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Abstract

Internationally, claystone formations are un vestigation as host rocks for high-level heat-
emitting nuclear waste (HLW). Claystones nave beneficial properties as natural barrier for
HLW, including: low permeability, high retention capability for radionuclides, and self-sealing
of fractures by swelling. A drawback of claystones as host rock is their temperature sensitivity.
Temperatures at the surface of HLW containers in claystone formations are expected to be in
the range of 90—150 °C. Elevated temperatures in the vicinity of HLW containers might cause
clay mineral transformation reactions reducing the radionuclide retention potential of the host
rock. Other consequences are changes of the composition of the pore water and the promotion
of organic matter decomposition. The latter results in the generation of gases and water-soluble
organic compounds. Both initiate further geochemical reactions affecting the mineralogical
inventory of a claystone and the composition of the pore water. Thus, an increase in temperature
due to HLW disposal in a claystone formation has the potential to affect a vast and
interconnected organic and inorganic geochemical reaction network. In response to the
numerous geological and technical challenges in nuclear waste management, so-called features,
events, and processes (FEPs) catalogues were introduced. FEPs are specifically compiled for a
host rock type and aim to provide guidelines for the safety assessment of a repository facility.
For safety reasons, the deep geological storage of HLW is designed for a period of several
hundred thousand to one million years. Thus, the long-term safety and performance of a
repository relies on predictions. In order to make predictions as robust as possible empirical,
quantitative data is indispensable.

In this thesis, the thermal transformation of organic matter in a host rock for HLW disposal, the
Opalinus Clay (OPA; Mont Terri, St. Ursanne, Switzerland), was investigated in hydrous
pyrolysis experiments at temperatures from 80-200 °C — and beyond. For this, ground OPA
was mixed with HPLC-grade water in Dickson-type flexible gold-titanium reaction cells (‘gold
bags’). Isobaric conditions of 20 MPa were maintained over the course of the experiments. The
experimental setup allowed to gradually withdraw aqueous samples. Geochemical reactions
were monitored over periods of several weeks. Samples were transferred into headspace vials,
allowing for analyses of the gas phase, followed by measurements of water-soluble compounds
in the aqueous fluid. An additional set of experiments investigated the interaction between
water-soluble organic compounds and OPA mineral phases in suspension at room temperature
(~20 °C) and atmospheric pressure.

The hydrous pyrolysis experiments demonstrated the release/generation of gaseous CO2 and
C1—C4 hydrocarbons. COx) was the dominant gas released/generated. Gas yields increased
with increasing temperature. Molecular hydrogen (Hz(g)) was only generated in two experiments
at >300 °C — well beyond the storage conditions of HLW. No hydrogen sulfide (H2S()) or
carbon monoxide (CO)) were detected in any of the samples. COx(g) originated predominantly
from the dissolution of carbonate mineral phases in the OPA sample material and, to a lesser
extent, from the thermal transformation of OPA organic matter. An isotope mass balance
indicated that up to 26 % of the inorganic carbon and up to 6 % of the organic carbon in OPA
were transformed to CO; — either present as dissolved inorganic carbon (DIC) in the aqueous
fluid or, after exsolution, as COx). New kinetic data on gas generation in OPA completes the
data set.



Analyses of the aqueous fluid samples showed the generation of low-molecular-weight organic
acids (LMWOA), predominantly acetate, followed by oxalate and formate. The yields of the
acids increased with increasing temperature, with the exception of significantly lower quantities
of oxalate and formate at temperatures >160 °C. The application of kinetic data on thermal
LMWOA decomposition (e.g., decarboxylation) from the literature demonstrated that
simultaneous generation and decomposition reactions of LMWOA have rarely been taken into
account by other studies. Thus, LMWOA generation from organic matter might have been
underestimated in other studies. This also affects the prediction of gas generation (e.g., COz(g)
+ CHa(g) by decarboxylation. The thermal stability of acetate might cause its accumulation in
pore water, which might serve as a (temporary) feedstock for microbial life.

The interaction of the mono- and dicarboxylic LMWOA acetate and oxalate with OPA mineral
phases in a suspension at room temperature (~20 °C) suggested that acetate has no/a negligible
affinity towards OPA mineral phases, while the concentration of oxalate decreased within
minutes after the acid was added to the suspension. The formation of insoluble Ca-oxalate
complexes, e.g., [Ca(C204)-H,0] with dissolved Ca?>" from carbonate mineral dissolution
explained the relatively constant concentration of oxalate in this experiment and might have
also affected the concentration of oxalate in the hydrous pyrolysis experiments.

Gas generation increases the overall pressure in a repository and initiates pore water
displacement, potentially also promoting radionuclide migration. LMWOA affect mineral
dissolution reactions and occupy sorption sites of clay minerals, thereby reducing the retention
capability of the natural claystone barrier and/or geo-engineered barriers based on clay
minerals. These processes pose a risk for the integrity of a HLW repository in claystone
formations. This thesis provided new quantitative data on the generation of gases — including
new kinetic data — and LMWOA at elevated temperatures relevant for the deep geological
disposal of HLW in claystone formations. It is concluded that the quantities of generated gases
and LMWOA, when confronted with geochemical reactions decomposing and/or immobilizing
some of them, are unlikely to affect the integrity and long-term safety of a HLW repository in
the Opalinus Clay.

Keywords: Acetate | Carbon dioxide | Claystone | Complexation | Formate | High-level heat-
emitting nuclear waste | Host rock | Hydrocarbon gases | Hydrous pyrolysis | Isotope mass
balance | Kinetics | Molecular hydrogen | Oxalate | Sorption
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Zusammenfassung

International werden Tongesteinformationen auf ihre Eignung als Endlager-Wirtsgestein flir
hochradioaktive, warmeentwickelnde Abfdlle (HLW) untersucht. Vorteilhafte Eigenschaften
von Tongestein sind: eine geringe Permeabilitdt, ein hohes Riickhaltevermdgen von
Radionukliden und die Fahigkeit der RissverschlieBung durch das Aufquellen bestimmter
Tonminerale. Nachteilig wird die Temperaturempfindlichkeit von Tongestein bewertet. Derzeit
werden Temperaturen an der Oberfliche von Endlagerbehiltern von 90—150 °C diskutiert.
Erhohte Temperaturen im direkten Umfeld der Endlagerbehilter verursachen Umwandlungen
von Tonmineralen und verringern so die natiirliche Barrierewirkung des Gesteins gegeniiber
Radionukliden. Andere geochemische Reaktionen verdndern die Zusammensetzung des
Porenwassers und beschleunigen die Umwandlung organischen Materials. Letztere resultiert in
der Bildung von Gasen und wasserloslichen organischen Verbindungen. Beide Komponenten
verstirken den Effekt auf die Porenwasserzusammensetzung und Mineralumwandlungen.
Damit hat ein Temperaturanstieg im Endlager Einfluss auf das organische und anorganische
geochemische Reaktionsnetzwerk. Im Bereich der Endlagerung dienen sogenannte feature,
events, processes (FEP; Komponenten, Ereignisse, Prozesse) Kataloge als Basis
sicherheitsgerichteter Untersuchungen. FEP-Kataloge sind wirtsgesteinsspezifisch und
unterstiitzen die Bewertung der Sicherheit des Endlagersystems. Um eine sichere
Aufbewahrung der HLW zu erreichen, wurden Einlagerungszeitriume von bis zu einer
Millionen Jahre festgeschrieben. Die Langzeitsicherheit eines Endlagers wird unter diesen
Bedingungen vor allem durch Modelle gepriift werden miissen. Um diese Modelle so belastbar
wie moglich zu machen braucht es empirische und quantitative Daten.

In dieser Dissertation wurde die thermische Umwandlung organischen Materials in einem
Endlagerwirtsgestein, dem Opalinuston (OPA; Mont Terri, St. Ursanne, Schweiz), mittels
wiassriger Pyrolysen bei Temperaturen von 80-200 °C — und dariiber hinaus — untersucht.
Gemahlener OPA wurde mit hochreinem Wasser in flexiblen Gold-Titan Reaktionszellen nach
Dickson (Goldbeuteln) vermischt und bei konstantem Druck (20 MPa) aufgeheizt. Der
experimentelle Aufbau erlaubte eine regelméfige Probenahme wissrigen Fluids. Damit wurden
geochemische Reaktionen iiber Zeitrdume mehrerer Wochen nachverfolgt. Die Proben wurden
in Headspace-Vials gegeben, was das Beproben der Gas- und der Fliissigphase ermdglichte. In
einer weiteren Experimentrethe wurden Wechselwirkungen zwischen wasserloslichen
organischen Verbindungen und den OPA-Mineralphasen bei Raumtemperatur (~20 °C) und
Atmosphédrendruck untersucht.

In den wéssrigen Pyrolysen wurde die Bildung von Kohlenstoffdioxid (COz(g)) und kurzkettiger
(C1—C4) Kohlenwasserstoffe nachgewiesen. CO2(g) war am stirksten vertreten. Die
Gasbildung nahm mit steigender Temperatur zu. Wasserstoff (Hz) wurde in nur zwei
Experimenten bei iiber 300 °C nachgewiesen. Schwefelwasserstoff (H2Sy) und
Kohlenstoffmonoxid (CO()) wurden nicht nachgewiesen. COz) stammt vorwiegend aus
Losungsreaktionen Karbonat haltiger Mineralphasen und, zu einem geringeren Anteil, aus der
thermischen Umwandlung organischen Materials. Eine Isotopenmassenbilanz hat gezeigt, dass
bis zu 26 % des anorganischen und bis zu 6 % des organischen Kohlenstoffs des OPA zu CO>
umgewandelt wurden — entweder als in Wasser gelostes COz(q) oder, nach der Auslésung aus
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einer wiéssrigen Probe, als COy). Neue kinetische Daten erweitern und unterstiitzen die
Aussagekraft des Datensatzes.

In den wissrigen Proben wurden kurzkettige organische Sduren (LMWOA) nachgewiesen. Die
hdufigste Verbindung war Acetat, gefolgt von Oxalat und Format. Die Bildung der Saduren
nahm mit steigender Temperatur zu, wobei Oxalat und Format bei >160 °C in deutlich
geringeren Mengen gebildet wurden. Unter Zuhilfenahme kinetischer Daten aus der Literatur
zur thermischen Zersetzung (Decarboxylierung) der Sduren wurde aufgezeigt, dass die
Gleichzeitigkeit der Bildung und Zersetzung der Sduren in anderen wissenschaftlichen Arbeiten
kaum Beachtung gefunden hat. Dies weist auf eine flichendeckende Unterschitzung der
Bildung von LMWOA aus organischem Material in vielen Arbeiten hin. Davon betroffen
konnte auch die Vorhersage von Gasbildung (COz, und CHae) aus
Decarboxylierungsreaktionen sein. Die hohe thermische Stabilitdt von Acetat konnte eine
deutliche Konzentrationserh6hung im Porenwasser zur Folge haben. Dieses Acetat konnte eine
(temporire) Kohlenstoffquelle fiir Mikroorganismen darstellen.

Eine Experimentreihe mit Acetat und Oxalat und Mineralphasen des OPA in einer Suspension
bei Raumtemperatur (~20°C) zeigt, dass zwischen Acetat und den Mineralen
keine/vernachldssigbare Wechselwirkungen vorliegen. Die Konzentration von Oxalat nahm
hingegen innerhalb weniger Minuten nach dessen Zugabe signifikant ab. Die Bildung schwer
wasserldslicher Ca-Oxalat Komplexverbindungen, z. B. [Ca(C204)-H20], mit gelosten Ca**-
Ionen aus der Losung Karbonat haltiger Mineralphasen erklirt die gemessenen
Konzentrationen Oxalats in dieser Experimentreihe und moglicherweise auch in den wissrigen
Pyrolysen.

Gasbildung fiihrt zur Erhohung des Ducks im Endlagersystem und bewirkt die Verdrangung
von Porenwasser, was die Migration von Radionukliden einschlieen kann. Kurzkettige
organische Sduren bewirken Minerallosungsprozesse, besetzen Sorptionsplédtze und verringern
damit das Riickhaltevermdgen der natiirlichen und geotechnischen Tongestein-/
Tonmineralbarrieren. Diese Prozesse stellen Sicherheitsrisiken fiir Endlager in
Tongesteinformationen dar. Diese Dissertation hat neue quantitative Daten zur Gasbildung —
inklusive neuer kinetischer Daten — und der Bildung kurzkettiger organischer Sduren unter
Endlager-nahen Temperaturbedingungen, wie sie in Tongesteinformationen erwartet werden,
hervorgebracht. Es wird geschlussfolgert, dass die negativen Auswirkungen der gebildeten
Mengen an Gasen und kurzkettigen organischen Sduren wahrscheinlich keinen negativen
Einfluss auf die Integritét eines Endlagersystems im Opalinuston haben werden. Eher werden
sie durch andere geochemische Reaktionen, die zur Immobilisierung und/oder der Zersetzung
dieser Verbindungen fiithren, aufgewogen. Die Gefdhrdung eines Endlagersystems fiir HLW im
Opalinuston und dessen Langzeitsicherheit durch die in dieser Dissertation beschriebenen
Verbindungen wird daher als unwahrscheinlich angesehen.

Schliisselworter: Acetat | Format | Hochradioaktive wiarmeerzeugende Abfille |
Isotopenmassenbilanz | Kinetik | Kohlenstoffdioxid | Kohlenwasserstoff Gase |
Komplexbildung | Molekularer Wasserstoff | Oxalat | Sorption | Tongestein | Wéssrige Pyrolyse
| Wirtsgestein
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Chapter I

1. General Introduction

1.1. The importance of geochemical research in nuclear waste disposal

Internationally, a consensus exists for the long-term storage of high-level heat-emitting nuclear
waste (HLW) in deep geological formations e.g., in claystones. Safety criteria for a repository
are addressed in feature, events and process (FEP) catalogues. Among safety-relevant
components are gases such as Ha, COz, and Ci-C4 hydrocarbons. Gas generation promotes a
rise in pressure in a repository. COz(q) and also low-molecular-weight organic acids (LMWOA)
are involved in mineral dissolution, which might reduce the integrity of natural and geo-
engineered barriers. Moreover, thermal decarboxylation reactions of LMWOA are a potential
additional source of gases. If gases and/or low-molecular-weight organic acids were generated
in vast quantities by temperature-driven geochemical processes in claystone formations, the
long-term safety of a repository, i.e. the retention of radionuclides from the high-level nuclear
waste inventory by natural and geo-engineered barriers could be at risk. The retention properties
of clay minerals are affected e.g., by the amount of dissolved ions in pore water, including
organic compounds. Those can occupy sorption sites on mineral surfaces, reducing the retention
capacity of the natural barrier. Thus, the interaction between organic compounds and a

claystone is an additional factor to consider in the safety assessment for a HLW repository.
1.2. Host rocks for high-level, heat-emitting nuclear waste disposal

Ewing et al. (2016) stated that the absence of operating HLW repositories is the ‘Achilles Heel’
of the international use of nuclear power. In 2017, the Site Selection Act (StandAG, 2017),
which regulates the search for a deep geological repository for HLW in Germany took effect.
The law states that the site selection process for a HLW repository must be science-based in
order to locate the best possible geological formation to host HLW for one million years
(StandAG, 2017). In Germany, three rock types, crystalline rock (magmatic rocks and higher-
metamorphic rocks), rock salt, and claystone are currently under consideration as host rocks for

a repository facility.



The identification of host rock formations suitable for the disposal of HLW is based on
geoscientific exclusion criteria including: large-scale vertical movements with an average uplift
rate of >1 mm per year over the course of one million years; the presence of active fault zones;
potential damage of the host rock formation by past or present mining activity; seismic activity;
volcanic activity; and groundwater ages (StandAG, 2017; Lommerzheim et al., 2019; Kneuker
et al., 2020). In addition to the exclusion criteria, potential host rocks have to fulfill a number
of minimum requirements including a permeability below 1071° m/s, a vertical extent of >100
m, its confinement providing rock zone must be located >300 m below the surface (mbs), the
horizontal extent of the host rock formation has to be large enough for the underground
repository facilities, and the natural barrier properties of the rock must not fail during
construction, operation, and after repository closure. While the above-stated criteria are
indispensable in the site selection process, the exclusion of geological formations is based on
more detailed characteristics of the potential host rock. One example is the retention potential
for radionuclides released from the HLW inventory by physico-chemical adsorption on mineral
surfaces provided by the host rock. In this context, hydrogeological properties of a host rock
are of importance, because radionuclides are also present as dissolved ions in pore water and
might migrate away from the repository. Other parameters are, e.g., the temperature sensitivity
of a host rock and the impact of gas generation on (geo-) mechanical properties of a host rock
formation. Currently, approximately 27,000 m*> of German HLW need to be relocated into a
deep geological repository in Germany. The schedule of the site selection process aims to
identify the best possible location for a HLW repository in Germany between the 2040’s and
the 2060°s (BGE, 2022a; 2022b).

1.3. Claystone formations in the context of HLW disposal

Clay is a clastic sediment with a grain-size <2 um, which is further characterized by its mineral
composition. A large set of different terms is used to refer to a clay-rich rock e.g.: mudstone,
shale, claystone, siltstone, pelite, pelitic rock, or argillaceous rock (Hoth et al., 2007). In
addition to the mineralogical inventory, organic matter (OM) content, water content, and the
consolidation state based on the diagenetic history of the material are used to characterize clays
(Alpin et al., 1999). In this thesis, the term ‘claystone’ will be used to refer to consolidated
sedimentary material predominantly composed of clay minerals (e.g., illite,
smectite/montmorillonite, kaolinite, chlorite) and other mineral components (e.g., quartz,
feldspar, calcite, dolomite, gypsum, etc.). Accordingly, claystones can contain contributions of

sandstone and/or limestone (carbonates).



Globally, claystone formations demonstrated their effectiveness as cap rock for natural oil and
gas reservoirs (Grunau, 1987; Bjerlykke, 2015), as aquitards (Riibel et al., 2002), and they are
under investigation in the context of carbon capture and storage (CCS; Song and Zhang, 2013;
Makhnenko et al., 2017), which translates to their general suitability as host rock for HLW (e.g.,
Dohrmann et al., 2013). Claystone formations represent the preferred/chosen host rock for
HLW e.g., in Switzerland, France, Belgium (Delage et al., 2010), and are under consideration
as host rocks in Germany, Japan, and Canada (Hoth et al., 2007; Hendry et al., 2015; StandAG,
2017). Generally, claystone formations are not attractive for mining operations aiming to extract
resources (Grambow, 2016; Lommerzheim et al., 2019), which makes them promising
candidate host rocks for the final disposal and long-term storage HLW. Containers for HLW
will likely fail within 10,000 years after their emplacement in a repository (Landolt et al., 2009;
Bossart et al., 2017; King, 2017). Therefore, demonstrating the long-term safety properties of
a host rock e.g., by models is an important factor for the public acceptance of a HLW repository

site (Gaucher et al., 2010).

In the context of HLW disposal, two main characteristics of claystones are especially important:
a low permeability for water and gases and a high retention potential for radionuclides by
adsorption on clay mineral surfaces (Van Loon et al., 2005; Delage et al., 2010; Hendry et al.,
2015). According to Grambow (2016), OM can alter the sorption properties of a claystone by
the occupation of sorption sites on the clay mineral surfaces, which in turn might affect
radionuclide migration. The amount of OM present in claystones varies greatly. While some
contain between 0.1 wt.% and 5 wt.% OM (e.g., Opalinus Clay, Callovo-Oxfordian claystone,
Boom Clay; Claret et al., 2004; Elie and Mazurek, 2008; Durce et al., 2015), source rocks for
oil and gas often have an OM content of >10 wt.% (Barth et al., 1989; Littke et al., 1991; Knauss
et al., 1997).

Depending on the mineral inventory of a claystone, it has self-sealing properties, resulting from
swelling of clay minerals (smectite) in the presence of water (Grambow, 2016). At temperatures
of >70 °C smectite loses interlayer water, which causes it to transform to illite (Inoue and Udata,
1983; Pytte and Reynolds, 1989; Inoue et al., 1992; Zheng et al., 2015; Heuer et al., 2020). This
transformation can, therefore, occur in clay and claystone that has not been exposed to elevated
temperatures during burial and diagenesis. In consequence, the rock mechanical and
hydrogeological properties of a claystone formation and its effectiveness as natural barrier
might change by heat emission from HLW containers. Information on past temperature

conditions in rock formations can be found e.g., in the OM composition by the analysis of the



vitrinite reflectance and the biomarker inventory (Mazurek et al., 2006; Elie and Mazurek,

2008).
1.4. Claystone formations in Germany

Hoth et al. (2007) compiled a comprehensive study identifying clay formations suitable for a
detailed investigation as potential host rocks for HLW in Germany. The basis of the study by
Hoth et al. (2007) were numerous data sets from deep boreholes drilled in the context of oil,

gas, and other resource exploration programs.

Close to the geological basement in Germany hardly any claystones are present, because
pressure and temperature conditions are in the range of low grade metamorphism resulting in
predominantly schist as clay-based rock type (Hoth et al., 2007). The intense compaction results
in foliation and the development of preferential flow paths along the foliation planes. The
brittle, metamorphosed material often contains fractures that increase the permeability of the
rock. Geologically young clay deposits from the Quaternary found in northern Germany and
the Alpine foreland are mostly unconsolidated, occur in very shallow depth and, therefore, do
not fulfill the requirement of a low permeability (<107'° m/s) and a minimum depth of >300 mbs
(StandAG, 2017). The state of consolidation of clays and claystones is an important parameter
in the site selection process. While geologically younger clay deposits e.g., from the Tertiary
are still rather plastic, older clay formations e.g., from the Mesozoic are considered to be
sufficiently consolidated to host a HLW repository (Hoth et al., 2007). Nevertheless, ongoing
research in the Boom Clay formation in Belgium demonstrates the feasibility of the construction
of galleries and the operation of an underground research facility in semi-consolidated (plastic)

claystone (e.g., Neerdael and Boyazis, 1997).
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Figure 1.1: Claystone formations under consideration for the disposal of high-level, heat-
generating nuclear waste (HLW) in Germany. Shape files were provided by the Federal Company
for Nuclear Waste Disposal (BGE).

Two major geological structures in Germany promoted the accumulation and burial of large
amounts of sedimentary material, the North German Basin and the Northern Alpine Molasse
Basin (Hoth et al., 2007; Filber et al., 2022). The basin evolution in those two areas resulted in
favorable depth conditions and vertical extent for a HLW repository in claystone formations
from the Cretaceous and the Jurassic (Hoth et al., 2007). A global rise in sea-level around the
Triassic-Jurassic transition turned the area of the North German Basin into a marine-dominated
depositional environment, favoring the accumulation of several hundred-meter-thick clay
formations, locally interrupted by sandy horizons (Scheck and Beyer, 1999; Hoth et al., 2007).
In the Northern Alpine Molasse Basin, the Opalinus Clay was deposited in a shallow



epicontinental sea (Hoth et al., 2007). Due to the exclusion criteria stated in the German Site
Selection Act, relevant areas for the Opalinus Clay as a potential host rock for HLW can be
found predominantly in Baden-Wiirtemberg (Hoth et al., 2007; Bossart and Thury, 2008;
Zwaan et al., 2022). In the proximity of the Alps, the Opalinus Clay formation dips gently
southwards to depths of several thousand meters. In Baden-Wiirtemberg, close to Ulm, the

Opalinus Clay has its highest vertical extent of approximately 150 m (Hoth et al., 2007).

Hoth et al., (2007) summarized claystone formations with sufficient depth and vertical extent
as follows: Jurassic claystones are present in Lower Saxony, Saxony-Anhalt, Mecklenburg-
Vorpommern, Bavaria, and Baden-Wiirtemberg; Lower-Cretaceous claystones in Lower-
Saxony, Saxony-Anhalt, Mecklenburg-Vorpommern, and Brandenburg. Upper-Cretaceous
claystones are locally present in southern Germany; Tertiary claystones are common in
Schleswig-Holstein, Mecklenburg-Vorpommern, Brandenburg, Lower-Saxony, and in the
Northern Alpine Molasse Basin. The Tertiary claystones, however, are mostly unconsolidated
and were not exposed to high temperatures during diagenesis. Thus, no or little mineral
transformations took place (Hoth et al., 2007). In summary, the geological situation in Germany
demonstrates a large inventory of potential host rocks in claystone formations that are currently
under investigation as part of the German site selection process (BGE, 2020; Filber et al.,

2022).

2. The Opalinus Clay — Swiss host rock for nuclear waste

2.1. The Mont Terri Underground Rock Laboratory

In September 2022, the Swiss National Cooperative for the Disposal of Radioactive Waste
(NAGRA) recommended Nordlich Lagern in northern Switzerland as site fora HLW repository
in the Opalinus Clay. A thorough scientific investigation of rock-specific properties of the
Opalinus Clay in Switzerland started in the Mont Terri Underground Rock Laboratory (URL;
St. Ursanne, Switzerland) in 1996 (Nussbaum et al., 2011). Since then, an international
consortium of federal organizations and research institutions performed numerous in situ and
lab-based experiments and obtained sample material e.g., drill cores for a detailed
characterization of the evolution of the Opalinus Clay at Mont Terri (Wersin et al., 2022).
Multidisciplinary studies conducted over more than two decades provide a rich geoscientific
data base for the Opalinus Clay. Numerous studies indicate the transferability of individual
parameters, methods, process understanding, and models that are specific to the Opalinus Clay

(Bossart et al., 2017). Although an excellent data base for the Opalinus Clay exists for Mont
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Terri, this does not guarantee that the data are applicable to other locations where the Opalinus
Clay is present. Properties of a rock can vary on every scale, from nanometers to kilometers. In
addition to the research performed at the Mont Terri URL, several deep boreholes were drilled
in northern Switzerland to provide complementary information on the evolution of the Opalinus
Clay. The Mont Terri URL is a mere research facility and no nuclear waste will ever be stored

there (Nussbaum et al., 2011).
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Figure 1.2: Geological cross-section of the Mont Terri anticline and location of the Mont Terri
Underground Rock Laboratory (URL) in the Opalinus Clay formation. This figure was kindly
provided by Dr. David Jaeggi (Project Manager of the Mont Terri Project).
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Figure 1.3: Overview of the Mont Terri Underground Rock Laboratory (URL) with indications
of different facies within the Opalinus Clay and in situ experiments. The names of the galleries

refer to the different stages of construction (1996-2018) and finalization in the URL. The figure
was kindly provided by Dr. David Jaeggi (Project Manager of the Mont Terri Project).

2.2. Geological history of the Opalinus Clay in Switzerland

The basin evolution and accumulation of sediments in the Swiss Molasse Basin was initiated
by extensional tectonics, which was deduced from observations made at the Mesozoic margins
of the alpine Tethys (Wildi et al., 1989). Schegg et al. (1999) proposed a multi-step process for
the evolution of the basin, starting with the Variscan Orogeny and the formation of Permo-
Carboniferous grabens in an active transpressive strike-slip regime in the Paleozoic (Mazurek
et al., 2006). Subsidence during the Lower Jurassic (Lauper et al., 2018) triggered by
extensional tectonics and several stages of rifting, then coincided with the continuous
deposition of shallow-marine sediments in an epicontinental sea (Mazurek et al., 2006; Mazurek
et al., 2011; Lauper et al., 2018). Basin closure and the erosion of 600—700 m of Cretaceous
and late Jurassic deposits occurred prior to the development of the North Alpine Foreland Basin
during the end of the Cretaceous (Schegg et al., 1999; Mazurek et al., 2006). In the Miocene to

Pliocene, Mesozoic and Cenozoic sediments experienced detachment due to crustal shortening



(Mazurek et al., 2006), deformation, and uplift as a result of the collision of the European and
Adriatic plates (Mazurek et al., 2006). The Swiss Molasse Basin represents a continental and
shallow-marine component of the North Alpine Foreland Basin, which is regarded as a cold
foreland basin with very low coalification gradients and a low level of thermal maturity (Schegg
et al., 1999). Underlying the Molasse Basin, Mesozoic carbonates, shales, and clastic rocks rest
on the Hercynian basement (Schegg et al., 1999). The western part of the Swiss Molasse Basin
experienced strong deformation in the Miocene, approximately 12 Ma ago, stopping the
subsidence of the basin and initiating the erosion of parts of the Mont Terri anticline ~10.5 Ma
ago (Schegg et al., 1999; Mazurek et al., 2011). In the northwestern part of the Swiss Molasse
Basin, the Folded Jura is a mountain belt where thrusting and folding of Mesozoic strata
occurred in the late stages of Alpine deformation (late Miocene-Pliocene, ~10-3 Ma; Mazurek
etal.,2006). The inclination of strata in the Mont Terri anticline is between 30° and 50°, dipping
towards SSE (Hostettler et al., 2017).

Mazurek et al. (2006) investigated the basin evolution of the Swiss Molasse Basin on samples
from the Mont Terri URL and the Benken borehole (northern Switzerland) with a multi-proxy
approach consisting of vitrinite reflectance data, apatite fisson tracks, and the ratios of
temperature sensitive biomarkers e.g., sterane and hopane. These authors concluded that
maximum temperatures for the Opalinus Clay at Mont Terri were around 85 °C during the
Cretaceous. The findings from the Benken borehole, i.e. low maturity levels (Mazurek et al.,

2006), agree well with data obtained from Mont Terri sample material.

At Mont Terri, the Opalinus Clay was deposited 180—174 Ma ago, which corresponds to the
Late Toarcian to Lower Aalenian (Early to Mid-Jurassic). The depositional age was derived
from findings of ammonites, palynomorphs, ostracodes, foraminifers and geophysical logging
data (Bossart and Thury, 2008; Nussbaum et al., 2011; Hostettler et al., 2017). According to
Houben et al. (2013), minerals, fossils, and organic matter are homogeneously distributed
among the clay matrix. The Opalinus Clay is a moderately over-consolidated claystone (Senger
et al., 2013) and has a thickness of approximately 130 m with a present overburden at Mont
Terri of 230-320 m (Hostettler et al., 2017). Three major facies have been identified: a shaly, a
sandy, and a carbonate-rich facies (Bossart and Thury, 2008; Hostettler et al., 2017). In addition,
five sub-units were differentiated on the basis of variations in the mineralogical composition
and the grain size distribution (Hostettler et al., 2017; Lauper et al., 2018). Hostettler et al.
(2017) gave the following description of these units: (I) a shaly facies consisting of mica-
bearing calcareous claystones with lenses or mm-thick layers of quartz in the silt fraction, (II)

a thin carbonate-rich sandy facies, characterized by quartz-bearing calcareous biodetritic layers
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of up to 10 cm thickness, (III) a sandy facies with calcareous silty claystones, which is overlain
by (IV) a dark grey mica-bearing and slightly silty claystone of to the shaly facies. Finally, (V)
the uppermost unit of the Opalinus Clay at Mont Terri consists of a sandy facies, a light grey
silty claystone with laminated silt lenses, and lenses of bioclastic material. Small
heterogeneities in and below the centimeter scale (Wenk et al., 2008) indicate that substantial
parts of the Opalinus Clay are of terrigenous origin (Elie and Mazurek, 2008). Elie and Mazurek
(2008) suggested that some of the sediments in the Opalinus Clay might have been deposited
between 10-30 m below sea level within the range where storm waves cause mixing of water
masses. For more detailed information on the depositional environment the reader is referred to
Lauper et al. (2018). On a regional scale, the Opalinus Clay shows a remarkable homogeneity
and a uniform thickness over a distance of several tens of kilometers (Senger et al., 2013). The
Opalinus Clay is overlain and underlain by limestone units containing karstic features, one
being the Lower Dogger, the other a Liassic marl (Bossart and Thury, 2008). During the
Oligocene, tectonic activity in the Rhine Graben caused fracturing of rocks in a N-S direction
(Mazurek et al., 2011; Nussbaum et al., 2011). Older tectonic features with a ENE-orientation
date back to the Variscan Orogeny (>350 Ma; Nussbaum et al., 2011). The most prominent
tectonic feature at Mont Terri is the 1-3-m wide ‘main fault’, which consists of numerous fault

planes indicating overthrusting (Bossart and Thury, 2008; Nussbaum et al., 2011).
2.3. Thermo-hydro-mechanical (THM) processes

In northern Switzerland, the HLW repository will be located at a depth of approximately 900
mbs in the Opalinus Clay (Morosoli et al., 2023). The layout of the disposal system foresees
the HLW to be stored in steel containers, emplaced within horizontal tunnels, where bentonite
will be used as backfilling material around and in between the containers (Johnson et al., 2002;
Bossart et al., 2017). Due to the radioactive decay of the waste inventory, heat will be emitted
from the containers and will be transmitted into the host rock formation. The maximum
temperature at the container surface is expected to be around 150 °C (Johnson et al., 2002),
slowly decreasing over time (Johnson et al., 2002; Bossart et al., 2017). According to Johnson
et al. (2002), temperatures in the host rock formation and in the engineered bentonite barrier
are expected to remain below 90 °C. However, this is within the temperature range where
illitization (reduction of the swelling capacity of clay minerals) takes place (Inoue and Udata,
1983; Pytte and Reynolds, 1989; Inoue et al., 1992; Heuer et al., 2020). The process of
illitization also depends on the concentration of potassium (K) in pore water (Cuadros, 2006;
Zheng et al., 2015). The effect of temperature on the geochemical, geomechanical, and

hydrogeological properties of the Opalinus Clay has been investigated in in situ experiments
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(Jockwer et al., 2007; Kull et al., 2007) and lab-based experiments (Jockwer et al., 2006; Sauer
et al.,, 2020). The temperature in the Opalinus Clay formation at Mont Terri is 13—18 °C
(Pearson et al., 2003; Jockwer et al., 2007; Kull et al., 2007; Wersin et al., 2008). Kull et al.
(2007) reported results from an in situ heating experiment where a heater was gradually set to
100 °C, which was equal to a heat output of 1950 W, and maintained for eight months. In this
context, pore water pressure, gas migration, and the deformation of the surrounding Opalinus
Clay were monitored. At a distance of ~1.5 m from the heater pore water pressure increased
from 0.7 to 4 MPa (Kull et al., 2007). The temperature increase to 100 °C did not cause any
damage to the rock closest to the heater, which is in agreement with observations made by other

studies (Kull et al., 2007; Jobmann and Meleshyn, 2015; Zhang et al., 2017).

