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Abstract

In northern Switzerland, the Opalinus Clay, a Jurassic claystone formation, is foreseen as host
rock for a deep geological repository for radioactive waste. Characterizing its porewater is of
particular importance for assessing the mobility of radionuclides and the stability of the
engineered barriers. Although the porewater composition of the Opalinus Clay is fairly well
known, there is still controversy on the sources of sulphate obtained by different porewater
characterization methods. A striking observation is that sulphate concentrations from aqueous
extraction and recalculated to in-situ conditions are consistently much higher than sulphate
concentrations measured in borehole waters, squeezed waters and advectively displaced
waters (“excess sulphate"). Accordingly, the main objective of this study is to better
investigate the processes affecting dissolved sulphate concentrations during aqueous
extraction and, thus, to reduce uncertainties in predicting the concentrations of this compound
in the Opalinus Clay porewater. To this end, a series of extraction experiments were
conducted using variable solid/liquid ratios, extraction times and extract solutions. In order to
suppress sulphide-mineral oxidation, all the experiments were performed in a glovebox under
oxygen-free conditions (atmosphere and solutions). Measurements of the sulphur and oxygen
isotope composition of the dissolved sulphate in aqueous extracts are aimed to further
constrain the source of the "excess sulphate™. Finally, the plausibility of the SO4 data from
extraction experiments in terms of their representativeness for in-situ conditions was

evaluated by simple geochemical modelling. The modelling shows that SO4 concentrations
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from aqueous extracts recalculated to in-situ conditions imply dissolved and exchangeable
cation concentrations which are not consistent with measured data, thus, attesting non-
conservative behaviour for sulphate during agqueous extraction. However, the various
extraction experiments showed that pyrite oxidation was successfully suppressed during the
experiments and neither contributions from e.g. organic material, congruent calcite
dissolution and/or sulphate mineral dissolution provide enough SOs to explain the "excess
sulphate”. Ultimately, the various extraction experiments failed to definitely identify the
source of the "excess sulphate™ in aqueous extracts. However, the good agreement found
between the 880 and 534S values of dissolved SOa in aqueous extracts and those of borehole

waters suggest that the "excess sulphate™ might be weakly bound to mineral surfaces.

1 Introduction

In northern Switzerland, the Opalinus Clay (OPA), a Jurassic (early Aalenian) claystone
formation, is foreseen as host rock for a deep geological repository for radioactive waste.
Since the last 30 years Nagra — the Swiss National Cooperative for the Disposal of
Radioactive Waste — and several partner organizations have been carrying out an extensive
site and host rock investigation program that aims at selecting a suitable site for a deep
geological repository. An important aspect of this program refers to characterizing the
porewater of the Opalinus Clay, which is of particular importance for assessing the mobility
of radionuclides and the efficiency of the technical barriers - i.e. the bentonite tunnel backfill
or carbon steel canisters in which the radioactive waste is stored (Nagra, 2002). For example,
it is conceivable that, following repository closure, once anaerobic conditions re-established,
microbial reduction of dissolved sulphate and associated production of sulphide could occur
in some locations (e.g. in the excavation disturbed zone surrounding the emplacement
tunnels). This could increase sulphide diffusion to the canisters, and possibly affect corrosion
(e.g. Pekala et al., 2020). Accordingly, knowledge on the inventory of the dissolved sulphate
and the processes that control its concentration in the porewater of the Opalinus Clay is of
particular importance for the design of the technical barriers.

Although the porewater composition of the OPA is fairly well known (Pearson et al., 2003;
Wersin et al., 2013; Waber & Rufer 2017; Wersin et al., 2020; Wersin et al., 2022), there is
still controversy on the sources of sulphate in different porewater characterisation methods. A
striking observation is that sulphate concentrations obtained by aqueous extraction and

recalculated to in-situ conditions are consistently much higher than sulphate concentrations
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measured in borehole waters or in squeezed waters and advectively displaced waters (i.e.
"excess sulphate™; Wersin et al., 2013; Waber & Rufer 2017; Wersin et al., 2020). This is
illustrated in Fig. 1, which shows the profiles of chloride and sulphate concentrations in the
Opalinus Clay porewater across the Mont Terri Rock Laboratory obtained by the different
sampling methods. For chloride — a conservative anion (see below) — there is good agreement
between the different methods. Mazurek et al. (2011) modelled the profile of chloride (and
other tracers) by 1D diffusive exchange with the bounding aquifers and showed that the
asymmetric curved shape of the profile can be explained by diffusion only. Regarding
sulphate, squeezed and borehole waters also show consistent concentrations, however, in-situ
sulphate concentrations of the porewater recalculated from aqueous extraction are distinctly
higher. Methodological differences regarding porewater sulphate concentrations are not only
observed for the Opalinus Clay but also for other claystones currently being investigated in
the context of radioactive waste disposal, such as the Callovo-Oxfordian claystones at Bure in
France (Gaucher et al. 2009) or for Boom Clay at Mol in Belgium (De Craen et al. 2004).

In contrast to high-pressure squeezing (Mazurek et al., 2015 and references therein) and
advective displacement (Mader, 2018) where the porewater is directly extracted from the
rock, agueous extraction constitutes a technique for indirect porewater characterisation. The
basic principle of the method is to immerse a known mass of water-saturated rock into a
known volume of ultra-pure water for a specific amount of time during which the system re-
equilibrates. Thus, the solutes in aqueous extracts originate from different potential sources:
1) constituents originally dissolved in the porewater, 2) induced mineral dissolution and
precipitation, cation exchange and sorption reactions during the extraction test, and 3)
possibly minor contributions from fluid inclusions in minerals (i.e. small quantities of
diagenetic fluid trapped within a mineral during its growth). Accordingly, conversion of
solute concentrations measured in aqueous extracts to porewater solute concentrations can
only be applied for ions that are not involved in any reactions - i.e., that behave
conservatively - and for which the only source is the porewater. For the Opalinus Clay these
conditions are met for the anions Cl and Br (Waber et al., 2003; Wersin et al. 2013, Waber &
Rufer 2017, Wersin et al., 2020), whereas all other anions and cations are, to variable degrees,
involved in mineral reactions. For sulphate, for example, oxidation of pyrite before and/or
during the aqueous leaching experiments would obviously explain the observed difference.
However, the drillcore samples used for extraction experiments were vacuum-sealed
immediately after core recovery and the experiments were conducted in a glovebox — i.e.

under oxygen-free conditions. Thus, pyrite oxidation is not considered plausible.
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Alternatively, dissolution of a sulphate phase, such as diagenetic anhydrite or gypsum in
addition to the porewater sulphate could control sulphate concentrations in the aqueous
extracts. However, despite of the extensive mineralogical characterization of the Opalinus
Clay (Pearson et al. 2003, Lerouge et al. 2014, Pekala et al. 2018, Jenni et al. 2019, Mazurek
et al. 2023) no occurrences of diagenetic anhydrite or gypsum have been reported. Moreover,
porewaters, as sampled in boreholes and squeezed waters, generally indicate undersaturation
with respect to these minerals (Wersin et al. 2020; some exceptions reported in Kizcka et al.
2023). Alternatively, Wersin et al. (2013) suggest that dissolution of celestite (SrSOa) or
barite (BaSOs4), which have been identified as trace phases in the Opalinus Clay (e.g. Lerouge
et al. 2014), could control sulphate concentrations in the aqueous extracts. Considering that
borehole waters, squeezed waters and waters extracted by advective displacement are close to
equilibrium with respect to celestite, this seemingly is a viable hypothesis. Gaucher et al.
(2009) uses a similar hypothesis for explaining the observed sulphate levels in aqueous
extracts of the Callovo-Oxfordian claystones at Bure.

