenous microbial active zone followed the spatial
discretization during post-mortem investigations and the observation of
lower dry densities closest to the filter (Maanoja et al., 2020). A more
gradual distribution of active microbial communities due to small-scale
density gradients could be envisaged but was beyond the scope of this
work.

The standard simulation time covered a duration of 475 days. For the
Wyoming models, the calculation time was extended to 6 years to follow
the evolution of longer-term transients.

2.3.4. Parameterization of the initial conditions and calculation cases

Initial conditions in the bentonite were considered homogeneous
over the entire bentonite domain and equal for experimental cells with
the same bentonite (Table 1), except for the parameters relevant for the
microbial sulfate reduction (Table 2).

For the Wyoming and Bulgarian bentonite, average dry densities of
1355 and 1364 kg/m>, respectively were selected, based on the dry
densities reported for individual cells and different stages of the exper-
iment (Maanoja et al., 2020). The porosity distribution (interlayer, DDL
and “free” porosity) in the bentonite was calculated using the structural
clay model described in Wersin et al. (2016), which takes into account
well-established crystallographic and electrostatic assumptions. A
stacking number of 5, the interlayer spacing approximation according to
Muurinen et al. (2007) and a Debye multiplier of 2 as proposed by Bolt
and de Haan (1979) were applied. Note that the ionic strength of the
“free” porewater solution as required for the calculation of the DDL
thickness was not known a priori and thus, calculated porosity distri-
bution and modelling of “free” porewater compositions were the result
of an iterative process (Table 1).

A representative porosity of the sand layer of 0.45 was selected based
on Maanoja et al. (2020). The porosity of the filter was estimated by
scanning electron microscopy to be 0.1. Effective diffusion coefficients
for solutes in the “free” porosity were scaled from a D, for HTO at the dry
density of interest of 1.3-107'° m?/s (compilation of diffusion data in
Kiczka et al. (2019)), resulting in D, values for the “free” porosity of
2.3-107!! and 4.1-107!! m?/s for the Wyoming and Bulgarian bentonite
experiments, respectively. For the sand layer a D, value of 3-1071° m?/s
was applied based on a tortuosity factor of 0.66 as suggested by Barnes
and Turner (1998) for saturated sand. For the filter, a tortuosity of 0.1
and thus a D, of 1-10~ ! m?/s was chosen.

The initial “free” porewater composition was calculated with
PhreeqC under the assumption of a closed system mixing of a residual
porewater with the AGW. Note that in the PhreeqC simulation the re-
sidual porewater was assumed to be in equilibrium with atmospheric
pCO; at a pH of 8 (Bradbury and Baeyens, 2003), whereas for the
saturation of the bentonite carbonate free AGW was used (Maanoja
et al., 2020). The Cl inventory of Wyoming bentonite of 1.35-10~3 mol/
kg dry bentonite (Bradbury and Baeyens, 2003), was adopted for the
Bulgarian bentonite, due to the absence of analytical data. Residual and
final “free” porewaters were taken to be in chemical equilibrium with
calcite, quartz and goethite, and in the case of Bulgarian bentonite, also
with siderite. Furthermore, the residual porewater was considered in
chemical equilibrium with gypsum, whereas for the initial “free” pore-
water a gypsum undersaturation (SI of —1) was used to allow the Ca
concentration in the initial porewater to be primarily controlled by the

Table 2
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exchanger. For the Wyoming bentonite, the cation exchanger composi-
tion reported in Kiviranta and Kumpulainen (2011) was used to calcu-
late the initial concentrations of Na*, MgZ" and K' in the initial
porewaters, whereas for the Bulgarian bentonite, no data were available
at the time of modelling and thus a Ca dominated exchanger composi-
tion was assumed as described in Table 1. However, the experimentally
determined cation exchanger composition reported later by Maanoja
et al. (2020) was close to the composition estimated here. The complete
mineralogical composition of the bentonites as implemented in the
reactive transport model is described in Table 1. For the Bulgarian
bentonite, a very small gypsum pool of 0.035 mass-% was included, in
line with a non-detectable gypsum content in bulk mineralogical in-
vestigations and a S-sulfate content of the bentonite, which can largely
be attributed to barite (Kumpulainen and Kiviranta, 2015; Kumpulainen
et al., 2016).