The extent of the thermal impact on thermo-hydro-mechanical properties of a claystone is
controlled by its saturation state (Zhang et al., 2017). A claystone is weakened by increasing
temperature in its saturated and undrained state because of increasing pore pressure and a
subsequent decrease in effective confining stress and a reduction of cohesion and friction
resistance of the bound pore water between solid particles (Zhang et al., 2017). In drained
conditions, an increase in temperature initiates pore water displacement enhancing the
consolidation of a claystone, increasing the inner friction resistance between minerals against
shearing, strengthening the rock (Zhang et al., 2017). The mechanical stability of the Opalinus
Clay for seismic activity was assessed by Orellana et al. (2018). Although various tectonic fault
systems were identified in the Opalinus Clay e.g., the main fault, shear experiments
demonstrated the seismic safety of the Opalinus Clay to host a HLW repository (Orellana et al.,
2018).

2.4. Mineralogy and microstructure of the Opalinus Clay

There are distinct differences in the mineralogy of the Opalinus Clay, depending on the
respective facies (shaly, sandy, carbonate-rich). Bossart and Thury (2008) compiled a
comprehensive summary of mineralogical and physical parameters of the Opalinus Clay at
Mont Terri. The Opalinus Clay contains approximately 30—80 % clay minerals and the best
estimate of the overall mineralogical composition given in [% total dry weight] is: 23 % illite
(15-30 %), 11 % illite/smectite mixed layers (5-20 %), 22 % kaolinite (15-37 %), 10 %
chlorite (3—18 %), 14 % quartz (10-32 %), 2 % feldspar (0—6 %), 13 % calcite (4-22 %), and
up to 5 % other minerals such as dolomite, siderite, pyrite, gypsum (Bossart and Thury, 2008).
The bulk density of saturated Opalinus Clay is ~2.45 g/cm®, the average water content is

6.6 wt.%, and the average total physical porosity is ~18 Vol.% (Bossart and Thury, 2008).
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The orientation of rock-forming minerals is an important parameter in the determination of
rock-specific properties affecting transport processes of fluids through a claystone formation.
Due to the very small grain size of clay minerals, their orientation has been difficult to quantify
(Wenk et al., 2008). Wenk et al. (2008) reported that the clay minerals in the Opalinus Clay
show moderate to strong preferred orientation, while quartz is randomly orientated, and the
calcite texture is variable. The orientation pattern of clay minerals in samples from Mont Terri
is consistent with the complex geological processes of sedimentation, compaction, and tectonic
deformation (Wenk et al., 2008). The microstructure of claystones is influenced largely by the
amount and type of clay minerals present (Wigger and Van Loon, 2017). From their deposition
to their compaction and deformation during diagenesis, clay-rich rocks undergo different stages
alternating the properties of the rock. In the process, unconsolidated clay minerals stacked like
a house-of cards with a high porosity become gradually oriented, preferentially perpendicular
to the direction of the stress field (Bennett et al., 1981; Van Loon et al., 2004a). As a result,
clay minerals become aligned and porosity diminishes by compaction due to overburden. Pores
in the shaly facies in the Opalinus Clay are divided into micro- and macro-/mesopores in the
range of 1-100 nm (Marschall et al., 2005; Philipp et al., 2017; Wigger and Van Loon, 2017),
with a predominance of pore radii in the range between 10 and 50 nm and a mean pore length
within the bedding plane of around 10 um (Keller et al., 2011). Marschall et al. (2005) reported
that 10-30 % of the pores in the Opalinus Clay have a pore radius of >25 nm. Philipp et al.
(2017) observed that most pores are located within the clay matrix, whereas quartz, calcite, and
feldspar contain only few isolated intragranular pores. N2-adsorption experiments suggested a
total physical porosity of the shaly facies in the Opalinus Clay of up to 24 vol.% (Keller et al.,
2011; Houben et al., 2013) with approximately 10 vol.% in the <10 nm range (Keller et al.,
2011). These findings indicated that the fine-grained clay matrix might consist of a considerable
pore network with small pore radii. The 3D-structure of the pore space in Opalinus Clay was
investigated by Keller et al. (2011). These authors visualized the spatial distribution of pore
space, including pore path orientation, tortuosity, and length. Pore paths in Opalinus Clay
exhibit relatively straight, elongated orientation (low tortuosity) within the bedding plane
(Keller et al., 2011; Houben et al., 2013; Philipp et al., 2017). The spatial distribution of pores
and their interconnectivity is a crucial parameter for transport processes in low-permeability
rocks such as the Opalinus Clay (Van Loon et al., 2004a; Senger et al., 2013). The orientation
of pores parallel and perpendicular to the bedding plane results in an anisotropy in the Opalinus
Clay (Keller et al., 2011), meaning that (diffusive) transport processes are faster parallel to the

bedding plane and slower perpendicular to it (Van Loon et al., 2004a). A comprehensive
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understanding of anisotropic transport processes requires detailed information of the
3D-structure of pore space. Keller et al. (2011) observed that most pores in samples from the
Opalinus Clay formation at Mont Terri appeared as non-connected objects. Due to a limitation
in resolution (~10 nm), Keller et al. (2011) assumed that many pores might be interconnected
by pathways smaller than 10 nm, which was confirmed by Houben et al. (2013). Due to the
very small pore sizes, the Opalinus Clay has a very low permeability of 102 to 102> m?

(Marschall et al. 2005; Villar et al. 2015; Philipp et al. 2017).
2.5. Pore water geochemistry

The investigation of geochemical parameters of Opalinus Clay pore water includes
measurements of the Epn, pH, and salinity (Fernandez et al., 2007). These are important e.g., for
the solubility of radionuclides. Concentrations of dissolved ions and pore water-related
parameters from different studies were compiled in Table 1.1. Different techniques used in the
geochemical characterization of Opalinus Clay pore water (in situ measurements, sampling
from boreholes, squeezing, and pore water displacement; Fernandez et al., 2014; Mazurek et
al., 2015; Mader and Waber, 2017) demonstrated a good reproducibility. A recent study by
Mazurek et al. (2023) investigated the pore water composition at Mont Terri, starting at
weathered near-surface conditions, going deeper into the undisturbed Opalinus Clay. These
authors confirmed a good (inter-)regional agreement between pore water data obtained from
samples at ~40 m depth with other settings in the Opalinus Clay and contributed detailed
information on the redox conditions and iron-bearing mineral phases in the Opalinus Clay

(Mazurek et al., 2023).
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Table 1.1: Concentrations of dissolved ions and pore water-related parameters in the Opalinus
Clay at Mont Terri (St. Ursanne, Switzerland).

Parameter/ Thury and Bossart Thury and Bossart Fernandez et al. Méder and Waber
component (1999) (1999) (2007) (2017)
Source Borehole Squeezing Borehole Displacement
EC [mS/cm] - - 26.2 -

pH 7.7 7.5 7.6 7.5

Eh [mV] - - -24.2 -

ﬁlllza}ll]mlty (HCO) 53 77 280 ;

Cl [mg/1] 10,800 9,970 11,800 9,000

Br [mg/1] 35 30 22 29

SO4* [mg/1] 1,570 1,620 1,600 1,415

Na* [mg/1] 5,870 5,320 6,000 5,410

K* [mg/1] 76 30 80 67

Ca?* [mg/1] 853 789 806 580

Mg?" [mg/1] 420 502 395 361

Fe?* [mg/1] - - 1.3 -

Sr3* [mg/1] 35 47 37 35

AP [mg/1] <0.3 <0.3 <0.1 -

SiO2 [mg/1] - - 8.3 -

2.6. Migration and transport of fluids and dissolved ions

Diffusion was identified as the main transport process in Opalinus Clay and is in the order of
107" to 10°'° m/s for the undisturbed rock (Riibel et al., 2002; Van Loon et al., 2003; Van Loon
et al., 2005; Wersin et al., 2008; Mazurek et al., 2011; Jacops et al., 2017; Yuan and Fischer,
2022; Gongalves et al., 2023). The rate of diffusion depends on (I) the diffusion accessible
porosity, (II) the pore geometry, and (III) a retardation factor, which depends on the chemical
properties of the diffusing species as well as the surface characteristics of the pores (Keller et
al., 2011). Natural tracers such as the noble gases “Heq) and *’Ar() are present in clay
formations for millions of years (Riibel et al., 2002; Mazurek et al., 2011), demonstrating that
the migration of fluids in the Opalinus Clay is extremely slow. *He(g) and *’Ar(g) are produced
in situ by natural radiogenic processes and their distribution in the Opalinus Clay was validated
by models (Riibel et al., 2002; Seltzer et al., 2021). Diffusion in clay-rich rocks is also affected
by anion exclusion effects caused by negatively charged clay mineral surfaces (e.g., illite and
illite/smectite mixed layers) repelling anionic compounds (Van Loon et al., 2003; Wersin et al.,
2008; Wigger and Van Loon, 2017). Kaolinite and chlorite are almost uncharged clay minerals
and, therefore, do not particularly affect the anion accessible porosity (Wigger and Van Loon,
2017). Thus, in addition to the pore size, also the surface charge within the pores significantly

affects ion migration and limits the anion-accessible pore space. The surface charge depends
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on the type of clay mineral and the pH of the pore water (Schoonheydt and Johnston, 2006).
Chen et al. (2018a) observed only low retention of anionic organic compounds e.g., of the low-
molecular-weight organic acid (LMWOA) anions propionate and butyrate, in through-diffusion
experiments with Opalinus Clay. These authors concluded that a combination of anion
exclusion by mineral phases and putative microbial activity might explain the migration pattern

of LMWOA in Opalinus Clay.
2.7. Gas generation and gas migration in Opalinus Clay

Gas generation is part of the risk assessment for a HLW repository (Johnson et al., 2004) and
is included in feature, events, and processes (FEP) catalogues (Lommerzheim et al., 2019),
which provide a basis for safety cases for HLW repositories. Once gas pressure builds-up in a
sealed repository it changes the properties of the engineered barriers, the host rock e.g., by the
initiation of pore water displacement mobilizing radionuclides (Johnson et al., 2004; Senger et
al., 2013). Research on gas generation in a HLW repository concentrated predominantly on the
amount of molecular hydrogen (Hz(g)) that will be produced by the anaerobic oxidation of iron
and reduction of water of steel components (waste containers, construction materials) in a
repository (Johnson et al., 2004; Papafotiou and Senger, 2014; Diomidis et al., 2016; Jacops et

al., 2017). The equation for the chemical reaction yielding H> is:

3Fe + 4H;0 — Fe30, + 4Hy (g

Diomidis et al. (2016) performed model-based calculations on gas generation in a repository in
Opalinus Clay and found that by the end of the time frame for the safety assessment (10° years)
only small amounts of CO, or CH4 will be produced. Johnson et al. (2004) performed
calculations of gas generation and compared those to the maximum diffusive loss into the
surrounding rock. Their results demonstrated that diffusion alone cannot prevent gas pressure
build-up in a repository. A model investigating the impact of the anaerobic corrosion of steel
and subsequent generation of Hag) in a HLW repository suggested that within 2000 years, gas
pressures of 2—5 MPa will be reached (Papafotiou and Senger, 2014). Papafotiou and Senger
(2014) concluded that the integrity of a repository in Opalinus Clay can be ensured at those
pressures, because the gas pressure does not overcome the lithostatic pressure of the rock

formation.
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The natural inventory of gases in the Opalinus Clay consists of COz(g), C1—Cs alkanes, nitrogen
(N2(g)), and noble gases (Pearson et al., 2003; Jockwer et al., 2007; Lerouge et al., 2015; Vinsot
et al., 2017). As one potential origin of hydrocarbon gases and N in the Opalinus Clay at
Mont Terri, deeper, organic-rich formations such as the Posidonia shale were suggested (Vinsot
et al., 2017; Nakata and Tomioka, 2019). In situ gas generation in the Opalinus Clay was
investigated by Jockwer et al. (2007), who conducted a heating experiment (100 °C for 18
months) in a borehole surrounded by additional monitoring boreholes. Carbon dioxide (COz(g))
was the predominant gas in the boreholes. An elevated concentration of bicarbonate (HCO3") in
pore water indicated carbonate mineral dissolution (Jockwer et al., 2007). In addition, hydrogen

sulphide (H2S(g)) and C1—C4 hydrocarbon gases were detected.

In consolidated and water saturated claystones, gas migration is essentially related to the gas
pressure in the claystone formation, the location of gas generation within the rock, the pore
water pressure, and the confining rock stress (Johnson et al., 2004; Marschall et al., 2005;
Senger et al., 2013). The swelling ability of the Opalinus Clay causes fractures to heal over
time. Thus, fluid transport in the Opalinus Clay is restricted predominantly to the pore spaces
in the rock (Senger et al., 2013). This also involves diffusion of gases dissolved in pore water.
If a free gas phase forms, gas can displace pore water and flow through the pores. The term
‘flow’ might be misleading, since gas flow rates also depend on the pore structure and gas
transport is expected to occur along the most conductive pathway, i.e. interconnected pores of
>25 nm (Johnson et al., 2004; Marschall et al., 2005). For claystones, gas entry pressures for
pores in the range of 0.4—18 MPa were measured for the gas to migrate through the rock
(Harrington and Horseman, 1999; Marschall et al., 2005; Villar et al. 2015). Within the
Opalinus Clay formation high capillary pressures in the range of 10 to 25 MPa prevail (Senger
et al., 2013; Vinsot et al., 2017). Marschall et al. (2005) concluded that it is unlikely that the
integrity of the Opalinus Clay as a host rock for HLW can be compromised by gas pressure

build-up during the post-closure phase in a repository.
2.8. Migration of radionuclides in claystone

The migration of radionuclides in any host rock formation is probably the most important
process that needs to be considered in a repository for HLW. The ability of the host rock to
retain radionuclides is influenced by sorption, diffusion, and the characteristics of the pore
water (Joseph etal., 2011). Sedimentary organic matter can reduce the mobility of radionuclides
by providing additional binding sites to the solid phase, whereas dissolved organic compounds

can enhance the transport of radionuclides as organo-radionuclide complexes (Santschi et al.,
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2002; Courdouan et al., 2007; Cumberland et al., 2016; Dziadkowiec and Royne, 2020). One
group of mobile organic carriers are humic acids, which are subject to mineral-organic
interactions themselves (Davis, 1982; Hummel et al., 1999; Lippold and Lippmann-Pipke,
2009; Joseph et al., 2011; Bryan et al., 2012). The aqueous fluid pH was identified as an
influencing parameter on the sorption and complexation behavior of (humic) organic
compounds on mineral surfaces and with radionuclides (Arnarson and Keil, 2000; Lippold and
Lippmann-Pipke, 2009). A change in pH affects metal adsorption in the presence of humic acid,
as an increasing number of binding sites on mineral surfaces become available by deprotonation
of surface hydroxyl groups (Lippold and Lippmann-Pipke, 2009; Joseph et al., 2011). Glaus et
al. (2001) pointed out that only a low percentage of the Opalinus Clay dissolved organic matter
(DOM) consists of humic acids. Based on UV-VIS spectra, these authors assumed that most of
the organic matter is composed of low-molecular-weight compounds and/or macromolecules
with only few ligand sites (Glaus et al., 2001). A representative of low-molecular-weight
organic compounds are carboxylic acids. Wood (1993) assumed that trivalent rare earth
elements can act as a model compound for radionuclides, simulating the interaction between
low-molecular-weight organic acids (LMWOA) with a varying number of carboxylic groups.
The results showed that monocarboxylic acids (e.g., acetic acid/acetate) expressed no or only
weak interaction with the model compounds, suggesting that they are not involved in the
mobilization/retardation of radionuclides (Davis, 1982; Wood, 1993; Kautenburger et al.,
2019). Di- and polycarboxylic acids exhibited stronger interaction with the model compounds,
indicating that they might also affect radionuclide mobility (Wood, 1993). The interaction of
LMWOA with radionuclides is, in turn, affected by competing cations such as Ca** and Mg**
(Wood, 1993). The effect of competing ions on radionuclide behavior in an aqueous solution
was also observed for the sorption of radionuclides on mineral surfaces. Joseph et al. (2011)
saw that Uranium (U(VI)) sorption on Opalinus Clay was low and not influenced by the
presence of humic acid at a pH of 7.6. These authors attributed their observations to the
formation of calcium-uranium complexes (Ca2UO2(COs)3(aq); see also Henning et al., 2020;
Henning and Kiihn, 2021). Joseph et al. (2011) emphasized that the speciation of radionuclides
and (humic) acids is affected by the presence of dissolved ions such as Ca?’, which is a

prominent complex-forming compound (see also Surdam et al., 1984; Wood, 1993).
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In the context of radionuclide migration, models based on experimental data and in situ
measurements are indispensable for the long-term (10° Ma) performance assessment of a HLW
repository. A model-based study by Henning and Kiihn (2021) found that the migration of
uranium in the shaly facies of the Opalinus Clay with a clay mineral content >50 wt.% would
result in migration path lengths of 10-19 m over 10° Ma. Similar values were reported for the
carbonate-rich facies, while migration path lengths of up to 35 m might be possible within the
sandy facies (Henning and Kiihn, 2021). Chen et al. (2022) investigated the diffusion of
radionuclides in a model of the sandy facies of the Opalinus Clay. The observation period of
only 2,000 years in the model cannot be transferred to the long-term safety aspect for HLW
storage over the course of one million years. Nevertheless, Chen et al. (2022) observed
increased distances covered by the diffusion of Na*(.q) ions along inclined bedding planes (30°

and 50°) compared to a horizontal orientation of the bedding plane.
2.9. Characterization of Opalinus Clay organic matter

Elie and Mazurek (2008) conducted experiments to characterize the geochemical properties of
sedimentary organic matter in Opalinus Clay from northern Switzerland. According to these
authors, the Opalinus Clay contains low amounts of organic matter of 0.1-1 wt.% with a low
thermal maturity (Tmax <435 °C; see also Pearson et al., 2003; Leu and Gautschi, 2012), which
is typical for type III kerogens (Elie and Mazurek, 2008). Pyrolysis of sample material as well
as GC-MS analyses of saturated hydrocarbons and Cyo-sterane and Cs2-hopane isomerization
ratios led Elie and Mazurek (2008) to conclude that the Opalinus Clay contains mostly
terrigenous organic matter deposited under oxidizing conditions. Due to the low organic matter
content and low thermal maturity in Opalinus Clay, it is not considered as a source rock for oil
and gas generation, which would be an exclusion criterion for a potential HLW repository site

(mining activity for present or future resources; Leu and Gautschi, 2012).

Although most of the organic matter in claystones is associated with mineral phases, some of
the organic matter is dissolved in the pore water. In the Opalinus Clay, dissolved organic matter
(DOM) content ranges from 3 to 250 mg/L with a low humic and fulvic acid fraction (Glaus et
al., 2001; Stroes-Gascoyne et al., 2007). Courdouan et al. (2007) performed anoxic aqueous
extractions of Opalinus Clay to determine the amount and composition of the DOM. About
0.4 % of the total organic carbon was extractable and consisted predominantly of hydrophilic
low-molecular-weight organic compounds (Courdouan et al., 2007). The LMWOA formate,
acetate, and lactate were present in all extracts and in the pore water, accounting for nearly 40

% of the DOM (Courdouan et al., 2007).
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In the context of organic matter characterization and source identification for minerals and
organic molecules, stable carbon isotope values provide process-related information on carbon
cycling in natural processes (Freeman et al., 1990; Clark and Fritz, 1997; Whiticar, 1999;
Schubotz et al., 2011; Hoefs, 2015). The stable carbon isotope composition is generally reported
as the ratio of '3C/!?C in a sample compared to the ratio of '*C/'?C in a standard of known

composition. The so-called delta-notation (5'°C) expresses the isotopic composition of a sample

/ ¢
12C
sample

§13C [%o] = | g——
[%0] |\<13C>
12,
¢ standard

The Opalinus Clay contains different carbon-bearing compounds. Carbonate minerals such as

in per mil [%o]. The equation is:

—1 | x 1000

calcite (CaCO3) are ubiquitous in the claystone formation and their 8'*C values are between -
2.0%0 and -0.2%o (e.g., Pearson et al., 2003). When carbonate minerals dissolve in an aqueous
fluid, they are present as dissolved COs-species (COx(ag), HCO3 (ag), and CO3>(aq)) and their
speciation distribution is pH-dependent. The dissolved CO»-species are termed dissolved
inorganic carbon (DIC). The stable carbon isotope composition of DIC is a mixed value based
on the percentage of each species contributing to the overall signal at a given pH. The §"*Cpic
in the in situ pore water in Opalinus Clay is between -16%o to -9%o (Pearson et al., 2003; Wersin
etal., 2011). The stable carbon isotope composition of gaseous COx(g) (§'*Cco2) in the Opalinus
Clay at Mont Terri of -15%o to -10%o0 limits the possible origins of COz(g) to an equilibrium
between dissolved CO2 species (e.g., HCO3") and carbonate minerals (Gaucher et al., 2010;
Lerouge et al., 2015). The stable carbon isotope composition of hydrocarbon gases of -49%. to
-30%o in Opalinus Clay points towards a thermogenic origin of these compounds (Pearson et
al., 2003; Lerouge et al., 2015; Vinsot et al., 2017; Nakata and Tomioka, 2019). Lerouge et al.
(2015) suggested that hydrocarbon gases represent a limited amount of dissolved gases that
were initially generated in the rock formation during diagenesis. The organic matter in Opalinus

Clay has a §'°C in the range of -28%o to -26%o (Pearson et al., 2003).
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2.10. Microbial activity in the Opalinus Clay

In the context of HLW disposal in claystone formations, microbial activity might affect the
repository performance e.g., by the production of chelating agents, metal corrosion, mineral
dissolution, changes in pH and En by metabolic activity, influencing radionuclide sorption and
solubility and hence migration (Stroes-Gascoyne et al., 2007; Mitzscherling et al., 2023).
Moreover, microorganisms are known to produce COx(g) and CHag) (Whiticar, 1999; Martini et
al., 2003) that could contribute to a pressure build-up in the post-closure phase of a repository.
Mauclaire et al. (2007) investigated whether an active in situ microbial community is present
in the Opalinus Clay at Mont Terri. These authors conducted incubation experiments and
performed biomarker (phospholipid fatty acids) extractions. Based on their results, Mauclaire
et al. (2007) concluded that mainly sulfate-reducing bacteria are present in the Opalinus Clay,
which was confirmed by Stroes-Gascoyne et al. (2007) and Poulain et al. (2008). However, cell
counts after several months were low (1 to 18 x 10* cells/ml media). Due to space and water
shortage, Opalinus Clay is probably only inhabited by a small microbial community of mostly
dormant microorganisms (Stroes-Gascoyne et al., 2007). The number of cells per gram dry
weight based on biomarker data were estimated to be 5 x 10° cells per gram of dry claystone
(Mauclaire et al., 2007; Poulain et al., 2008). Stroes-Gascoyne et al. (2007) suggested that the
amount of nutrients to support growth of indigenous and non-indigenous microorganisms is
sufficient to support a microbial community for two months. The microorganisms found in the
Opalinus Clay (180—174 Ma) are similar to those encountered in modern analogues of recently
deposited near-shore marine sediments where early diagenetic processes (e.g., sulfate-, iron-,
and manganese reduction, fermentation, and methanogenesis) take place (Mauclaire et al.,
2007). Libert et al. (2011) pointed out that molecular hydrogen (H2) represents one of the most
energetic substrates for microorganisms in deep subsurface environments, where extreme
conditions (absence of oxygen, high temperature, high pressure, low organic matter content)
prevail and only highly adapted microbes survive. There are striking similarities between the
conditions in the deep biosphere (e.g., Inagaki et al., 2015; Heuer et al., 2020) and those
expected in a HLW repository, suggesting that microbial life might be possible under repository
conditions where high concentrations of H> are expected (Libert et al., 2011; Colwell and
D’Hondt, 2013). In in situ tracer experiments with Ha) in a borehole (Mont Terri URL), the
disappearance of Ha(g) was observed at rates from 2 x 10 to 3 x 10™* mol/day/m?, which was
approximately 20-times more than the calculated rate for dissolution and diffusion of Ha(,
(Vinsot et al., 2014). Based on the composition of water from the borehole, Vinsot et al. (2014)

concluded that microbial activity involving hydrogen oxidation, sulphate reduction, and Fe(III)
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reduction might be responsible for the observed rapid decrease in Ha). The presence of an
active hydrogenotrophic microbial community in Opalinus Clay was confirmed by Bagnoud et

al. (2016a, 2016b).
2.11. (Bio-) Geochemical processes in a claystone host rock

The previous paragraphs frame a portrait of the Opalinus Clay, consisting of numerous and
complex processes and parameters that are strongly interconnected. A visualization of some of

these processes occurring in the water-saturated Opalinus Clay can be seen in Figure 1.4.
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Figure 1.4: Schematic overview of processes in the organic matter—minerals—water system in a
claystone (based on an illustration by Christian Ostertag-Henning, BGR). The stratified
representation of separate phases is a strong simplification of processes that actually take place in
the pore spaces of claystones.
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3. Thermal transformation of organic matter

3.1. The classical model vs. geocatalysis

In classical geological models, the generation of oil and gas results from the breaking of C—-C
carbon bonds in complex, higher-molecular-weight organic matter at elevated temperatures
during basin evolution (Tissot and Welte, 1978; Hunt, 1996). In this process, the chemical
reactions yielding oil and gas are kinetically-controlled processes that are irreversible and
depend on parameters including time, temperature, and the composition of the organic matter
(Seewald, 2003). The generation of oil occurs between 50 and 150 °C (Tissot and Welte, 1978;
Hunt, 1984; Surdam et al., 1984; Quigley and Mackenzie, 1988; Seewald, 2003), whereas
thermogenic gas generation takes place between 150 and 220 °C (Hunt, 1984; Quigley and
Mackenzie, 1988). An illustration of the classical geological model and complementary

perspectives are presented in Figure 1.5.

Galimov (1988) questioned the classical geological view on the transformation of complex,
immature, terrestrial organic matter to methane, stressing that there was a discrepancy between
the classical model assuming burial depths of >4 km and relatively shallow natural gas
reservoirs (1.5-3 km) where temperatures must have been well below those in the models.
Although the thermal decomposition of constituents of petroleum bears the potential for gas
generation, Mango and Hightower (1997) found that lab-based experiments aiming to simulate
this process failed to reproduce high contributions of methane in the gas mix. In addition to the
classical geological model, the impact of ‘geocatalytic’ materials (Ma et al., 2018) yielding high
amounts of methane was considered. Examples for this are reactions of oil-constituents and
kerogen with transition metals such as Ni, Cr, Fe, or Co (Mango, 1992, 1996; Mango and
Hightower, 1997). Clay minerals were also considered to have geocatalytic properties. Fripiat
and Cruz-Cumplido (1974) described clay minerals as a salt of a weak acid surrounded by an
electrostatic field, potentially initiating the transformation of organic molecules in the presence
of water. Recent studies on geocatalytic properties of clay minerals investigated the
transformation of organic matter by pyrolysis experiments. Bu et al. (2017) conducted pyrolysis
experiments in gold capsules (350 °C) with organic molecules (>Cig) in the presence of
montmorillonite. Bu et al. (2017) demonstrated that montmorillonite acts as a weak acid, which

promotes the transformation of organic molecules, also enhancing yields of hydrocarbon gases.

Ma et al. (2018) showed that the presence of geocatalytic materials such as smectite, iron, and
pyrite resulted in higher gas yields in heating experiments with kerogen isolates. Rahman et al.

(2018) found that the closer organic matter and clay minerals were spatially associated with
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each other, the lower were activation energies derived from pyrolysis experiments, supporting
the effectiveness of clay minerals as geocatalytic materials. The implications of the data were
a reduction of temperatures for organic matter transformation during diagenesis by
approximately 20 °C (Rahman et al., 2018). Ma et al. (2021) conducted heating experiments
with immature to early mature claystone sample material at comparatively low temperatures
between 80 °C and 120 °C for up to 38 months. These authors suggested that the amounts of
COy) and methane generated in the experiments were closely related to the geocatalytic
properties of the sample material (Ma et al., 2021). The studies cited above highlight the role
of clay minerals in organic matter transformation processes at elevated temperatures. All three
components, organic matter, clay minerals, and elevated temperatures are included in scenarios
for the disposal of high-level, heat-emitting nuclear waste (HLW) and are complemented by
liquid water as an additional and important factor in chemical reactions. Thus, it is essential to
investigate chemical reaction processes in the system organic matter—clay minerals—water at

elevated temperatures with sample material from potential host rock formations.
3.2. Experimental studies at elevated temperatures

The concurrence of low-molecular-weight organic acids (LMWOA) in oil-field waters with
petroleum source rock formations set off a great interest in these acids as potential indicators
for oil reservoirs (Carothers and Kharaka, 1978; Barth, 1987; Means and Hubbard, 1987,
MacGowan and Surdam, 1988; Seewald and Seyfried, 1991; Borgund and Barth, 1993;
Kharaka et al., 1993b). In this context, heating experiments (dry and hydrous pyrolysis) became
a powerful tool to investigate the transformation of organic matter as well as the generation
potential of source rocks for organic compounds, including LMWOA, hydrocarbon gases, and
COy) (Lewan et al., 1979; Kharaka et al., 1983; Kawamura et al., 1986; Eglinton et al., 1987,
Kawamura and Kaplan, 1987; Lundegard and Senftle, 1987; Barth et al., 1988; Barth et al.,
1989; Kharaka et al., 1993a; Andresen et al., 1994; Borgund and Barth, 1994; Knauss et al.,
1997; Lewan, 1997; Seewald et al., 1998; Seewald, 2001a; Lewan et al., 2014; Song et al.,
2021).
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Figure 1.5: Schematic visualization of the transformation of organic matter during basin
evolution/burial of sediments. The temperatures on the y-axis are approximate values referring to
potential subsurface conditions. (A) Classical geological model (modified after Tissot and Welte,
1978 and Surdam et al., 1984). AA = amino acids; CA = carboxylic acids; CH = carbohydrates;
FA = fulvic acids; HA = humic acids; L = lipids. (B) Relative yields of gas generation from humic
organic matter (modified after Hunt, 1979). (C) Relative yields of natural gases and low-
molecular-weight organic acids (CA = carboxylic acids), emphasizing the impact of water and
minerals, extending the generation potential for natural gases and CA beyond the range indicated
by the classical model (modified after Seewald, 2003).
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Moreover, the effect of LMWOA on mineral dissolution and secondary porosity in source rocks
was investigated on the basis of pyrolysis experiments (Lundegrad et al., 1984; Surdam et al.,
1984; Bevan and Savage, 1989; Lundegrad and Land, 1989; MacGowan and Surdam, 1990;
Barth and Bjerlykke,1993; Small, 1994). The use of hydrous pyrolysis experiments was also
extended to processes encountered in hydrothermal environments such as in the Guaymas Basin
(Thornton and Seyfried, 1987; Seewald et al., 1990) and at vent systems (McCollom and
Seewald, 2001a, 2006, 2007; Seewald et al., 2006). The advantage of lab-based pyrolysis
experiments at high temperatures is the acceleration of geochemical reactions, which usually

take thousands to millions of years, to durations of hours, days, weeks, or months.