On the other hand, a spectroscopic study by Jenni et al. (2019) found that — apart from pyrite
— the sulphur inventory in the Opalinus Clay is dominated by calcite and apatite, whereas the
contribution of celestite is of lesser quantitative importance. Both calcite and apatite can
incorporate sulphur (or sulphate) as trace constituent, however, neither the mode of
incorporation nor its structural position is exactly known (Fichtner et al., 2017).

As a third option, sulphur associated with organic matter could also play a role (Wersin et al.
2013). However, all these hypotheses have never been specifically tested in extraction
experiments. Accordingly, the main objective of this study is to better investigate the
processes affecting dissolved sulphate concentrations during aqueous extraction and, thus, to
reduce uncertainties in predicting the concentrations of this compound in OPA porewater. For
the extraction experiments, a set of seven drillcore samples from the Opalinus Clay was tested
using different solid/liquid (S/L) ratios, sample masses, extraction times, preparation methods
(i.e. crushed vs. milled material) and extract solutions. Moreover, §**S and &80 of dissolved
sulphate in extract solutions and borehole water were measured. Finally, geochemical
modelling based on cation exchange data, which constitutes an independent dataset, was
performed in order to assess the plausibility of the two variants for SO4 concentrations in the
porewater of the Opalinus Clay obtained from the different characterization methods (i.e.
high-SO4 variant by aqueous extraction versus low-SOas variant by advective displacement,

high-pressure squeezing and borehole waters).
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Fig. 1: a) Chloride and b) sulphate profile from the Mont Terri Underground Rock Laboratory for squeezed,
borehole and seepage waters in comparison with data from aqueous extracts (modified after Wersin et al., 2020).
Anion concentrations from aqueous extraction are recalculated to in-situ conditions using an anion-accessible
porosity fraction of 0.54 (Person et al., 2003).

2 Sample description

A total of seven drillcore samples from the Opalinus Clay were investigated in this study. The
mineralogical composition of the Opalinus Clay is well known. According to the rock
parameter database compiled by Mazurek (2017) the main mineral fractions of the Opalinus
Clay are (in wt.% = 1c): clay minerals (52.9 = 14.9), quartz (21.4 £ 9.6) calcite (18.2 £ 11.7)
and feldspars (3.3 = 2.2). The clay minerals in the fraction <2 pm include mainly illite,
illite/smectite mixed layers and kaolinite, whereas chlorite contents are subordinate. Pyrite
and organic matter are ubiquitous (<0.1 — 2.0 wt.% and 0.5 — 1.5 wt.%, respectively).
Moreover, accessory minerals are present, which are commonly not identified by X-ray
diffraction. For example, diagenetic celestite and Ba-Sr sulphate have been detected at
instances by microscopic techniques, usually as large grains (> 100 um; Wersin et al. 2013;
Lerouge et al., 2014; Lerouge et al., 2015; Pekala et al. 2018). Based on electron microscopy
and X-ray spectroscopy Jenni et al. (2019) also found indications for small amounts (<0.047
9/Kg dry rock) OFf sub-pum-sized celestite grains finely disseminated in the rock matrix. In
addition, sulphate associated with calcite is also present and constitutes a larger sulphate pool
(<0.84 g/Kkg dry rock). NO other diagenetic sulphate minerals have been identified in the rock
matrix of the Opalinus Clay, despite extensive mineralogical investigations (Pearson et al.
2003, Lerouge et al. 2014, Pekala et al. 2018, Jenni et al. 2019, Mazurek et al., 2023).
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Five of the investigated drillcore samples are from the Mont Terri Rock Laboratory — an
important international underground research facility for deep geological disposal of
radioactive waste (Pearson et al., 2003). It is situated to the north of St-Ursanne in the canton
of Jura, Switzerland (Fig. 2a) approximately 300 m underground and comprises around 1200
m of tunnels and niches for experiments. The samples were retrieved from three different
boreholes: 1) from the BCI-21 borehole at depths of 3.05 m and 5.75 m from the tunnel floor
(samples BCI-21A-290-319 and BCI-21-550-600, respectively), 2) from the BCS-7 borehole
at 10.5 m depth (sample BCS-7) and 3) from the BPF1 borehole at depths of 3.90 m and 4.30
m (samples BPF1-3.90 and BPF1-4.30, respectively).
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Fig. 2: a) Geological Profile across the Mont Terri anticline and location of the underground rock laboratory.
Schematic representation of the erosion history (modified after Freivogel and Huggenberger, 2003). b) Map view
of the Mont Terri Underground Rock Laboratory with location of boreholes (borehole mouth) from which
drillcore samples were extracted for the present study (modified from map provided by D. Jaggi, Swiss Federal
Office of Topography swisstopo).

The other two samples investigated in this study are from the Blilach-1-1 borehole (BUL1-1-
858.60-RP and BUL1-1-909.24-RP) - an exploratory borehole drilled by Nagra in 2019 -
situated between the villages of Glattfelden and Bulach (18 km to the north of the city of

Zurich; for details see Mazurek et al., 2021).

3 Methods

The extraction experiments performed in this study involved 1) aqueous extraction at different
solid/liquid (S/L) ratios, sample masses, extraction times and preparation methods (i.e.
crushed vs. milled material) for identifying potential experimental artefacts, 2) sequential
agueous extracts in order to provide quantitative information on the inventory and the
potential release of SO4 during the experiments, 3) measurements of organic carbon in
aqueous extracts to identify potentially associated SO4 contributions, 4) nickel-
ethylenediamine extracts for determining the exchangeable cation population and the total
inventories of Sr and Ba and 5) acid extractions for specifically addressing the question of
S04 released from the carbonate fraction. Moreover, analyses of %S and 520 of dissolved
sulphate in aqueous extracts and borehole water are aimed to better constrain the processes
controlling sulphate concentrations in aqueous extracts.

The extraction experiments were performed at two different laboratories, at the Institute of
Geological Sciences, University of Bern, Switzerland and at the French Geological Survey
(BRGM), Orléans, France. Methodological details are described in the following subsections.
Apart from the various extraction experiments and isotope measurements the analytical
program also involves determination of the rock properties such as the gravimetric water
content and the bulk-rock mineralogy by X-ray diffraction (XRD) and CNS analyser
(elemental contents of inorganic and organic carbon and total sulphur). These standard
techniques follow the general principles described by Waber and Rufer (2017) and Wersin et
al. (2020) and are not further detailed here.