For each bentonite, three different modelling cases were distin-
guished, which differed with respect to the amount of the leachable OC
and the microbial activity: i) an abiotic reference case, with no microbial
activity (model w/0), ii) the uninoculated cell case, with microbial ac-
tivity in the top first cm of the bentonite (model Unin) and iii) the
inoculated cell case, with additional microbial activity in the sand layer
(model Inoc) (Table 2).

The amount of the leachable organic carbon in the bentonites of the
uninoculated cells was adopted from leaching experiments of untreated
bentonite (Maanoja et al., 2021), whereas for the inoculated cells, a
larger leachable OC pool was required to describe the data (Table 2). In
the sand layer of all cells, an initial background DOC concentration of
5-10~2 mol/L was used to account for an observed initial high concen-
tration of DOC in this layer (Maanoja et al., 2020).

The maximum rate constant kg, of the microbial sulfate reduction
reaction (eq. 4) was fitted to experimental DIC data in the early phase of
the experiment, when neither DOC nor sulfate were considered limiting
and the two Monod terms in eq. 4 approached 1. In a first step, the
maximum rate constant kg, for the microbial activity of indigenous
microorganisms in the bentonite of the uninoculated cell was fitted to
the DIC evolution (model Unin). Because this was considered a bentonite
intrinsic parameter, the same ko, constant was adopted for the mi-
crobial activity in the bentonite of the inoculated cell. In a second step,
the kpqx characterizing the microbial activity in the sand layer of the
inoculated cells was fitted to the different evolution of DIC and sulfate in
uninoculated and inoculated cells (Table 2).

3. Results and discussion
3.1. Diffusive transport

The measured evolution of Cl and Na concentrations in the sand
layers of inoculated and uninoculated cells with the same bentonite
were almost identical, demonstrating the comparability of both cells
with respect to major geochemical and transport properties (Fig. 2).
Between both bentonites, however, clear differences emerged, with
higher Na and Cl concentrations in the Wyoming than in the Bulgarian
bentonite cells. The Cl concentration breakthrough curves in the sand
layer predicted by the reactive transport calculations match well the
measured data of the temporal evolution and the final steady-state

Parameterization of microbial sulfate reduction kinetics and related parameters in the different calculation cases for the reference case (w/0), the uninoculated (Unin)
and inoculated (Inoc) cells. * leachable organic carbon pool based on independent leaching experiments of untreated bentonite (Maanoja et al., 2021). * increased
leachable OC pool, required in model (Wyoming) or based on post-mortem leaching (Bulgarian).

Wyoming Bulgarian
w/o Unin. Inoc. w/o Unin. Inoc.
Leachable OC pool (ug/g) 84.5% 84.5% 200° 163* 163* 300°
Kmax bentonite in 1st cm (mol/(Luater.5)) 0 3.0107%° 3.010°%° 0 7.0-10%° 7.0-10%°
Kmax sand (mol/(Lyaters)) 0 0 9.0-107M 0 0 1.0-107%°
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Fig. 2. Comparison of experimental (Exp.) and modelled Cl (A) and Na (B)
concentrations at the sampling outlet of the sand layer (see Fig. 1) of the un-
inoculated (Unin) and inoculated (Inoc) cells with Wyoming (Wy) and
Bulgarian (Bu) bentonite. Note that all three modelling cases for each bentonite
plot closely together and thus only the model without any microbial activity is
plotted for simplicity.

concentrations for both bentonites. Despite the same Cl inventories
considered for the Wyoming and Bulgarian bentonite, an evolution to-
wards higher Cl concentrations in the Wyoming cells was observed. This
can be explained by the almost 20 mass-% lower montmorillonite con-
tent of the Bulgarian bentonite and, as a consequence, a larger anion
accessible porosity of 0.16. Despite similar dry densities, the calculated
anion accessible porosity of the Wyoming bentonite amounts to only
0.09 (Table 1). Thus, Cl concentrations in the bentonite porewater and
the diffusivity of Cl in the experiment comply with the model assump-
tions that the Cl inventory was concentrated in the “free” porosity, due
to the so called “anion exclusion” effect (Glaus et al., 2010; Van Loon
et al., 2007; Wersin et al., 2004). Cl effective diffusion coefficients of
2.3.10"" and 4.1-10"! m?/s as used in the model match the experi-
mental data supporting previously reported anion diffusion coefficients
in compacted bentonites and montmorillonites (Glaus et al., 2017; Glaus
et al., 2010; Van Loon et al., 2007).