For dry and hydrous pyrolysis experiments, a large set of different reaction vessels is available,
including glass tubes (Crossey, 1991; Ong et al., 2013; Wei et al., 2018), stainless steel vessels
(Kharaka et al., 1983; Lewan, 1983; Stalker et al., 1994; McCollom et al., 1999; Lewan et al.,
2014), titanium vessels (Palmer and Drummond, 1986; Truche et al., 2009; Wu et al., 2016; Li
et al., 2017; Li et al., 2018), gold capsules (Landais and Monthioux, 1988; Freund et al., 1993;
Ko etal, 2016; Buetal.,, 2017; Yang et al., 2018; Wei et al., 2019), and flexible gold-titanium
reaction cells (gold bags; Seyfried et al., 1987; Small, 1994; Seewald, 1996; McCollom and
Seewald, 2003a, 2003b; McCollom et al., 2010, 2020; Hawkes et al., 2016; Song et al., 2021;
Helten et al., 2022). The vessel materials can affect the chemical reactions within them
significantly e.g., by catalysis (e.g., Kharaka et al., 1983). Titanium oxide (TiOz) and gold are,
to a large extent, chemically inert and, therefore, well-suited for pyrolysis experiments
(Seyfried et al., 1987). Heating and hydrous pyrolysis experiments were also used to obtain
kinetic parameters for organic matter transformation reactions including gas generation and the
generation/decomposition of LMWOA (Palmer and Drummond, 1986; Barth et al., 1989;
Crossey, 1991; Barth and Nielsen, 1993; Bell et al., 1994; Knauss et al., 1997; McCollom and
Seewald, 2003a, 2003b; Li et al., 2017; Li et al., 2018) and to investigate mineral dissolution
and precipitation (Dickson et al., 1963; Knauss et al., 1985, 1987; Sauer et al., 2020). An

overview of different heating experiments is provided in Table 1.2.

In the context of HLW disposal it is worthwhile to mention that there is a number of
experimental studies that also looked into the transformation of organic matter by irradiation
(Lewan and Buchardt, 1989; Lewan et al., 1991; Ostertag-Henning, 2019; Naumenko-Dézes et
al. (2022); Wang et al., 2022a). This process also contributes to gas generation in a HLW

repository.
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Figure 1.6: Schematic visualization of the experimental setup for hydrous pyrolysis experiments
with ground Opalinus Clay in a flexible gold-titanium reaction cell (gold bag) placed in a high-
pressure vessel. For the experiments, the vessel is also equipped with a heating sleeve.
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Total organic

General aim Vessel Material Headspace  Temperature  Pressure Time Sample material / compound carbon (TOC) Other compounds Literature
[°C] [MPa] (h] [wt.%]
Kimmeridge Oil Shale
(Dorset), Coaly
. Shale(Norwegian Continental
Generation of Stainless steel N2, He, 200-350 VP 72 Shelf), Coal (Norwegian 5-40 Barth ctal.
LMWOA H20 . (1988)
Continental Shelf),
Kimmeridge Clay (Norwegian
Continental Shelf)
Generation of . N>, He, % Kimmeridge Oil Shale Barth et al.
LMWOA Stainless steel H,0 200-350 VP 72 (Dorset) 13 (1989)
Thermal Crossey et al
decomposition of  Borosilicate glass N2 160-200 1-2.8 24-96 Oxalic acid pH buffer, salts a oc:% ’
LMWOA
Kimmeridge Clay (Dorset),
Kimmeridge Clay (North
Sea), Heather (North Sea),
Generation of Coaly Shale(Norwegian Barth and
LMWOA and Stainless steel Nz, H20 280-350 VP* 72 Continental Shelf), Coal 5-70 Bjerlykke
gases (Norwegian Continental (1993)
Shelf), Brent Coal (Norwegian
Continental Shelf), Brown
Coal (Western Germany)
Lower-oxygen oil Kirkuk
. field (Iraq), High-oxygen
Generation of Qo_a..@_mﬁmm vessel Ar 200-300 1] <20240  Obispo Shale oil Midway Kharaka et al.
LMWOA + tubing . (1993)
Sunset field San Joaquin
Valley (California, U.S.),
Generation of Brown Coal (Germany), Coal Andresen ot
LMWOA and Stainless steel N2, H20 150-365 VP* <456 (Ness Formation North Sea), 51-61
. . al. (1994)
gases Kimmeridge Clay
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Total organic

General aim Vessel Material Headspace  Temperature  Pressure Time Sample material / compound carbon (TOC) Other compounds Literature
[°C] [MPa] (h] [wt.%]

Thermal -
decomposition of MMmMQ_M“:om 250 VP* <72 Formic acid, acetic acid mﬁm wow al.
LMWOA psu

. - . . Synthetic pore water,
ZEoB_wimﬁQ QoE..:SEcB None 200-300 15 <4400 Oﬁm_::.pm Clay, Wyoming -1 FesOu, Fe¥, different Sauer et al.
interaction reaction cell bentonite . (2020)

types of steel, Cu-foil
. New Albany Shale, Second

Generation of Pyrex glass tubes None 80-120 <28.000  White Specks Formation, 4-69 Na:SOs (oxygen Ma et al.
gases scavenger) (2021)

Springfield Coal

*VP = vapor pressure (water vapor + initial headspace gas + generated gases at the experimental temperature)
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Hydrous pyrolysis experiments with source rocks or kerogen demonstrated that chemical
reaction processes in the system organic matter—minerals—water at elevated temperatures
with sample material from clay-rich rocks yield low-molecular-weight organic
compounds such as hydrocarbon gases and LMWOA. Wei et al. (2018) demonstrated that
gas generation from organic matter takes place at temperatures as low as 60 °C and Helten
et al. (2022) found that LMWOA were already produced at 80 °C. Both temperatures are
well within the range of temperatures that are expected in a HLW repository (up to 160 °C
at the container surface and up to 90 °C in the host rock formation; Johnson et al., 2002;
Delage et al., 2010). Most studies cited above performed hydrous pyrolysis at
temperatures of 200-350 °C (Table 1.2), which is significantly higher than the
temperature conditions expected in a HLW repository. Moreover, many of these studies
used sample material with a high organic matter content. Therefore, a lack of quantitative

data exists for organic matter transformation at temperatures that are to be expected in a

HLW repository (<<200 °C).
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Chapter 11

1. Scope and outline

1.1. Thesis objectives

Time, temperature, the availability of water, the presence of different mineral phases, and
the type and amount of organic matter affect the generation of oil, hydrocarbon and non-
hydrocarbon gases, and low-molecular-weight organic acids. There are distinct
similarities between the natural transformation of organic matter in geological processes
and in the human-made deep geological disposal of high-level, heat-emitting nuclear
waste (HLW) in claystone formations. Both environments encompass the above
mentioned ‘ingredients’ needed for organic matter transformation to take place. In the
Opalinus Clay, most studies focused on thermo-hydro-mechanical (THM) changes. There
is, however, also a chemical component to the changes in a host rock formation, which is
included in the term thermo-hydro-mechanical-chemical (THMC) processes. However,
the chemical component addressed predominantly mineralogical aspects and the
composition of the pore water in the Opalinus Clay. Only very few studies have been
undertaken to establish a link between the temperature conditions that are expected after
the emplacement of HLW in Opalinus Clay and relevant temperature conditions for the
transformation of organic matter. The previous chapter showed that experimental studies
investigating the transformation of organic matter in a divers set of source rocks high in
organic carbon (OC) content chose short experimental times and high temperatures
(>>200 °C). As a result, there is a significant lack of lower temperature quantitative data
for OC-lean clay-rich rocks such as the Opalinus Clay, the chosen host rock for HLW in

Switzerland and a candidate host rock for HLW in Germany.
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In the broader context of nuclear waste disposal, Diomidis et al. (2016) pointed out that:

‘In order to estimate the impact of organic materials on gas generation, it is necessary to
assess their stability and the degradation mechanisms that may occur under repository-
relevant conditions. However, only limited relevant empirical data regarding the stability
and degradation mechanisms of organic compounds is currently available from
experiments, since the majority of the organics degrade very slowly and because

experimental conditions are often not comparable with those expected in the repository.’

It is known and accepted that gas generation is a safety-relevant parameter for the post-
closure phase in a HLW repository. Our knowledge on gas generation from organic matter
in the Opalinus Clay — a representative claystone for HLW disposal projects — is,
however, still very limited and the underlying chemical reactions and processes have not

been identified and contextualized.

The aim of this thesis was to provide quantitative data on organic matter transformation
reactions in the system organic matter—minerals—water in the Opalinus Clay at elevated
temperatures relevant to the deep geological disposal of HLW. Data on the stable carbon
isotope composition of reactants and kinetic parameters were utilized to establish a link
between reaction products and the mineralogical inventory and the organic matter
composition in the Opalinus Clay. Hydrous pyrolysis experiments were conducted in
flexible gold-titanium reaction cells (gold bags) at temperatures ranging from 80-200 °C,
simulating temperature conditions in the post-closure phase of a HLW repository — and

beyond.

Chapter III addresses the thermal transformation of Opalinus Clay organic matter and
the dissolution of carbonate minerals as sources for hydrocarbon and non-hydrocarbon
gases. The generation of gases from organic matter at elevated temperatures as well as
the dissolution of carbonate minerals releasing COz) are well-known processes in the
natural environment. Having said that, the overlap between natural processes at elevated
temperatures e.g., in sedimentary basins, and heat-emission from HLW has been
overlooked. The release/generation of CO; by carbonate mineral dissolution at elevated
temperatures has been underestimated as a source of (gaseous) CO» in the Opalinus Clay.

Stable carbon isotope data (5'°C) was used to establish a link to the sources of the

34



generated hydrocarbon and non-hydrocarbon gases. Kinetic parameters, i.e. activation

energies and frequency factors) complement the data set.
Research questions addressed in Chapter 111 were:

o What is the molar amount of hydrocarbon and non-hydrocarbon gases
released/generated by hydrous pyrolysis of Opalinus Clay?

o  What are the sources of hydrocarbon and non-hydrocarbon gases in the hydrous
pyrolysis of Opalinus Clay?

o [s the generation of hydrocarbon and non-hydrocarbon gases in the Opalinus
Clay controlled by temperature-controlled reaction kinetics?

o  What might be consequences arising for the integrity of a HLW repository facility

in Opalinus Clay from the gas generation experiments?

Chapter IV explores the thermal transformation of Opalinus Clay organic matter to low-
molecular-weight organic acids (LMWOA). LMWOA are associated with mineral
dissolution reactions and metal ion complexation. LMWOA represent a large portion of
the dissolved organic matter (DOM) in Opalinus Clay pore water and are produced by
thermal decomposition of organic matter and microbial respiration. LMWOA and their
corresponding acid anions express compound-specific thermal stabilities, affecting the
impact a LMWOA might have on mineral dissolution processes in the Opalinus Clay.
Moreover, the thermal decarboxylation of LMWOA is known to produce gases such as
CHau(g) and COz(g). Kinetic parameters from the literature were employed to assess the gas
generation potential of the predominant LMWOA in Opalinus Clay. At elevated
temperatures, the generation and decomposition of LMWOA proceed simultaneously.
The comparison of reaction rates demonstrated that the decomposition of some LMWOA
exceeds their generation rates, thus, limiting the impact of individual LMWOA e.g., on

mineral dissolution.
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Research questions addressed in Chapter IV were:

o What is the quantity of low-molecular-weight organic acids generated by hydrous
pyrolysis of Opalinus Clay?

o To which extent is the net-generation of the low-molecular-weight organic acids
affected by simultaneous thermal decarboxylation reactions?

o  What is the quantity of CO:) and hydrocarbon gases generated by simultaneous
decarboxylation reactions of low-molecular-weight organic acids during hydrous
pyrolysis of Opalinus Clay?

o What might be consequences arising for the integrity of a HLW repository facility
in Opalinus Clay from LMWOA-initiated processes including mineral dissolution

reactions at elevated temperatures?

Chapter V investigates the interaction between the low-molecular-weight organic acids
(LMWOA) acetate and oxalate with Opalinus Clay mineral phases in a suspension.
Organic compounds are known to occupy sorption sites on clay mineral surfaces.
LMWOA are a major constituent of dissolved organic matter (DOM) in Opalinus Clay
pore water. Therefore, the behavior of acetate and oxalate in a suspension containing
Opalinus Clay materials was assessed quantitatively. The experiments were designed
following an extensive upstream testing phase. The final approach included an
equilibration step between ground Opalinus Clay and water, followed by the addition of
acetate and oxalate spike solutions, and short sampling intervals to exclude bias by
microbial activity. The experiments were conducted in an overhead shaker at room

temperature (~20 °C). Research question addressed in Chapter V was:

e What is the quantity of acetate and oxalate retained by Opalinus Clay mineral
phases in a suspension at room temperature?

o What might be consequences arising for the integrity of a HLW repository facility
(e.g., radionuclide mobility) in Opalinus Clay?
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1.2. Contributions to publications

1.2.1 As first author

Chapter III: Generation and decomposition of low-molecular-weight organic acids in

hydrous pyrolysis experiments with Opalinus Clay rock
Oliver Helten, Christian Ostertag-Henning, Wolfgang Bach, Kai-Uwe Hinrichs
Published in Organic Geochemistry (172) 104481

C.0.-H. and O.H. designed the research; O.H. conducted the lab work; BGR technical
staff performed the sample measurements; O.H. and C.O.-H. performed the data analysis;
W.B. contributed to the research with additional data; O.H. wrote the manuscript with

contributions from all co-authors.

Chapter IV: Thermally induced release and generation of gaseous COxg) and C1—Cs

hydrocarbons in Opalinus Clay from Mont Terri (Switzerland)
Oliver Helten, Christian Ostertag-Henning, Wolfgang Bach, Kai-Uwe Hinrichs
In preparation for Applied Geochemistry

C.0.-H. and O.H. designed the research; O.H. conducted the lab work; W.B. performed
the thermodynamic calculations; BGR technical staff performed the sample
measurements; O.H. and C.O.-H. performed the data analysis; O.H. wrote the manuscript
with contributions from all co-authors.

Chapter V: Interactions between mono- and dicarboxylic low-molecular-weight organic

acids and Opalinus Clay mineral phases in suspension
Oliver Helten, Christian Ostertag-Henning
In preparation for #.b.d.

O.H. and C.O.-H. designed the research; O.H. conducted the lab work; BGR technical
staff performed the sample measurements; O.H. performed the data analysis; O.H. wrote

the manuscript with contributions from C.O.-H.
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1.2.2  As co-author

Using Flexible Gold-Titanium Reaction Cells to Simulate Pressure-Dependent Microbial

Activity in the Context of Subsurface Biomining

Christian Ostertag-Henning, Ruiyong Zhang, Oliver Helten, Thomas Weger, Axel
Schippers

Published in Journal of Visualized Experiments (152), e60140

R.Z., A.S., and C.O.-H. designed the original research, C.O.-H., R.Z., O.H., T.W., and
A.S. designed the filming of lab work with substantial contributions of Niels Walki
(BGR); O.H. and C.O.-H. wrote the script for the video; O.H. spoke the commentary;
Niels Wolki (BGR) and O.H. conducted the editing of the video; C.O.-H. wrote the

manuscript with contributions from all co-authors.

1.2.3 Milestone reports (R+D Nuclear Waste Disposal) for the Federal Institute for

Geosciences and Natural Resources (BGR), Hannover

Gasbildung aus verschiedenen Wirtsgesteinen — Zwischenbericht MS09
Oliver Helten and Christian Ostertag-Henning (Report B3.5/B50112-18/2019-0003/001;
2019)

Bildung polarer wasserloslicher organischer Verbindungen — kurzkettiger organischer
Séuren — in Wirtsgesteinen unter Temperatureinfluss

Oliver Helten (Report B3.5/B50112-18/2020-0002/001; 2020)

Beschreibung eines standardisierbaren experimentell-analytischen Verfahrens zur
Untersuchung der Gasbildung in Wirtsgesteinen - Zwischenbericht MS11

Oliver Helten and Christian Ostertag-Henning (Report B3/B50112-18/2022-0002/001;
2022)
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Abstract

Increasing temperature in claystone formations accelerates geochemical reactions
between organic matter, water and mineral phases, promoting the generation and
decomposition of organic compounds such as low-molecular-weight organic acids
(LMWOA). LMWOA presence in claystone formations can enhance mineral dissolution,
stimulate gas generation through thermal decomposition reactions, affect metal-ion
complexation, alter sorption processes, and provide feedstock for microbial life. Hydrous
pyrolysis experiments (80-200 °C and 20 MPa) using Dickson-type flexible gold-
titanium reaction cells were conducted to investigate the thermal generation and
decomposition of LMWOA in organic matter poor (0.64 wt.%) Opalinus Clay. Maximum
concentrations of dominant species were 44 pmol/kg clay formate (120 °C), 310 umol/kg
clay acetate (200 °C), and 74 pmol/kg clay oxalate (120 °C). Calculated half-live ranges
of the dominant compounds were between 8.88 x 10'° and 2.81 x 1073 years for the
experimental conditions. Comparison of observed and calculated reaction rates suggest
that the thermal generation and decomposition of LMWOA proceed simultaneously.
Therefore, the observed generation rates in these — and other previously published —
experiments are minimum estimates that need to be corrected for parallel decomposition
reactions. The new quantitative reaction rate data presented here facilitates modelling of
production/decomposition and local pore water concentrations of LMWOA by the
extrapolation of kinetic data to temperatures encountered for example in natural heating

during subsidence or by thermal intrusions.
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1. Introduction

Low-molecular-weight organic acids (LMWOA) with one to five carbon atoms (Hatton,
1982; Fisher, 1987) are ubiquitous compounds in the natural environment. These acids
contain at least one carboxyl group (R-COOH, where R represents the molecule’s alkyl
group; Dias et al., 2002). LMWOA are common constituents of aqueous fluids in many
geological settings including oil-producing formations (Carothers and Kharaka, 1978;
Hanor and Workman, 1986; Seewald, 2001b; Orem et al., 2014; Engle et al., 2020;
Varonka et al., 2020), hypersaline brines (Kawamura and Nissenbaum, 1992), lacustrine
environments (Miller et al., 1979; Heuer et al., 2009; Conrad et al., 2014, 2020), marine
environments (Sansone and Martens, 1982; Shaw et al., 1984; Ijiri et al., 2012; Zhuang
et al., 2019a, 2019c), and hydrothermal systems (Martens, 1990; Lang et al., 2010;
McDermott et al., 2015; Zhuang et al., 2019b). LMWOA are energy substrates for
microbial communities, even at elevated temperatures (Horsfield et al., 2006; Takai et al.,
2008; Heuer et al., 2020) and are important compounds in the deep biosphere (Wellsbury
et al., 1997; Vieth et al., 2008; Heuer et al., 2020).

LMWOA account for up to 80% of the dissolved organic carbon in aqueous fluids such
as formation waters (<98 °C; Kharaka et al., 1985), with acetic acid and acetate as the
predominant compounds (Carothers and Kharaka, 1978; Barth, 1991; Heuer et al., 2009,
2020; Glombitza et al., 2019). At standard conditions and a pH-value of >5, LMWOA in
aqueous solutions are mainly present as their dissociated acid anions (Means and
Hubbard, 1987). Concentrations of LMWOA in aqueous fluids depend on both, thermal
and biological generation and decomposition as well as the miscibility of aqueous fluids
(Means and Hubbard, 1987). Concentrations of LMWOA in temperate terrestrial and
marine environments (<25 °C) usually are in the order of several micromoles per liter
(Albert and Martens, 1997; Courdouan et al., 2007; Méader and Waber, 2017; Glombitza
et al., 2019), but can also reach millimolar levels at elevated temperatures (=80 °C and

>500 m below the (seafloor’s) surface; Carothers and Kharaka, 1978; Heuer et al., 2020).

LMWOA are relevant for geochemical processes including mineral dissolution
(Lundegard et al., 1984; Surdam et al., 1984; Bennet and Siegel, 1987; Bevan and Savage,
1989; Welch and Ullman, 1993, Ulrich and Bower, 2008; Strapo¢ et al., 2011; Li et al.,

2021a), metal ion complexation (Harrison and Thyne, 1992), water-mineral interaction
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(i.e., sorption processes; Davis, 1982; Kubicki et al., 1999; Rasamimanana et al., 2017),
and the generation of natural gas (Carothers and Kharaka, 1978; Kharaka et al., 1983).
LMWOA can originate from the thermal decomposition of high-molecular organic matter
such as kerogen during diagenesis (Tissot and Welte, 1978; Surdam et al., 1984; Lewan
and Fisher, 1994).

The rate of the thermal decomposition of LMWOA increases with increasing temperature
(Palmer and Drummond, 1986; Crossey, 1991; Bell et al., 1994; McCollom and Seewald,
2003a). A common thermal decomposition pathway of LMWOA is decarboxylation, here

exemplified for acetate in an aqueous solution:

_ T[°C]
CH3COO0q) + Hlygy — CHaag) + CO2(aq)

The thermal decarboxylation rate changes due to the LMWOA speciation (different
thermal stabilities; Palmer and Drummond, 1986), the pH of an aqueous solution
(Crossey, 1991), the material of the reaction vessel (Kharaka et al., 1983), the presence
of a free gas phase (Yu and Savage, 1998; McCollom and Seewald, 2003b), the addition
of mineral phases (Bell et al., 1994; Seewald, 1996; McCollom and Seewald, 2003a,
2003b), and as a function of temperature. Other means of LMWOA decomposition can
be deformylation and oxidation e.g., in the presence of Fe(Ill)-bearing minerals such as

hematite (Bell et al., 1994; Seewald, 1996; McCollom and Seewald, 2003b).

Numerous authors conducted hydrous pyrolysis experiments to investigate the generation
of LMWOA from natural samples like oil shales, crude oil, or kerogen isolates (Surdam
et al., 1984; Kawamura and Kaplan, 1987; Barth et al., 1988; Kharaka et al., 1993; Dias
et al., 2002). Some studies used grains from one mineral or as mixtures including quartz,
carbonates, iron oxides, and sulfur-containing minerals. Their aim was to investigate the
impact of minerals on LMWOA generation from organic matter (Kawamura et al., 1986;
Eglinton et al., 1987; Barth and Riis, 1992), or to assess the catalytic effect of minerals
on the decomposition of selected LMWOA (Bell et al., 1994; McCollom and Seewald,
2003a, 2003b).

In the past, most experimental research focused on LMWOA generation or decomposition
above 200 °C (Kharaka et al., 1983; Kawamura et al., 1986; Palmer and Drummond,
1986; Cooles et al., 1987; Eglinton et al., 1987; Kawamura and Kaplan, 1987; Lundegard
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and Senftle, 1987; Barth et al., 1988; Crossey, 1991; Barth and Bjorlykke, 1993; Kharaka
et al., 1993; Bell et al., 1994; Borgund and Barth, 1994; Knauss et al., 1997; Yu and
Savage, 1998; Seewald, 2001b; Dias et al., 2002; McCollom and Seewald, 2003a, 2003b).
Very few studies at lower temperatures (diagenetic conditions) have been published
(Surdam et al., 1984) and most studies have been conducted on organic-rich rock material
(212 wt.% total organic carbon; Barth et al., 1989; Li et al., 2018). Deeper subsurface
LMWOA studies have focused on molecular composition and abundance, gas generation
potential, or influence on mineral dissolution (e.g., secondary porosity) in organic carbon
rich basins. This is due to the geochemical impacts of LMWOA on fluid-mineral
properties, storage and flow in low porosity shale-dominated stratigraphic units that are
important to commercial petroleum activity (e.g., Orem et al., 2014; Zhu et al., 2015;

Yuan et al., 2019; Li et al., 2021b).

The analysis of concentrations of LMWOA in pore water over time provides important
insights in underlying geochemical processes, but it often lacks a critical temporal
dimension as present day concentrations established over long periods (hundreds to
millions of years) in the complex interplay between water, mineral phases, and organic

matter.

The aim of the present study is to investigate the effect of temperature (80—200 °C) on
the generation of LMWOA in the presence of water and natural mineral phases in a
Jurassic claystone, the Opalinus Clay (Mont Terri, St. Ursanne, Switzerland). The
Opalinus Clay is a candidate host rock for heat-generating, high-level radioactive waste.
Insights on the generation potential for LMWOA from Opalinus Clay have implications
for the interpretation of concentrations of LMWOA in pore water in the natural
environment. LMWOA presence might accelerate mineral dissolution, enhance gas
generation by thermal decomposition, affect metal-ion complexation, alter sorption
processes, and provide feedstock for microbial life. Moreover, quantification of reaction
products from organic matter transformation at 80-200 °C in the presence of water and
minerals will result in a deeper understanding of how concentrations of LMWOA in

natural environments evolve.
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2. Materials and methods

2.1 Sample material

An Opalinus Clay drill core from the borehole BHE-F1 (section 2.02 to 2.22 m) in the
Swiss underground rock laboratory (URL) at Mont Terri (St. Ursanne, Switzerland) was
crushed with a jaw crusher, freeze-dried and ground with an automatic agate mortar and
pestle at ambient conditions. The latter was thoroughly cleaned with distilled water and
dichloromethane (DCM) to remove potential organic contaminants. In order to maintain
its original organic matter composition, no sterilization treatment was performed for the
sample material. During the grinding process if mortar and pestle became warm to the
touch, the grinding process was suspended until the material cooled down to room
temperature to preserve labile organic matter. All ground sample material from the core

section was mixed and stored under an inert atmosphere of argon gas.

2.2 Experimental

2.2.1 Flexible gold-titanium reaction cell

The experiments were conducted in a custom-made, Dickson-type flexible gold-titanium
reaction cell (further referred to as ‘gold bag’; Dickson et al., 1963; Seyfried Jr et al.,
1987; Ostertag-Henning et al., 2019). The gold bag’s total volume was approximately
0.12 L. Prior to use, the gold bag was cleaned with 50 °C hydrochloric acid (HCI, 10 %
technical grade) for three hours, thoroughly rinsed with distilled water, and submerged in
nitric acid (HNOs, 67 %) for ten minutes. Again, the gold bag was rinsed with distilled
water, dried at 105 °C, and then placed in a muffle furnace at 500 °C for approx. 20 hours.
Afterwards, it was temperature-treated with a torch until the entire gold surface had
experienced red heat. The heat-treatment makes the gold softer and, therefore, less prone
to failure during the gold bag’s installation and the experiments. Titanium parts of the
reaction cell were cleaned in a similar way (heated at 400 °C, no torch treatment). Heat
treatment of titanium forms a colored titanium oxide (TiO2) layer, which increases the

chemical inertness of the material.
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2.2.2 Hydrous pyrolysis experiments

In the hydrous pyrolysis experiments, 50 g of ground Opalinus Clay were used. A volume
of ~90 ml of No-flushed HPLC grade water was added into the gold bag, resulting in a
solid-liquid mass ratio of approximately 1:1.8. The gold bag with the attached titanium
tubing and valve was installed into a high-pressure vessel (Parr Instruments Company,
4650 series). Prior to the experiments, the remaining gaseous headspace in the gold bag
was removed and leak tests were performed at 1 bar excess N pressure. The software
SpecView was used to log the temperature profile over the course of the experiments. A
TELEDYNE ISCO syringe pump, model 100DM, kept the experiment at isobaric
conditions of 20 MPa. This pressure was chosen because it presents an analog for a water
depth of 2000 m or a lithostatic pressure approximately 800 m below the earth surface,
assuming an average rock density of 2500 kg/m?*. The latter depth is relevant in the context
of heat-emitting, high-level nuclear waste disposal in deep geological formations. The
pressure was logged by the pump’s software. Experiments were conducted at
temperatures of 80, 120, 160 and 200 °C. These temperatures are representative of
diagenetic to catagenetic conditions in source rock formations (see Carothers and
Kharaka, 1978; Tissot and Welte, 1978). Moreover, these temperatures are also relevant
in the above-mentioned nuclear waste disposal context, where the host rock might heat
up to 150 °C (Delage et al., 2010; Lommerzheim et al., 2019). During the experiments,
temperatures were stable within =1 °C; the pressure was constant within +0.5 MPa.
Experimental parameters are summarized in Table 3.1.
Table 3.1: Experimental parameters of the hydrous pyrolysis experiments with ground

Opalinus Clay (OPA). The subscript ‘set’ indicates the input values, the subscript ‘log’
gives the recorded values averaged over the duration of the respective experiment.

Mass OPA [g] HPLC-HO [1] Time [h] Tset [°C] Tiog [°C] Pset [MPa]  piog [MPa]

50.0 0.090 719 80 80.6 20.0 19.7
50.0 0.089 906 120 119.2 20.0 19.6
50.0 0.091 672 120 120.2 20.0 19.6
50.0 0.084 504 160 160.1 20.0 19.6
50.0 0.081 504 200 199.9 20.0 19.7
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2.2.3 Sampling of aqueous fluid from the gold bag

Samples were taken with a gastight glass syringe, which was attached to a Luer-lock
adapter on the titanium sampling valve connected to the gold bag via a titanium tube.
Prior to use, the syringe was rinsed three times with HPLC-gradient water. Two
subsamples were taken from the experiments at each time point. First, a flush volume of
1 ml was removed (combined dead volume of the titanium tube and the sampling valve).
This sample was used to measure the pH of the aqueous fluid directly after sampling at
room temperature. Then, 2 ml were withdrawn from the gold bag and transferred into a
N»-flushed headspace vial sealed with a PTFE-lined aluminum cap. The mass of the vial
was gravimetrically determined before and after sample addition to obtain a sample’s

exact mass (accuracy was 0.001 g). Samples were stored at =20 °C until HPLC-analysis.
2.3 HPLC-DAD analysis

LMWOA were analyzed following a slightly modified version of the protocol by Albert
and Martens (1997). In brief, LMWOA in a 1-ml aqueous sample were derivatized to
form colored 2-nitrophenylhydrazide derivatives, which were separated on a HPLC-
column and subsequently detected by the absorption of visible light at 550 nm with a
diode array detector (DAD). Samples were measured with a HP 1100 HPLC equipped
with a Phenomenex C18 4x3.0 mm trap-column, an Agilent Eclipse XDB-C8
4.6x12.5 mm pre-column, and an Agilent Eclipse XDB-C8 4.6x250 mm separating
column. A sequence always contained a water sample for the conditioning of the trap,
two blanks, four calibration standards (10, 30, 100, 300 pmol/l) prepared daily from stock
solutions, and the samples. Comparison of eleven calibrations showed compound and
concentration specific standard deviations between 0.19% and 1.42%, which include
potential errors introduced during sample derivatization. Molar amounts of the LMWOA
in control blanks from the gold bag experiments (HPLC-gradient water transferred into
No-flushed headspace vials) were generally below the limit of quantification or even the
limit of detection. For all compounds, the limit of detection was 1 pmol/l and the limit of

quantification was 5 pmol/I.
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2.4 Quantification of CO; in headspace gas

A sample volume of 1 ml gas was taken from a headspace vial with a gastight syringe and
was manually injected into a modified Fast Refinery Gas Analyzer (FAST-RGA) system.
A gas injection control unit (GICU) distributed the gas sample to different channels in a
HP 7890 gas chromatograph. The channel for the quantification of CO: consisted of a
250-ul sample loop with a splitless injector. The gas sample was divided into three
subsamples, which were then transported by a He carrier gas flow. They were
subsequently separated on a 1-m and a 2-m packed Q Plot column as well as a 1-m MS5A
molecular sieve column (all isotherm at 70 °C). CO2 was quantified, using a thermal

conductivity detector. The limit of quantification was 150 nmol.

2.5 Stable carbon isotopes

2.5.1 Gaseous CO;

Based on the concentration of CO» in the gas sample, a gas volume was injected by hand
into an Agilent 6890 gas chromatograph and separated on a 25-m Poraplot Q column.
The GC was coupled to a Thermo Scientific MAT253 isotope mass spectrometer, which
was used to determine the isotope ratio in CO. Results are reported in the delta notation

in per mil against the international Vienna Pee Dee Belemnite standard [%o vs. VPDB].
2.5.2  Solid inorganic carbon (carbonate)

Based on the carbonate content of the Opalinus Clay, ~0.7 mg ground sample material
was given into a glass tube and sealed with a septum-lined cap. The tube was placed in
an autosampler at 72 °C and was He-flushed. Concentrated phosphoric acid was added to
the sample material. The material was homogenized, placed in the autosampler and was
allowed to equilibrate for several hours. Measurements were performed with a Thermo
Fisher Scientific Gasbench II coupled with a Thermo Fisher Scientific ConFlo-IV to a
Thermo Fisher Scientific Delta V Advantage isotope ratio mass spectrometer (IRMS).
Results are presented as the mean value from triplicates and reported in the delta notation

in per mil against the international Vienna Pee Dee Belemnite standard [%o vs. VPDB].
2.5.3 Bulk organic matter

Prior to analysis, sample material was treated with dilute HCI at 80 °C to remove

inorganic carbonate carbon constituents. A Thermo Fisher Scientific Flash EA 1112
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elemental analyzer was used to oxidize the sample material at 1020 °C. Chromatographic
separation was achieved in a Thermo Fisher Scientific ConFlo IV open-split-system
equipped with a Porapak column (isotherm at 55 °C). The isotope ratio was determined
with a Thermo Fisher Scientific Delta V Advantage mass spectrometer (IRMS). Results
are presented as the mean value from triplicates and reported in the delta notation in per

mil against the international Vienna Pee Dee Belemnite standard [%o vs. VPDB].
2.6 Calculation of the cumulative molar amount of LMWOA formed

In this study, the LMWOA generation is reported as the cumulative amount of substance
in [umol] that was produced in the gold bag aqueous fluid. The cumulative amount of the
LMWOA was calculated by adding up the concentrations detected after each sampling
event. Volumes removed and liquid remaining in the gold bag were quantified at each

sampling event.
2.7 Thermodynamic computations

Equilibrium constants for organic acid pyrolysis reactions were calculated for 25 °C and
1 bar as well as for 80, 120, 160 and 200 °C and 200 bar using SUPCRT92 (Johnson et
al., 1992). Those were used to compute the pH dependency of organic acid speciation

(Fig. 3.3).