202

203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222

223
224
225
226
227
228
229
230
231
232

3.1  Sample preparation for extraction experiments and experimental conditions

The fundamental principle of porewater investigations relies on preserving the initial state of
the drillcore samples upon recovery by minimizing their desiccation, oxidation and outgassing
by sealing into evacuated and gas-tight bags (PET-Aluminium-Polyethylene compound foil)
on-site, immediately after core recovery. For experiments performed at the University of Bern
the samples were rapidly unpacked in the lab (under atmospheric conditions) where the rim as
well as the bottom and top part of the drillcore samples were trimmed off (1.5 cm; potentially
contaminated by the drilling fluid and pre-exposed to the atmosphere). The central rock
material was disintegrated to 0.5-1 cm sized fragments, of which a subsample was milled
with a tungsten carbide disc mill (120 s at 720 rpm; <63 pum grain size). Crushed and milled
material were then transferred into a glovebox where the extraction experiments were
performed under anaerobic conditions (pO2 <1 ppm). The preparation time under atmospheric
conditions — i.e. from unpacking the samples until transfer into the glovebox — was minimized
to <8 minutes to suppress sulphide mineral oxidation and porewater evaporation as much as
possible. For experiments performed at BRGM the entire process of sample preparation was
performed in a glovebox at fixed N2 and COz2 levels. The sample rims were also removed and
the central rock material was freeze-dried. The freeze-dried sample was then split into two
batches: one was grinded and sieved (<63 pm grain size), the other was crushed to 0.5-1 cm

sized fragments.

3.2 Aqueous extracts

The aqueous extraction experiments performed at the University of Bern followed the general
procedures described by Waber and Rufer (2017). Experiments performed by BRGM
followed the methodology described by Debure et al. (2018). Generally, degassed oxygen-
and CO2-free ultra-pure water was used for the extractions. The experiments involved
numerous tests at variable S/L ratios (0.05-1 g/mL), extraction times (0.2—168 h) and using
crushed and milled material. Note that milling reduces the grain size and opens fluid
inclusions that contribute solutes. Moreover, milling increases the reactive surface of the
sample, which may enhance mineral reactions (such as dissolution or precipitation) and also

ion-exchange.
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3.3 Sequential aqueous extracts

Sequential aqueous extractions involved 3-4 repeated aqueous extractions on the same
sample material at a constant S/L ratio of 0.2 g/mL and extraction times of 24 h. The first
sequence followed the procedure described in the previous section. At the end of the first
sequence, the rock slurry that remained after filtration of the supernatant solution was again
mixed with degassed, oxygen- and CO3-free ultra-pure water, maintaining an S/L ratio of 0.2
g/mL. This procedure was repeated for another 2—3 extraction sequences.

3.4  Cation-Exchange-Capacity (CEC)

Extraction experiments for determining the CEC, i.e. the exchangeable cations adsorbed on
the clay mineral surfaces, were performed on the original sample material, as well as on
sequentially H20 extracted material (section 3.3) using a constant S/L ratio of 0.2 g/mL and
extraction times of 24 h. The experiments followed the same procedures as described for
aqueous extracts, however, using a different extract solution. CEC measurements rely on the
use of a strongly sorbing index cation that replaces all other, originally adsorbed cations. The
experiments were performed at the University of Bern by using the nickel ethylenediamine
(Ni-en) method elaborated by Baeyens & Bradbury (1994) and Bradbury & Baeyens (1998).
The CEC is then determined from the difference between the concentrations of the index
cation in the initial stock solution and in the final extract solution. Alternatively, it can be
determined from the sum of the exchanged cations by measuring their concentrations in the
final extract solution. For the latter method the extracted cation data need to be corrected for
cations dissolved in the porewater and the cations released from (potential) mineral
dissolution. Such corrections were applied based on the assumption that the main cations Na,
K, Ca and Mg are attributed to the main anions Cl and SO4 (Bradbury & Baeyens 1998, Hadi
et al. 2019). The CEC is then calculated from the sum of the cations minus the concentrations

of Cl and SO4 (normalised to meq/Kgary rock).

35 Acid extractions

Acid extractions (in combination with aqueous extractions) were performed for one sample
from the BUL1-1 borehole (BUL1-1-909.24-RP; containing 4.5 wt.% calcite) using two
different S/L ratios: 1) 0.05 g/mL and 2) 0.2 kg/L. Extraction time was 24 h. Degassed
oxygen- and CO2-free acetic acid (20%; 3.5 mol/L) was used for the experiments as it

constitutes a weak acid that is known to dissolve carbonate but not pyrite. The acidic solution
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was further diluted with ultra-pure water according to the amount of carbonate present in the
sample material, thus, preventing unnecessary high acid dosing that potentially triggers
unwanted mineral reactions. Final acid concentrations were 0.09 mol/L for the experiment
with an S/L ratio of 0.05 g/mL and 0.35 mol/L for the experiment with an S/L ratio of 0.2
g/mL.

3.6 Chemical analyses of extract solutions
3.6.1 Measurements at the University of Bern

The chemical analyses of the extract solutions involved determination of pH, alkalinity,
concentrations of the major anions and cations and for the BUL1-1 samples also dissolved
organic and inorganic carbon. The alkalinity and pH were determined by using a Metrohm
Titrator system (HCI titration) and Merck 4, 7 and 9 buffers. Concentrations of major cations
and anions were determined at the University of Bern by ion chromatography using a
Metrohm 850 ProfIC AnCat MCS IC system with automated 4-50 ul injection loops. Cation
concentrations of Al, Sr, Ba, Fe and Si that either cannot be analysed by the ion
chromatographic method or that were usually close to or below the detection limit, were re-
analysed using a Varian 720-ES ICP-OES system. Dissolved organic and inorganic carbon
was measured by infrared spectrometric techniques using an Analytic Jena Multi N/C 2100S

equipped with an infrared NDIR-detector.

3.6.2 Measurements at BRGM

The measurement of pH in batch solutions was carried out with a Mettler Toledo, SevenMulti
pH meter using NIST 4, 7, and 10 buffers. Alkalinity was measured using a Titrando 905 and
a Dosino 800 equipped with a 5mL syringe (Metrohm) for HCI (103 mol/L) injection.
Inductively coupled plasma atomic emission spectroscopy (ICP-AES, Jobin Yvon) or mass
spectroscopy (ICP-MS, Thermo Fisher Scientific) were used to measure cations
concentrations. Anions were analysed by ionic chromatography (HPLC, Dionex). The

elemental concentrations in solution were determined with a relative uncertainty of 3%.

3.7 Recalculating ion concentrations in extract solutions to in-situ conditions

As outlined in the introduction, conversion of solute concentrations measured in agueous

extracts to porewater solute concentrations is applicable for ions that are not involved in any
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reactions during extraction experiments - i.e., that behave conservatively - and for which the
only source is the porewater. However, for clay-rich rocks, such a conversion requires that the
anion accessible porosity fraction is known, which is anion-specific. Anion-accessibility or
anion-exclusion is due to the repulsion of anions by the negatively charged surface of clay-
minerals, resulting in the exclusion of anions from a certain fraction of the pore space. For the
conservative chloride the anion-accessible porosity fraction is fairly well known (Zwahlen et
al., 2023; and references therein), however, not for sulphate. From double layer theory, the
exclusion of SO4 in clayrocks is predicted to be higher because of its higher charge (Gimmi &
Alt-Epping 2018). On the other hand, SO4 has a larger tendency to form weak complexes,
such as with alkaline earths, thus partly compensating the charge effect. Also, data for
selenate (which displays similar chemical properties as sulphate) in Opalinus Clay from Mont
Terri suggest a similar diffusion regime as for ClI (Gimmi et al., 2014). Thus, for the
experiments performed in this study a similar anion-accessible porosity fraction is used for
SOq4 as for Cl, which is 0.54 for Mont Terri samples (Pearson et al., 2003) and 0.52 for
Bulachl-1 samples (Mazurek et al., 2021). Scaling extract concentrations to in situ porewater
concentrations can be done via equation 1 below:

Crree pw = i €y

where Crree pw IS the in-situ solute concentration in the free porewater (mg/Lree pw), Cagex IS the
solute concentration in the aqueous extract (mg/L), S/L is the solid/liquid ratio (S = mass of
dry rock in grams; L = mass of ultra-pure water plus mass of porewater in millilitres), ww is
the gravimetric water content (wt.%) relative to dry mass of the sample material and fa is the
anion-accessible porosity fraction. Cation concentrations are reported as mg/Lbouik pw, i.e. full

accessibility of the pore space is assumed.