The evolution of Na concentrations reflected the difference between
the Na- and Ca- bentonites in both the experiments and models. For the
Wyoming bentonite, the model calculations underestimated the flux of
Na to the sand layer. This could be due to uncertainties in the exchanger
reactions or due to an oversimplified diffusion model. Cations are not
restricted to the “free” porespace, but are thought to be also mobile in
the interlayer and diffuse double layer, showing even larger effective
diffusivities than water, an effect often referred to as “surface diffusion”
(Appelo and Wersin, 2007; Gimmi and Kosakowski, 2011). For the
Bulgarian bentonite, no information on the cation exchanger composi-
tion was available at the time of modelling and the selected Ca domi-
nated composition yielded a good match of the experimental data
(Fig. 2B; experimental data and model results for the evolution of Ca and
Mg concentrations are provided in the supplementary material).
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3.2. DIC evolution as a proxy for microbial activity

The calculated evolution of DIC in the sand layers for the three
modelling cases showed distinct patterns, which were similar between
the two bentonites (Fig. 3 top). The reference model, which only
considered abiotic processes (model w/0), could not explain the DIC
evolution in the sand layers as measured by Maanoja et al. (2020) for
any of the four cells. It further indicated that DIC originating from the
residual porewater and from calcite dissolution would account for less
than 2 to 12% of the finally observed DIC concentrations in the sand
layers. Adding microbial sulfate reduction in the bentonite only (model
Unin) or in the bentonite and sand layer (model Inoc), a strong increase
in the calculated DIC concentrations in the sand layer occurred and an
adequate match of the measured DIC evolution in the four cell experi-
ments was reached. Thus, the model calculations provided strong evi-
dence for the activation of bentonite indigenous microorganisms at least
in part of the bentonite layer as already postulated by Maanoja et al.
(2020).

The evolution of DIC in the sand layer not only provided insight into
microbial activity within the sand layer itself, but due to diffusive
equilibration with the bentonite porewater also allowed to evaluate
microbial activity taking place in the compacted bentonite. Based on the
model calculations different phases of microbial activity could be
distinguished.

The initial phase in all four cell experiments was characterized by a
roughly linear increase of DIC lasting until day 250 / 300 and 100 / 190
in the uninoculated/inoculated cells of Wyoming and Bulgarian
bentonite, respectively (Fig. 3 top panel). In this phase, sulfate and DOC
in the sand and bentonite porewater were abundant and presumably not
limiting bacterial activity. Hence, this linear increase of DIC was used to
fit the maximum rate constant kpyq, of the Monod equation (eq. 4,
Table 2) for the different model cases. For the Bulgarian bentonite a
higher maximum rate constant and thus a faster initial sulfate reduction
rate was determined compared to the Wyoming bentonite. This obser-
vation is in line with the ten times higher Most Probable Number (MPN)
of SRM found in pristine Bulgarian bentonite compared to Wyoming
bentonite (Maanoja et al., 2020). The kpax constants used in the model
cases for the bentonite are in the upper range of maximum rate constants
for microbial sulfate reduction reported for lake sediments (Holmer and
Storkholm, 2001). The kpax values determined for the sand layers are in
accordance with maximum rates determined for deep sediments
(Glombitza et al., 2013).

It should be pointed out that the comparatively high rates required in
the model calculations were partly due to the simplification used here,
which allocated all DIC produced by microbial activity to a single mi-
crobial sulfate reduction reaction (eq. 3). Although various microbio-
logical investigations of the sand and bentonite before and after the
experiment provided strong evidence for the presence and activity of
SRM and other microbial communities such as methanogens (Maanoja
et al., 2020), a determination of the exact amount of SRM as part of the
overall microbial community was not feasible. Thus, maximum sulfate
reduction rates presented here can be considered conservative estimates
and should be interpreted as potential reduction rates of SRM under
conditions where DOC consumption by other microbial communities
would be negligible. Nevertheless, this initial phase gave a clear indi-
cation of a rapid activation of added as well as bentonite indigenous
microorganisms combined with favourable conditions in the early phase
of the experiments.