Additional thermodynamic calculations were conducted with Geochemist’s Workbench
(Bethke, 1996) to determine if the steady state observed was close to equilibrium state.
We created an isobaric (25 MPa) database with 147 aqueous species, 195 minerals, and
9 gases, using SUPCRT92 and the OBIGT database to calculate the equilibrium
constants. In these computations, rock (composition of the rock is given in Section 3.1)
was added incrementally to water until the system was completely rock-buffered and
subsequent addition of rock to the model system did not cause further changes in aqueous
fluid composition. All minerals were allowed to react with the aqueous solution
instantaneously. An arbitrary reaction kinetic was introduced by adding rock to the
system in small increments. We closely evaluated the composition and speciation of the
fluid for (a) the full extent of water-rock reaction (all rock equilibrated, i.e., W/R=1.8)
and (b) for highly incomplete extents of water-rock reactions (W/R=50). The actual

extents of water-rock reaction are between these two extremes.
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3. Results

3.1 Geochemical characterization of the sample material

The Opalinus Clay sample material contained 0.64 wt% organic carbon, 4.10 wt%
inorganic carbon, and 1.0 wt% sulfur. Duplicates suggested a homogenous distribution
of organic carbon in the sample material and the standard deviation of the analytical
method was 0.01% (n=20). Elemental analysis (EA IRMS) gave a stable carbon isotopic
composition for decarbonated sample material of —26.2%o. Kerogen characterization by
Rock-Eval pyrolysis gave the following results: Si= 0.01 mg/g, S2= 0.59 mg/g,
S3=10.26 mg/g, and Tmax= 433 °C. The corresponding oxygen index (OI) and hydrogen
index (HI) were 38 mg CO»/g TOC and 95 mg HC/g TOC, respectively. The mineralogy
of the sample material was determined by X-ray diffraction analysis and gave a
composition of 26 wt% illite/smectite, 21 wt% calcite, 19 wt% kaolinite, 11 wt%
muscovite, 10 wt% quartz, 4 wt% chlorite, 4 wt% feldspar, and 5 wt% other minerals

(gypsum, dolomite, pyrite, anatase).
3.2 pH of aqueous samples

The evolution of pH values measured at room temperature in fluids retrieved over the
course of each of the five experiments is shown in Fig. 3.1 A. At 80 and 120 °C, the
aqueous fluids showed an increasing pH over the initial 24 to 48 hours, after which the
pH slowly decreased and leveled out to near-constant values between 6 and 6.5 (analytical
reproducibility was better than 0.1 pH units). The pH in aqueous fluid samples from the
160 and 200 °C experiments rapidly dropped by one pH unit to 5.9 and 5.7 within
48 hours and remained constant within 0.1 pH units. In the five experiments conducted,
a lowering of these steady-state pH values late in the experiments from 6.4 (at 80 °C) to

5.7 (at 200 °C) was observed.
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Figure 3.1: (A) Measured pH values (room temperature) of gold bag aqueous fluid samples
from hydrous pyrolysis experiments with Opalinus Clay at 80, 120, 160, and 200 °C
(20 MPa). Grey circle = pH prior to heating of one experiment, measured after
approximately 68 hours at 20 °C and 20 MPa. (B) Cumulative amount of substance of CO,
in the gold bag reported in [mmol]. (C) Stable carbon isotope data of CO, reported in per
mil against the Vienna Pee Dee Belemnite standard. Indicated by the dashed grey line is
the stable carbon isotope value, which was determined for carbonate minerals in Opalinus
Clay.
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3.3 CO; generation and §'°C data

The starting stable carbon isotope composition of inorganic carbon constituents in
Opalinus Clay was —1.56%o, the organic matter had a §'°C value of —26.2%o. With
increasing temperature, an increasing amount of dissolved COzq) Was observed in the
gold bag experiments (Fig. 3.1 B). This coincided with the decrease of the pH of the
aqueous fluid (Fig. 3.1 A). At 200 °C, the pH and the CO, data both showed distinct
changes from 72 to 168 hours. The curves notably flattened and stabilized around a pH
of 5.7 and an amount of substance of approx. 6 mmol, respectively. Stable carbon isotope
data of CO» showed that lower §'*C values of CO: coincided with lower experimental
temperatures (Fig. 3.1 C). At 80 °C, §'3C values were nearly constant at —11.5%o. At 120
and 160 °C, however, two opposing trends were visible in the first 72 hours. At 120 °C,
CO: first became depleted in *C within 48 hours, before §'°C increased to —8%o. By
contrast, at 160 °C, 8'3C of CO; slowly increased from —6.3%o to —5.9%o. At 200 °C, §!3C

values were almost constant at —5%e.
3.4 LMWOA generation

The quantities of formate, acetate and oxalate, reported in [umol], generated in time in
five hydrous pyrolysis experiments at four temperatures (80, 120, 160, and 200 °C), are
shown in Fig. 3.2 A—C. The most abundant component was acetate, followed by oxalate
and formate. The highest cumulative amount of substance produced in the experiments
was 15.5 pmol (acetate at 200 °C). The generation proceeded rapidly in the first
100 hours. The three compounds showed distinctly different generation patterns. Rapid
generation of formate took place within the first 6 to 48 hours, and then decreased soon
after in the experiment (Fig. 3.2 A). At 160 °C as well as 200 °C, the amount of substance
dropped rapidly between 48 and 96 hours and then remained nearly constant between 72
and up to 400 hours. There was no significant decrease in the cumulative amount of
formate at 80 °C. For the interpretation of formate data, several data points between 400
and 700 hours in the range of 6—13 umol/l were used. Acetate generation proceeded
almost continuously at all temperatures with yields increasing with increasing
temperature (Fig. 3.2 B). The amount of oxalate increased only slightly in the 80 °C
experiment over time. At 120 °C, the generation of oxalate resulted in up to five times

higher molar amounts compared to the 80 °C experiment (Fig. 3.2 C). At 160 °C, the
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amount of oxalate also increased with time, but did not reach the same level of the 120 °C
experiment, although the values began to scatter after 200 hours. After less than 24 hours
in the 200 °C experiment, the concentration of oxalate was below the limit of
quantification (<5 umol/l; Fig. 3.2 C). After approximately 200 hours, it was below the
limit of detection (<1 umol/l).

At 120 °C, a duplicate experiment was performed for better sample coverage at this
temperature and to assess the reproducibility of LMWOA generation in a gold bag
experiment using the same sample material and procedures. However, analysis of the total
organic carbon (TOC) content of sample material after the second experiment at 120 °C
gave 0.97 wt.% compared to 0.66 wt.% after the first. This correlates with an observed
offset between the acetic acid data from the two 120 °C experiments of 1.7 umol at
168 hours, which represents about 40% of the cumulative molar amount of acetic acid
indicated by the light green curve (Fig. 3.2 B). The discrepancies in the quantities of the
other two acids between the two 120°C experiments are of similar magnitude. The
temporal changes in the generated molar amounts of all three organic acids are similar
between the two experiments. The TOC values in the other solid sample material
recovered after the other experiments were 0.92 wt.% (80 °C), 0.65 wt.% (160 °C), and
0.66 wt.% (200 °C).
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Figure 3.2: Cumulative molar amounts [umol] of low-molecular-weight organic acids
(LMWOA) in gold bag aqueous fluid samples generated in hydrous pyrolysis experiments
with Opalinus Clay at 80, 120, 160, and 200 °C (20 MPa). (A) Formate; (B) acetate; (C)
oxalate. The dark green lines for 120 °C represent the repetition of the first 120 °C
experiment (light green lines).
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4. Discussion

4.1 Temperature-dependence of LMWOA speciation

Under thermal stress, the acid form of a LMWOA decomposes at a different rate than its
corresponding dissociated acid anion (Kharaka et al., 1983; Palmer and Drummond,
1986; Bell et al., 1994). Crossey (1991) pointed out that the acid dissociation constant K,
is temperature dependent, demonstrating for bicarbonate, formic-, acetic-, and oxalic
acid, that K, has considerably different values at 200 °C compared to those determined at
25 °C (see also Seewald and Seyfried Jr, 1991; Reijenga et al., 2013). Fig. 3.3 shows the

speciation diagram for formic acid, acetic acid, and oxalic acid at reference state.
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Figure 3.3: Calculated pH-dependent speciation of the low-molecular-weight organic acids
(LMWOA) formic- (HCOOH), acetic- (CH;COOH), and oxalic acid (H.C»04) in pure
water at 25 °C and 0.1 MPa. Orange line = reference pH of 4.8 for orientation; blue line =
measured gold bag aqueous fluid pH after approximately 68 hours at 20 °C and 20 MPa.

Thermodynamic calculations, using the software SUPCRT92 (Johnson et al., 1992), were
employed to determine the acid dissociation constants of formic-, acetic-, and oxalic acid
in water at 80, 120, 160, and 200 °C for 20 MPa. The speciation of the three acids was
then calculated for the pH range from 0 to 9 and is shown in Fig. 3.5. While the measured
pH values (Fig. 3.1 A) in the aqueous samples do not reflect the in situ pH in the gold
bag, calculated in situ pH of aqueous fluid samples from heating experiments (=200 °C)
may be higher by up to 0.7 pH units (Seewald et al., 1990). The difference between
measured and in situ pH are more pronounced with increasing temperature by up to 1.2

pH units (e.g., Knauss et al., 1997; see also Table 3.2).
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A comparison of measured and predicted pH values for the experimental conditions
(Table 3.2) suggests that pH values of the aqueous fluid from the experiments should
have been higher than the measured pH values. One explanation for this discrepancy
might be the exclusion of a contribution of dissolved organic compounds to the aqueous
fluid pH in the simulation. Nevertheless, the predicted pH values and the corresponding
in situ pH show an offset of 0.6 pH units at lower temperatures. The decrease in pH with
increasing temperature in the experiments correlates with the increase in dissolved CO»
(DIC; Table 3.2), the increase in the generation of e.g., acetate/acetic acid (Fig. 3.2 B),
and was likely affected by water-rock reactions at the respective temperatures.
Table 3.2: Comparison of measured (subscript m), predicted (subscript p) molalities of
dissolved CO,, and aqueous fluid pH in gold bag experiments, including an in situ
prediction, at experimental temperatures. Predictions reported here refer to a liquid-to-solid
ratio of 1.8. Predicted CO, values are presented as dissolved inorganic carbon (DICp),
including different dissolved CO; species in the aqueous fluid. Experimental data refer to

measurements on samples taken after 360 to 406 h, depending on respective sampling
intervals.

T [°C] COy(m) [mmolal] DIC) [mmolal] PHm) pHp) PHin sitw)
80 5.0 4.2 6.5 8.1 7.5
120 9.8 26.8 6.2 7.5 6.9
160 26.8 37.1 5.9 7.1 7.1
200 85.8 75.6 5.7 6.8 6.8

Therefore, it was assumed that the in situ pH in the hydrous pyrolysis experiments was
lower by up to 0.7 pH units, compared to the measured pH after ~400 hours (grey lines
in Fig. 3.5). After 400 hours, pH and CO: values stabilized, indicating steady state
between the fluid and the solids in a gold bag (Fig. 3.1 B and C). Thermodynamic
reaction path calculations (cf. Section 2.7) indicate that the fluids were fully rock-buffered
after about half of the rock mass had reacted. A comparison of total CO» contents and pH
determined for the aqueous fluids retrieved from the gold bags with those computed for
the rock-buffered equilibrium state indicates a reasonable similarity between observation
and prediction (Table 3.2). This indicates that conditions in the gold bag were close to
equilibrium towards the end of the experimental runtime. When the model only included
carbonate as a solid phase, it achieved a poor match with the measured data. This result

suggests that the observed relationship between the pH in the gold bag experiments and
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the dissolved CO; released from carbonate minerals was due to a complex interplay of
silicates, carbonate, and fluids. Since the amount of CO; generated in the experiments
was higher than predicted from silicate-carbonate-water reactions in some cases, it is
possible that CO: resulting from organic matter transformation and LMWOA
generation/decomposition also affected dissolved species of CO2 (DIC) and pH in the
aqueous fluid. However, the fact that §'°C values of CO2 do not become systematically
enriched in '2C as COz accumulated in a gold bag (Fig. 3.1) suggests either that the
contribution of organic matter breakdown to the DIC pool in the system was small, or
that the contribution of organic matter derived CO: is masked by rapid mineral
dissolution-(re-)precipitation reactions of carbonates. A small contribution of organic
matter derived CO; is also derived from the cross plot of the cumulative amount of CO>
and its carbon isotopic composition at 24 hours compared to that after 504 hours
(Fig. 3.4). Instead, the observed changes towards more positive §'*C values at 120 °C and

160 °C indicate an increased release of CO; from carbonate minerals.
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Figure 3.4: Cross plot of the cumulative amount of CO; in gold bag experiments with
Opalinus Clay given in [mmol] and the carbon isotopic composition (8'*C) of the CO, given
in [%o] after 24 hours (open symbols) and 504 hours (filled symbols). The experimental
temperatures were 80, 120, 160, and 200 °C. The experiments were conducted under
isobaric conditions of 20 MPa. For one 120 °C experiment (light green symbols), no data
was available at 504 hours. A data point at 360 hours was chosen instead.
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The resulting speciation of the three acids, here given as percent of the protonated species,
was as following for formic, acetic, and oxalic acid: at 80 °C 3%, 25% and <1%; at 120 °C
7%, 44% and <1%; at 160 °C 4%, 30% and <1%; at 200 °C 27%, 80% and <1% (Fig. 3.5).
Therefore, at 200 °C the predominant LMWOA species in the aqueous gold bag fluid
were formate, acetic acid, and oxalate, respectively. Hereafter, only the dominant species
will be addressed in the discussion of the decomposition kinetics. Although a significant
percentage of formic acid and acetate were present in the aqueous fluid, the rate constants
for the thermal decomposition of the two compounds differ only by one to two orders of
magnitude (Palmer and Drummond, 1986; McCollom and Seewald, 2003a). Therefore,
the following discussion likely slightly underestimates the impact of formic acid/formate

and acetic acid/acetate decomposition.

4.2 Thermal decomposition of LMWOA

4.2.1 Reaction rate constants

In order to assess the generation of LMWOA in combination with their simultaneous
thermal decomposition, reaction rate constants k for the thermal decomposition of the
dominant species formate, acetic acid, and oxalate were calculated from literature data
(Table 3.3). Reaction rate constants were determined for this study’s experimental
temperatures, using the Arrhenius equation:

k[1/s] = A x exp — (5—;)
where A4 is the frequency factor in [1/s], E, is the activation energy in [J/mol], R is the
universal gas constant in [J/mol K], and 7 is the absolute temperature in [K]. The kinetic
parameters were chosen based on the speciation of each compound, as discussed in
Section 4.1. The kinetic parameters from Table 3.3 were originally determined in aqueous
solutions with a LMWOA or its corresponding acid anion. The experiments were
conducted without mineral phases, except for the study by Bell et al. (1994), and in
reaction vessels made from different materials (e.g., gold bag, titanium, or borosilicate
glass). Therefore, the kinetic parameters are only the best estimate available for the
thermal decomposition processes of LMWOA in this study’s hydrous pyrolysis
experiments and might underestimate the reaction rate of the LMWOA in the presence of

Opalinus Clay minerals. Calculated reaction rate constants are reported in Table 3.4.
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Figure 3.5: Calculated pH-dependent speciation of the low-molecular-weight organic acids
(LMWOA) formic-, acetic-, and oxalic acid in pure water at (A) 80 °C, (B) 120 °C, (C)
160 °C, and (D) 200 °C. Shown on the right are the respective acid anions HCOO",
CH;COOr, and C,04%. All curves relate to a pressure of 20 MPa. Orange line = reference
pH of 4.8 for orientation; blue line = measured gold bag aqueous fluid pH after
approximately 400 hours; grey line = inferred gold bag aqueous fluid pH based on results
from heating experiments by Seewald et al. (1990).
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Table 3.3: Kinetic parameters for the thermal decomposition of formate, acetic acid, and
oxalate in an aqueous solution. Given are the frequency factor 4 and the activation energy
E,. Values for acetic acid and oxalate were calculated based on experimental data from the
reported literature below.

Thermal decomposition

reaction and vessel type A[15] Ea [J/mol] Reference

Formate in Au-TiOs 5200 94600 McCollom & Seewald

(2003a)
Acetic acid in TiO» 22527 144145 Palmer & Drummond
(1986)
Acetic acid in TiO, 3627043 170064 Bell et al. (1994)
Acetic acid in TiO, + 0.0000528 32922 Bell et al. (1994)
montmorillonite
Oxalate in borosilicate 382 51400 Crossey (1991)

glass vials

4.2.2 Half-lives (t12)

The time in years by which half of the molar amount of each of the three LMWOA would
have decomposed at the elevated temperatures was calculated using the equation below.

The resulting half-lives are reported in Table 3.4.

In2
ti2 [yl = (T) X 31,536,000

The results in Table 3.4 indicate that half-lives for acetic acid range from thousands to
several millions of years under the experimental conditions, depending on mineral
assemblages. In the presence of montmorillonite, the half-lives of acetic acid are
drastically reduced to only a few years. Formate is characterized by a pronounced
decrease of the duration of its half-lives from hundreds of years at 80 °C to less than a
year for 200 °C. The half-lives of oxalate decrease with increasing temperature from
approximately three months to about one day. As a result, the thermal decomposition of
acetic acid in an aqueous solution proceeds over geological timescales. At elevated
temperatures above 100 °C, formate and oxalate are removed from an aqueous solution

by thermal decomposition within a few years or less.
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Table 3.4: Reaction rate constants k in [1/s] and calculated half-lives (i) in years [y] of acetic acid (Palmer and Drummond, 1986; Bell et al.,
1994), acetic acid in the presence of montmorillonite (Bell et al., 1994), formate (McCollom and Seewald, 2003a), and oxalate (Crossey, 1991) for

the temperatures 80, 120, 160, and 200 °C.

Acetic acid +

Formate Acetic acid*! Acetic acid*? o Oxalate
montmorillonite

T [°C] k [1/s] tan [yl k [1/s] tan) [y] k [1/5] tan) [y] k [1/s] tan) [y] k [1/s] tan [yl

80 mmw _x 426 _%m:x 2.10 x 10° w%w ww%ox ﬁ%_ox 31.6 9.44x10° 0.4
o 1.59 x , 9.20 x ) B 5

120 1.40 x 10 16.1 1015 1.42 x 10 10-7 245 x10 2.23 x 10 10.1 5.61 x 10 0.04
160 2.03x108 1.11 cmwzx 2.42 x 103 J%Kx 2.01 x 10° 5.66 x 107 4.0 2.40 x 10 0.01
200 1.87x107  0.12 A1 820x10 GO8Y  sa0xi0t 123x10% 18 802 105 0.003

*IPalmer and Drummond (1986); **Bell et al. (1994)
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4.2.3 Simultaneous LMWOA generation and decomposition — net and gross reaction

rates

The activation energy for the generation of acetic acid from Opalinus Clay was calculated as
21.0 kJ/mol, which is close to 22.9 kJ/mol determined for acetic acid generation from the
Kimmeridge oil shale by Barth et al. (1989). The activation energy for the generation of oxalate
was calculated as 23.0 kJ/mol. All three activation energies mentioned were derived from
experimental data obtained after 70 or 72 hours. This time was chosen in order to allow
comparison of our data with that of other experimental studies, which determined kinetic
parameters after 72 hours (e.g., Barth et al., 1989). Due to the rapid decrease in formate
concentration early in the experiments, no reliable activation energy could be calculated for the
generation of formate in our study. With respect to the molecular pattern in the generation
profile (Fig. 3.6 A—C), Kharaka et al. (1993) observed very similar changes in concentrations
of formate, acetate, and oxalate during hydrous pyrolysis of crude oils at 200 to 300 °C. These
authors reported a rapid initial generation of formate and oxalate, followed by a sudden drop in
concentrations of both compounds. Kharaka et al. (1993) attributed this to rates of thermal
decomposition exceeding those of the compounds’ generation. By contrast, acetate was

generated continuously (Kharaka et al., 1993).

At 120 °C, generation rates of the LMWOA in this study were as high as ~80 nmol/h
(1.6 umol/h kg clay) for formate, ~100 nmol/h (2 pmol/h kg clay) for acetic acid, and
~15 nmol/h (0.3 pmol/h kg clay) for oxalate (Fig. 3.6 A—C). The decomposition rates for all
three compounds were calculated using kinetic parameters determined for 120 °C and for the
cumulative molar amounts of each LMWOA generated between two time points of sampling.
The decomposition rates are in the order of —10~ nmol/h for formate, —10°° nmol/h for acetic
acid, =102 nmol/h for acetic acid in the presence of montmorillonite, and up to —6 nmol/h for

oxalate.
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Figure 3.6: Concentrations of the species of formic acid (A), acetic acid (B), and oxalic acid (C)

in aqueous subsamples from hydrous pyrolysis experiments at 120 °C, given in [umol/1]. For the
intervals between data points, mid-point step plots representing the derived net generation rates

(green) of the three LMWOA and their respective calculated thermal decomposition rates (red)
complement the data. The decomposition rates are based on published kinetic data. The rates are
reported in [nmol/h]. For acetic acid species, two different decomposition rates are depicted — one
by the dashed yellow line for an aqueous acetic acid solution, another in the red area for an
aqueous acetic acid solution in the presence of the clay mineral montmorillonite. Error bars
assume an analytical reproducibility of =1 pmol/l and are often smaller than the symbol size used

in the figure.
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In a short initial interval, net generation rates of formate at 120 °C exceeded calculated rates of
thermal decomposition by four orders of magnitude (Fig. 3.6 A). When the generation of
formate from Opalinus Clay organic matter slowed down or ceased, the net rate of generation
became negative. Based on the presence of formate in samples throughout the hydrous pyrolysis
experiments, formate generation probably occurred. In this context, the calculated rate of
thermal decomposition of formate after McCollom and Seewald (2003a) illustrates two points.
First, while the net rate of generation does not show any indication of thermal decomposition
of formate in the beginning of the experiment, the kinetic data emphasizes that a small portion
of the formate must have decomposed simultaneously. Consequently, the gross rate comprises
the rate of the thermal decomposition at a given temperature and in a specific time interval,
added to the observed rate of the generation in the same time interval. Therefore, the
concentration is a snapshot of competing reaction rates. Secondly, the negative net rate of
generation in this study is three to four orders of magnitude higher than the one calculated using
the kinetic data of McCollom and Seewald (2003a). This might be due to different experimental
approaches. This study used ground natural claystone composed of several minerals and
complex organic matter mixed with water. McCollom and Seewald (2003a), on the other hand,
used aqueous solutions of formate in the presence of different sets of catalytically active
minerals (hematite, magnetite, serpentinized olivine, NiFe-alloy). The presence of clay
minerals (e.g., smectite) in the present study might have accelerated the thermal decomposition
of formate, contributing to the generation of different CO; species (Muraleedharan et al., 2021).
In order to investigate the speciation behavior and reaction mechanisms of formic acid and
water in the presence of Na-montmorillonite, Muraleedharan et al. (2021) performed
experiments and IR-measurements at 200 °C and 0.1 MPa. These authors demonstrated that —
amongst others — formic acid decomposed via a water-assisted surface catalytic pathway to CO,
which led to the indirect formation of CO,. The clay interlayer, notably the edges and facets,
facilitated the transformation of formic acid to CO, CO2 and other aqueous CO> species. As a
result, Na-carbonate precipitation from carbonic acid conversion (kinetically favored over
formate; 121 kJ/mol vs. 419 kJ/mol) was observed in the clay interlayer (Muraleedharan et al.,
2021). This might have an impact on porosity in natural environments where pronounced formic
acid/formate generation from organic matter occurs (e.g., Zhu et al. 2015). Porosity changes
are relevant in the Opalinus Clay since it was chosen as the host rock for heat-generating, high-

level nuclear waste (Delage et al., 2010) in Switzerland.

In the case of acetate, the net rate of generation clearly demonstrates that the generation of

acetic acid in the experiments significantly exceeds its thermal decomposition by at least four
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orders of magnitude (Fig. 3.6 B). This is consistent with the increasing concentration over the
course of the experiments (Fig. 3.6 B). Even though the net rate of generation significantly
decreases over time, the rate of thermal decomposition never surpasses it. The rate data
underline that a concentration profile may show no sign of a simultaneous thermal
decomposition process over several hundred hours, while kinetic data emphasize its presence.
In addition, the two calculated rates of thermal decomposition of acetate in the absence (Fig.
3.6, orange dashed line) and in the presence of the clay mineral montmorillonite (Fig. 3.6, red
step plot) demonstrate the impact of some mineral phases, i.e., the acceleration of the thermal

decomposition of acetate.

In contrast to the several orders of magnitude difference between the rates of net generation and
the rates of thermal decomposition for formate and acetate, there is only about one order of
magnitude difference in the two rates for oxalate (Fig. 3.6 C). After a short interval of slightly
elevated rates of net generation (experimental data), the calculated rate of the thermal
decomposition of oxalate (kinetic data) approximately equals its net rate of generation. This
finding suggests that twice the amount of oxalate was generated under the experimental
conditions, which is not evident from the concentration data. If this finding was applied to a
natural subsurface environment (~120 °C), a doubling in the concentration of oxalate in pore
water likely has direct implications for the interpretation of mineral dissolution and the

assessment of secondary porosity (Surdam et al., 1984).

The combination of experimental LMWOA generation data at different temperatures with the
supporting kinetic thermal decomposition data from the literature clearly is strong evidence that
experimental LMWOA generation — in this and other experimental studies — needs to be
corrected for the quantity of the thermal decomposition of individual LMWOA. This is needed

to obtain reliable quantitative information on the gross generation of LMWOA.
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4.3 Implications for geological settings

4.3.1 Concentrations of LMWOA in pore water

The highest amount of LMWOA of 15.5 pumol was observed at 200 °C after 504 hours. This
quantity corresponds to 315 pmol/l, which is higher than concentrations of LMWOA in pore
water in most natural environments including natural claystone formations (Thury and Bossart,
1999; Courdouan et al., 2007; Méder and Waber, 2017), marine sediments (Heuer et al., 2009;
Glombitza et al., 2019), or hydrothermal systems (Martens, 1990; Lang et al., 2010; Zhuang et
al., 2019b). Hence, physical parameters such as the bulk density, porosity, and water content
need to be considered when LMWOA generation under elevated temperature conditions are
studied in a theoretical natural setting. The solid-liquid ratio in the experiments is significantly
higher than in claystone formations or (semi-) consolidated marine sediments. To provide a
comparison between experimental results and a natural environment, we assume the LMWOA
generated in the hydrous pyrolysis experiments were released within a body of claystone or
marine sediment of known porosity and water content. The resulting concentrations of formate,
acetate, and oxalate were calculated in pore water of a sedimentary body with known physical
parameters. Two geological settings were chosen: (1) the Opalinus Clay formation (Mont Terri,
Switzerland; Bossart and Thury, 2008) and (2) a Nankai Trough sediment consisting of semi
consolidated mudstone (Heuer et al., 2017). The selected physical parameters and the results
are presented in Table 3.5. The following relationship gave the expected concentration of a

compound in pore water:
camwoa)y [hmol/l] = (n/(ms/ps) X ®)/1000

where 7 is the amount of substance of a LMWOA from the gold bag experiments in [umol] in
1 kg of claystone, ms is the mass of the rock/sediment in [kg] (assumed to be 1 kg), ps is the
bulk density of the rock/sediment in [kg/m?], and @ is the porosity (dimensionless). It was
assumed that the resulting pore volume was completely filled with water and it was not account

for variations in salinity or temperature.

The calculations suggest that the generation of LMWOA at elevated temperatures and in the
presence of minerals and water saturation can result in concentrations of LMWOA in pore water
from 60 pmol/l to 5.4 mmol/l — depending on the respective compound (Table 3.5). It is likely
that higher concentrations of LMWOA in pore water could result from the exposure of organic

carbon-rich clay and claystone to elevated temperatures (e.g., Barth et al., 1989).
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Table 3.5: Calculated pore water concentrations of formate, acetate, and oxalate in two
environmental settings after Bossart and Thury (2008) and Heuer et al. (2017). Results refer to 1
kg of sediment, the pore space of which was assumed to be water saturated. The molar amount of
each compound that was used for this calculation was the maximum molar amount determined in
aqueous fluid samples from hydrous pyrolysis experiments at the respective temperature.

Opalinus Clay (Mont Terri, Nankai Trough (IODP Exp. 370 Site
Parameter/Compound Switzerland) ( COOBAY ( P
Bulk density [g/cm?] 2.45 2.01
Porosity 0.14 0.415
Pore water [1] 0.057 0.206
Formate (80 °C) [pmol/1] 690 190
Formate (200 °C) [umol/1] 600 170
Acetate (80 °C) [umol/1] 1390 390
Acetate (200 °C) [umol/1] 5420 1500
Oxalate (120 °C) [umol/1] 1300 360

*Sample 370-C0023A-26R-5, 101.0; 508.73 m below seafloor; https://doi.org/10.14379/iodp.proc.370.103.2017

The calculations, together with the net and gross generation rate information presented in
Section 4.2.3, demonstrate that millimolar concentrations of LMWOA in pore water might
accumulate on short timescales (~14 d) after a claystone was exposed to elevated temperatures.
Therefore, the additional information gained by using reaction rate data could aid the
interpretation of vertical pore water profiles of individual LMWOA. If one considers microbial
activity as an additional and simultaneous process enhancing or reducing the concentration of
LMWOA in pore water, differences between biological processes (i.e., an active deep
biosphere) and thermochemical reactions might be separable from each other and be used as

individual constituents to a net generation and decomposition estimation.

Mauclaire et al. (2007) and Stroes-Gasconye et al. (2007) identified an active indigenous
microbial community in the Opalinus Clay. Cell counts from incubation experiments gave up
to 2 x 10° cells per mL media. Pearson et al. (2003) found that the stable hydrogen and carbon
isotopic composition of methane in boreholes at the Mont Terri URL were affected by acetate
fermentation. Acetate oxidation gave rates of approximately 2 nmol/Ixs in batch incubations
using marine sediments conducted over 13 days in the dark at 6 °C (Vandieken et al., 2012). At
this rate, acetate in the Opalinus Clay pore water (Table 3.5, ccetatey at 80 °C) would be
consumed within eight days, assuming no further generation of acetate from organic matter
transformation takes place. The transfer of acetate oxidation rates from their experiments to the
Opalinus Clay environment is an estimation indicating that an active microbial community

might affect the concentration of LMWOA in pore water drastically. As in situ temperatures in
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the Opalinus Clay at Mont Terri are ~15 °C, microbial activity might proceed under cryophilic

to mesophilic temperature conditions (e.g., 5-35 °C).
4.3.2 Gas generation and mineral dissolution (secondary porosity)

Methane and CO; can originate from the thermal decarboxylation of e.g., acetic acid (Carothers
and Kharaka, 1978). The rate constant for the thermal decomposition of acetic acid in the
presence of montmorillonite (k = 1.30x107%/s at 100 °C; Bell et al., 1994) was employed to
estimate gas generation under diagenetic to catagenetic conditions. The application of the
decomposition rate to a fixed amount of 145 umol/kg clay acetic acid (=120 umol/l, gold bag
experiment at 120 °C) produced by the heating of Opalinus Clay organic matter suggests that
0.7 nmol CO; and CH4 per kg Opalinus Clay per hour [nmol/kg h] might be generated,
respectively. This translates to approximately 610 umol CO> and CH4 per kg Opalinus Clay in
one hundred years. According to CO> concentration data (Fig. 3.1 B), this amount is still
significantly below the amount of CO; observed at the quasi-steady state in the hydrous
pyrolysis experiments after >600 hours. The above-mentioned amount of CO; from the thermal
decomposition of acetic acid might be an overestimation, as Bell et al. (1994) added pure
montmorillonite to their experiments. In contrast, in the natural Opalinus Clay system
montmorillonite accounts only for about a quarter of the total mineral assemblage (see section
3.1). In addition, this calculation considered only acetic acid as a potential source of natural
gas, while a multitude of other organic molecules are likely subjected to thermal decomposition
and subsequent gas generation, too. McCollom and Seewald (2003b) observed the oxidation of
acetic acid and acetate in the presence of iron minerals such as hematite. These authors
concluded that the oxidation of acetic acid and acetate can have a larger impact than
decarboxylation of the compounds, resulting in high CO> yields instead of the release of equal
amounts of CO; and CH4. Jockwer et al. (2007) performed an in situ heating experiment in the
Opalinus Clay formation in Switzerland (Mont Terri). They monitored gas generation in
experiments over the duration of 18 months. Eventually, the concentration of CO; in gas
samples stabilized within a range of 2 vol% to 3.6 vol%. At the same time, CH4 accounted for

up to 0.3 vol% of the gases.