3.8 Sulphur and oxygen isotopes of dissolved sulphate in aqueous extracts

Analyses of %S and 30 of dissolved sulphate in aqueous extracts were performed by
Hydroisotop GmbH, Schweitenkirchen, Germany. The dissolved SOs in the aqueous extracts
was precipitated as BaSOg, filtered, dried and measured by Element Analyser Isotope Ratio
Mass Spectrometry (EA-IRMS) with an uncertainty of 0.5%o (1) for both §'80 and §%4S. The
measurements were normalized to the international VSMOW-scale for oxygen isotopes and to

the VCDT-scale for sulphur isotopes.
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3.9  Geochemical modelling

The scope of this modelling exercise was to evaluate SO4 data obtained from aqueous
extraction in terms of their compatibility with exchangeable cation data and, in more general
terms, with regard to their representativeness for in-situ conditions based on the well-
established database of the Mont Terri Rock Laboratory (Wersin et al., 2022). For this
purpose, a hypothetical exchanger composition was calculated from aqueous extraction data
(S/L ratios of 1 g/mL) based on simple geochemical modelling and then compared with the
exchanger composition obtained from Ni-en extracts on the same samples. The calculations
were performed for the Opalinus Clay samples from the Mont Terri Rock Laboratory. The
modelling approach relies on some simplifying assumptions, including:

e The ionic charge is assumed to be carried by the main compounds Na, Ca, Mg, Cl and
SO4. Other compounds, such as TIC, K and Sr were neglected.

e The Ca concentrations of in-situ porewater were derived from assuming gypsum
equilibrium. Note that this reflects the maximum possible Ca concentration. Mg
concentrations were set to the same concentrations as Ca (based on the similarity of
their concentrations in OPA porewater at the Mont Terri Rock Laboratory; Wersin et
al., 2022).

e Na concentrations of in-situ porewater are derived via charge balance.

The calculations were performed using PHREEQC (Parkhurst & Appelo, 2013) and the
PSI/Nagra 2012 thermodynamic database (Thoenen et al., 2014) assuming a temperature of
25°C. In a first step, Cl and SO4 concentrations from the aqueous extracts were recalculated to
in-situ conditions (section 3.7), then Na-Ca-Mg-CI-SO4 solutions were speciated, assuming
gypsum equilibrium and charge balance as mentioned above. In a next step, the corresponding
exchanger compositions were derived considering cation exchange selectivity coefficients for
Opalinus Clay from Pearson et al. (2011) and the cation exchange capacities obtained from Ni
consumption of the corresponding Ni-en extracts. The calculated exchanger compositions

were then compared with those obtained from Ni-en extracts.

4 Results and discussion
4.1  Bulk-rock mineralogy, carbon, total sulphur and gravimetric water content

Table 1 shows the mineralogy of the investigated samples based on XRD and CNS analyses,

as well as water contents based on gravimetry. All samples show clay-mineral, carbonate and
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quartz contents in the range of 28 — 72 wt.%, 7 — 26 wt.% and 12 — 35 wt.%, respectively.
Based on the classification of Fiichtbauer (1988) and Naef et al. (2019) they are all classified
as very sandyy/silty claystones. Pyrite contents range from <1 to 2 wt.% but sulphate minerals
were detected by XRD (sensitivity of approx. 1 wt.%). Organic carbon ranges from 0.4 wt.%
to 1.1 wt.%.

Tab. 1: Results of bulk-rock mineralogical analyses by XRD and CNS, as well as gravimetric water
contents of the investigated samples.

[Wt.%] BCI-21- BCI-21A- BCS-7 BUL1-1- BUL1-1- BPF1- BPF1-
' 550-600 296-319 858.60-RP 909.24-RP 4.30m 3.90m

Calcite 5.6 114 25.9 4.5 17.23 194

Dolomite /

Ankerite <1 <1

Albite 17 (%; 1.2 3.6 3.4 1.8 2.7

K feldspar 2.9 r_§ 2.3 5.6 5.7 2.6 2.7

Pyrite 2.0 P 11 13 <1 <1 18
3]

Siderite 1.2 3 2.5 25 2.1

Quartz 15.0 5 134 34.6 21.8 12.3 11.8

Anhydrite fg“

Celestite 2

Clay minerals 715 i 67.4 28.6 61.4 66.0 60.1
pd

S 1.09 0.58 0.68 0.39 0.63 0.94

C(inorg) 0.83 1.74 311 0.81 2.07 2.57

C(org) 1.07 0.84 0.43 1.01 0.75 0.80

Water content

relative to wet 7.37 7.11 7.31 3.77 481 6.93 6.51

weight

Water content

relative to dry 7.96 7.65 7.89 3.92 5.01 7.45 6.96

weight

4.2 Aqueous extracts at different S/L ratios, extraction times, sample masses and sample
preparation

Figure 3 shows the results of aqueous extracts performed on Mont Terri samples at different
S/L ratios and at constant extraction time of 24 h using crushed and milled sample material.
At S/L ratios <0.2 g/mL chloride concentrations in the aqueous extracts slightly increase with
increasing S/L ratio to values of around 10.8 — 11.9 g/L#ree pw and remain at constant levels
towards higher S/L ratios suggesting conservative behaviour (similarly, conservative
behaviour is suggested for bromide; not shown in Fig. 3). There is a good agreement with the

chloride concentrations from squeezed waters and borehole waters (Fig. 3a; Mazurek et al.,
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2017; Waber & Rufer 2017; Wersin et al., 2020). Sulphate concentrations vary between 5.2
and 7.3 g/Liree pw but individual samples show constant concentrations as a function of S/L
ratio. However, these concentrations are by a factor of around 3—-4 higher than those obtained
from squeezed and borehole waters (Fig. 3b). Note that this difference cannot simply be
attributed to anion-accessibility, which is somewhat uncertain for sulphate (section 3.7), it is
also observed — to a lesser degree (by a factor of around 1.5-2) — when scaling SOa4
concentrations to water-loss porosity (i.e. bulk porewater concentrations when assuming fsos
=1).

Strontium and calcium concentrations show very similar and distinct trends as a function of
S/L ratio, clearly indicating non-conservative behaviour, likely attributed to calcite dissolution
(see below). Moreover, at S/L ratios <0.2 g/mL there are large differences in ion
concentrations depending on whether crushed or milled sample material was used for the
experiments. Extracts of the latter systematically show higher ion concentrations. These
differences decrease with increasing S/L ratio. The exact reason(s) for this behaviour is not
known, however, it is conceivable that milling potentially induces unwanted effects such as
an increase of the reactive surface of the sample material which enhances mineral reactions,
evaporation of porewater and milling induced opening of fluid inclusions potentially present
in mineral phases (mainly in quartz and carbonates). In any case, the inventory of dissolved
strontium (0.8-8.4 mg/Lbuik pw) in aqueous extracts is far too low to explain the "excess
sulphate" (4-6 g/Lfree pw) by celestite dissolution alone. The only possibility how celestite
dissolution could explain the "excess sulphate™ would be adsorption of the released strontium
by the clay minerals owing to a shift in the cation exchange equilibrium. This is further
discussed in section 4.4. Barium concentrations (not shown in Fig. 3) show a similar trend as
observed for Sr, however, at distinctly lower concentrations (<1 mg/Lbulk pw).