After the initial phase of DIC concentrations increasing linearly, the
DIC increase slowed down in both experimental data and model results
(Fig. 3 top panel). In the final phase, experimentally determined DIC
concentrations in the Bulgarian bentonite cells showed a decrease
leading to an over-prediction of DIC concentrations by the model. In
principal, the bend in the DIC curves could be due to an attained
diffusive equilibration between bentonite and sand porewaters as seen
in the evolution of Na and Cl (Fig. 2). This however would require
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Fig. 3. Comparison of experimental and modelled dissolved inorganic carbon (DIC) (A,C) and sulfate (B, D) concentrations at the outlet of the sand layer. The Model
w/o did not include microbial sulfate reduction (MSR), parameterization of the MSR in the Unin Model (MSR in bentonite only) and of the Inoc Model (MSR in
bentonite and sand layer) according to Table 2. Note the different y-scales in Fig. C and D.

constant DIC concentrations in the bentonite porewater, which is not in complete depletion of the solid leachable organic carbon in the micro-
line with DIC production by microbial activity. bial active zone around day 160 and 350 in the uninoculated and

inoculated cell, respectively. Due to ongoing microbial respiration, the
3.3. Control of microbial activity by organic carbon availability depletion of the solid OC pool was reflected in the decrease of porewater

DOC concentrations, which in turn slowed down the microbial sulfate
reduction rate via the Monod term (eq. 4) (Fig. 4A,C). The reduction of
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Fig. 4. Evolution of dissolved organic carbon (DOC) (top) and sulfate reduction rates (SRR) (bottom) calculated for two observation points (OP) in the microbial
active zone of the bentonites of Wyoming (A, C) and Bulgarian (B, D) cells. OP B1 (red lines) is located close to the filter in 8 mm distance from the inactive bentonite,
OP B2 (blue lines) is located 0.5 mm above the inactive bentonite. Note that in the left figures for Wyoming bentonite models, the calculation time was extended to
~six years. For reference to colours, the reader is referred to the web-version of this article.
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microbial respiration in the bentonite eventually let to the bend in the
DIC curve for the sand of the uninoculated cell around day 250 (Fig. 3A).
The same pattern can be seen in the calculations of leachable OC and
DOC of the Bulgarian bentonite, but with an earlier depletion of solid
leachable OC and thus earlier decrease in microbial activity (Fig. 4B,D).
The calculated relatively fast depletion of leachable OC despite a larger
initial amount in the Bulgarian bentonite compared to the Wyoming
bentonite can be explained by the higher microbial activity in the early
stage of the experiment (Table 2). The predicted depletion of OC readily
available for microbial respiration within the microbial active zone is in
line with post-mortem observations of Maanoja et al. (2021), which
showed a distinctly reduced amount of soluble OC in the first cm of the
bentonite contacting the sand compared with bentonite in greater dis-
tance to the filter.

In principle, the predicted decrease in porewater DOC should at some
stage be reflected in the measured sand layer DOC concentrations, in
particular in the inoculated cells, where active microbes further
consumed DOC in the sand layer. In the experiments, however, this was
only observed in the late samples of the Bulgarian bentonite, but not in
the Wyoming cell experiments (Maanoja et al., 2020). While this
discrepancy might partly be due to uncertainties regarding the initial OC
content of the sand layer, it might also be an indication for a limited
bioavailability of the leachable organic carbon pool for the microbial
community of the sand layer. Marshall et al. (2015) showed that long-
chain aliphatic compounds, which are considered rather resistant to
microbial degradation (Lorenz et al., 2007), prevailed in the water
extractable OC of Wyoming bentonite. These might not have been
available for the inoculated SRM, which only metabolize a relatively
limited range of organic compounds, relying on precursor bacterial
communities that break down complex organic matter by fermentation
(Goldhaber, 2003).

Nevertheless, by reproducing the observed pattern of microbial ac-
tivity, the model confirmed that using pools of leachable OC is an
appropriate approximation for the readily bioavailable OC pool in
bentonites. For the uninoculated cells, the leachable OC pools of 84.5
and 163 mg/kg for Wyoming and Bulgarian bentonite, respectively were
determined independently in extensive leaching experiments of pristine
bentonite (Maanoja et al., 2021). For the Wyoming bentonite this cor-
responds to around 6% of TOC (0.15 mass-%, reported by Kiviranta and
Kumpulainen (2011)) and is thus well in line with water-extractable
fractions of 6-8% of TOC determined for two Wyoming bentonites by
Marshall et al. (2015).