At the end of the hydrous pyrolysis experiment of the current study, the amount of CO2 and
CH, generated at 120 °C and after 672 h was 18 mmol/kg clay and 1 pmol/kg clay, respectively.
Therefore, CO> generated from the thermal decomposition of LMWOA is less significant than
from other possible sources such as dissolved organic matter and carbonate mineral dissolution

during the heating of Opalinus Clay. CH4 might be generated in significant proportions via
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LMWOA decomposition, compared to its generation from other organic compounds during

heating experiments.

Oxalate increases metal-ion solubility (Surdam et al., 1984; MacGowan and Surdam, 1988;
Harrison and Thyne, 1992) and, hence, might enhance the porosity in a geological formation
(Surdam et al., 1984). At 100 °C and in the presence of 10 mmol oxalate, Surdam et al. (1984)
observed mineral dissolution within two weeks. The calculated half-lives of oxalate for <160 °C
in combination with the generation data (Fig. 3.2 C) indicate that oxalate is likely stable in a
geological setting for several weeks or more. Consequently, oxalate may have the potential to
affect the porosity in geological formations (e.g., Li et al., 2018). On the other hand, Bevan and
Savage (1989) suggested that K-feldspar dissolution was higher at 95 °C than at 70 °C and at a
neutral pH. Under those experimental conditions, the K-feldspar dissolution was not the

predominant result of aluminum complexation by LMWOA (Bevan and Savage, 1989).

The results of the present study suggest that at elevated temperatures, monocarboxylic
LMWOA are more stable than dicarboxylic LMWOA (acetic acid >> formate ~ oxalate). This
observation is in line with the kinetic reaction rate constants for the individual compounds
(Palmer and Drummond, 1986; Crossey, 1991; McCollom and Seewald, 2003a). In addition,
Kharaka et al. (1993) observed very similar molecular LMWOA generation patterns in hydrous
pyrolysis experiments with crude oils. Kharaka et al. (1993) pointed out that the thermal
decomposition rate of formate and oxalate surpassed their respective generation rates after a
short initial maximum concentration early in their experiments. Meanwhile, the concentration

of acetate showed a constant increase over the course of the experiments.
5. Conclusion

In hydrous pyrolysis experiments, the organic matter poor Opalinus Clay (TOC 0.64 wt.%)
produced significant amounts of low-molecular-weight organic acids under elevated
temperature and pressure conditions mimicking diagenesis and catagenesis (80-200 °C,
20 MPa). The effect of temperature was investigated using Dickson-type flexible gold-titanium
reaction cells. The approach yielded amounts of LMWOA up to 15.5 pmol per kilogram clay

and compound at the investigated temperatures.

Calculated reaction rates from experiments and literature data indicate that thermal LMWOA
generation and decomposition proceed simultaneously in the temperature range of 80 to 200 °C.
Net rates of LMWOA generation in hydrous pyrolysis experiments are minimum estimates and

can be improved using compound specific thermal decomposition reaction rate constants.

68



Our study suggests that under certain conditions, thermal LMWOA generation results in
millimolar concentrations in claystone formations, higher than known measured concentrations.
Referring to earlier studies investigating the characteristics of LMWOA, these compounds have
the potential to accelerate mineral dissolution, enhance gas generation, affect metal-ion
complexation, alter sorption processes, and provide feedstock for microbial life in the Opalinus
Clay. Calculated half-lives for the thermal decomposition of selected LMWOA (<200 °C) down
to 2.81 x 1073 years support the relevance for such a (bio-) geochemical impact of the LMWOA.

The new quantitative data will facilitate the modelling of production/decomposition and local
pore water concentrations of LMWOA during for example natural heating during subsidence,

or a nearby thermal intrusion.

Finally, our study highlights the need of further research focusing on the thermal decomposition
of LMWOA in aqueous solutions in the presence of natural mineral assemblages containing
sedimentary organic matter. New kinetic data for the thermal decomposition of specific
LMWOA in the presence of claystone would enable LMWOA quantification in mineral phases—

organic matter—water interactions.
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Abstract

Claystone formations are candidate host rocks for high-level heat-emitting nuclear waste
(HLW). Temperatures from 90—150 °C at the container surface are discussed internationally as
potential emplacement and storage conditions. The thermal energy emitted from waste
containers will be transported into the host rock formation, accelerating chemical reactions
including the release of sorbed and dissolved gases and the generation of new gases. This study
investigated gas release and generation in Opalinus Clay from Mont Terri (Switzerland) at
elevated temperature and pressure conditions relevant for HLW storage and beyond. Hydrous
pyrolysis experiments were conducted in Dickson-type flexible gold-titanium reaction cells and
gold capsules in the temperature range of 80-345°C and at 20 MPa. COyg was the
predominant product, followed by Ci—C4 hydrocarbons, which decrease in abundance with
increasing carbon atom number. Neither CO nor H»S was detected. H, was generated only in
high temperature experiments at 315 °C and 345 °C, respectively. A combination of COx(g)
quantification, stable carbon isotopic composition data, thermodynamic calculations and
aqueous fluid composition (dissolved ions, pH) demonstrated that >80 % of the measured
COy(g) originated from carbonate mineral dissolution. The model calculations also suggest that
the fraction of COzuq) in DIC increases from ~50 % at 80 °C to nearly 100 % at higher
temperatures. Thermal transformation of organic matter represented an additional source for
COz(g) and was the predominant process yielding the C1—C4 hydrocarbons. Our findings stress
the importance of quantitative geochemical data for the safety assessment of potential host
rocks for HLW storage. We demonstrated that two sources are involved in gas release and
generation at temperatures relevant for HLW storage, e.g., in the Opalinus Clay — organic matter
and carbonate minerals. Our data will contribute to numerical modelling studies and the

refinement of feature, events, and processes (FEP) catalogues.
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1. Introduction

Gas generation during the post-closure phase of a repository for high-level heat-emitting
nuclear waste (HLW) is a scenario in features, events, and processes (FEP) catalogues
(Lommerzheim et al. 2019), which develop safety concepts for future repository system
evolution. Gas generation is an integral safety criterion for the long-term operation of a
repository due to the possibility of e.g., gas pressure induced pore water displacement (Kim et
al. 2011) and subsequent mobilization of radionuclides. Gas release might occur in areas of a
repository where fracturing of the rock from the construction of drifts results in a pressure
gradient between the surrounding rock formation and the drift, allowing gases to migrate or to
exsolve from pore water. The part of the rock affected by construction-related fracturing is
called the excavation damage zone (EDZ; Bossart et al. 2017) with an extension of up to 3 m
into the surrounding rock (value reported for Opalinus Clay; Riibel et al. 2002). Internationally,
different host rock types and storage concepts for HLW are under consideration, also claystone
formations. In the vicinity of waste containers, temperature conditions are expected to reach
90-150 °C (Delage et al. 2010; Greenberg et al. 2013; Grambow 2016; Lommerzheim et al.
2019; Tourchi et al. 2021). Elevated temperatures will prevail for several hundred to thousands
of years (Johnson et al. 2002; Delage et al. 2010; Bossart et al. 2017) before heat emission from
the radioactive decay ceases. Therefore, safety concepts for a repository include engineered
barriers around waste containers. One is a compacted mixture of sand and bentonite, which
offers good heat-conduction into the host rock formation (Delage et al. 2010). The natural
barrier properties of claystone formations were not negatively affected by thermal stress applied
to the rock in laboratory experiments or during in situ testing in underground research
laboratories (URL; Kull et al. 2007; Savoye et al. 2011; Zhang et al. 2017). Nevertheless,
increasing temperature in a host rock formation will accelerate chemical reactions such as
organic matter transformation, mineral dissolution and precipitation, and sorption processes for

dissolved ions, water-soluble organic compounds and gases (e.g., Hendry et al. 2015).

Jobmann and Meleshyn (2015) implied that organic matter transformation in a clay host rock
might be negligible at temperatures between 100—150 °C over a period of 10,000 years. The
possibility of gas release through carbonate mineral dissolution at elevated temperatures in the
presence of pore water was not addressed (see Jobmann and Meleshyn 2015). In contrast,
numerous experimental studies demonstrated that organic matter transformation at elevated
temperatures generates substantial amounts of COx() and hydrocarbons (e.g., Andresen et al.

1995; Ma et al. 2021). Moreover, high temperatures caused a significant increase in thermal
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maturity of organic matter as indicated by changes in biomarker composition (Elie and Mazurek
2008). Wei et al. (2018) showed that gas generation from shales and coals in laboratory

experiments occurred at temperatures as low as 60 °C.

Gas release/generation was investigated in in situ studies as well as in laboratory experiments
using sample material from the Opalinus Clay formation, the host rock for the geological
disposal of HLW in Switzerland. An in situ heating (HE-) experiment in the Mont Terri URL
(Switzerland) demonstrated that gas release/generation occurred when a heater (100 °C) was
placed in the rock formation over a period of several months (Jockwer et al. 2007). A significant
increase in the amount of COx) and C1—C4 hydrocarbons in monitoring boreholes around the
heater was observed. The molecular abundance pattern of the gases was COz(g) >> CH4 > ) Co—

Cs (Jockwer et al. 2007).

In a full-scale emplacement in situ experiment in the Mont Terri URL, three heaters (140 °C)
were placed in a repository-like drift in the Opalinus Clay. The experiment initiated gas
generation and the long-term heating led to increased gas partial pressures by a few millibar
over the course of several months (Tomonaga et al. 2019). Tomonaga et al. (2019) concluded
that Opalinus Clay pore water might be a source for gases including CO2(g) and CHs. While
Tomonaga et al. (2019) did not include information on pore water chemistry, Henning et al.
(2020) stressed the importance of pore water chemistry data as the concentrations of dissolved
ions and the aqueous fluid pH directly affect the speciation of radionuclides such as uranium.
Moreover, the speciation of dissolved COx(q), HCO3", and COs* (dissolved inorganic carbon;
DIC) are equally affected by solution pH and dissolved ions (Tripati et al. 2015). DIC comprises
the dissolved carbon-species stated above, but also related contact ion pairs such as

CaHCO3" ag), MgHCO3 " (ag), and MgCO3(ag).

Jockwer et al. (2006) conducted heating experiments with Opalinus Clay drill cores in the
laboratory. The cores were heated in stainless steel vessels at 95 °C for up to 100 days in the
absence of water. COz) was the most abundant gas. The experiments demonstrated that the
concentration of COxg) was constant after 10 days, but changes in the concentration of the C;—

C4 hydrocarbons were observed afterwards (Jockwer et al. 2006).

Sauer et al. (2020) performed hydrous pyrolysis experiments (200—-300 °C) with Opalinus Clay
and Wyoming bentonite in Dickson-type flexible gold-titanium reaction cells. During sampling
of aqueous fluid samples, these authors often observed a gas phase in the gastight syringe

containing the aqueous sample. Due to the absent smell of H>S and the sample material used,
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Sauer et al. (2020) assumed that the gas phase might be dominated CO(g). However, no analyses

of the gas composition were performed.

In order to assess chemical reaction mechanisms of the thermal transformation of organic
matter, several studies performed heating experiments at different temperatures to calculate
kinetic parameters for gas generation reactions yielding CO2) and C1—C4 hydrocarbons (Barth
et al. 1989; Knauss et al. 1997). Barth et al. (1989) calculated activation energies between 70
and 90 kJ/mol for C;—C4 hydrocarbons generated from Kimmeridge oil shale. The activation
energy for COx(g) generation was 43 kJ/mol (Barth et al. 1989). Seewald et al. (1998) compiled
an activation energy distribution for the generation of COx() and Ci—Cs4 hydrocarbons from
three different shales, in which inorganic carbon was removed prior to the experiments.
Seewald et al. (1998) demonstrated that the generation of COx(g) from organic matter proceeded
in an activation energy range from 40—60 kJ/mol. For the majority of C1—C4 hydrocarbons,
Seewald et al. (1998) reported activation energies of >60 kJ/mol. Burnham et al. (1992)
determined activation energies of 4448 kJ/mol for the generation of CO2(). For experimental
data obtained at a pressure of 30 MPa, Knauss et al. (1997) calculated activation energies for

the generation of C;—C4 hydrocarbons between 52 kJ/mol and 65 kJ/mol.

Although several studies investigated gas release/generation from Opalinus Clay, little attention
had been payed to underlying geochemical processes and the sources of the gases. Therefore,
we performed five hydrous pyrolysis experiments using Dickson-type flexible gold-titanium
reaction cells (further referred to as ‘gold bags’; Dickson et al. 1963; Seyfried Jr. et al. 1987;
Ostertag-Henning et al. 2019) and nine hydrous pyrolysis experiments in gold capsules in order
to quantify the amount of gases generated from Opalinus Clay (Mont Terri URL, Switzerland).
The chosen temperature range was 80—345 °C and the pressure was 20 MPa. To our knowledge
only Sauer et al. (2020) performed hydrous pyrolysis experiments with Opalinus Clay in gold
bags in an overlapping temperature range (200-300 °C). However, their focus was on potential
mineralogical changes through the interaction of Opalinus Clay with Wyoming bentonite at
high temperatures caused by modelled container surface temperatures up to 299 °C (see
Greenberg et al. 2013). In the present study, we also calculated kinetic parameters for formation
reactions of COxg) and C1—C4 hydrocarbons. We identified the contributions of the inorganic
carbon pool (carbonate minerals and DIC) and of the bulk organic matter to the overall COx(g)
released/generated by using the stable carbon isotopic information (5!°C) of COx). The origin
of COz) and C1—C4 hydrocarbons is of importance for FEP catalogues and long-term HLW
repository safety concepts. Moreover, quantitative data is used in numerical models simulating

the post-closure phase in a repository for HLW.
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2. Materials and methods

2.1. Sample material

A drill core was obtained from borehole BHE-F1 in the Opalinus Clay formation at Mont Terri
URL (St. Ursanne, Switzerland). Immediately after drilling, the material was stored in an
evacuated aluminum-lined bag, which was placed in a sealed core liner at room temperature
and nitrogen overpressure to prevent oxygen from entering the liner. The sample material for
this study came from the core section of 2.02-2.22 m. The material was crushed with a jaw
crusher at room temperature and further homogenized by grinding with an automatized mortar
and pestle at ambient conditions. In order to prevent alteration of the organic matter in the
sample material by thermal stress, special attention ensured that the grinding did not
substantially heat the sample material. The grinding process was stopped when the equipment
became hand-warm. The ground sample material was stored in glass bottles at room
temperature in a nitrogen atmosphere. Mineralogical and geochemical information on the
sample material are presented in Table 4.1.

Table 4.1: Geochemical parameters and mineralogical composition (quantitative XRD analysis)

of Opalinus Clay sample material from the BHE-F1 borehole in the Mont Terri underground rock

laboratory (URL; Switzerland) after Helten et al. (2022). TOC = total organic carbon; TIC = total
inorganic carbon; TS = total sulfur.

Illite/

TOC TIC TS . Calcite Kaolinite ~ Muscovite  Quartz  Chlorite  Feldspar ~ Other
smectite
[Wwt%]  [wt%]  [wt%] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%]
0.64 4.11 1.02 26 21 19 11 10 4 4 5

2.2. Hydrous pyrolysis experiments
2.2.1 Flexible gold-titanium reaction cells (gold bags)

One set of hydrous pyrolysis experiments was performed in Parr Instrument Company high-
pressure vessels (type 4650) connected to a Teledyne ISCO syringe pump. The pump
maintained isobaric conditions of 20 MPa throughout the experiments. The pressure conditions
equal those encountered approximately 800 m below the surface, which is a potential depth for
a HLW repository facility (Lommerzheim et al. 2019). Five hydrous pyrolysis experiments
were conducted at 80, 120, 120, 160, and 200 °C, respectively. This temperature range covers
the presumed temperature conditions close to waste containers in a repository environment and
exceeds this range in order to calculate kinetic parameters. Temperature and pressure were

logged for each experiment. Gold bags (V ~0.12 1) were loaded with 50 g ground Opalinus Clay
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and 80-90 ml No-purged HPLC-grade water — taking into account the expansion of the water
at elevated temperatures and at 20 MPa. Detailed experimental parameters can be obtained from

Helten et al. (2022).

A thorough protocol describing the design and assembly of the reaction cell can be found in
Ostertag-Henning et al. (2019). Prior to the start of an experiment, two leak tests were
performed to assure the tightness of the reaction cell. Then, the gas headspace in the gold bag
was removed. The duration of the experiments was 504—906 hours, with intermittent sampling
of the gold bags. Aqueous fluid samples were withdrawn from the gold bags through a titanium
valve with a gastight syringe equipped with a Luer-lock adapter. Since the aqueous fluid in the
titanium tube and in the sampling valve was probably not well mixed with the fluid in a gold
bag between sampling events, a flush volume of 1 ml was removed. The flush volume was used
for pH measurements (Mettler Toledo Seven Excellence, analytical precision = 0.01 pH units).
The fast diffusion rate of protons should ensure a representative sample. The sampling volume
was 2 ml. Aqueous samples were transferred into N>-purged 21.5-ml headspace vials sealed
with PTFE-lined aluminum caps with a butyl septum. The exact sample mass was determined

gravimetrically.
2.2.2  Gold capsules

Gold tube was cut into 6-cm long pieces. The tube pieces were cleaned with acetone and, after
evaporation of all solvent, were placed in a muffle furnace at 700 °C for 10 minutes. The gold
tubes were taken from the hot furnace and were tipped over into a large beaker filled with
distilled water to quench the gold. The gold tubes were dried at 105 °C. Flat pliers were used
to manually compress one end of a gold tube. A straight edge was created by cutting the edge
with a pair of scissors. Then, the straight edge was spot-welded. Gold capsules were loaded
with 0.25 g ground Opalinus Clay and 0.45 ml N»-purged HPLC-grade water — the same water-
rock ratio used for the gold bag experiments. A custom-made setup was used to evacuate the
half-sealed and loaded gold tubes. Some water might have evaporated in the process. They were
flushed twice with N> to remove traces of remaining air, and a final pressure of 0.2 MPa N>
(absolute) was established. Then, the other end of the gold capsule was sealed. Prior to an
experiment, a leak test was performed at 105 °C for 30 minutes with all gold capsules to be
used in experiments at temperatures above 120 °C. If the mass of a capsule was constant within

<0.00005 g it was considered tight.
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Parr Instrument Company high-pressure reactors (type 4740) were used for the hydrous
pyrolysis experiments with gold capsules. The capsules were placed in a sample holder, which
was submerged in the water-filled reactor body. Prior to heating, a safety and a leak check were
performed. A Teledyne ISCO syringe pump was used to maintain isobaric conditions of
20 MPa. A heating sleeve maintained isothermal conditions after a short heating phase. The
temperature and the pressure were logged over the course of the experiments. After an
experiment, the gold capsules were cleaned with water, methanol (MeOH), and
dichloromethane (DCM). After drying, each capsule was transferred into a 21.5-ml headspace
vial, which was sealed with a PTFE-lined butyl septum and an aluminum cap. The headspace
vials were flushed with N> for 15 minutes to remove air. Approximately 15 minutes prior to
analysis, a gold capsule was pierced several times through the septum with a sharp tungsten
electrode and the vial was shaken carefully to allow the gases from the gold capsule to migrate

into the headspace.
2.3. Quantification of gases

A 1-ml gas sample was transferred into an evacuated gas injection unit (V = 6.8 ml; p = 6 hPa)
of a modified refinery gas analyzer (RGA). For each sample, the gas inlet pressure was recorded
to calculate the molar amount of substance [nmol] of each gas in the sample. COz) was
separated on a 1-m and a 2-m packed Plot Q column as well as on a 1-m mole sieve (MS5A)
column after splittless injection from a 250-ul sample loop. Compound separation was achieved
under isothermal conditions of 70 °C. COz) was detected with a thermal conductivity detector
(TCD). Pre-separation of hydrocarbons was performed on a 1.4-m HP polysiloxane-polymer
column after split (1:1 or 1:30)/splittless injection from a 1-ml sample loop in a helium carrier
gas flow. Afterwards, the separation of hydrocarbons was achieved on a 50-m HP Al>O; Plot
column. The temperature program consisted of an isothermal phase at 50 °C for three minutes,
followed by a heating phase with 20 °C/min to a final temperature of 130 °C, which was held
for five minutes. Signal acquisition took place using a flame ionization detector (FID). The limit
of quantification for COz) with the TCD was 150 nmol, the limit of quantification at the FID
was 0.7 nmol for methane, 0.3 nmol for ethane, 0.2 nmol for propane, and 0.1 nmol for n-
butane, respectively. The relative standard deviation for compounds quantified with the FID

was less than +1.5 %rel, and for compounds quantified using the TCD less than £2.5 %rel.
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2.4. Stable carbon isotopic composition (8'*Ccoa)

Depending on the molar amount of COx(g) in a sample, an adequate volume of from a sample
was injected into a GC-c-irmMS system. An Agilent 6890 gas chromatograph equipped with a
25-m Poraplot Q column coupled to a Thermofisher MAT253 isotope ratio mass spectrometer
was used. The stable carbon isotopic composition of the COx(g) is reported in the delta notation
(8'3C) in per mil calculated against the international Pee Dee Belemnite (PDB) standard

(Rppe =0.0112372).
2.5. Thermodynamic model calculations

For the gold bag experiments, the molar amount of dissolved COz(q) in the aqueous fluid was
first approximated by the quantification of the molar amount of COz) exsolving from the

aqueous fluid sample aliquot in a gastight headspace vial (Fig. 4.1).
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Figure 4.1: Illustration of the experimental setup and conditions. Shown are the gold bag and the
headspace vial containing an aqueous sample from the gold bag. In addition, some of the carbon-
bearing components in the Opalinus Clay and in the aqueous fluid are indicated.
HC,.4 = hydrocarbons methane, ethane, propane, and »n-butane. Information on COx) and on the
aqueous fluid composition (dissolved ions) were used in thermodynamic model calculations to
determine the concentration of dissolved inorganic carbon (DIC) and the partial pressure of COxg)
(pCO») under experimental in situ conditions.

79



At pH values below 6 the amount of COx(g) represents the bulk of the inorganic carbon present
in a fluid sample at in situ pT-conditions. However, at pH values higher than 6, i.e. for most of
the samples taken during the gold bag experiments (Fig. 4.4 B), the amount of inorganic carbon
that remains dissolved in the aqueous fluid in the headspace vial is not negligible. To include
the amount of dissolved CO»-species in the calculation of the in situ partial pressure of COx(y)
(pCO2) and to correct for the temperature difference (20 °C vs. >80 °C), a three-step modelling
approach using Geochemist’s Workbench (GWB) 2021 (Bethke 1996) was employed:

(1) In a first approximation the exsolved molar amount of COy) in a headspace vial was
converted into a pCO» in the headspace vial using the known amount of gas volume in the vial.
(2) For this pCO> at room temperature (20 °C), which was the temperature in the headspace
vial during exsolution of COz(g), an equilibrium concentration of dissolved CO»-species in an
aqueous phase with the measured concentrations of cations (Na* 512 mg/l, Ca®" 130 mg/l, Mg?*
56.3 mg/l, K* 80.7 mg/l) and anions (CI" 211 mg/l, SO4* 1154 mg/l) in the sample was
calculated with pH as variable and charge balance option. Mineral precipitation was suppressed
in the calculations, but the fluid saturation state for minerals was monitored. The system
parameters after the equilibrium calculation were taken as new starting conditions and the molar
amount of COy(g) present in the headspace was back-dissolved into the aqueous fluid. (3) Again,
the entire system was taken as new starting composition and the temperature was raised
stepwise to the terminal experimental conditions of 80 and 120 °C. The resulting DIC
concentrations and pCOz are presented in Table 4.3 in Section 4.1. For 120 °C, the calculations
were carried out accordingly using the chemical composition data of the fluid at 120 °C (Na*

564 mg/l, Ca*" 151 mg/l, Mg?* 67.3 mg/l, K 68.8 mg/l, CI' 205 mg/l, SO4> 1234 mg/l).

GWB was also used to compute equilibrium compositions of rock and aqueous solution as a
function of temperature. The rock composition was taken from the mineralogical analyses of
Opalinus Clay reported in Table 4.1. To match the water-to-rock ratios in the experiments,
555 g of rock were added to 1 kg of water in the reaction path model. All thermodynamic
calculations were performed using a tailor-made SUPCRT92 thermodynamic database

(Johnson et al. 1991) for a pressure of 25 MPa.
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3. Results

3.1. COy) in gold bag experiments

The amount of COyg) is reported for 1-ml gas samples taken from headspace vials
(V =21.5 ml), which contained an aqueous fluid sample of approximately 2 ml. The data on
COy(e) presented here is the result of the exsolution of COz() from the aqueous fluid sample. At
80 °C the amount of substance of COz) was ~10 pumol and ~180 pmol at 200 °C (Fig. 4.2).
The stable carbon isotopic composition of COx () shows an enrichment of '*C with increasing
temperature. Between 80 °C and 200 °C, an increase of 6.3%o was observed. The difference in
the 8'3C-values between the experiments was largest between 80 °C and 120 °C (approx. 4%o).
In contrast, the difference in the §'*C-values between the experiments at 160 °C and 200 °C

was 0.7%o.
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Figure. 4.2: Amount of substance of COx) [pumol] exsolved from ~2-ml aqueous fluid samples
in headspace vials (V = 21.5 ml). The headspace vial was purged with N> prior to sample addition.
The gold bag experiments were conducted under isobaric conditions (20 MPa) and at 80, 120,
160 and 200 °C, respectively. A second experiment was conducted at 120 °C to validate the
experimental approach. Each data point represents a single measurement. The relative standard
deviation was less than £2.5 %rel. For data <160 °C, error bars are smaller than the symbol size.
Samples were measured at room temperature. The stable carbon isotopic composition of COxg
in the last sample in each experiment is shown in parentheses next to the plotted data. Isotopic
information is presented in the §-notation as 3'*Ccoa(g) reported in [%o vs. PDB].

81



3.2. C1—C4 hydrocarbons in gold bag experiments

The amount of C1—C4 hydrocarbons is reported for 1-ml gas samples taken from headspace vials
(V =21.5 ml), which contained an aqueous fluid sample of approximately 2 ml. The data on
C1—C4 hydrocarbons presented here is the result of the exsolution of the gases from aqueous
fluid samples. The amount of substance of Ci—Cs4 hydrocarbons [nmol] increased with
increasing temperature (Fig. 4.3). The molecular pattern in the order of the highest abundance
was CH4 > CoHg ~ C3Hg > n-C4Hjo for all samples. The highest yield was ~38 nmol for CHy at
200 °C and after 504 hours. The amounts of the other three gases were 3—5 nmol (200 °C,
504 h). At temperatures <160 °C only CH4 and C,Hes showed a continuous increase, while the
amount of C3Hg and n-C4Hio were relatively constant with increasing time. In contrast, at

200 °C the amount of substance of all gases showed a continuous increase.
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Figure 4.3: Amounts of C—C4 hydrocarbons [nmol] in a headspace vial (V =21.5 ml) with
approximately 2 ml aqueous sample fluid from gold bag hydrous pyrolysis experiments, using
50 g of ground Opalinus Clay with a rock-water ratio between 1:1.8 and 1:1.6. Experimental
temperatures were 80, 120, 160, and 200 °C, respectively. Isobaric pressure conditions of 20 MPa

were maintained throughout the experiments. A second experiment was conducted at 120 °C to

validate the experimental approach. Each data point represents a single measurement. The relative
standard deviation was less than £1.5 %rel and resulted in error bars smaller than the symbol size.

83

1000



3.3. COz) and C1—C4 hydrocarbons in gold capsules

The amounts of COx(g) and C—C4 hydrocarbons are reported for 1-ml gas samples taken from
headspace vials (V = 21.5 ml), which contained a punctured gold capsule with 0.25 g OPA and
0.45 ml HPLC-water. The data on COx(g) and C1—C4 hydrocarbons presented here are the result
of the exsolution of the gases from the aqueous fluid and from a free gas phase present in the

gold capsules.

The experimental data obtained from experiments with ground Opalinus Clay in gold capsules
after 72 hours resemble observations made in the sections above. The amount of COz) and Ci—
C4 hydrocarbons increased with increasing temperature (Table 4.2). Two duplicate experiments
at 200 °C and 315 °C showed a reproducibility better than 10 % for the individual yields. COx(g)
was the most abundant gas. The yields of the hydrocarbons decreased with increasing carbon
atom number (CH4 > CoHs > C3Hg > n-C4Hip). At 80 °C and 120 °C, no hydrocarbons were
detected. This is in agreement with observations made for ethane (80, 120 °C), propane (80 °C),
and n-butane (80 °C) in the hydrous pyrolysis experiments in gold bags (Fig. 4.3).
Table 4.2: Amounts of COx(g), C1—C4 hydrocarbons and H, [nmol] in 1-ml gas samples taken from
headspace vials (V =21.5 ml) after hydrous pyrolysis experiments in gold capsules under isobaric
conditions (20 MPa) and temperatures between 80 °C and 345 °C. The gold capsules contained
0.25 g ground Opalinus Clay and 0.45 ml N-purged HPLC-grade water. Each value represents a

single measurement. The relative standard deviation for CO,) was less than +2.5 %rel and less
than +1.5 %rel for the hydrocarbons.

Temperature Time COxy CH,4 C2Hs CsH;s n-C4Hjo H»
[°C] [h] [nmol] [nmol] [nmol] [nmol] [nmol] [nmol]
80 72 730 n.d. n.d. n.d. n.d. n.d.
120 72 3280 n.d. n.d. n.d. n.d. n.d.
160 72 6610 1.3 0.3 0.3 0.2 n.d.
200 72 27520 3.9 0.6 0.5 0.3 n.d.
200 72 26120 43 0.6 0.4 0.3 n.d.
260 72 38890 39.5 5.6 3.6 1.5 n.d.
315 72 88310 407 107 53 21 195
315 72 80740 379 102 51 20 n.d.
345 72 169640 708 214 109 46 473

n.d. = not detected.
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4. Discussion

COy) was the predominant compound among the released/generated gases from ground
Opalinus Clay, followed by C1—C4 hydrocarbons. This is in good agreement with results from
heating experiments in/with Opalinus Clay (Jockwer et al. 2006, 2007; Tomonaga et al. 2019)
or in hydrous pyrolysis experiments with shales (Barth et al. 1989; Knauss et al. 1997; Seewald
et al. 1998). Evidently, gas generation is a process to consider in the context of high-level

heat-emitting nuclear waste (HLW) disposal in claystone formations — even below 100 °C.
4.1. Dissolved inorganic carbon (DIC)

The measured amounts of COx) in the headspace vials (Fig. 4.2) clearly show that CO> is
released from Opalinus Clay in the course of interactions with water. The data also shows that
the CO; contents level after an initial increase, with the plateau height increasing with
temperature. For the 80 °C and 120 °C experiments, the amounts of DIC were calculated from

the measurement of COx(g) in the headspace (see Section 2.5).

For the experiment at 80 °C, a DIC concentration of 11.4 mmol/kg was calculated, and at
120 °C the calculated DIC concentration was 19.8 mmol/kg (Table 4.3). The calculated pCO>
for these experiments were 0.68 bar (80 °C) and 1.78 bar (120 °C). These pCO> values
correspond to COxuq concentrations of 6.1 and 12.2 mmol/kg, respectively (Table 4.3),
indicating that >50 % of the DIC was COxq). The pronounced rise in COx(g) in the gold capsules
(Table 4.2) and in the gold bag experiments (Fig. 4.2) with increasing temperature is consistent
with the results of model calculations in which Opalinus Clay (Table 4.1) was reacted with
water (Fig. 4.4 A). The model calculations also suggest that the fraction of CO2(q) in DIC
increases from ~50 % at 80 °C (Table 4.3) to nearly 100 % at temperatures that are close to or
higher than 200 °C. As Henning et al. (2020) pointed out, the geochemical composition of a
solution and its pH are highly relevant in the context of HLW disposal and repository safety.
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Table 4.3: Measured pH of aqueous fluid samples from hydrous pyrolysis experiments with
Opalinus Clay at 80 °C (sample 1908417, 719 h) and 120 °C (sample 2008018, 672 h). The pH
was measured in a 1-ml flush volume sample at 20 °C. In situ pH values and the concentrations
of DIC, COx(q), and pCO, were calculated with GWB React for in situ conditions in the flexible
gold-titanium reaction cells. STP = standard temperature and pressure; 20 °C and 1 bar absolute.

DIC at in situ CO2(aq) in situ

Temperature  pH (measured pH (calculated)  conditions pCO: atinssitu conditions [mmol/kg

[°C] at STP) [mmol/ke fluid] conditions [bar] fluid]
80 6.4 6.02 11.42 0.676 6.1
120 6.1 6.05 19.80 1.783 12.2
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Figure 4.4: (A) Predicted relation between temperature and DIC concentration and speciation
during reaction of water and Opalinus Clay (Table 4.1). Note the increase in COxaq) by a factor
of >300, which matches the measured increase in COy) in the headspace of the gold capsule
experiments (Table 2). Also note that the DIC speciation changes from subequal proportions of
COsaq) and HCO5 at 80 °C (Table 4.3) to completely CO»uq-dominated at higher temperatures.
(B) Cross plot of the amount of CO() [umol] measured in 1-ml gas samples from headspace vials
and the solution pH in the respective flush volume (from Helten et al. 2022). It has to be noted
that the pH likely shifted to slightly higher values due to the loss of some CO; by outgassing after
samples were transferred into a 2-ml Eppendorf cup.
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4.2. Stable carbon isotopic composition and sources of COx(g)

The contributions of inorganic and organic carbon-sourced COxq) to the DIC in the gold bag
experiments were assessed through the interpretation of the stable carbon isotopic composition
(8'3C) of the measured COx). The discussion of the §'3Ccoz includes a description of the
experimental procedure, the consideration of processes such as temperature-dependent isotope
fractionation, organic matter transformation at elevated temperatures, and the influence of the

solution pH on the speciation of COz(.q) in water.