The pH (Fig. 3e) continuously decreases as a function of S/L ratio (from around 9.3-9.8 down
to 8.3-8.8). This trend mainly reflects the higher buffer capacity of extracts performed at high
S/L ratios, which results from the comparatively higher content of clay minerals (i.e., the
larger surface area available for complexation reactions; see Wersin & Pgkala 2017, Wersin et
al., 2020).
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Fig. 3: Results of aqueous extracts performed on Mont Terri samples at variable S/L ratios. Extraction
time was 24 h. Experiments with black circles were performed at the University of Bern. Calcium
concentrations plotting at zero are below the detection limit of 0.5 mg/Lexwact. Data for squeezed and
borehole waters are from Mazurek et al. (2017) and Pearson et al. (2003). Concentrations of Cl and
SO are recalculated to in-situ conditions using an anion-accessible porosity fraction of 0.54 (Person et
al., 2003).

Alkalinity shows an increase at low S/L ratios (<0.2 g/mL) and virtually constant values at
higher S/L ratios (Fig. 3f). A similar trend is observed for the calculated calcite saturation
indices of the aqueous extracts at variable S/L ratios (i.e. for original extract concentrations;
Fig. 4a). For the calculation of saturation indices the software PHREEQC by Parkhurst &
Appelo (2013) and the PSI/Nagra 2012 thermodynamic data base (Thoenen et al., 2014) were
used. Fort S/L ratios >0.2 g/mL calcite dissolution during aqueous extraction imposed
equilibrium or-near-equilibrium conditions, whereas undersaturation with respect to calcite is
observed for aqueous extracts with S/L ratios <0.2 g/mL, probably owing to a limitation in the
availability of calcite at these low S/L ratios.

Saturation indices for strontianite show a similar trend as for calcite, however, the extracts
being slightly undersaturated even at S/L ratios >0.2 g/mL (Fig. 4b). The calculated partial

pressure of CO2 generally increases with increasing S/L ratio from around 10°-10 bar to 10°

15



430
431
432
433
434
435
436

437

438
439
440
441

442
443
444
445
446
447
448
449
450

35 bar (Fig. 4c) and with distinct differences between extracts of crushed and milled material
for low S/L ratios. Note that the sub-atmospheric pCO2 levels result from using degassed
water as extract solution and the COz-free atmosphere of the glovebox in which the
experiments were performed (section 3.2). The saturation indices of celestite and gypsum
continuously increase with increasing S/L ratio but remaining distinctly undersaturated (Fig.
4d.e).
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Fig. 4: Calculated mineral saturation indices of aqueous extracts (i.e. for original extract
concentrations) performed on Mont Terri samples at variable S/L ratios. For the modelling the
software PhreeqC and the PSI/Nagra 2012 data base (Thoenen et al., 2014) were used. Experiments
with black circles were performed at the University of Bern.

In addition to extraction experiments at variable S/L ratios and constant extraction time and
sample mass, Kinetic tests were performed at constant S/L ratios but variable extraction times
(10 min up to 7 days) and sample masses (4-20 g). Sulphate and chloride concentrations
(mg/Lbuk pw), as well as pH and alkalinity are virtually constant as a function of these
experimental parameters. Note that the constant SO4 concentrations as a function of extraction
time and S/L ratio, as well as the lack of correlation between "excess sulphate™ and pyrite
content of the samples (see Tab. 1) indicate that oxidation reactions are deemed to have been

successfully supressed during aqueous extraction.
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4.3  Sequential aqueous extracts

Figure 5 shows the concentrations of chloride and sulphate, as well as their ratios for
sequential aqueous extracts of Mont Terri samples. All of the investigated samples show the
same general trends with strongly decreasing concentrations upon progressively diluting the
porewater until complete removal after the third extraction sequence (Figs. 5a,b).
Contrastingly, the SO4/CI ratio exponentially increases (Fig. 5c) suggesting release from a
sulphate-bearing phase. Accordingly, no fully conservative behaviour can be attested for
sulphate. However, from a quantitative perspective, the SO4 released during the second, third
and fourth extraction sequence is only of minor importance. If the same behaviour is assumed
for sulphate as for chloride — a conservative species — then the absolute increase of sulphate in
the subsequent extractions is in the range of 44-292 mg/Lire pw, thus only a small amount
compared to the amount leached during the first extraction step (Fig. 3b). Consequently, the
source of the "excess sulphate™ constitutes a limited reservoir that is almost completely

exhausted during the first extraction.
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Brown symbols: BCI-21A-296-319 © Milled sample
Dark green symbols: BCI-21-550-600 ® Crushed sample

Light green symbols: BCS-7

Fig. 5: Concentrations of Cl and SO. (recalculated to in-situ conditions using an anion-accessible
porosity fraction of 0.54; Person et al., 2003) and their ratios during sequential aqueous extraction of
Mont Terri samples. Experiments with black circles were performed at the University of Bern.

4.4 Ni-en extracts

Figure 6 illustrates the results of the Ni-en extractions of Mont Terri samples. The CEC
derived from Ni consumption ranges from 89.8 to 116.0 meq/kgrock for sample BCS-7 and
104.0-134.7 meqg/kgrock for sample BCI-21-550-600 (Fig. 6a). The values for the CEC derived
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from the corrected sum of cations agree reasonably well. The small differences in Ni
consumption and sum of cations between the two investigated samples reflect the
comparatively higher clay mineral content of sample BCI-21-550-600 sample (Tab. 1). Both
of the investigated samples show the same general trends with slightly lower CEC derived
from Ni-en extracts of original sample material compared to the CEC derived from Ni-en
extracts of previously H20 extracted material. For extracts of the original sample material the
main extracted cation is Na, followed by Ca and Mg (Fig. 6b—d). During progressive dilution
of the porewater (i.e. with increasing number of sequential H20 extractions), Ca and Na
concentrations show opposed trends in the Ni-en extracts with increasing Ca concentrations
and equally decreasing Na concentrations. This is because the total solute concentration
affects the selectivity of the exchanger for Ca in that the higher charged ion is preferred more
strongly on the exchange sites when the total solute concentration in the solution decreases
(Gaines & Thomas 1953). Accordingly, the trends observed for Ca in aqueous extracts as a
function of S/L ratio (i.e. different degrees of dilution of the porewater; Fig. 3c) do not only
reflect calcite dissolution (section 4.2) but also variable magnitudes of cation exchange.
Magnesium on the other hand appears much less sensitive to such an effect (Fig. 6d),
potentially reflecting differences in the dissolution kinetics between calcite and dolomite.