For the inoculated cells, larger amounts of leachable OC were used in
the model calculations. This was justified by post-mortem in-
vestigations, which showed an increased leachability of OC in the lower
parts of the bentonite block (i.e. further away from the bentonite/sand
interface) of inoculated cells compared with the same depth of uninoc-
ulated cells (Maanoja et al., 2021). Whether this different leachability of
OC in inoculated and uninoculated cells was linked to variations in
physical processing, such as compaction and squeezing or to the mi-
crobial activity in the sand layer remains unsolved so far. It should be
pointed out that the leachable OC pools used in the calculations for the
inoculated cells of 200 and 300 mg/kg for Wyoming and Bulgarian
bentonite (Table 2), respectively, represent an approximation. The
extent of the microbial active zone considered in the model had a direct
impact on the calculated microbial sulfate reduction rates in the direct
vicinity of the bentonite-sand interface once the solid leachable OC pool
in the microbial active zone was depleted. The steep gradient in DOC
and SRR rates within microbial active zones in the bentonite is visual-
ized by the distinct evolution of both parameters at two observation
points, OP Bl close to the filter in 8 mm distance to the inactive
bentonite and OP B2 in 0.5 mm distance to the inactive bentonite
(Fig. 4). At OP B2 DOC concentrations and thus sulfate reduction rates
remained higher than at OP B1 further closer to the interface of the sand
layer. This was accentuated in the prolonged calculation time for the
Wyoming bentonite, indicating a shift of the diffusion front of DOC
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progressively deeper into the inactive bentonite zone and pointing to the
final control of microbial activity by diffusive transport.

3.4. Control of microbial activity by sulfate availability

In the sand layer of the Wyoming bentonite cells measured sulfate
concentrations increased up to almost 4-10~2 mol/L, which was well
matched by the model results (Fig. 3C). At these concentrations, mi-
crobial sulfate reduction should not be limited by sulfate availability in
either the bentonite porewater or the sand layer of the Wyoming
bentonite cells. The effect of microbial sulfate reduction on the sulfate
concentration in the sand layer of the inoculated cell was small and
calculated to be 9-10~% mol/L, which was close to the measured dif-
ference in sulfate and DIC concentrations of 2-10~> mol/L and 1-3-103
mol/L, respectively.

An entirely different picture emerged for the experiments with the
Bulgarian bentonite. Sulfate concentrations measured in the sand layers
were not only approximately one order of magnitude lower than for the
Wyoming bentonite but also showed entirely different patterns for the
uninoculated and inoculated cell (Fig. 3D). The reactive transport cal-
culations using the parameterization of Table 2 captured the magnitude
of experimentally observed sulfate concentrations in the two cells and
closely followed their evolution over time. In contrast, reference case
calculations without any microbial activity suggested sulfate concen-
trations around 4 times higher than measured in the uninoculated cell
(Fig. 3D). A closer look at the model results reveals that the observed
sulfate evolution in the two Bulgarian bentonite cells can be traced back
to changes in microbial activity controlled by a close interplay of sulfate
and organic matter limitation.