The gold bags contained Opalinus Clay minerals, Opalinus Clay organic matter, and HPLC-
grade water. No free gas phase was present in a gold bag prior to heating and it was assumed
that no free gas phase formed during the experiment. Thus, chemical reactions proceeded
between dissolved compounds and solids. Gold bags were kept at isobaric (20 MPa) and
isothermal conditions (80, 120, 160, and 200 °C). During sampling, the aqueous fluid removed
from a gold bag was depressurized to near-atmospheric pressure, resulting in exsolution of
dissolved gases (Becker et al. 2015), including CO»(g). Helten et al. (2022) noted that this caused
a shift in pH by up to 1.2 pH units (5.9 vs. 7.1 at 160 °C), which affects the speciation of CO2(aq)
in water significantly. A cross-plot of the amount of substance of COx() measured in 1-ml
samples from headspace vials and the respective solution pH indicated that the pH is primarily
controlled by COz@q) and vice versa (Fig. 4.4 B). Based on the COy) data (Fig. 4.2) it was
assumed that an equilibrium-like state was attained between carbonate minerals and CO»-
species by the end of an experiment (see also Sauer et al. 2020). Each aqueous fluid sample was
a representative aliquot from the gold bag. On this basis, stable carbon isotopic fractionation
calculations were employed to interpret 3> Ccoa(e) and to quantify contributions from organic
and inorganic carbon sources in an isotope mass balance (IMB). The stable carbon isotopic
composition of the organic (TOC) and inorganic carbon (TIC) served as endmembers
contributing to a mixed §'3C signal in COx(). The 8"*Croc in Opalinus Clay sample material
was —26.2%o0 and the 8"*Cric was —1.6%o0 (Helten et al. 2022). The temperature for the
fractionation calculations during room temperature degassing and equilibration in the
headspace vials was assumed as 25 °C. An exact IMB cannot be achieved for the experimental
data as the influence of contact ion pairs (dissolved ions) in the aqueous fluid complicates a
reconstruction of the stable carbon isotope fractionation in the experiments (e.g., Le$niak and
Zawidzki 2006). Details on the stable carbon isotopic fractionation calculations and supporting

information can be found in the supplementary material of this study.
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The results of the IMB demonstrated that CO2) originated predominantly (>80 %) from
inorganic carbon, i.e. carbonate minerals. Up to 26 % of inorganic carbon and up to 6 % of
organic carbon were dissolved or transformed, respectively, at 200 °C (see supplementary

material Table S9).

The calculations demonstrated that carbonate mineral dissolution is a significant COz(g)-
yielding process, which needs to be accounted for during the post-closure phase of a repository

for HLW in water-saturated, carbonate-containing host rocks.
4.3. Sources for C1—C4 hydrocarbons

A potential origin for methane could be the Sabatier-reaction, in which carbon monoxide (CO)
and/or CO> react(s) with hydrogen (H2) to form methane (CH4). In the hydrous pyrolysis
experiments in gold bags, neither CO nor H> were detected. An exception were two experiments
in gold capsules at 315 °C and 345 °C. Therefore, at high temperatures the possibility of
methane generation from Opalinus Clay via the Sabatier-reaction exists — but this is beyond

temperatures discussed in the context of HLW disposal.

The thermal transformation of organic matter represented the main source of the Ci—Cs
hydrocarbons in the hydrous pyrolysis experiments with Opalinus Clay. Hydrocarbon gas
generation from source rocks has been demonstrated by several studies (Barth et al. 1989;
Knauss et al. 1997; Seewald et al. 1998; Wei et al. 2018). For samples from the Monterey,
Smackover, and Eutaw Shale, Seewald et al. (1998) reported a generation behavior similar to
the one observed in this study, i.e. increasing yields with increasing temperature and a
molecular pattern of COzg) > CH4 > C2Hg > C3Hg > n-C4Hjo for the hydrous pyrolysis products.
The increase of gas yields with increasing temperature and its approximation to a quasi-constant
amount of substance (Fig. 4.3) suggests that the extent of the generation of hydrocarbons might
be limited by the chemical composition of the kerogen, i.e., the availability of reactive groups.
As a result, once isothermal conditions prevail the thermal generation of hydrocarbons might
cease as most reactive groups available for thermal transformation will be removed from the
kerogen over time. This might limit the impact of hydrocarbons on pressure build-up in a HLW

repository.

The amount of gases that were released/generated at elevated temperatures (Fig. 4.2, Fig. 4.3,
and Table 4.2) within a few hours to weeks contradict the assumption of Jobmann and Meleshyn
(2015) according to which gas generation from organic matter transformation might be

negligible in potential host rocks in a period of 10,000 years. Nevertheless, it is acknowledged
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that due to the low quantities of hydrocarbons generated from Opalinus Clay at elevated
temperatures (Fig. 4.3), the effect of hydrocarbons on a pressure build-up in a HLW repository
might be small. But as the hydrocarbons are a possible carbon source for microorganisms, this

formation of new hydrocarbons should be considered nevertheless.
4.4. Reaction kinetics

To facilitate an extrapolation of gas release/generation over longer times, reaction rates and
kinetic parameters, i.e. activation energies (E,) and frequency factors (4) were calculated. For
this, the data from hydrous pyrolysis experiments in gold bags and in gold capsules obtained
after 72 hours was used. The reaction rate constant k£ was calculated for a given temperature

using the Arrhenius equation:
k = A X exp —(E,/RT)

where k is the reaction rate constant in [ 1/s], 4 is the frequency factor in [ 1/s], E, is the activation
energy in [J/mol], R is the universal gas constant defined as 8.314 J/mol K, and 7 the absolute

temperature in [K].
4.4.1 Activation energies E, and frequency factors 4

The data for the calculation of activation energies and frequency factors was selected based on
the linearity among the data on a logio-based scale. For COx(y) this applied to quasi-linear data
from 80-200 °C. For the hydrocarbons data from 160 °C to 200 °C have been used, also
because of the relevance of this temperature range in the context of HLW disposal in claystone

formations. The calculated activation energies and frequency factors are presented in Table 4.4.

Table 4.4: Calculated activation energies (E,) [kJ/mol] and frequency factors (4) [1/s] for the
release/generation of COxg) and Ci—C4 hydrocarbons from ground Opalinus Clay. In order to
assess the individual performance of the two experimental systems, i.e. gold bags and gold
capsules, the results are presented in separate columns. For CO,(), gold bag and gold capsule data
was used in the temperature range from 80—200 °C and 160200 °C for hydrocarbons.

Gold bags Gold capsules
COz(g) CH4 C2H5 C3Hg I’l-C4H10 COz(g) CH4 C2H6 C3Hg n-C4H10
[kJ;:;;ol] 43.7 67.2 47.5 36.8 35.5 40.8 49.5 26.2 25.4 25.1
A 7.69 4.06 4.22 2.83 1.60 4.41 6.61 2.54 1.64 1.09
[1/s] x10'0  x10° %109 x103 x103 x101° x107 x10% x10% x10%
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Most activation energies calculated from the hydrous pyrolysis data are in line with those from
other studies (Barth et al. 1989; Burnham et al. 1992; Knauss et al. 1997; Seewald et al. 1998).
In the case of COy), the calculated activation energies are in excellent agreement with values

reported in the literature.

Seewald et al. (1998) used fixed frequency factors (pre-exponential factors) for their activation
energy distribution model. Their frequency factors were in the order of 10'* [1/s] for COz() and
10'6 [1/s] for C1—C4 hydrocarbons, respectively. However, Seewald et al. (1998) pointed out
that a decrease of the frequency factor by one log unit results in a lowering of the respective
activation energy by 3 kcal/mol (~12.6 kJ/mol). Knauss et al. (1997) determined frequency
factors in an unconstrained model and reported a range from 10'! to 10'7 [1/s] for C1—C4
hydrocarbons (200-330 °C). Burnham et al. (1992) also used a kinetic model approach in which
the frequency factor for the generation of COx) was constrained to 10" [1/s] for temperatures
>250 °C. The experimentally derived frequency factors in the present study sharply contrast the
constrained model values stated above. For C1—Cs hydrocarbons, values in the order of 10* to
107 [1/s] were calculated from the experimental data (160—200 °C). Frequency factors for COx
were in the order of 10'° [1/s] (80-200 °C). The significant differences in frequency factors
used in the literature and the experimentally derived values in the present study might be due
to the respective focus of the studies. As the discussed temperature range for HLW disposal is
<200 °C, other studies were interested in gas yielding processes at temperatures mostly between
200 and 400 °C. Frequency factors for C;—C4 hydrocarbons from gold capsule experiments at
260-345 °C are significantly higher with values in the order of 10'? to 10! [1/s] and in the same
range as constrained values used in model calculations (Burnham et al. 1992; Knauss et al.
1997; Seewald et al. 1998). Only the frequency factor of COz(g) from gold capsule experiments
at 260345 °C does not change and is still in the order of 10'° [1/s]. This might be due to the
high carbonate content in the Opalinus Clay (Table 4.1) and the absence of carbonates in

kerogen-focused model calculations (Knauss et al. 1997; Seewald et al. 1998).
4.4.2 Reaction mechanism of gas generation

The Arrhenius-graph for COy) (Fig. 4.5) implies that the release/generation of COz) in
hydrous pyrolysis experiments in gold bags and gold capsules is to a large extent controlled by
a temperature-driven first order kinetic reaction. In contrast, the early COz(g) data from the
hydrous pyrolysis experiments in gold bags presented in Fig. 4.2 display a rapid mobilization
of COz from Opalinus Clay (160 and 200 °C), which was probably followed by an

equilibrium-like state between carbonate minerals and CO2(q) (>200 h). The rapid increase of
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COye was interpreted as dominated by carbonate dissolution, potentially masking the
contribution of organic matter derived COx() e.g., the decarboxylation of carboxylic groups
linked to kerogen at >200 °C (see also Fig. SF1 in the supplements; Ashida et al. 2005; Larsen
et al. 2005; Helten et al. 2022). As a result, activation energies for the release/generation of
COz have to be interpreted carefully as the COz) signal consists of contributions from
carbonate mineral dissolution and organic matter transformation (see Section 4.2). Data from
the literature suggests, however, that the activation energies calculated in the present study are
well within the range of activation energies for the generation of CO2() from sample material
containing carbonate minerals (Barth et al. 1989) as well as for material that was decalcified

prior to experiments (Seewald et al. 1998).
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Figure 4.5: Arrhenius-graph showing the reaction rates of COx) reported as In(k) in [nmol/kg h]
over the inverted temperature (1/Tx1000) in [K] after 72 hours in hydrous pyrolysis experiments
with ground Opalinus Clay. Orange diamonds = gold bags (temperature range 80—-200 °C); blue
diamonds = gold capsules (temperature range 80—345 °C). Some symbols in the plot overlap
because of the good reproducibility of the experiments. The relative standard deviation of £2.5 %
applied to the data resulted in error bars smaller than the symbol size. The unit [nmol/kg h] refers
to a mass of ground Opalinus Clay.
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The Arrhenius-graphs for Ci—Cs hydrocarbons (Fig. 4.6 A-D) display an overall good
reproducibility among the hydrous pyrolysis data sets. At lower temperatures the gold bags
yielded different amounts of gases than to be expected from the linear first order reaction
following Arrhenius, which might point to another process at low temperatures, e.g., sorption
processes including the retention of hydrocarbons by the clay-rich mud in the gold bag. The
graphs indicate that the generation of C1—C4 hydrocarbons from Opalinus Clay organic matter

is a temperature-driven process.
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Figure 4.6: Arrhenius-graphs showing the reaction rates of C—C4 hydrocarbons reported as In(k)
in [nmol/kg h] over the inverted temperature (1/T*x1000) in [K] after 72 hours in hydrous pyrolysis
experiments with ground Opalinus Clay. Orange symbols = gold bags (temperature range 80—

200 °C); blue symbols = gold capsules (temperature range 80—345 °C). Some scattering was
found in the plots at <120 °C, which coincides with data obtained close to the limit of
quantification. Some symbols in the plot overlap because of the good reproducibility. The dotted

linear regression line refers to gold capsule data only, because it covered the largest temperature
range. The relative standard deviation of 1.5 % applied to the data resulted in error bars smaller
than the symbol size. The unit [nmol/kg h] refers to a mass of ground Opalinus Clay.
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5. Conclusion

Hydrous pyrolysis experiments in flexible gold-titanium reaction cells (gold bags) and gold
capsules containing ground Opalinus Clay (Mont Terri, Switzerland) and HPLC-grade water
were conducted at temperatures relevant for the storage of high-level heat-generating nuclear
waste (HLW; 90-150 °C) — and up to 345 °C. The release/generation of COze) and Ci—C4
hydrocarbons was observed over the whole temperature range. The total amount of gases
increased with increasing temperature. Molecular hydrogen (Hz) was only detected in two
samples at 315 and 345 °C, which exceeds the temperature range discussed for HLW disposal.
Neither carbon monoxide (CO) nor hydrogen sulfide (H2S) were detected. COz) was the
predominant gas, followed by CH4 > C2Hs ~ C3Hg > n-CsHio. The evaluation of the stable
carbon isotopic composition of COyg), reaction rates and kinetic parameters identified
temperature-driven organic matter transformation as the major process leading to the generation
of C1—C4 hydrocarbons in Opalinus Clay. Combined information on the amount of COx(),
thermodynamic calculation data on the concentration of dissolved inorganic carbon (DIC), and
information on the stable carbon isotopic composition of COxg) from gold bag samples
demonstrated that >80 % of the COy) originated from carbonate mineral dissolution. The
model calculations also suggest that the fraction of CO2q) in DIC increases from ~50 % at
80 °C to nearly 100 % at higher temperatures. In total, up to 26 % of the inorganic carbon as
well as up to 6 % of the organic carbon in the Opalinus Clay were dissolved or transformed,
respectively, into COx(g) at 200 °C. However, no significant quantitative changes of inorganic
carbon in the solid sample, i.e. carbonate minerals, were detected on sample material analyzed
after the hydrous pyrolysis experiments, which is in line with literature data. Our findings
emphasize the importance of the safety criterion ‘gas generation’ in the feature, events, and
processes (FEP) catalogues for a repository for HLW. Our new quantitative data on gas
generation in Opalinus Clay and thermodynamic parameters will be used in numerical models

for assessing geochemical processes in claystone formations.
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Supplementary Material

Supplement I
Raw data for gases in gold bag (GB) experiments.

Table S1: Experimental gold bag sample data at 80 °C.

Vol. GB Vol

LIMS# Time before sam.ple pH COz CH4 C2H6 C3Hg n—C4H10
[h] sampling [m] [nmol]  [nmol] [nmol] [nmol] [nmol]

[ml]
1908407 2 87.054 1.948 7.8 36 0.30 0.00 0.00 0.00
1908408 24 84.106 1.930 8.2 361 0.54 0.00 0.00 0.00
1908409 70 81.176 1958 7.2 1838 0.77 0.00 0.11 0.08
1908410 170 78.218 1.977 69 4853 0.92 0.00 0.16 0.09
1908411 240 75.241 1.890 6.7 6763 0.95 0.17 0.21 0.13
1908412 314 72.251 1.970 6.5 8630 0.21 0.25 0.14
1908413 406 69.281 1.958 6.5 9648 1.16 0.24 0.28 0.16
1908414 503 66.323 1.850 6.5 9515 1.32 0.27 0.30 0.17
1908415 573 63.473 1.920 6.5 10795 1.39 0.28 0.32 0.19
1908416 646 60.553 1.970 64 10878 1.20 0.29 0.35 0.18
1908417 719 57.583 1.990 64 11382 1.21 0.30 0.34 0.16

Table S2: Experimental gold bag sample data at 120 °C.

Vol. GB Vol
LIMS# Time before sam-ple pH C02 CH4 C2H6 C3H8 1’1-C4H10
[h]  sampling [m] [nmol]  [nmol] [nmol] [nmol] [nmol]
[ml]
1912310 0 89 1.946 7.1 305 0.00 0.00 0.00 0.00
1912311 2 86.054 1.962 7.3 569 0.00 0.00 0.00 0.00
1912312 24 83.092 1.998 6.7 4554 0.53 0.17 0.13 0.11
1912313 72 80.094 1.999 6.5 10599 0.76 0.18 0.20 0.16
1912314 168 77.095 1.94 64 15872 1.16 0.26 0.38 0.27
1912315 240 74.255 1.943 6.3 19143 1.29 0.35 0.48 0.38
1912316 360 71.312 1.953 63 21114 1.68 0.50 0.56 0.43
1912317 906 68.359 1.93 6.1 22671 2.10 0.48 0.61 0.48
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Table S3: Experimental gold bag sample data at 120 °C.

Vol. GB Vol
Time before i COz CH4 Csz C3Hg n-C4H10
LIMS# [h]  sampling sar;lp le pH [nmol] [nmol]  [nmol] [nmol] [nmol]
2008009 0 88.005 1.995 6.59 318 0.0 0.0 0.0 0.0
2008010 4 84.998 2.007 6.46 1162 0.0 0.0 0.0 0.0
2008011 24 82.088 2.01 6.52 4989 0.7 0.0 0.0 0.0
2008012 48 79.162 2.026 645 9323 0.7 0.0 0.2 0.1
2008013 72 76.295 1.967 6.32 12326 0.8 0.2 0.3 0.2
2008014 168 73.298 2.041 6.29 16905 0.9 0.2 0.3 0.2
2008015 240 70.273 2.025 6.19 17739 1.0 0.3 0.4 0.2
2008016 384 67.208 2.065 6.23 23677 1.2 0.3 0.5 0.3
2008017 504 64.138 2.07 6.14 23525 1.3 0.4 0.5 0.3
2008018 672 61.09 2.048 6.14 24949 1.5 0.5 0.6 0.4
Table S4: Experimental gold bag sample data at 160 °C.
Vol. GB Vol
Time before ’ CO; CH4 C,Hs CsHg n-C4Hio
LIMS# [h]  sampling f?nl?]ple pH [nmol] [nmol]  [nmol] [nmol] [nmol]
[ml]
2002009 0 84 1.961 7.0 667 0.00 0.00 0.00 0.00
2002010 2 81.139 1.933 6.7 2905 0.00 0.00 0.00 0.00
2002011 6 78.306 201 64 7672 0.49 0.00 0.12 0.12
2002012 24 75.396 1.968 6.1 16355 1.20 0.29 0.37 0.31
2002013 48 72.428 1.997 59 25325 1.97 0.52 0.69 0.54
2002014 72 69.531 2.119 59 34196 3.35 0.84 1.07 0.87
2002015 168 66.512 1.953 59 40083 4.07 0.94 1.23 0.98
2002016 240 63.659 1.976 59 47077 5.31 1.32 1.58 1.33
2002017 336 60.783 1.789 5.9 45366 5.58 1.31 1.57 1.30
2002018 363 58.194 1.719 59 46083 5.18 1.22 1.48 1.23
2002814 504 55.575 1.794 6.0 48005 6.11 1.39 1.60 1.31
Table S5: Experimental gold bag sample data at 200 °C.
Vol. GB Vol
LIMS# Time before sam-ple pH COz CH4 C2H6 C3H3 n-C4H10
[h]  sampling [m] [nmol]  [nmol] [nmol] [nmol] [nmol]
[ml]
2003222 0 80 2.004 6.6 3160 0.00 0.00 0.00 0.00
2003223 4 76.996 1.983 6.1 18902 1.54 0.29 0.32 0.27
2003224 24 74.013 1.822 5.7 53444 6.47 1.04 1.13 0.89
2003225 48 71.191 1.776 5.6 85134 11.02 1.82 1.90 1.51
2003226 72 68.415 2.043 5.6 116303 15.71 2.44 2.46 1.93
2003227 168 65.372 1.695 5.7 132447 19.23 2.67 2.56 1.91
2003228 216 62.877 2.136 5.7 178396  26.27 3.77 3.52 2.59
2003229 312 59.741 2.062 5.7 172253 29.86 4.09 3.68 2.64
2003230 384 56.679 1.967 57 168929  30.67 4.12 3.67 2.57
2003263 504 53.712 2.154 57 183381 38.42 4.96 433 2.97
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Supplement II

Table S6: Raw data for aqueous fluid composition in gold bag experiments (selected ions). The
sample at 80 °C is LIMS 1908418, the sample at 120 °C is LIMS 2008030.

Temperature K" Na* Ca?* Mg?* Cr SO4* SiO;

[°C] [mg/1] [mg/1] [mg/1] [mg/1] [mg/1] [mg/1] [mg/1]

80 80.7 512 130 56.3 211 1154 6.6

120 68.8 564 151 67.3 205 1234 23.3
Supplement I1I

Thermodynamic calculations using Geochemist’s Workbench (2021).

Not published yet. Selected data was included in Supplement V.

Supplement IV

Description of the calculations of isotopic fractionation and the isotope mass balance.

Inorganic carbon signatures in $'3Ccoxg)

Stable carbon isotopic fractionation between dissolved COz-species is temperature dependent
(Myrttinen et al., 2012). As a result, the fractionation between >C and '*C in the gold bags (80—
200 °C) differed from that in the headspace vials (25 °C). Stable carbon isotopic fractionation
(CO2(g—CaCOs(s)) in the gold bags was approximated, using Equation 1 (Bottinga, 1968). The
effect of pressure on CO»-speciation (Becker et al., 2011) and on isotopic fractionation was not

considered in the calculation.

1000 In(a) co, ) ~cacossy = —24612 + 7.6663 X 10 /T — 2.988 x 10°/T2 (1)

Equation 2 by Vogel et al. (1970) was used to calculate the stable carbon isotopic fractionation

for (CO2(aq—CO2(g)) in a headspace vial.

1000 In(@) 0, p—c0y(qy = —0-373 X 103/T +0.19 (2)

According to the calculation after Bottinga (1968), the stable carbon isotopic fractionation for
(CO2e—CaCOj3(s) in gold bags was -4.7%o at 80 °C and +0.4%o at 200 °C. This means the §'3C
of COx) at 80 °C is lower than that of CaCOjs), but with increasing temperature COx(g) 18

enriched in 1*C relative to CaCOss).
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The difference between the calculated 8'*Ccoz(e) and the measured §'°Ccoa() from headspace
vials at the end of the experiments was 1.6%o0 (80 °C) and 2.9%o (200 °C). The measured
8'3Ccon was depleted in *C compared to the calculated equilibrium carbon isotopic
composition of COz)—CaCOss) after Bottinga (1968). This points to an additional source for
dissolved COx(ag), possibly the *C-depleted organic matter.

Emrich et al. (1970) formulated an empiric equation for the stable carbon isotopic fractionation
between solid carbonate (CaCOss)) and bicarbonate (HCO37(aq)) for the temperature range of
20-60 °C. At 25 °C, the fractionation caused HCOj3 (aq) to be depleted in *C by -1.6%o. With
increasing temperature, fractionation did not increase significantly (Emrich et al., 1970).
Therefore, it is plausible to assume that §'C values of HCO3 (aq) in the experiments were close
to 3"*Ccacos. At 80 °C, the aqueous fluid in the gold bag contained up to 11 mmol/kg fluid DIC,
which is in the range of concentrations of DIC in natural pore waters in marine sediments at
elevated temperatures in the Guaymas Basin (Burdige et al., 2016). The speciation of COz(aq) in
water at 25 °C and 0.1 MPa was calculated in PHREEQC (Table S7). Sauer et al. (2020)
reported pH values between 5 and 6 (at 25 °C) from experiments with Opalinus Clay and
Wyoming bentonite. An OPA-only experiment at 300 °C and 15 MPa (water—rock ratio was
8:1) gave a pH value of ~6 after six weeks and recalculated in situ pH values were between 4.7
and 5.0 (Sauer et al., 2020). This is in excellent agreement with calculated in situ pH values for
hydrous pyrolysis experiments with OPA reported by Helten et al. (2022). At higher water—
rock ratios, Sauer et al. (2020) observed higher pH values, suggesting that the pH values
measured in aqueous samples from gold bag experiments in the present study (water—rock ratio
<1.8:1) are characteristic for the interaction between water and OPA at elevated temperatures

and pressure.

Table S7: COs-speciation in aqueous samples at ambient conditions (25 °C and 0.1 MPa)
calculated in PHREEQC for pH values in aqueous samples obtained at the end of the gold bag
(GB) experiments conducted at different temperatures.

GB 80 °C GB 120 °C GB 160 °C GB 200 °C
pH 6.4 6.1 6.0 5.7
COxaq) 0.4070 0.5764 0.6361 0.7749
HCO5 (g 0.5929 0.4235 0.3638 0.2251
COs% g 0.0001 <0.0001 <0.0001 <0.0001
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The stable carbon isotopic composition of the DIC was calculated in (3) after Myrttinen et al.
(2012), using the speciation data (Table S7) and the measured 3'>Ccoa) data. Due to the
negligible presence of CO3% (4q) at the aqueous fluid pH (Table S7), CO3% (aq) Was not included

in the calculation of §'3Cpic.

[coz(aq)]x<513ccoz +103 In(a) 3¢ +[HC03_(aq)]><(613CCOZ +103 ln(a)13CHCO3T(aq)_COZ(g))

COZ(aq)—COZ(g)>
([Coz(aq)]+[HC03'_(aQ)])

613CDIC =

3)

The calculated §'*Cpic at the end of the gold bag experiments was -6.3%o at 80 °C, -3.4%o at
120 °C, -2.3%o0 at 160 °C, and -2.5%o at 200 °C. The differences between the measured and the
calculated values for 8'3Crcos-aq (Emrich et al., 1970) and 8'3Cpic (Myrttinen et al., 2012)
suggest that the COz-speciation and a contribution of COx(q) from an organic carbon source

need to be taken into account to explain the measured §'3Ccoxg).
Organic carbon signatures in §'*Ccoo(g)

There is evidence for release of CO; from organic matter in the Opalinus Clay in Rock-Eval
data (Fig. SF1 A). The oxygen index (OI) of sample material from before and after the heating
experiments was plotted against the experimental temperature. A significant decrease in the
oxygen index (OI) with increasing temperature and relative to non-heated sample material
indicated that oxygen-containing functional groups such as alcohol- and carboxy-moeities were
removed from the organic matter during hydrous pyrolysis of Opalinus Clay. Carboxyl groups
are a part of (low-molecular-weight) organic acids, which are a constituent of kerogen (Eglinton
et al., 1987; Barth et al., 1988). COx() can be generated from carboxyl groups via thermal
decarboxylation. This process is slow at lower temperatures as is the generation of low-
molecular-weight organic acids (LMWOA; Palmer and Drummond, 1986; Helten et al., 2022).
Helten et al. (2022) found that in total between 6.3 umol (80 °C) and 16.2 umol (200 °C)
LMWOA (formate, acetate, and oxalate) were generated in gold bag experiments with Opalinus
Clay. Considering the thermal decomposition behavior of formate (1.87x107/s), acetate
(1.07x107"3/s), and oxalate (8.02x107/s) at 200 °C (Helten et al., 2022) and over 504 hours, the
resulting yield of COz(g) can be estimated. This calculation depends largely on the simultaneous
generation and decomposition of formate and oxalate as their reaction rate constants are six
orders of magnitude higher than that of acetate. Moreover, the fast thermal decomposition of
formate and oxalate at 200 °C makes the calculation more complicated because concentration
data over time does not reflect the actual amounts of these compounds that were generated from
Opalinus Clay (Helten et al., 2022). Experimental data by Helten et al. (2022) for temperatures

from 80-160 °C indicated that formate and oxalate were generated in at least two times lower
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amounts than acetate. According to this, the yield of COzy) from hydrous pyrolysis with
Opalinus Clay might have been around 16 pumol (200 °C, 504 hours). Thus, the contribution of
COy() from the thermal decomposition of LMWOA is presumably lower than the release of

COy(g) from O-bearing functional groups in the Opalinus Clay organic matter (kerogen).
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Figure SF1: Source indicators for gas release/generation from Opalinus Clay organic matter and
carbonate minerals. (A) Oxygen-Index (OI) in sample material before and after hydrous pyrolysis
experiments in gold bags. Values are reported in [mg CO»/g TOC]. (B) Stable carbon isotopic
composition in COx) (8"*Cco2) from experiments in gold bags, modified after Helten et al. (2022).
Gold bag aqueous fluid sample pH for the last data point is included in parentheses (grey values).
Results are reported in per mil [%o0] measured against the PDB standard.

Andresen et al. (1994) reported §'°C values for COyg) from organic matter transformation in
hydrous pyrolysis experiments with organic carbon-rich (TOC >51 wt%), decarbonized source
rocks. Andresen et al. (1994) observed a relatively small (<4.3%o) fractionation from 8'*Ckerogen
to 8'*Ccox(e). Since the dissolution of carbonates did not influence the §'3C values reported by
Andresen et al. (1994), the impact of Opalinus Clay carbonate mineral dissolution on the
813Ccon(g) might have been considerable. Nevertheless, the §'*Ccoz(g) data in the dashed interval
(Fig. SF1 B) indicates that organic carbon-sourced COx) significantly contributed to the
overall '3 Ccoa(e) signal in the early stage of the experiments. For instance, the curves of the
120 °C experiments showed an initial drop followed by an increase of the §'*C values. This
drop might mark a fast generation of COx(g) from organic matter, which was superimposed later
by COz(g) from inorganic carbon, i.e. the dissolution of carbonate minerals. These processes are
the same for experiments at higher temperatures, but due to the rise in temperature the reaction
rates increase and the overlap of the processes becomes larger. This can be seen in the

experiment at 160 °C where an increase in §!°C was observed within the first hours of the
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experiment. Again, this indicates an early contribution of organic matter-sourced CO> followed

by the release of CO; from inorganic carbon.

Kotarba et al. (2022b) performed hydrous pyrolysis experiments at 330 °C and 355 °C with
Miocene shales (type III/Il kerogen) and reported that COyg) generation was caused
predominantly by carbonate dissolution. These authors reported a reduction of the initial
amount of various carbonate minerals by 33-77 % with calcite being at the lower end.
Moreover, decarboxylation reactions involving humic organic matter added to the measured
COy) to a lesser extent (1.8—4.6 %; Kotarba et al., 2022b). Overall, CO2) was the main gas
generated in the experiments with a contribution of >94.2 % and §'*Ccoz(e) values were between
-3.5%o and +1.1%o (Kotarba et al., 2022b). The 8'*Ckerogen Was between -25.8%o and -24.8%o
(Kotarba et al., 2022a). The proportion of COx(g) in the total amount of gases quantified and the
813Ccon(e) reported by Kotarba et al. (2022b), on the other hand, agree well with our findings.
In the present study, quantitative XRD analyses showed no significant change in the amount of
carbonate minerals in sample material before and after the hydrous pyrolysis experiments (data
not shown). A similar observation was made by Sauer et al. (2020), who did not see changes in
the calcite content in mixed OPA-bentonite sample material after hydrous pyrolysis
experiments at 200 °C. However, these authors reported a decrease in calcite content (16 wt.%

to 8 wt.%) in OPA sample material analyzed after hydrous pyrolysis experiments at 300 °C.

Wang et al. (2022b) performed hydrous pyrolysis experiments (350 °C) with a set of marine
source rocks, investigating the origin of inorganic COxz). These authors demonstrated that
COx) yields and §'3Ccoz values increased with increasing carbonate mineral content in the
sample material. Reported 3'3C values for COxq higher than -8%o were classified as
predominantly inorganic, while a mixed §'*Cco> inorganic-organic signal was suggested for the
range of -16%o to -8%o0 (Wang et al., 2022b). The study by Wang et al. (2022b) and other studies
cited above provide convincing evidence for inorganically sourced CO»y) released
predominantly by carbonate mineral dissolution in hydrous pyrolysis experiments with shales.
The §'3C values of COx( are a reliable tool indicating potential sources for CO». Unfortunately,
the above cited studies did not look deeper into stable carbon isotopic fractionation. In the
present study, an isotope mass balance was performed to obtain refined information on the

respective contribution of CO; from two endmembers: inorganic carbon and organic carbon.
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Stable carbon isotope mass balance

In order to calculate the isotope mass balance (IMB) for the contributions of the two sources
for DIC, i.e. organic and inorganic carbon the following assumptions were made: There was no
free gas phase in the gold bag. The salinity/ion activity in aqueous samples was not accounted
for. Dissolution and precipitation of carbonate minerals did occur during the experiment, but
by its end an equilibrium had been attained for (CaCO3(5~COxaq)). No significant change in the
original organic/inorganic carbon reservoir (8'C and mass) occurred (that has been confirmed

by analyses of §'Cy after the experiment).