Strontium concentrations in Ni-en extracts are low, ranging from 0.85 to 1.31 meq/Kgrock
corresponding to 0.008-0.010 equivalent fractions on the clay exchanger (Fig. 6e). Modelling
of seepage waters at Mont Terri indicates SrXz equivalent fractions that are a factor 2-3 lower
than those obtained from Ni-en extracts. This difference has been explained by the dissolution
of celestite during Ni-en extraction (Wersin et al. 2020). Since the exchangeable strontium in
the Ni-en extracts of the sequentially H20O extracted material does not markedly vary (Fig.
6e), dissolution of the Sr bearing mineral phase must have occurred mainly during the first
sequence of aqueous extraction, which is in line with the results from sequential aqueous
extracts (section 4.3). However, the strontium inventory (dissolved plus exchanged) is not
sufficiently large to explain the "excess sulphate™ by celestite dissolution alone (~0.8 g/Lfree
pw; Fig. 6f). Thus, celestite constitutes a limited SO4 reservoir that is completely exhausted in
each extraction. Barium concentrations are below the detection limit of 0.05 mg/Lextract

(corresponding to 0.004 meq/Kgrock Or 3.4 mg/Loulk pw) in all analysed extracts.
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Fig. 6: a—e) Results of Ni-en extractions of Mont Terri samples. The extraction tests were performed
on the original sample material, as well as on sequentially H,O extracted material. f) Inventory of
strontium (dissolved plus exchanged) is not sufficiently large to explain the "excess sulphate” in
agueous extracts by celestite dissolution alone. Data for squeezed and borehole waters are from
Mazurek et al. (2017) and Pearson et al. (2003). Concentrations of Cl and SO, are recalculated to in-
situ conditions using an anion-accessible porosity fraction of 0.54 (Person et al., 2003).

45 Acid extracts

Acid and aqueous extracts were performed on a drillcore sample from the Bilachl-1 borehole
and the results are illustrated in Fig. 7. Chloride concentrations in aqueous extracts (11.9-13.1
g/Lree pw) agree well with those in squeezed and advectively displaced waters. At low S/L
ratios (0.05 g/mL) acid extracts show slightly higher Cl concentrations compared to aqueous
extracts. This difference becomes distinctly larger at higher S/L ratios (0.2 g/mL). Moreover,
at higher S/L ratios the acid extract of milled material shows much larger ClI concentrations
compared to the acid extract of crushed material. For chloride, which has shown to be a
conservative anion (section 4.2; Wersin et al., 2020 and references therein), these differences
are likely to reflect contributions from fluid inclusions. As fluid inclusions are not
homogeneously distributed within the rock — in OPA they are potentially associated with

diagenetic calcite and detrital quartz — the intensity of this effect can vary among extracts of
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the same sample. However, in general it can be assumed that the contribution of fluid
inclusions increases with 1) increasing S/L ratio, 2) with increasing calcite and/or quartz
contents and 3) with increasing mineral dissolution (e.g. favoured by increasing the reactive
surface of a sample by milling).

Similar differences between aqueous and acid extractions are also observed for sulphate,
however, somewhat less well pronounced. Moreover, sulphate concentrations derived from
extracts of crushed and milled material show good agreement. The same applies to the Mont
Terri samples, SO4 concentrations in aqueous extracts are a factor of 3—4 higher compared to
those obtained from direct porewater sampling techniques. For obvious reasons Ca
concentrations are much higher in acid extracts than in aqueous extracts (Fig. 7c). By taking
this difference as a rough measure for how much calcite is dissolved during acid extraction, a
value of around 90% is obtained. Acid extracts at an S/L ratio of 0.2 g/mL show SO4
concentrations that are about 1.6 mg/Lree pw higher than in aqueous extracts (Fig. 7b). If we
assume that the difference is exclusively due to dissolution of calcite containing SOa4
impurities, and that calcite dissolution that potentially occurs during aqueous extraction is
insignificant compared to that occurring during acid extraction, then the calcite must contain
around 700 — 800 ppm sulphate. At first sight this value appears rather high, however, Wynn
et al. (2018) have shown that calcite that precipitates under lab conditions from low-ionic
strength solutions of pH 7-8 and containing 2 mg/L SOs, incorporates around 100 ppm
sulphate. Moreover, they show that keeping the pH constant but increasing the sulphate
concentration of the parent solution to 20 mg/l increases the amount of the incorporated
sulphate to 400 — 450 ppm. Considering that a substantial part of the carbonate in the
Opalinus Clay is biogenic and, thus, precipitated from seawater with around 2.7 g/L sulphate,
then 700 — 800 ppm sulphate incorporated in calcite is not unrealistic. This is corroborated by
Lerouge et al. (2014) who found sulphur contents of <500 ppm and <2000 ppm in diagenetic
calcite and bioclastic material, respectively, in the Opalinus Clay of the Benken borehole in
northern Switzerland. Nevertheless, the acid extractions show that the sulphate concentrations
in calcite — although they appear to be rather high at first sight — are far too low to explain the
"excess sulphate™ in the aqueous extracts by congruent calcite dissolution. For example,
taking the calcium inventory (dissolved plus exchanged) as a rough measure of the maximum
amount of calcite that was dissolved during aqueous extraction, then a value of around 4% is
obtained. Dissolution of 4% of the available calcite contributes roughly 60 mg/Lfree pw
sulphate, thus a very small amount compared to the "excess sulphate™ (Fig. 7b). Moreover, it

must be recalled that the concentration of 700 — 800 ppm sulphate in calcite was determined
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based on the assumption that all of the sulphate in the acid extracts originates from calcite
dissolution and thus, the 700 — 800 ppm represent a maximum value.

Strontium and barium show detectable concentrations only in the acid extracts. Also iron is
present in the acid extracts at rather high concentrations (0.3 — 1.0 g/Lextract depending on S/L
ratio; not shown in Fig. 7). Potentially this iron could originate from pyrite dissolution.
However, taking into account that acid extracts performed at S/L ratios of 0.05 g/mL show
similar sulphate concentrations as the aqueous extracts, pyrite dissolution is not considered to
play a major role. Most likely the iron stems from the dissolution of Fe-bearing carbonates:
based on the XRD data (Tab. 1) the investigated Bulach1-1 sample contains 2.5 wt.-% siderite
and thus, providing sufficient iron to explain the observed concentrations.
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Fig. 7: Results of acid and aqueous extracts of the Bllachl-1 sample. All experiments performed at
University of Bern. Data for squeezed and advectively displaced waters are from Mazurek et al.
(2021) Concentrations of Cl and SO, are recalculated to in-situ conditions using an anion-accessible
porosity fraction of 0.52 (Mazurek et al., 2021).