The following timeline can be envisioned for the transient phases
captured in the experiments with the Bulgarian bentonite (Fig. 5): Upon
the onset of the experiment, the small amount of gypsum in the
Bulgarian bentonite dissolved and higher sulfate concentrations in the
porewater compared with the AGW in the sand layer induced a diffusion
of sulfate from the bentonite to the sand layer in both cells. Microbial
sulfate reduction in the interface region consumed part of the sulfate,
indicated by the difference between the reference case and the two cases
including microbial activity. Around day 75, the gypsum pool in the
microbial active zone was depleted, and porewater sulfate concentra-
tions in the bentonite porewaters decreased due to ongoing microbial
sulfate reduction, thus leading to a bending of the curve of sulfate
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Fig. 5. Evolution of sulfate in the “free” porewater of the microbial active zone
of the bentonite calculated with the three models for Bulgarian bentonite. The
red and blue lines of the same signature indicate calculations for observation
points (OP) Bl and B2 in 8 mm and 0.5 mm distance from the inactive
bentonite, respectively, which corresponds to 2 mm (B1) and 9.5 mm (B2)
distance from the bentonite-filter interface. Arrows indicate the time for which
the models predict the depletion of the solid gypsum or leachable organic
carbon (L-OC) pool in the microbial active zone. For reference to colours, the
reader is referred to the web-version of this article.
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evolution in the uninoculated cell experiment. In the inoculated cell, the
onset of microbial sulfate reduction in the sand layer consumed the
remaining in-diffusing sulfate and increased the DIC concentration in
the sand layer (Fig. 3B). The depletion of the gypsum pool was closely
followed by a depletion of the solid leachable OC in the microbial active
bentonite zones around day 100 and 200 in the uninoculated cell and
inoculated cell, respectively, leading to a rapid decrease in DOC in the
microbial active zones (see section 3.3). Due to the limited availability of
OC, microbial sulfate reduction in the bentonite slowed down, allowing
for a recovery of sulfate concentrations by diffusion from deeper,
microbially non-active layers. This was reflected in the resumption of
increasing sulfate concentrations in the sand layer of the uninoculated
cell (Fig. 3D). In the sand layer of the inoculated cell, microbial sulfate
reduction rates were limited by the influx of sulfate. While the model
suggested a gradual slowdown of microbial activity, the measured
sudden decrease of DIC concentrations in the inoculated cell indicated a
rather abrupt reduction in microbial activity during the experiment,
maybe due to the inactivation of part of the microbial community. Such
an inactivation was also indicated by post-mortem analyses of SRM
genes and potential sulfate reduction rates showing, that a lot of the SRM
cells in the inoculated sand of the Bulgarian cell were dormant (Maanoja
et al., 2020).

3.5. Sulfur cycling

The diffusive flux of sulfate into the sand layer of the cells and the
reduction of sulfate to sulfide by microbial sulfate reduction in the
bentonite induced the dissolution of gypsum and a receding gypsum
dissolution front over time. For the Wyoming experiments, a complete
gypsum dissolution in the first few millimetre was calculated, which was
followed by a sharp increase in gypsum content up to the operationally
defined boundary of microbial active and inactive bentonite at 1 cm
from the interface and a depletion of gypsum of >10% up to 3 cm from
the interface (Fig. 6A). Differences between calculations for the inocu-
lated and uninoculated case were only minor, as the models only
differed with respect to the additional sulfate reduction in the sand layer
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enhancing slightly the concentration gradient between sand and
bentonite porewater for the inoculated cell. The calculated depletion
front is broadly in line with post-mortem leaching experiments indi-
cating a sulfate (gypsum + dissolved sulfate) depletion front of around 2
cm (Fig. 6B). Sulfate released from the top cm corresponds to less than
20% of the sulfate released from the deeper layers. At depths greater
than 2 cm, no significant variation was observed and differences be-
tween samples from the inoculated and uninoculated cells were pre-
sumably due to natural inhomogeneities or analytical uncertainties
rather than being induced by the inoculation of the sand layer. Similarly,
a depletion front of 2 cm could be extracted from the spatially higher
resolved S/Al profiles (Fig. 6C). In this upper zone, S/Al ratios were
relatively constant, whereas at a greater distance to the interface, higher
and in particular more variable S/Al ratio were determined. This could
be attributed to the presence of larger individual gypsum grains in some
of the mapped areas, which were absent in the zone close to the inter-
face. In contrast to the model predictions for sulfate/gypsum and
leachable sulfate of the leaching tests (Fig. 6A, B), the S/Al ratios did not
exhibit a sharp gradient at the interface. This might be due to the fact,
that SEM-EDX only detects elements but cannot reveal their valence
state. Thus, the S/Al ratio captured both, sulfate and sulfide, which
might either be pyrite present as accessory mineral or sulfide produced
by microbial sulfate reduction and attenuated in the bentonite. Note,
that the Wyoming bentonite had 0.15 mass-% of sulfidic S, which was in
the same range as the sulfur initially bound to gypsum (0.11 mass-%)
(Kiviranta and Kumpulainen, 2011), thus providing already a constant
S/Al baseline. However, the absence of an interface gradient for the S/Al
ratios might be taken as an indication for microbial sulfate reduction and
immobilisation close to the zone of production. This was also indicated
by the model calculations, suggesting significant proportions of sec-
ondary sulfides in the zone of microbial activity.