Knowing the total amount of substance of organic carbon (OC) and inorganic carbon (IC) in
the Opalinus Clay sample material, the stable carbon isotopic composition of both carbon
reservoirs, the amount of substance of COx(g), the amount of substance of DIC and its calculated

stable carbon isotopic composition (8'*Cpic), the IMB was calculated for each experiment as:

s13¢c [%0] = (nprc X 8*3Cpyc + nyc X 8*3Cic + noc X §*3Coc)
IMB (npic + nic + noc)

“4)

where 7 is the amount of substance of OC, IC, and DIC and where 6/3C is the stable carbon
isotopic composition of the respective reservoir, given in [%o vs. PDB]. The results are
presented in Table S8.
Table S8: Parameters and results for the stable carbon isotope mass balance (IMB) for gold bag
experiments with 50 g ground Opalinus Clay at 80, 120, 160, and 200 °C. The stable carbon

isotopic composition (8'°C) is reported in per mil vs. PDB [%o]. OC = organic carbon; IC =
inorganic carbon; DIC = dissolved inorganic carbon.

Amount of substance [umol] 313C [%o]
oC 26,640 -26.2
IC 170,680 -1.6
DICgoec 3,110 -6.3
DICi20°c 7,980 3.4
DICig0°c 12,840 2.3
DICx00°c 46,700 2.5

The results in Table S8 demonstrate that the DIC was enriched in '*C with increasing
temperature. At the same time, the calculation of §'3Civg resulted in rather positive §'°C values
close to the isotopic composition of the IC. Two additional calculations were performed to
determine the contribution of organic and inorganic carbon to obtain the calculated §'*Cpic and,
moreover, to quantify how much of the Opalinus Clay organic carbon was oxidized to COx(g)

and what percentage of the inorganic carbon (i.e. carbonate minerals) was dissolved.
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Table S9: Contribution [%] of inorganic carbon (IC) and organic carbon (OC) to the calculated
83Cpic values and the proportion [%] of IC and OC in Opalinus Clay that need to be
dissolved/transformed to obtain the calculated 8'3*Cpjc values.

815C [%0]  ICto8"Cpic [%] OC to8"Cpic [%] IC dissolved [%]  OC oxidized [%]

DICsoec -6.3 81.0 19.0 1.5 2.2
DICi20°¢ -3.4 92.5 7.5 43 2.2
DICis0°c 23 97.0 3.0 73 1.4
DICa00°c -2.5 96.5 35 26.4 6.1

The results in Table S9 demonstrate that COx) originated predominantly (>80 %) from an
inorganic carbon source (i.e. carbonate minerals) and that up to 26.4 % of inorganic carbon
(200 °C) and up to 6.1 % of organic carbon (200 °C) were dissolved/transformed under the

experimental conditions.

Supplement V

Selected thermodynamic calculations performed with Geochemist’s Workbench (2021).

Output for 80 °C
Step #100
Temperature = 80 °C Pressure = 250 bars pH =6.021
Ionic strength 0.042693 molal
Activity of water 0.999799
Solvent mass 0.0019900 kg
Solution mass 0.0019953 kg
Mineral mass - kg
Solution density 0.990 g/cm?
Solution viscosity 0.004 poise
Chlorinity 0.005782 molal
Dissolved solids 2669 mg/kg solution
Elect. conductivity 2990.2 puS/cm
Hardness 539.19 mg/kg solution as CaCO3
of which carbonate 261.05 mg/kg solution as CaCOs;
of which non-carbonate 278.13 mg/kg solution as CaCO3
Carbonate alkalinity 261.05 mg/kg solution as CaCOs3
Water type Na-SO4
Bulk volume 2.02 cm?
Fluid volume 2.02 cm?
Mineral volume - cm?
Inert volume - cm?
Porosity 100 %
Permeability 98.7 cm?

(No minerals in system.)
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Aqueous species Molality [mg/kg solution] Activity coefficient log (activity)
Na* 0.02085 478.0 0.8131 -1.7708
SO4* 0.009128 874.4 0.4313 -2.4049
CO2(aq) 0.006102 267.8 1.0000 -2.2145
Cr 0.005752 203.4 0.8032 -2.3354
HCOs 0.005153 313.6 0.8131 -2.3778
Ca?* 0.002165 86.56 0.4687 -2.9936
K* 0.001918 74.77 0.8032 -2.8124
Mg?* 0.001377 33.39 0.5018 -3.1604
CaSOs(ag) 0.000884 120.0 1.0000 -3.0538
MgSO4(aq) 0.000802 96.24 1.0000 -3.0960
NaSOq4 0.000769 91.32 0.8131 -3.2039
CaHCO5" 9.255 x 103 9.33 0.8131 -4.1235
KSO4 8.758 x 107 11.81 0.8131 -4.1475
MgHCO;5* 6.647 x 1073 5.66 0.8131 -4.2673
NaCl(ag) 1.985 x 1073 1.16 1.0000 -4.7023
CaCl* 6.086 x 10°° 0.458 0.8131 -5.3056
MgCl* 4.166 x 10 0.248 0.8131 -5.4702
CaCO;3ag) 3.455 x 106 0.345 1.0000 -5.4616
HSOy 1.982 x 106 0.192 0.8131 -5.7927
H* 1.120 x 106 0.00113 0.8508 -6.0211
COs> 1.097 x 106 0.0657 0.4411 -6.3153
MgCO3(ag) 6.652 x 107 0.0559 1.0000 -6.1771
OH- 3.952 x 107 0.00670 0.8083 -6.4956
MgOH* 1.013 x 107 0.00417 0.8131 -7.0843
KClg) 7.478 x 108 0.00556 1.0000 -7.1262
CaOH* 1.709 x 108 0.00097 0.8131 -7.8572
(only species >10% molal listed)

Mineral saturation states (only minerals with log Q/K > -3 listed).
Mineral log(Q/K)
Dolomite-ord 0.2366s/sat
Dolomite 0.2360s/sat
Calcite -0.5073
Anhydrite -0.5226
Magnesite -0.6067
Aragonite -0.6419
Dolomite-dis -0.9731
Gases Partial pressure [bar]  Fugacity Fugacity coefficient log(fugacity)
COx) 0.6755 0.6755 1.000* -0.1704
HxOy 0.4583 0.4583 1.000* -0.3388

(*no data, gas taken to be ideal)
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Original basis

Moles [mol]

[mg/kg]

H,O 0.110 9.97 x 10°
Ca?* 6.27 x 10 126
Cr 1.15x 107 204
H* 1.21 x 107 6.1
HCO5 2.27 x 107 695
K* 3.99 x 10 78.2
Mg? 4.48 x 10°¢ 54.6
Na* 431 %107 496
SO4* 2.32 x 107 1120
Elemental composition In fluid
Total moles [mol] [mol] [mg/kg]
Calcium 6.271 x 10°¢ 6.271 x 10°¢ 126
Carbon 2.272 x 107 2.272 x 1073 137
Chlorine 1.151 x 107 1.151 x 107 204
Hydrogen 0.2209 0.2209 11,160
Magnesium 4478 x 106 4478 x 10 54.6
Oxygen 0.1106 0.1106 88,690
Potassium 3.990 x 106 3.990 x 106 78.2
Sodium 4306 x 10 4.306 x 10 496
Sulfur 2.323 x 1073 2.323 x 107 373
Output for 120 °C
Step #100
Temperature = 120 °C Pressure = 250 bars pH = 6.046
Ionic strength 0.042697 molal
Activity of water 0.999802
Solvent mass 0.0019900 kg
Solution mass 0.0019963 kg
Mineral mass - kg
Solution density 0.958 g/cm?
Solution viscosity 0.002 poise
Chlorinity 0.005728 molal
Dissolved solids 3148 mg/kg solution
Elect. conductivity - puS/cm
Hardness 560.48 mg/kg solution as CaCOs3
of which carbonate 368.07 mg/kg solution as CaCOs3
of which non-carbonate 192.41 mg/kg solution as CaCOs3
Carbonate alkalinity 368.07 mg/kg solution as CaCOs
Water type Na-SO4
Bulk volume 2.08 cm’
Fluid volume 2.08 cm’
Mineral volume - cm?
Inert volume - cm?
Porosity 100 %
Permeability 98.7 cm?

(No minerals in system.)
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Aqueous species Molality [mg/kg solution] Activity coefficient log (activity)
Na* 0.02227 510 0.7966 -1.7510
SO 0.00850 813 0.3972 -2.4718
CO2(aq) 0.01218 534 1.0000 -1.9143
Cr 0.00568 201 0.7858 -2.3503
HCO5 0.007231 440 0.7966 -2.2396
Ca* 0.002234 89.3 0.4359 -3.0115
K* 0.002175 84.8 0.7858 -2.7672
Mg?* 0.000887 21.5 0.4703 -3.3799
CaSOs(ag) 0.001338 181 1.0000 -2.8735
MgSO4(aq) 0.000756 90.7 1.0000 -3.1216
NaSOy4 0.001026 122 0.7966 -3.0877
CaHCO5" 0.000257 259 0.7966 -3.6887
KSOy4 0.000144 19.4 0.7966 -3.9416
MgHCOs5" 0.000114 9.7 0.7966 -4.0405
NaCl(ag) 3.091 x 1073 1.8 1.0000 -4.5099
CaCl* 1.246 x 1073 0.94 0.7966 -5.0033
MgCl* 4.385 x 10°° 0.26 0.7966 -5.4567
CaCOsaq) 1.233 x 107 1.2 1.0000 -4.9089
HSO4 6.151 x 106 0.60 0.7966 -5.3098
H* 1.073 x 106 0.0011 0.8379 -6.0461
COs> 1.624 x 106 0.0972 0.4073 -6.1794
MgCOs(q) 1.138 x 106 0.0957 1.0000 -5.9437
OH- 1.839 x 106 0.0312 0.7914 -5.8370
MgOH* 6.569 x 107 0.0271 0.7966 -6.2812
KClag) 1.971 x 107 0.0147 1.0000 -6.7053
CaOH" 1.532 x 107 0.0087 0.7966 -6.9134
NaOH.q) 1.976 x 108 0.00079 1.0000 -7.7043
(only species >10% molal listed)

Mineral saturation states (only minerals with log Q/K > -3 listed)
Mineral log(Q/K)
Dolomite-ord 1.5181s/sat
Dolomite 1.5171s/sat
Calcite 0.1871s/sat
Anhydrite 0.0647s/sat
Magnesite 0.1345s/sat
Aragonite 0.0498s/sat
Dolomite-dis 0.4921s/sat
Huntite -0.4846
Gases Partial pressure [bar]  Fugacity Fugacity coefficient log(fugacity)
COx) 1.783 1.783 1.000* 0.2511
H>O 1.886 1.886 1.000* 0.2756

(*no data, gas taken to be ideal)
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Original basis

Moles [mol]

[mg/kg]

HxO 0.110 9.97 x 103

Ca* 7.67 x 106 154

Cr 1.14 x 1073 202

H* 2.42 x 10 12.2

HCO3 3.94 x 107 1200

K* 4.61 x 10 90.4

Mg?* 3.51 x 10 42.7

Na* 4.64 x 10 535

SO4* 2.34 x 10° 1130

Elemental composition In fluid
Total moles [mol] [mol] [mg/kg]

Calcium 7.671 x 10°° 7.671 x 10°° 154

Carbon 3.940 x 1073 3.940 x 1073 237

Chlorine 1.140 x 10 1.140 x 1073 202

Hydrogen 0.2209 0.2209 11,150

Magnesium 3.508 x 106 3.508 x 106 42.7

Oxygen 0.1107 0.1107 88,680

Potassium 4.614 x 10°¢ 4.614 x 10°¢ 90.4

Sodium 4.643 x 10 4.643 x 10 535

Sulfur 2.341 x 10 2.341 x 10 376
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Abstract

Internationally, claystone formations are candidate host rocks for high-level heat-emitting
nuclear waste in deep geological disposal programs. One quality of claystones is the high
retention potential of clay minerals towards radionuclides by sorption processes involving the
positively charged dissolved metal ions and the negatively charged clay mineral surfaces.
However, sorption sites can also be occupied by compounds other than radionuclides. Low-
molecular-weight organic acids (LMWOA) are ubiquitous compounds in the natural
environment and are generated at elevated temperatures in clay-rich rocks. It had been
demonstrated that these acids can adsorb to clay minerals, thereby reducing the retention
capacity for radionuclides. This study investigated the interaction of acetate (monocarboxylic
acid) and oxalate (dicarboxylic acid) with Opalinus Clay mineral phases in a suspension. A low
affinity of acetate towards mineral phases was observed. Concentrations of acetate remained
largely unchanged after the addition to an Opalinus Clay suspensions. Although oxalate is
known for an increased sorption behavior, in the present study it was immobilized by reactions
with Ca?" ions and the formation of highly insoluble Ca-oxalate. Under the geochemical in situ
conditions, e.g., pH of the pore water in the Opalinus Clay, Ca-oxalate dissolution is
additionally hampered. Consequently, the investigated LMWOA are unlikely to occupy
sorption sites of Opalinus Clay mineral phases. Therefore, the retention capacity for
radionuclides is probably not negatively affected by the thermal generation of LMWOA from
Opalinus Clay organic matter. The results of this study contribute to the understanding and the

(quantitative) evaluation of safety-relevant parameters for nuclear waste repository facilities.
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1. Introduction

Claystone formations are under investigation as host rocks for high-level heat-emitting nuclear
waste (HLW). HLW contains radionuclides that are harmful to the biosphere and must,
therefore, be kept save in a repository by natural and engineered barriers. In order to achieve
the highest possible safety of a repository, geological formations with low permeability (e.g.,
102 m?; Villar et al., 2015) and low hydraulic conductivity below 107!° m/s (Bossart and Thury,
2008; Grambow et al., 2016) are essential to fulfill the requirements as suitable storage
environment for HLW. These parameters are especially important as the adsorption of organic
compounds to clay mineral surfaces and the occupancy of sorption sites can increase the
mobility and transport of dissolved ions including radionuclides (Kautenburger et al., 2019;
Dziadkowiec and Royne, 2020; Henning et al., 2020). HLW containers will probably fail within
10,000 years after emplacement (Landolt et al., 2009; Bossart et al., 2017; King, 2017).
Therefore, a thorough understanding of the behavior of organic compounds towards mineral

surfaces is essential to predict radionuclide mobility in future, long-term safety scenarios.

One compound class of organic molecules are low-molecular-weight organic acids (LMWOA).
They are ubiquitous compounds in the natural environment (e.g., Orem et al., 2014; Méader and
Waber, 2017; Zhuang et al., 2019; Conrad et al., 2020; Heuer et al., 2020), are involved in
metal-ion complexation (MacGowan and Surdam, 1988; Wood, 1993; Giordano and Kharaka,
1994), and mineral dissolution (Surdam et al., 1984; Bevan and Savage, 1989; Blake and
Walter,1999; Liet al., 2021). LMWOA are water-soluble and are organic molecules in the range
of C1—Cs containing at least one functional carboxyl group (R—-COOH). Helten et al. (2022)
demonstrated that significant amounts of water-soluble LMWOA were generated in Opalinus
Clay, the chosen host rock for HLW disposal in Switzerland and a candidate host rock in
Germany, at 80 °C. Temperatures between 90 °C and 150 °C at the waste containers’ surfaces
are under discussion for HLW storage in claystone formations (Delage et al. 2010; Grambow

2016; Lommerzheim et al. 2019; Tourchi et al. 2021).

Diffusion is the primary transport process for LMWOA dissolved in pore water in claystones
(Riibel et al., 2002; Van Loon et al., 2003; Yuan and Fischer, 2022). Anion exclusion effects,
molecular size, heterogeneity of the pore structure, pH and pH-dependent clay mineral surface
charge influence diffusive processes (Schoonheydt and Johnston, 2006; Dagnelie et al., 2014;
Chen et al. 2018a). Percolation experiments with Opalinus Clay core samples demonstrated that
LMWOA were mobilized by pore water displacement (Madder and Waber, 2017). The decay of

radioelements in the HLW will cause an increase in temperature in the surrounding host rock,
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potentially leading to pore water displacement due to the increase in volume of water at higher
temperatures (Johnson et al., 2004; Senger et al., 2013). This might promote the transport of

radionuclides dissolved in pore water.

Organic compounds with carboxylic functional groups can form complexes with radionuclides
(Santschi et al., 2002; Gadd et al., 2014; Cumberland et al., 2016). For instance, humic
compounds offer binding sites with various affinities and strengths for metal ions and
radionuclides (Hummel et al., 1999; Bryan et al., 2012). Bryan et al. (2012) described the
interactions between (1) organic compounds and metal ions/radionuclides, (2) organic
compounds and mineral surfaces, (3) mineral surfaces and metal ions/radionuclides, and (4)
ternary complexes where either an organic compound or a metal ion/radionuclide serves as a
bridge between the other two. Bryan et al. (2012) pointed out that the impact of the interactions
described above immensely depends on the rate of (pore) water flow, i.e. the residence time of
water allowing for the interactions to proceed. Wood (1993) conducted an extensive study on
LMWOA -rare-earth element interaction, where rare-earth elements were used as analogues for
trivalent radionuclides such as Americium (Am**) and Curium (Cm**). Wood (1993) used a
large set of structurally different LMWOA and concluded that polycarboxylic acids have a large
potential to increase the mobility of rare-earth elements and, thus, potentially also of
radionuclides. The extent to which LMWOA can form complexes with radionuclides depends,
however, on the concentration of the LMWOA and competing complex-forming cations like

Ca?" or AI*" in pore water (Wood, 1993).

Fein and Hestrin (1994) reported that the dicarboxylic acid anion oxalate affects the

concentration of AI>*

by Al-oxalate complexation. These authors suggested that the complexing
ability of oxalate might be relevant to temperatures as high as 100 °C (Fein and Hestrin, 1994).
However, Fein and Hestrin (1994) reported that the effectiveness of Al-complexation by oxalate
was limited in the presence of Ca**, which causes the formation of highly insoluble Ca-oxalate
complexes. Gadd et al. (2014) noted that Ca-oxalate solubility increases at pH <5. Ibis et al.
(2020) determined the solubility of Ca-oxalate monohydrate (whewellite, [Ca(C204)-H20]; see
also Echigo and Kimata, 2010) in ultrapure water experimentally. Ibis et al. (2020) reported a
solubility of 105.4 umol/l at 25 °C and of 133.2 umol/l at 90 °C. Giordano (1993) reported the
solubility of Ca-oxalate at 96 °C to be 100 umol/kg solution. Lide (2005) gave a value of
0.0061 mg/l or ~40 umol/l for the solubility of Ca-oxalate at 20 °C. Hofmann and Bernasconi
(1998) pointed out that, based on its in situ occurrence, whewellite is thermally stable to up to

68 °C. A common source of oxalate is the (thermal) transformation of organic matter (Hofmann

and Bernasconi, 1998; Helten et al., 2022).
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The amount of available literature on sorption behavior for specific organic compounds towards
different surface materials such as clay minerals (Sansone et al., 1987; Kubicki et al., 1999;
Rasamimanana et al., 2017; Dziadkowiec and Royne, 2020), iron oxides (Gu et al., 1994, 1995;
Filius et al., 1997; Curti et al., 2021), or organic matter coating (Philippe and Schaumann, 2014)
varies significantly. Wang and Lee (1993) found that organic matter content, redox conditions,
and particle size influence sorption processes between organic molecules and clay minerals.
For acetate, Wang and Lee (1993) found that little to no adsorption to pure clays occurred, but
it weakly adsorbed to natural marine sediments, especially those with higher organic matter
content. Kubicki et al. (1999) conducted sorption experiments with LMWOA and the clay
minerals illite, kaolinite, and montmorillonite. Kubicki et al. (1999) noted that LMWOA
sorption involves the deprotonated acid species (acid anion; R—COO") in many natural
environments (pH > 4). Infrared spectra generated after rinsing (desorption) suggested that
LMWOA sorption on clay minerals was rather weak (Kubicki et al., 1999). Results by
Rasamimanana et al. (2017) demonstrated an increasing irreversibility of adsorption of organic
acids to natural Callovo-Oxfordian claystone (Paris basin, France) with increasing number of

carboxyl groups. Curti et al. (2021) observed the same for LMWOA and iron (oxyhydr)oxides.

Arnarson and Keil (2000) described different mechanisms for the adsorption of organic
compounds to mineral surfaces, including e.g., ligand exchange or cation bridges. Ligand
exchange involves the interaction between oxygen-rich functional groups like R—-COOH and
hydroxyl groups (R-OH) of minerals such as the hydroxylated edges of distinct clay minerals
(Arnarson and Keil, 2000; Kang and Xing, 2007; Kauthold and Dohrmann, 2013; Dziadkowiec
and Royne, 2020). A spectroscopic study by Kang and Xing (2007) indicated that outer-sphere
complexes at neutral pH with low energy bonds mostly dominated the adsorption of carboxylic
acids on clay minerals (see also Kaufhold and Dohrmann, 2013; Dziadkowiec and Royne,
2020). Moreover, Kang and Xing (2007) pointed out that montmorillonite had a higher sorption
capacity for dicarboxylic acids than kaolinite and that sorption was highly pH-dependent.
Cation bridges, on the other hand, represent electrostatic interactions between a negatively
charged mineral surface a cation and e.g., an acid anion (Arnarson and Keil, 2000; Dziadkowiec

and Royne, 2020).

In the present study, we investigated the affinity of the mono- and dicacboxylic acids acetate
and oxalate towards Opalinus Clay minerals in a suspension. The Opalinus Clay is the chosen
host rock for the disposal of HLW in Switzerland and a candidate host rock in the site selection

process for a HLW repository in Germany.
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2. Materials and methods

2.1. Sample material and sample preparation

Opalinus Clay sample material was obtained from borehole BHE-F1 in the Mont Terri
underground rock laboratory (Mont Terri, St. Ursanne, Switzerland). The core material was
drilled dry, using N> as drilling fluid. A cylindrical core section from 2.02-2.22 m (d = 101 mm)
was crushed with a jaw crusher to a grain size of approximately 5 mm. The material was further
homogenized with an automated mortar and pestle. No sterilization treatment was performed
in order to preserve the sample’s natural properties. Sieving was avoided in order to exclude
the discrimination of harder minerals, which might have altered the mineralogical composition

of the sample. The sample material was stored in glass bottles under inert gas atmosphere (N2).

Helten et al. (2022) reported the mineralogical composition of the Opalinus Clay sample
material based on quantitative XRD analyses to be: 26 wt% illite/smectite, 21 wt% calcite,
19 wt% kaolinite, 11 wt% muscovite, 10 wt% quartz, 4 wt% chlorite, 4 wt% feldspar, and

5 wt% other minerals (gypsum, dolomite, pyrite, anatase).
2.2. Chemicals

HPLC-grade water (Roth) was used for the pre-testing and the experiments. Acetic acid (Fluka,
>99.7 %) and oxalic acid (anhydrous, Sigma-Aldrich, >99.0 %) were used to prepare spike
solutions with five different concentrations (50, 100, 200, 500, and 1000 pmol/l) in 50-ml
suspension in glass tubes. In addition, aqueous formic acid solution (Honeywell/Fluka, 50 % in

H>0) and sodium-L-lactate (Aldrich, >99.0 %) were used for pre-experimental testing.

2.3. Experimental

2.3.1. Pre-experimental testing

Three pre-experimental tests were conducted in order to determine suitable experimental
conditions for the interaction between the LMWOA and Opalinus Clay minerals. The first test
focused on the influence of the solid-liquid ratio (S/L) on the interaction between LMWOA and
Opalinus Clay in suspension. The second test payed special attention to the possibility of
microbial activity in the LMWOA-Opalinus Clay suspensions and addressed ways to inhibit it.
The third test was a slightly modified version of the second test with a smaller sample set, in

order to validate the observations made in the second test.
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2.3.2.  Solid-liquid ratio (S/L)

Experimental investigations of ion-clay mineral interaction often involve distinct ratios of solid
and liquid phases (solid-liquid ratio, S/L). Ionic compounds commonly used in this context are
conservative tracers (Appelo et al., 2010), radionuclides (Joseph et al., 2011), and/or organic
molecules (Chen et al., 2018a,b). The pre-experimental testing in this study was laid out to
determine a S/L at which LMWOA interact with Opalinus Clay minerals with an adsorption of
~50 % of the acids (see Joseph et al., 2011). A target concentration of 100 pmol/l was chosen

for testing, based on analytical requirements of the HPLC-system.
2.3.3. (Pre-) Equilibration time

Ion-clay mineral interaction often involves a pre-equilibration between either pure or artificial
pore water and sample material, e.g., pure clay minerals (Wang and Lee, 1993; Kang and Xing,
2007), mixtures of clay minerals and other minerals such as iron (oxyhydr-)oxides (Curti et al.,
2021), or a natural clay-rich sample (Wang and Lee, 1993; Descostes and Tevissen, 2004;
Joseph et al., 2011). Pre-equilibration times in the literature vary greatly, especially when
organic molecules are involved. This is due to the consumption of LMWOA by microbial
activity (see section 2.3.6). During pre-experimental testing, the equilibration time between
HPLC-grade water and Opalinus Clay as well as the equilibration between LMWOA and
Opalinus Clay in suspension was seven days, respectively. The resulting suspension was then

used in the tests.
2.3.4. Eftect of solution/suspension pH

Most studies investigating ion-clay mineral interaction adjust the pH of the solution/suspension
in order to activate or deactivate the surface of clay minerals. Arnarson and Keil (2000)
demonstrated that the pH of an aqueous solution had a significant impact on the adsorption
behavior of organic matter dissolved in pore water (>1000 Da) towards montmorillonite. At a
pH = 4.5 more than 60 % of the dissolved organic matter were adsorbed, whereas only ~35 %
were at pH = 8 (Arnarson and Keil, 2000). This was attributed to the increasingly hydrophobic
character of protonated acidic functional groups at lower pH. Furthermore, Arnarson and Keil
(2000) pointed out that the negative surface charge of montmorillonite decreases with

decreasing pH, resulting in less electrostatic repulsion of ions and molecules.

In this study, no pH-adjustment of the solutions/suspensions was attempted because the
LMWOA-Opalinus Clay interaction were to take place under pH conditions characteristic for

the equilibration between the sample material and water. Thus, at a solution/suspension pH >5,
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most if not all LMWOA were present as their deprotonated acid anion (R—-COQO"). The pH of
samples from different S/L pre-tests was measured in order to map the experimental conditions

that were to be expected for the interaction of LMWOA in an Opalinus Clay suspension.
2.3.5. Selection of low-molecular-weight organic acids

Previous work (Helten et al., 2022) and literature data on LMWOA in Opalinus Clay pore water
and experiments with Opalinus Clay (Pearson et al., 2003; Mader and Waber, 2017; Chen et
al., 2018a) were consulted for the selection of LMWOA. Formic acid, acetic acid, oxalic acid,
and lactic acid were chosen due to the differences in carbon atom number and functional groups,
i.e. hydroxyl-groups (R—OH) and carboxyl-groups (R-COOH).

Table 5.1: Information on low-molecular-organic acids (LMWOA) used in the pre-experimental
and in the experimental part of this study.

Chemical compound Molecular
(acid / corresponding Molecular structure of the acid ~ Formula  mass pKsi pKs2
acid anion) [g/mol]
0
Formic acid / formate LI CH-0, 46.03 3.77 -
H/ \OH
o)
Acetic acid / acetate L| C,H40, 60.05 4.76 -
e oH
HO\ //O
Oxalic acid / oxalate //C—C\ C2H,04 90.04 1.23 4.19
(@) OH
I
Lactic acid / lactate BN P CiHeOs  90.08 386 -
OH

2.3.6. Microbial activity and means of its inhibition

There are numerous physical and chemical methods available to inhibit microbial activity. For
a thorough methodical comparison the reader is referred to Otte et al. (2018). Sample treatment
with heat (e.g., autoclavation) beyond the temperature conditions under which microorganisms
can survive is one way to sterilize sample material. Even though, bacterial endospores might be
able to remain unharmed by such procedures (Trevors, 1996). Drawback of this method are the

transformation of organic matter and of properties of clay minerals (Jenneman et al., 1986;
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Lotrario et al., 1994; Berns et al., 2008).

Irradiation of sample material, on the other hand, damages the cell structure of microorganisms
beyond repair, but affects the molecular structure of the organic matter and mineral properties
as well (Lotrario et al., 1994; Berns et al., 2008).

The use of chemicals, such as sodium azide (NaN3) can inhibit microbial activity for several
weeks (Hendrix et al., 2019). The effectiveness of NaN3 has been questioned by some studies
(Skipper and Westermann, 1973; Lee et al., 1992) and NaNj3 did not perform well under anoxic
conditions (Lee et al., 1992). Moreover, Chen et al. (2018b) pointed out that NaN3 might
interact with organic molecules. Chemical treatment of samples with mercuric chloride (HgCl)
is a standard method in many fields (Lee et al., 1992; Tuominen et al., 1994). Chen et al. (2018a)
pointed out that the highly acidic Hg?" ion can adsorb to Opalinus Clay mineral surfaces,
blocking sorption sites for other ions and reducing its effectiveness as a microbial inhibitor.
Based on the information from the literature, the application of any of the above-mentioned
procedures was ruled out for this study as the (potential) negative side-effects of the physical
and/or chemical pre-treatment of samples might have biased the experimental results. The effect
of microbial activity on the experiments was accounted for by the use of an anoxic glovebox
for sample preparation. Pre-tests with samples prepared under ambient, i.e. oxic, conditions and
another sample set handled in a Nz-atmosphere were compared for the concentrations of
LMWOA after the tests (data not shown). Samples prepared and handled under ambient
conditions showed overall lower concentrations of LMWOA than their anoxic counterparts.
However, also the anoxic samples showed significantly lower concentrations of LMWOA. It
was suggested that, in both cases, microbial activity might have been the reason for the low
concentrations measured after the tests. In order to exclude microbial activity altering the results
of sorption experiments, the time for the interaction between organic compounds and minerals
was often restricted to <24 hours (Sansone et al., 1987; von Oepen et al., 1991; Wang and Lee,
1993; Kubicki et al., 1999; van Hees et al., 2003; Kang and Xing, 2007; Saidy et al., 2013;
Ramos and Huertas, 2014; Dagnelie et al., 2014; Fralova et al., 2021). This was adapted to the
layout of this study and resulted in a very short interval for the interaction between LMWOA
and Opalinus Clay, expecting that early sampling might outpace microbial activity while still

providing meaningful results.
2.3.7. Reaction vessel material

There exists no general consensus on which reaction vessel material ought to be used in sorption
experiments. Most studies cited in this study used plastic tubes and bottles in their experiments,

e.g., polycarbonate (PC) tubes (Arnarson and Keil, 2000; Dagnelie et al., 2014; Rasamimanana
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et al., 2017a,b), polypropylene (PP) bottles (Sansone et al., 1987; Joseph et al., 2011),
polyethylene (PE) bottles (Ramos and Huertas, 2014), but also borosilicate glass tubes (Kang
and Xing, 2007) and amber glass vials (Kubicki et al., 1999). In this study, 75-ml borosilicate
centrifuge glass tubes (Rettberg GmbH, Germany) were used.

2.3.8. Experimental procedure

The experiments included one HPLC-water blank, five acetate control solutions (final
concentration 50, 100, 200, 500, and 1000 pmol/1) and five oxalate control solutions of the same
concentrations. Two Opalinus Clay suspensions were prepared for I[CP-OES analyses. Two
samples were used for HPLC analyses to obtain information on background concentrations of
acetate and oxalate. The experiments were performed in duplicates. Acetate and oxalate
solutions were prepared with HPLC-grade water. The experiments with acetate and oxalate
were conducted in separate glass tubes to avoid potential competition among the acids for
surfaces (minerals and organic matter) provided by the sample material. Based on results from
pre-testing, a solid-liquid ratio of 1:10 w/w (5.0 g Opalinus Clay, 50 ml HPLC-grade water)
was chosen. The suspensions were pre-equilibrated in a Heidolph Reax 20/12 overhead shaker
at 15 RPM over 24 hours at room temperature (~20 °C). Following the pre-equilibration step,
samples for ICP-OES and HPLC analyses were taken. The glass tubes were placed in a
centrifuge operated at 3000 RPM for 30 min. A volume of 5 ml was removed from the glass
tubes used in the experiments and was replaced by 5 ml of acetate or oxalate spike solution.
The target concentrations of acetate and oxalate were 50, 100, 200, 500, and 1000 pmol/l,
respectively. The suspensions containing either acetate or oxalate were allowed to interact with
Opalinus Clay for ten minutes. Then, monitoring samples (5 ml) were taken to check the
solution pH and the concentration of acetate and oxalate. The volume withdrawn from the glass
tube was not renewed. After four hours, 5-ml samples were taken for HPLC measurements as

well as to determine solution pH.