4.6  Dissolved organic carbon in aqueous extracts

Figure 8 shows DOC concentrations in aqueous extracts of the Bilachl-1 samples as a
function of S/L ratio, sample preparation and sulphate concentration. For comparison data

from squeezed and advectively displaced waters are illustrated too (Mazurek et al., 2021).
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Note that DOC concentrations in aqueous extracts are reported as mg/Louik pw. HOwever, a
significant part of the dissolved organic material (DOM) contains anionic functional groups
(Huclier-Markai et al., 2010; 2018) and, thus, the DOM likely behaves similar as inorganic
anionic compounds, i.e., it is affected by anion exclusion and no or only weak sorption
(Charlet et al. 2017, Chen et al. 2018). Consequently, DOC concentrations in the free
porewater are somewhat higher compared to the concentrations in the bulk porewater
illustrated in Fig. 8. For the investigated samples the DOC concentrations in agueous extracts
vary as a function of sample preparation — i.e. extracts of milled material consistently show
higher concentrations than extracts of crushed material — and also as a function of S/L ratio —
i.e. extracts performed at low S/L ratios show higher concentrations than extracts performed
at high S/L ratios. In contrast, sulphate concentrations do not markedly vary neither as a
function of sample preparation nor as a function of S/L ratio (Fig. 8). Overall, this lack of
correlation between DOC and sulphate concentration indicates that sulphur associated with
organic matter is not likely to be the source of the "excess sulphate™ in aqueous extracts. This
is supported by mass balance considerations: For example, the aqueous extract of milled
sample material at an S/L ratio of 0.05 g/mL, shows DOC concentrations that are ~1.5 g/Lbuik
pw higher than those of squeezed waters. If the difference in sulphate concentration between
squeezed waters and the aqueous extract is due to sulphur released from dissolved organic
matter, then the DOM must show C/S mass ratios of around 0.75 (or slightly higher
considering anion exclusion for DOM; see above). This value then decreases with decreasing
difference in DOC between aqueous extracts and squeezed waters. Such low C/S mass ratios
are not considered realistic. Thus, a major release of sulphur from dissolved organic material
during aqueous extraction experiments, which could explain the "excess sulphate”, is

unlikely.
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Fig. 8: Concentrations of sulphate and dissolved organic carbon (DOC) in aqueous extracts of
Bilachl-1 samples. For comparison data from squeezed and advectively displaced waters are
illustrated too (Mazurek et al., 2021). Sulphate concentrations are recalculated to in-situ conditions
using an anion-accessible porosity fraction of 0.52 (Mazurek et al., 2021).

4.7  Sulphur and oxygen isotopes in aqueous extracts and borehole water at Mont Terri

Re-equilibration during aqueous extraction does not only affect chemical constituents but also
isotopes. Thus, the oxygen and sulphur isotope composition of dissolved sulphate in aqueous
extracts reflects contributions from 1) the original porewater 2) mineral reactions and 3)
oxygen isotope exchange between dissolved SO4 and H20. However, the latter is very slow
and not relevant on timescales of the extraction experiments (Krouse & Mayer, 2000).

Figure 9a shows the 80 and &%S values of dissolved sulphate in aqueous extracts of the
Mont Terri samples. For comparison it also includes isotope data for vein celestite in the
Opalinus Clay at Mont Terri (Pearson et al., 2003), whole-rock gypsum and/or anhydrite from
the underlying Triassic evaporites (Gipskeuper, Muschelkalk; Mazurek & de Haller, 2017),
marine sulphate during different geological periods (Claypool et al., 1980 and Balderer et al.,
1991) and sulphate in present-day porewater (borehole waters) of the Opalinus Clay at Mont
Terri (Pearson et al., 2003; Muller and Leupin, 2012). Figure 9b shows a histogram for the
534S values of diagenetic pyrite and sphalerite from the Dogger—Liassic rock sequence at
Mont Terri (De Haller et al., 2014). They show a Gaussian distribution, ranging widely from -
48.2%0 VCDT to 57.8%0 VCDT, centred at 0% VCDT. Pyrite from the Benken borehole
analysed by Lerouge et al. (2014), falls within the same range.

5180 and %S values of dissolved sulphate in aqueous extracts range between 11.6—12.8%o
VSMOW and 23.3-25.1%0 VCDT, respectively. These values are in good agreement with the
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present-day porewater in the Opalinus Clay at Mont Terri, which is enriched in **S relative to
Mesozoic marine sulphate and depleted in 80 relative to vein celestite (Fig. 9a). Although
partly overlapping, 5**S values of sulphide minerals in the OPA are generally lower than
those of dissolved sulphate in aqueous extracts. Thus, the isotope composition of dissolved
sulphate in aqueous extracts seemingly represents the original porewater in the Opalinus Clay
without any major contributions from e.g. sulphide mineral oxidation or celestite dissolution.
As a hypothesis, the "excess sulphate™ could be weakly bound to mineral surfaces, so that
isotopes can readily exchange with the porewater. In fact, laboratory and field experiments
have shown that sulphur and oxygen isotope fractionation during adsorption and desorption of
sulphate is negligible (Mayer et at., 1995; Van Stempvoort et at., 1990). In contrast, sulphate
that is strongly bound in crystal lattices of e.g. celestite is fractionated relative to porewater
sulphate (Fig. 9) and a shift away from the porewater isotope signature would be observed if
congruent mineral dissolution is the main contributor for the "excess sulphate” in aqueous
extracts. However, this is not the case.

Sorption of sulphate is well known for soils, where pH (Guadalix & Pardo 1991, Bhatti et al.
1997) and the presence of hydrous oxides of iron and aluminium (Chao et al. 1964a, Fuller et
al. 1985) are the main controlling factors but also total sulphate concentrations, ionic strength,
competing anions and clay content can have an influence (Chao et al. 1964b, Charlet et al.
1993, Comfort et al. 1992, Inskeep 1989). For indurated claystones, such as the Opalinus
Clay, anionic sorption has been much less studied and very little is known regarding the
uptake mechanisms. Also, there are some reservations concerning its relevance at high pH
conditions. Anionic sorption mainly operates at low pH (i.e., below the point of zero charge
of clay-minerals), whereas at high pH it is considered small to negligible (e.g. Guadalix &
Pardo 1991). However, in batch, column and through-diffusion experiments using Callovo-
Oxfordian claystone samples, Bazer-Bachi et al. (2007) and Descostes et al. (2008) observed
a weak retention of sulphate that depends on the mineralogical composition of the solid phase
and the sulphate concentration in the porewater with Kq values of 0.15-0.37 L/kg for sulphate
concentrations in the range of 5 x 107 to 4.4 x 10 mol/L at a pH of 7.3. Similarly, Van
Loon et al. (2018) also observed a weak retention of sulphate in through-diffusion
experiments performed on Opalinus Clay samples. The derived Kq values of 0.06-0.09 L/kg
for sulphate concentrations of 102 mol/L (pH = 7.9) are in good agreement with the findings
of Bazer-Bachi et al. (2007), i.e., extrapolating their Langmuir fit. These Kq values imply
concentrations of weakly bound SOs4 of 0.6-0.9 mmol/kgrock. This corresponds to a

contribution of roughly 1.7-2.6 g/Lsree pw from aqueous extracts, i.e., not large enough to
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explain the "excess sulphate™ (~ 35-52%). Note that although sulphate retention has been
demonstrated for indurated claystones, the exact mechanism could not be identified in the
aforementioned studies. One hypothesis is that kaolinite significantly contributes to the
retention of sulphate in claystones as indicated by previous experimental studies (Rao &
Sridharan 1984, Matusik 2014, Sadeghalvad et al. 2021). However, at the current stage it is
not entirely clear why weakly bound sulphate would be released during aqueous extraction:
concerning sorption processes the mixing of the water-saturated rock sample with ultra-pure
water imposes a strong dilution of the porewater, i.e. the ionic strength of the system
decreases and the electrostatic effect results in a anionic sorption than compared to in-situ
conditions (Charlet et al. 1993). In contrast, anionic sorption is stronger at a pH of 7 (i.e., in-
situ conditions) compared to a pH of around 9 (i.e., agueous extracts; Guadalix & Pardo
1991). However, it is not considered likely that this difference in pH would make a major
difference in the amount of sulphate released. Thus, currently this remains on a hypothetical
level and further efforts must be taken in order to better constrain potential contributions from

weakly bound sulphate.
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Fig. 9: 80 and %S values for dissolved sulphate in aqueous extracts of Mont Terri samples
compared to the isotopic composition of sulphate of vein celestite (Pearson et al., 2003), whole-rock
gypsum and/or anhydrite from the underlying Triassic evaporites (Gipskeuper, Muschelkalk; Mazurek
& de Haller, 2017), marine sulphate during different geological periods (Claypool et al., 1980 and
Balderer et al., 1991) and sulphate in present-day porewater (borehole waters) of the Opalinus Clay at
Mont Terri (Pearson et al., 2003; Mdiller and Leupin, 2012). Analytical uncertainties are 0.5%o (1) for
both 5**0 and §%'S. b) Histogram for the §*S values of diagenetic pyrite and sphalerite from the
Dogger-Liassic rock sequence at Mont Terri (de Haller et al., 2014).
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4.8  Plausibility checks by geochemical modelling