For the Bulgarian bentonite, model calculations (not shown) sug-
gested that the small gypsum pool entirely dissolved over almost the
entire bentonite profile and that the sulfur inventory close the interface
was dominated by secondary sulfide species. Due to the low sulfate
content, no reliable sulfate leaching data were available for a robust
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Fig. 6. Depth profiles of sulfur species in the Wyoming bentonite cells after termination of the experiment (A) as calculated by the models, note that both models are
almost identical (filled areas representing the inoculated model scenario, the coloured lines the results for the uninoculated model); (B) as determined by sequential
leaching experiments, with x-error bars indicating the range given by the 2 processed samples per depth and the vertical y-error bars indicating the sampling interval
and (C) and S/Al atomic ratios as determined by post-mortem SEM-EDX. Note that the Wyoming bentonite contains 0.15 mass-% of S in pyrite, which is not included
in the presented model results, but adds to the measured S/Al ratio in plot C. Plot A and B show the full bentonite profile, whereas for the S/Al ratios only the top 5 cm
are shown. For reference to colours, the reader is referred to the web-version of this article.
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comparison of model and experimental data. However, S/Al ratios
exhibited a rather homogenous low ratio over the investigated area,
with the exception of the inoculated cell profile, where S/Al ratio
showed a sharp increase at the interface to the filter (Fig. S3 in sup-
porting material). A parallel sharp increase in Fe/Al ratios provided a
strong indication for precipitated FeS, which might either have formed
due to microbial activity in the top layer/surface of the bentonite or back
diffusion of S2~ produced in the sand layer.

For both bentonites, the model predicted significant local precipi-
tation of FeS in the microbial active zone, which was not supported by
the experimental S/Al profiles in that extent. Whether this is due to i) an
overestimation of microbial sulfate reduction by the simplified
formalism applied in the model calculations, ii) a presumably more
gradually distributed microbial activity in the bentonites or iii) an un-
derestimation of S*~ diffusion due to the modelled rapid FeS precipi-
tation induced by the generic Fe(II)_source remains unsolved at present.

Despite these remaining uncertainties, combined experimental and
model results strongly supported the hypothesised main processes of the
sulfur cycle at bentonite-rock interfaces in repository settings. More-
over, the results confirmed the dissolution of gypsum as major sulfate
source, the diffusion of sulfate according to concentration gradients
from the higher sulfate containing porewater to areas of lower sulfate
concentration, the reduction of sulfate by microbial sulfate reduction
and the immobilisation of sulfide within the bentonite. In the present
modelling exercise, this latter process was simplified as mackinawite
precipitation. However, different processes recently investigated such as
sulfidation of goethite or structural Fe(III) in montmorillonite (Pedersen
etal., 2017; Svensson et al., 2017) may play a key role in the attenuation
of sulfide in bentonite and should be further investigated and incorpo-
rated in future models.

4. Conclusions

Reactive transport calculations provided a valuable tool to improve
the understanding of complex biogeochemical processes in the diffusion
cell experiments of Maanoja et al. (2020), which investigated the role of
organic carbon on microbial sulfate reduction in the context of a spent
nuclear fuel repository. Different calculation scenarios gave strong evi-
dence for the activation of bentonite indigenous microorganisms and
favourable conditions for microbial sulfate reduction in the early phase
of the experiments. Already in the short transient phase covered by the
experiments, a shift from microbial activity only constrained by com-
munity size to a microbial activity limited by the availability of organic
carbon was indicated. The comparison of two bentonites further
underlined the importance of transport constraints and of variable
availability of electron donors versus acceptors over time and space for
the evolution of microbial sulfate reduction rates in excavated damaged
zone (EDZ) surrounding the bentonite barrier and/or in zones of lower
bentonite density within geological repositories.

The model, which closely followed those put forward in recent safety
assessments, allowed an accurate representation of important experi-
mental observations regarding solute transport, mineral reactions and
microbial activity. By this, the results of the study supported common
simplifications in performance assessment models in terms of selected
processes, their mathematical representation and parameterisation and
can be used to further decrease uncertainties in saftey assessments.
However, given the extremely short experimental duration in compari-
son with the required life-time of a repository, some important questions
for the extrapolation of microbial activity on the long-term remained.
These include bacterial growth and decay, the effect of micronutrients
(e.g. N, P), the role of alternative electron donors such as Hy or the
question of a threshold density of bentonite for microbial activity.
Further research is also needed with respect the attenuation of sulfide in
bentonite, both from an experimental and a modelling perspective.
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