The plausibility of the SO4 data from aqueous extracts in terms of their representativeness for
in-situ conditions was tested by simple geochemical modelling as described in section 3.9. On
the basis of the Cl and SOs concentrations recalculated to in-situ conditions, a simplified
exchanger composition including the main cations Na, Ca and Mg was derived for four of the
Mont Terri samples. The calculations yield high exchangeable Na occupancies of ~0.8
(equivalent fraction; Fig. 10a) and low exchangeable Ca + Mg occupancies of ~0.2
(equivalent fraction; Fig. 10b). These results are at odds with the exchanger composition
obtained from Ni-en extracts of the same samples, which yield distinctly lower Na but higher
Ca + Mg occupancies. The latter data are, however, in good agreement with Ni-en extraction
data reported by Wersin et al. (2022) as well as with data calculated from borehole waters.
This comparison indicates that SO4 recalculated from aqueous extracts implies dissolved and
exchangeable cation concentrations which are not compatible with the measured
exchangeable cation data and, in more general terms, not compatible with the well-established
porewater chemistry database for Mont Terri (see compilation by Wersin et al., 2022). This
simple geochemical modelling exercise thus underlines that SO4 from aqueous extraction

experiments is affected by mineral-water reactions, i.e., reflecting non-conservative

behaviour.
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Fig. 10: a) Exchangeable Na and b) sum of exchangeable Ca+Mg (equivalent fractions) vs. distance
(m) from top Opalinus Clay at the Mont Terri Rock Laboratory. Orange squares: calculated from SO4
and CI concentrations in aqueous extracts (see text). Green symbols: measured cation data from Ni-en
extracts (corrected for dissolved cations in the porewater). Blue circles: modelled cation data based on
borehole waters documented in Wersin et al. (2022).
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5 Conclusions

Oxidation reactions are deemed to have been successfully supressed during aqueous
extraction. This is indicated by 1) the lack of correlation between "excess sulphate™ and pyrite
contents in the samples, 2) constant SO4 concentrations as a function of extraction time and
S/L ratio and 3) 8*0 and &%*S values of dissolved sulphate in aqueous extraction being in
good agreement with those measured for borehole waters.

The extraction experiments yielded conservative behaviour for Cl, which is in line with earlier
findings (e.g. Waber et al. 2003, Wersin et al. 2013, Waber & Rufer 2017, Wersin et al.
2020). All other cations and anions (except bromide) behave clearly non-conservatively, i.e.
their concentrations in the extract solutions vary as a function of S/L ratio and extraction time.
Although SOa4 concentrations in aqueous extracts are constant as a function of S/L ratio and
extraction time, the SO4/CI ratio increases during sequential extraction indicating release from
a sulphate-bearing phase, thus, suggesting non-conservative behaviour. However, from a
guantitative perspective the major release occurs during the first extraction, whereas release
during subsequent sequential extractions is minimal. Thus, celestite constitutes a limited SO4
reservoir that is nearly completely exhausted in each extraction. However, Ni-en extracts
show that the strontium inventory (dissolved plus exchanged) is not sufficiently large to
explain the "excess sulphate” by celestite dissolution alone (roughly 15% of the "excess
sulphate™ can be explained by celestite dissolution). Acid extracts indicate that calcite in the
Opalinus Clay contains a maximum of around 700 — 800 ppm sulphate, which is in line with a
study by Wynn et al. (2018). Considering the small amount of calcite which is dissolved
during aqueous extraction (~4%), these concentrations are far too low to explain the "excess
sulphate™ by congruent calcite dissolution. However, uncertainties exist on how the sulphur
associated with calcite occurs (i.e. incorporated in the crystal lattice or as solid inclusions of
an S-bearing phase) and that incongruent rather than congruent calcite dissolution could be a
key process to explain the "excess sulphate™ in aqueous extracts. These uncertainties could be
addressed by transmission electron microscopy (TEM) and Scanning-TEM (STEM) studies,
which provide high-resolution data on the quantity and spatial distribution of S in calcite.
Measurements of the dissolved organic carbon in aqueous extracts yield no correlation with
sulphate concentrations. Moreover, mass balance considerations show that in order to explain
the "excess sulphate”, the dissolved organic material must show unrealistic low C/S mass
ratios. Thus, a major release of sulphur from organic material during aqueous extraction

experiments, which could explain the "excess sulphate”, is unlikely.
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Ultimately, the various types of extraction experiments failed to definitely identify the source
of the "excess sulphate” in aqueous extracts. However, based on the good agreement between
the 580 and §**S values of dissolved SO in aqueous extracts and those of borehole waters
the "excess sulphate™ could be weakly bound to mineral surfaces (e.g. clay-minerals), so that
isotopes can readily exchange with the porewater. This hypothesis is in line with diffusion
studies by Bazer-Bachi et al. (2007), Descostes et al. (2009) and Van Loon et al. (2018) who
observed a weak retention of sulphate in their experiments performed on Callovo-Oxfordian
claystones and also Opalinus Clay samples. The retention mechanisms are not exactly known
but derived Kqd values imply potential sulphate contributions in the range of 1.7-2.6 g/Lfree pw
in aqueous extracts. Together with the contributions from celestite dissolution this would
explain roughly 60% of the "excess sulphate”. However, there are some reservations
regarding the process by which sulphate would be released during aqueous extraction. Thus,
at the current state this remains on a hypothetical level and further efforts must be taken in
order to better constrain potential contributions from weakly bound sulphate, e.g., by anion-
exchange experiments.

Although, the reasons for the differences in SO4 concentrations for OPA porewater derived
from aqueous extraction and direct sampling techniques — i.e. borehole waters, squeezing and
advective displacement experiments — are still not fully understood, the good consistency
between the latter methods suggests that the derived sulphate concentrations represent the
conditions in the in-situ porewater reasonably well. This is further supported by simple
plausibility tests by geochemical modelling showing that SO4 concentrations from aqueous
extracts recalculated to in-situ conditions imply dissolved and exchangeable cation
concentrations which are not consistent with the measured exchangeable cation data from Ni-
en extracts or those calculated from borehole waters. Again, this underlines the non-

conservative behaviour of sulphate during aqueous extraction.
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Highlights

e Excess SO4 in aqueous extracts of Opalinus Clay samples

e Experimental study of water-extractable sulphate in Opalinus Clay

e Obvious sulphate sources fail to explain excess SO4 in aqueous extracts

e Dissolved SO4 in aqueous extracts and borehole water is isotopically similar
e Possibly, some sulphate is weakly bound to mineral surfaces
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