2.4. Analytical
2.4.1. HPLC-DAD

A modified protocol after Albert and Martens (1997) was used for the measurement of
concentrations of acetate and oxalate in aqueous samples. Samples were derivatized to form
colored 2-nitrophenylhydrazide compounds. A diode array detector (DAD) was used for
compound detection after HPLC-separation by absorption of visible light at 550 nm. Samples
were measured with a HP 1100 HPLC equipped with a Phenomenex C18 4x3.0 mm trap-
column, an Agilent Eclipse XDB-C8 4.6x12.5 mm pre-column, and an Agilent Eclipse XDB-
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C8 4.6x250 mm separating column. Prior to sample analyses, two blanks and four calibration
standards (10, 30, 100, 300 umol/I) were measured. Comparison of eleven calibrations showed
compound and concentration specific standard deviations between 0.19 % and 1.42 %,
including potential errors introduced during sample derivatization. The limit of detection was

1 umol/l and the limit of quantification was 5 umol/l.
24.2. BET

The determination of the specific surface area of the ground Opalinus Clay material was
determined by N> adsorption using a five-point Brunauer, Emmett and Teller (BET) method
(Kaufthold et al., 2010). A Micromeritics (Norcross/Georgia) Gemini III 2375 surface area
analyzer was loaded with ~300 mg sample material. Prior to that, powders were degassed at

150 °C for 24 hours under vacuum.
2.4.3. ICP-OES

Dissolved cations (major, secondary, and trace elements) were analyzed by inductive coupled
plasma optical emission spectrometry (ICP-OES), using a SPECTRO ARCOS device with
Argon as carrier gas and CCD-chip detection. Samples were filtered (0.2 um cellulose acetate
membrane filters, VWR) and acidified with 50 pl concentrated nitric acid immediately after
sampling. The limit of quantification with this method was between 0.001 mg/l and 0.1 mg/I,

depending on the compound analyzed.
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3. Results

Concentrations of LMWOA in the HPLC-gradient water used for the experiments were below
the limit of quantification (<5 pumol/l). The samples containing only Opalinus Clay and water
gave background concentrations of 17 umol/l for acetate and 9 umol/l for oxalate. The
concentrations of acetate and oxalate in spike solutions were 65, 110, 240, 570, 1150 umol/l

and 45, 90, 170, 440, 900 umol/l, respectively.

The concentrations of acetate and oxalate in an Opalinus Clay suspension after 0.2 and 4.0
hours are presented in Fig. 5.1 A and B. After 0.2 hours, the concentration of acetate increased
compared to the concentrations of the added spike solution by 6-64 umol/l. For samples taken
after 4.0 hours the increase was 10—70 umol/l. After 0.2 hours, the concentration of oxalate
decreased in all samples to 15-35 umol/l, compared to the added spike solutions. After 4.0
hours, an additional decrease in oxalate concentration was observed for most samples, the
largest being 12 pmol/l in the 200 pmol/l sample. The concentration of major elements
determined by ICP-OES measurements is presented in Table 5.1. Control samples did not show
any contaminations by dissolved ions. The specific surface area of the Opalinus Clay sample

material determined by BET-analysis was 27.3 m?/g.
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Figure 5.1: (A) Measured concentration of acetate from sorption experiments with Opalinus Clay
after 0.2 hours (orange symbols) and 4.0 hours (blue symbols). Blue symbols were enlarged for
better visibility. Results are presented as the mean of duplicates for each concentration. Error bars
were smaller than the symbol size. (B) Measured concentration of oxalate from sorption
experiments with Opalinus Clay after 0.2 hours (orange symbols) and 4.0 hours (blue symbols).
Results are presented as the mean of duplicates for each concentration. Error bars indicate the
range between the duplicates. The limit of quantification for acetate and oxalate were 5 umol/l,
respectively. The solubility of Ca-oxalate monohydrate [Ca(C,04)-H>O] at 20 °C of 40 pmol/l
was taken from Lide (2005).
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Table 5.2: Concentration of major elements determined by ICP-OES given in [mg/l] in
aqueous samples from sorption experiments with different concentrations of oxalate and
Opalinus Clay (OPA). Results are presented as mean values from two samples of the same
concentration.

Concentration Cr SO4? Na* K* Ca? Mg?* SiO;
[pmol/1] [mg/1] [mg/1] [mg/1] [mg/1] [mg/1] [mg/1] [mg/1]
Blank

(OPA+H,0) 36.3 235.5 103.5 18.0 21.6 6.2 1.2
50 33.0 221.0 94.4 17.7 24.0 6.7 1.3
100 332 223.0 95.0 18.3 26.2 7.2 1.3
200 345 219.0 95.7 18.2 26.3 7.3 1.4
500 33.0 215.0 94.2 18.6 28.7 8.1 1.5
1000 332 222.0 95.3 19.0 30.3 8.4 1.5

4. Discussion

The experiments with acetate and oxalate in an aqueous Opalinus Clay suspension with spike
solutions of the respective LMWOA resulted in highly contrasting equilibrium concentrations
(Fig. 5.1 A and B). The nearly constant concentrations of acetate are in good agreement with
observations by Rasamimanana et al. (2017). These authors used a Callovo-Oxfordian (COx)
claystone from France in their sorption experiments. Acetate showed negligible adsorption to
COx claystone (Rasamimanana et al., 2017). Adsorption experiments with acetate on forest
soils demonstrated that only <2 % of the added acetate adsorbed to the soils (van Hees et al.,
2003). The duration of the sorption experiments by Rasamimanana et al. (2017) was approx.
1000 hours and facilitated microbial consumption of acetate, which was suppressed by the use
of a sodium azide (NaN3) in an additional experiment (Rasamimanana et al., 2017). The short
experimental duration of 4 hours in the present study demonstrated that microbial consumption
of acetate was successfully avoided. The experimental results and literature data suggest, that
the adsorption of acetate to Opalinus Clay is negligible. Therefore, the generation of acetate,
e.g. by thermal degradation of organic matter (Helten et al., 2022) as a result of heat emission
from HLW containers might lead to increased concentrations of acetate in Opalinus Clay pore
water. This bioavailable acetate can be consumed by microorganisms, which might change the

chemical composition of the pore water.
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Metal-ion—organic complexes are common in nature and among them carboxylates such as
acetate and oxalate compounds constitute the largest group of organic minerals (Baran, 2014).
According to Lide (2005) the solubility of Ca-oxalate is 0.0061 g/l (20 °C), which corresponds
to ~40 umol/l. Ibis et al. (2020) pointed out that determining the solubility of Ca-oxalate
monohydrate, the most common form of this mineral, can be problematic and, historically,
resulted in highly contrasting values between 46 and 2330 pumol/l. Sodium-, calcium-, and
magnesium acetate, on the other hand, have a high solubility in water (Dionysiou et al., 2000;
Soleymani et al., 2013), which is why they were unlikely to affect the acetate concentration in
the Opalinus Clay suspension. This is in good agreement with the almost unchanged

concentrations of acetate in the experiments (see also Fig. 5.1 A).

The solubility of CaCOs (calcite) is ~0.93 mol/l at 25 °C (Plummer and Busenberg, 1982). The
ICP-OES data showed that between 21 and 30 mg/l Ca** were dissolved in aqueous fluid
samples — which corresponds to ~910 pmol/l. When Ca** reacts with oxalate in the aqueous
solution to form Ca-oxalate, the equilibrium reaction between carbonate minerals and the
aqueous fluid provides new Ca®" ions to balance out those that went into Ca-oxalate formation.
Therefore, ICP-OES data on the concentration of Ca®" in the solution is inconclusive in view

of Ca-oxalate formation.

Helten et al. (2022) reported a maximum cumulative amount of substance of oxalate generated
in gold bag experiments of ~4 umol (120 °C). The raw data shows that a maximum of 50 pmol/l
oxalate was measured in aqueous fluid samples from hydrous pyrolysis experiments with
Opalinus Clay (see supplementary data for Helten et al., 2022). This suggests that Ca-oxalate
formation might be a factor limiting the concentration of oxalate in the system minerals—water—
LMWOA in the Opalinus Clay. To further evaluate this, the solubility of Ca-oxalate at >120 °C
and the (in situ) concentration of Ca** would be needed. Consequently, there might be an
increasing pool of mineral-bound oxalate present in the Opalinus Clay once heat-emitting

nuclear waste initiates the generation of oxalate from the organic matter (Fig. 5.2).
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Figure 5.2: Illustration of potential reactions and interactions in the system: minerals—water—low-
molecular-weight organic acids in the Opalinus Clay e.g., at elevated temperatures.

While the incorporation of oxalate in a mineral structure might have a positive effect in terms
of a reduced potential for mineral dissolution (see Surdam et al., 1984), the mineral bound
oxalate might become a long-term substrate reservoir for microbial communities.
Microorganisms can biodegrade oxalate within days (Uren, 2018), or over longer periods if the
oxalate reacts with Ca®" (Strom et al., 2001). Oxalotrophy occurs among bacteria (Hervé et al.,
2016) and the utilization of oxalate from Ca-oxalate minerals requires the mineral to first
dissolve (Uren, 2018). Ca-oxalate dissolution is highly pH-dependent and a low pH would
stabilize the activity of Ca®" due to the inhibition of CaCOs-precipitation (Uren, 2018).
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5. Conclusion

Experiments on the interaction between low-molecular-weight organic acids (LMWOA) and
Opalinus Clay mineral phases in suspension demonstrated a negligible affinity of acetate
towards these solids. Oxalate was likely removed from the aqueous fluid by reactions with Ca*"
ions supplied by the dissolution of Opalinus Clay carbonate mineral phases. Ca-oxalate, i.e.
organic minerals such as whewellite [Ca(C204)-H>O] are highly insoluble and represent a sink
for oxalate. Ca-oxalate might serve as a long-term reservoir of organic carbon for oxalotrophic
microorganisms. The generation of LMWOA from Opalinus Clay organic matter at elevated
temperature conditions expected due to heat emission from high-level radioactive waste,
therefore might have no or a negligible impact on the availability of potential sorption sites on
clay mineral phases in the Opalinus Clay. Consequently, the retention properties of clay mineral
phases in the Opalinus Clay towards radionuclides are probably not negatively affected by
competition with the investigated LMWOA. The results of this study contribute to the
understanding and the evaluation of safety-relevant parameters for nuclear waste repository
facilities. Our results are specific for the Opalinus Clay. Thus, the validity of the outcome has

to be confirmed for other claystone formations.
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Chapter VI

1. Synoptic discussion

Coupled thermo-hydro-mechanical-chemical (THMC) processes are central aspects in the
performance and safety assessment for a repository for heat-emitting high-level nuclear waste
(HLW) in claystone formations and other host rocks. In view of the current state of knowledge
on geochemical processes in claystones, the focus in this field is primarily on the composition
of pore waters and, in some cases, on the interaction between organic molecules and clay
minerals, i.e. sorption processes. The transformation of claystone organic matter due to the
emitted heat from HLW containers and the impact of organic matter transformation on the
geochemical environment received, however, little attention. The aim of this thesis was to
investigate distinct geochemical reactions in the system Opalinus Clay—water—organic matter
at elevated temperatures relevant for the deep geological disposal of HLW in claystones (90—

150 °C).

The thermal conductivity of claystones is rather low compared to other potential host rock
types, i.e. rock salt or crystalline rocks. Heat emitted from HLW will increase the temperature
in the vicinity of waste containers. This energy input will accelerate geochemical reactions such
as mineral transformations (e.g., illitization) and the degradation of organic matter (e.g.,
generation of gaseous and/or water-soluble compounds from kerogen). Moreover, the amount
and speciation of dissolved ions in pore water are affected by thermally-induced reactions in a
claystone formation. All of these processes can alter the retention properties of claystones
towards radionuclides. Therefore, the focus of this thesis is on the identification and
quantification of distinct processes within the extensive geochemical reaction network in the
Opalinus Clay. Experiments performed in the framework of this thesis used homogeneous
sample material from one drill core (BHE-F1, section 2.02-2.22 m, Mont Terri underground
rock laboratory, St. Ursanne, Switzerland). All observations and findings from experiments
with this sample material from the clay-rich shaly facies of the Opalinus Clay will be discussed

in the context of the safety criteria for a HLW repository.
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Figure 6.1: Illustration of the focus of chapters I1I-V. Each chapter in this thesis is thematically
closely intertwined with the others — indicated by the dashed lines in this figure. OPA = Opalinus
Clay; OM = organic matter; CaCO3 = carbonate mineral phases; C;—Cs = hydrocarbon gases
(methane, ethane, propane, and n-butane). No experiments were conducted with radioactive
material, which is why radionuclides are only shown in parentheses.
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1.1. Summary of Chapters I1I-V

While some claystone formations are investigated in the context of oil and gas exploration as
either source rock or cap rock, a large portion of claystone formations is of no economic interest
(Grambow, 2016). As a result, there remains a significant lack of data on some properties of
claystones, which are currently of great international interest in site selection processes for
HLW repositories (Delage et al., 2010; Grambow, 2016). The Opalinus Clay is the selected
host rock for HLW disposal in Switzerland and a candidate as host rock for HLW disposal in
Germany. The focus of this thesis was on thermal transformation reactions of Opalinus Clay
organic matter to water-soluble organic compounds, i.e. low-molecular-weight organic acids
(LMWOA; Chapter III) and gases (Chapter IV) under temperature conditions relevant for HLW
disposal in claystone formations (90—150 °C) and beyond. Due to the potential impact of
LMWOA on mineral dissolution and metal-ion (radionuclide) complexation, the interaction
between LMWOA and ground Opalinus Clay in suspensions was investigated at ambient

conditions (~20 °C; Chapter V).

Chapter III presents new kinetic data on the generation of LMWOA from Opalinus Clay in
the experiments at elevated temperature conditions between 80 and 200 °C. The experimental
approach here mimicked those used in other publications using hydrous pyrolysis equipment to
quantify organic matter transformation to LMWOA. However, many studies conducted high-
temperature experiments >>250 °C with short durations of ~72 hours in order to quantify the
generation potential of organic matter-rich source rocks for LMWOA (see Table 1.2 in
Chapter I). While those studies aimed to quantify the LMWOA yield, hardly any of the studies
accounted for the simultaneous decomposition of newly-generated LMWOA by thermal
decarboxylation reactions and the subsequent yields of gaseous by-products such as COx) and
methane (CHa(g). Moreover, very few of those studies included organic matter-lean sample
material in their experiments (see Table 1.2 in Chapter I). In the context of deep geological
HLW disposal, however, organic matter-lean claystones are the preferred choice as potential
sources for LMWOA. The study by Helten et al. (2022) is up to now the only publication
addressing the simultaneous generation and decomposition of LMWOA in a host rock for HLW
disposal. Moreover, Helten et al. (2022) did this for a comparatively low temperature range of
80-200 °C and sample material with a rather low organic matter content (0.64 wt.%). The
results of this study showed different yields of the LMWOA formate, acetate, and oxalate with
increasing temperature. While the cumulative yield of acetate in the hydrous pyrolysis increased
continuously (up to 16 umol at 200 °C), the cumulative amount of formate stayed within a much

lower range of 0.5-2.5 pmol. The cumulative yield of oxalate showed an increase with
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increasing temperature up to 160 °C (~3.5 umol), but were mostly below the limit of
quantification at 200 °C. Kinetic parameters on the thermal decomposition (decarboxylation)
from the literature for the three compounds demonstrated that formate and oxalate are very
temperature-sensitive compared to acetate, which is reflected in the data. The potential gas yield
(COz(g) and CHy(g)) from the decarboxylation of acetate was calculated as 610 pmol for a period
of 100 years. Helten et al. (2022) pointed out that millimolar concentrations of acetate might be
possible within the pore space of a heated Opalinus Clay and that this might serve as a feedstock
for microbial life. Moreover, the impact of LMWOA on mineral dissolution, gas generation,
metal-ion complexation, and sorption processes was pointed out. The lower half-lives of some
LMWOA in the order of 107 years suggest that e.g., mineral dissolution processes might occur
within the Opalinus Clay, affecting the permeability of the host rock. In addition, fluid-rock
equilibria and the pH of the pore water need to be considered as they will likely also affect
mineral dissolution processes. The reader is referred to the first column in Figure 6.1 for a
schematic visualization of the content and results of Chapter III of this thesis. In addition,
Figure 6.2 provides detailed information on the role of LMWOA in the system Opalinus Clay—

water—organic matter.

Chapter IV presents quantitative data on the release and generation of gaseous COxg) and Ci—
C4 hydrocarbon gases in Opalinus Clay in the temperature range from 80345 °C. Although
gas release/generation from the Opalinus Clay has already been studied and quantified by in
situ and lab-based experiments (Jockwer et al., 2006, 2007; Tomonaga et al., 2019), none of
those studies clearly identified the sources of the gases, their respective contributions to the
overall gas yield, or kinetic parameters, which are valuable information for numerical models
describing long-term processes in a sealed repository. Helten et al. (in preparation) conducted
hydrous pyrolysis experiments in a temperature range relevant for HLW disposal in claystones
(90-150 °C) and beyond, compiling a data set that identified sources of the gases and was also
used to determine kinetic parameters for gas release/generation. A safety-relevant aspect of gas
generation in a sealed repository is the initiation of pore water displacement, which can involve
the transport of radionuclides dissolved in pore water away from the location of HLW
emplacement. The results of this study demonstrated that CO») was the predominant gas
released/generated from Opalinus Clay under the experimental conditions. Up to 180 pmol
COy) were measured in headspace vials containing ~2 ml aqueous sample, which translates to
a cumulative amount of ~120 mmol/kg Opalinus Clay. Hydrocarbon gases (methane, ethane,
propane, and n-butane) were measured in nanomolar amounts — four to five orders of magnitude

less than COx(g). Hydrogen sulfide (H2S()) and carbon monoxide (CO()) were not detected.
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Molecular hydrogen (Ha()) was only found in a two samples from experiments above 300 °C —
out of the relevant temperature range for HLW disposal. Thermodynamic model calculations
revealed that 50—-100 % of dissolved COz(q) Was present as dissolved inorganic carbon (DIC)
in the aqueous fluid. Stable carbon isotope data (8'°Ccoz() used in an isotope mass balance
calculation suggested that COx(g) originated from the dissolution of carbonate minerals yielding
>80 % of the measured COz). Accordingly, the generation of COz) from Opalinus Clay
organic matter contributed to a lesser extent to the overall gas yield. Organic matter
transformation was found to be the main source of hydrocarbon gases. It was found that ~26 %
of the inorganic carbon and ~6 % of the organic carbon in the Opalinus Clay sample material
were transformed to COx() (200 °C). Post-experimental analyses indicated, however, that no
significant quantitative changes in the mineralogical inventory of the sample material took
place, which is in line with literature data (Sauer et al., 2020). The reader is referred to the
second column in Figure 6.1 for a schematic visualization of the content and results of
Chapter IV of this thesis. In addition, Figure 6.2 provides detailed information on the origin and

role of gases in the system Opalinus Clay—water—organic matter.

Chapter V is a data report on the interaction of the LMWOAs acetate and oxalate with Opalinus
Clay minerals in a suspension at room temperature (~20 °C) and at atmospheric pressure. The
interaction between organic compounds and ground claystone or intact core material has been
studied in the Opalinus Clay (Chen et al., 2018a,b) or the Callovo-Oxfordian claystone (chosen
host rock for HLW disposal in France; Rasamimanana et al., 2017). These experiments included
percolation tests investigating the transport of organic compounds in an aqueous fluid through
intact core samples and sorption experiments with ground sample material and labeled ('*C or
4C) organic compounds. Rasamimanana et al. (2017) observed a low affinity of
monocarboxylic acids like acetate for natural clay material, while the interaction between
organic compounds with two or more carboxylic functional groups (-RCOOH) had been
demonstrated. Helten et al. (2022) reported the generation of LMWOA from Opalinus Clay
organic matter at temperatures relevant for HLW disposal in claystone formations. An
unanswered question by Helten et al. (2022) was the subsequent interaction of the generated
LMWOA with Opalinus Clay mineral phases in contact with an aqueous fluid, e.g., pore water.
The results of the present study confirmed previous observations of almost no sorption of
acetate onto clay mineral phases, which was reflected in consistent concentrations between
spike solutions and measured samples. For oxalate, an abrupt decrease in the concentrations of
the added spike solutions was observed. This was interpreted to be the result of the formation

of Ca-oxalate complexes [Ca(C204)] with dissolved Ca®" in the Opalinus Clay porewater.
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Ca-oxalate has a very low solubility (0.0061 g/l or ~40 pmol/l at 20 °C), which might have also
limited the detected concentrations of dissolved oxalate in hydrous pyrolysis experiments
conducted by Helten et al. (2022) (<50 umol/l). The continuous supply of Ca-ions from the
equilibrium reaction between carbonate minerals (e.g., CaCO3) and water results in the
immobilization of oxalate generated from Opalinus Clay organic matter. Consequently, the
impact of oxalate on mineral dissolution and/or metal-ion (radionuclide) complexation in the
Opalinus Clay is probably restricted. In general, this can be seen as a positive effect in view of
safety-relevant geochemical processes for a HLW repository in Opalinus Clay. The reader is
referred to the third column in Figure 6.1 for a schematic visualization of the content and results
of Chapter V of this thesis. In addition, Figure 6.2 provides detailed information on the role of
the interaction of LMWOA with mineral phases and dissolved ions (e.g., radionuclides) in the

system Opalinus Clay—water—organic matter.
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Figure 6.2: Network of co-occurring (thermo-) chemical processes and reactions in the system
Opalinus Clay—water—organic matter (based on an illustration by Christian Ostertag-Henning,
BGR). CaCO; = carbonate mineral phases. Microbial activity was visually accounted for as an
additional co-occurring process in a HLW repository environment, but it was not investigated in
the context of this thesis. No experiments were conducted with radioactive material, which is why
radionuclides are only shown in parentheses.

132



1.2. Criteria for the safe disposal of HLW: thermal transformation of organic matter and

mineral phases in the Opalinus Clay

In the context of HLW disposal in claystone formations temperature is the main parameter for
the layout/geometry of the underground repository facility, i.e. the spacing between waste
containers in drifts and the distances between disposal fields (Lommerzheim et al., 2019).
Temperature initiates and promotes a large number of safety-relevant processes documented in
feature, events, and processes (FEP) catalogues. For instance, the thermal transformation of
organic matter results in the generation of gases like COzg) and hydrocarbon gases (e.g.,
methane) as well as water-soluble organic compounds such as low-molecular-weight organic
acids, which can affect mineral transformation reactions (e.g., Surdam et al., 1984). Therefore,
gas generation and mineral transformation reactions are listed as safety-relevant criteria for the
assessment of the integrity of a HLW repository and can be found under the umbrella term
‘processes’ in FEP catalogues (Lommerzheim et al., 2019). According to Lommerzheim et al.
(2019) processes are ‘transformations acting within the disposal system that change the state of
components’. The host rock formation (e.g., Opalinus Clay) represents a feature/component,
which is further characterized by sub-components/properties, i.e. organic matter type and
content as well as the mineral composition. The latter affects properties of the host rock such
as thermal conductivity (quartz content), permeability (clay content), and the pore water
composition (dissolved ions). Organic matter transformation results in (spatially restricted)
changes in the geochemical environment within the host rock formation that affect components

and their properties.

In Chapters III and IV, gas release/generation and the generation of LMWOA were addressed
separately. In fact, they are simultaneous processes occurring at elevated temperatures in the
system Opalinus Clay—water—organic matter. Gases and low-molecular-weight organic acids
were produced at the same time from the decomposition of Opalinus Clay organic matter and
by mineral dissolution. Figure 6.2 illustrates the complexity and interconnectivity in the
geochemical reaction network in the Opalinus Clay — and other claystones. It needs to be
pointed out that all of the processes included in the figure are directly or indirectly affected by
temperature as an accelerator for geochemical reactions. In addition, it was demonstrated in this
thesis that higher temperatures resulted in higher yields of gases and some LMWOA. In the
following paragraphs a number of processes and events will be briefly discussed in the context

of their relevance for a repository for HLW in Opalinus Clay.
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1) Gas pressure: release and generation of COx(g)

In most scenarios for HLW disposal, the scenario of gas generation is restricted to the
generation of molecular hydrogen (Hz)) from the anaerobic corrosion (oxidation) of steel
construction material and/or waste containers in the presence of water (King, 2012). The present
research by Helten et al. (in preparation) demonstrated that the generation/release of COx(y)
from carbonate minerals and organic matter needs to be accounted for the Opalinus Clay — and
potentially other claystone formations — as well. Carbonate mineral dissolution contributed to
>80 % of the measured COx(g) in the hydrous pyrolysis experiments with Opalinus Clay. The
dissolution of carbonates will increase the concentration of dissolved COxq) in the pore water.
The phase transition from dissolved to gaseous carbon dioxide, CO2(aq—CO2(), depends on the
partial pressure of COx(), the temperature and pressure conditions in the pore space and the
presence/absence of an initial gas phase. At Mont Terri, pore pressures of ~1.5-2.5 MPa (Vinsot
et al., 2017) prevail, resulting in an increased solubility of COx() in pore water as COz(aq). What
might initiate a release of COx(g) from the pore water within a repository is a pressure gradient
between the host rock formation and the drifts/galleries. This, in turn, concerns only a limited
rock volume that was disturbed during the construction phase of the repository, i.e. the
excavation damage zone (EDZ; see Riibel et al., 2002). Moreover, the release of thermally
generated COx(g) from the host rock formation might be also limited by the extent of the pore
network in the Opalinus Clay. Keller et al. (2011) and Houben et al. (2013) found that most
pores in the Opalinus Clay are not interconnected and are, therefore, likely restricting the
migration of ions and gases to short distances. King (2012) reported that the anaerobic oxidation
of 1 mol iron/steel (~55.8 g) with water yields 1-1.33 mol Ha(). In comparison, in a hydrous
pyrolysis experiment with 50 g ground Opalinus Clay 0.006 mol COx() were released/generated
(200 °C). This value reflects the calculated cumulative amount of COxg) based on COxy)

measured in samples from the hydrous pyrolysis experiment.

Concerning the storage of HLW containers in a host rock formation, there is not one
temperature to consider for the entire duration of HLW storage. Bossart et al. (2017) illustrated
that the temperature in the repository environment will be at a peak shortly after waste
containers are emplaced and then temperature decreases over time. Consequently, there will be
a limited period in which (geo-) chemical reactions will be thermally initiated and/or
accelerated — including the release/generation of gases. However, the temperature conditions
within a host rock formation will be lower than those on the surface of the HLW containers,
resulting in gas release/generation determined for the temperature range of 80-120 °C

(<0.001 mol per 50 g ground Opalinus Clay). Concerns about gas pressure build-up and
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subsequent fracturing of the host rock formation of a sealed repository have been addressed
e.g., by Marschall et al. (2005). These authors pointed out that the gas pressure needed to create
fractures (‘gasfracs’) in the Opalinus Clay formation at Mont Terri is much higher than the
expected evolution of the gas pressure after repository closure (Marschall et al., 2005). This
thesis provided new quantitative data on the release/generation of COz) in Opalinus Clay
confirming this assumption. An investigation on the impact of COz) on the gas pressure in a
repository and the effect this might have on the displacement of pore water and the transport of
dissolved radionuclides was beyond the scope of this work. Thus, processes linked to and/or
initiated by the release/generation of COz) require further research, e.g., by numerical

modelling.
2) Mineral dissolution: carbonate minerals and LMWOA

This thesis demonstrated that the release/generation of gaseous CO> in Opalinus Clay was
closely related to the dissolution of carbonate minerals and influenced the pore water pH. An
isotope mass balance calculation based on the stable carbon isotope composition (§'°C) of
COx(e) suggested that up to 26 % of the inorganic carbon were dissolved at the end of the 200 °C
experiment. Quantitative XRD analyses of the sample material after the experiments showed
no significant change in the mineralogical composition compared to the pre-experimental
measurements on non-heated Opalinus Clay. Sauer et al. (2020) reported that post-experimental
analyses of Opalinus Clay from hydrous pyrolysis experiments at 200 °C did only show slight
differences in XRD patterns compared to unheated sample material. Although some carbonate
mineral dissolution took place during hydrous pyrolysis experiments, the post-experimental
quantitative XRD analyses reported in this thesis and by Sauer et al. (2020) suggest that no
significant quantitative changes in the carbonate mineral inventory of the Opalinus Clay are to
be expected under elevated temperature conditions in a repository. But for a sensitive
quantification of carbonate dissolution the small change in the amount of carbonates present
before, during and after a heating experiment should be followed by online-analyses perhaps

using an added '3CO; isotope label to document the dissolution/reprecipitation rates.

The impact of LMWOA on mineral dissolution processes had been shown to be primarily
associated with di- and polyfunctional LMWOA (e.g., Surdam et al., 1984). Oxalate was the
most prominent di-functional acid in aqueous fluid samples from the hydrous pyrolysis
experiments with Opalinus Clay. At the same time, oxalate is one of the thermally least stable
LMWOA (see Crossey et al., 1991; Helten et al., 2022). The relatively low half-life of oxalate

for its thermal decomposition by decarboxylation in the order of 10! (80 °C) to 107 years
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(200 °C) and its immobilization by complexation reactions with dissolved ions like Ca*" in
aqueous fluids (see next paragraph) — and therefore also in Opalinus Clay pore water — limits
the potential of mineral dissolution reactions initiated by LMWOA generated from Opalinus
Clay organic matter immensely. However, the complexation of Ca®" by oxalate and hence its
removal from the pore water might destabilize some Ca-bearing minerals resulting in their
dissolution. Based on the results of this thesis, the significant dissolution of (clay) minerals
initiated by LMOWA in Opalinus Clay is considered unlikely. The dissolution of carbonate
minerals, however, might need careful evaluation. The overall absence of quantitative changes
in the overall mineralogical inventory in unheated and heated Opalinus Clay sample material
suggests that the integrity of the natural barrier properties of Opalinus Clay might not be

significantly affected by geochemical reactions due to increased temperature.
3) Radionuclide mobility: sorption processes

The interaction between LMWOA and clay minerals is related to the mobility of radionuclides
in claystone formations. Clay minerals such as smectite provide negatively charged surfaces
that can immobilize some radionuclides by sorption. Due to the small particle size of clays
(<2 pum), the resulting surface area per gram clay is high compared to other minerals. The charge
of clay minerals depends on the type of clay mineral and the pore water pH (Schoonheydt and
Johnston, 2006; Dohrmann et al., 2013). The ability to retain radionuclides makes claystone
formations promising natural barriers for the disposal of HLW. Nevertheless, radionuclides are
not the only compound class prone to sorption processes. Other metal ions as well as organic
compounds dissolved in pore water interact with clay minerals and occupy sorption sites that
could have otherwise been available for the retention of radionuclides. The negative surface
charge of clay minerals repels anionic species such as CI, I', and organic acid anions with
deprotonated functional groups (R—COQ"). This anion exclusion effect (Van Loon et al., 2003)
affects LMWOA once the pH of the pore water is >5 and the acids are deprotonated. This thesis
demonstrated the generation of LMWOA over the temperature range from 80—-200 °C and that
the coinciding solution pH in the experiments was always >5. Moreover, experiments with
LMWOA in a suspension with ground Opalinus Clay clearly indicated that the solution pH
under ambient conditions was >8, which is in good agreement with data reported from the
Opalinus Clay formation at Mont Terri (Switzerland; Bossart and Thury, 2008). Furthermore,
the study investigating the interaction of acetate and oxalate in suspension with Opalinus Clay
showed no interaction of acetate with Opalinus Clay minerals. A significant removal of oxalate
was observed, which was due to complexation reactions with Ca®" ions in the aqueous fluid,

forming highly insoluble Ca-oxalate. Therefore, the extent of the generation of LMWOA in the
136



experiments has probably no negative effect on the retention properties of clay minerals in the
Opalinus Clay towards radionuclides. This does not imply, however, that organic compounds
in general cannot occupy sorption sites of clay minerals. A more detailed characterization of

dissolved organic compounds in Opalinus Clay pore water would be beneficial.
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Chapter VII

Conclusions and Outlook

This thesis demonstrated that organic matter transformation is a relevant process at
temperatures expected in the context of heat-emitting high-level nuclear waste (HLW) disposal
(90-150 °C) in Opalinus Clay — and potentially other claystone formations. The gases generated
and released were shown to be dominated by carbon dioxide (COzg)), which was released
primarily from carbonate mineral (CaCO3) dissolution and to a lesser extent from organic
matter transformation. The cumulative amount of C1—C4 hydrocarbon gases was mostly in the
order of nanomols [nmol] and would, therefore, only contribute in very low quantity to a gas
pressure increase in a sealed repository. The cumulative amount of COz() was in the order of
low millimolar [mmol] quantities increasing with temperature. In order to quantify the impact
of COx(g) on the gas pressure in a sealed repository it is necessary to: (1) assess the volume of
carbonate mineral bearing claystone and its organic matter content exposed to an increased
temperature from HLW; (2) characterize the geochemical environment within the host rock
formation and to anticipate potential changes to the pore water composition (e.g., pH); (3)
quantify the volume of disturbed claystone from the excavation of galleries, which results in a
pressure gradient between the pore pressure in the formation (likely several MPa) and near-
ambient conditions in the galleries (~0.1 MPa) for dissolved CO2(q) to undergo mass transfer
into the gas phase as COx(); and (4) to account for any processes that might consume/bind
COy(e) in the repository environment. In order to achieve this, numerical models are needed that
utilize the new quantitative geochemical data coming from hydrous pyrolysis experiments with
Opalinus Clay. In addition, the new data can be added to existing estimates for pressure build-

up by hydrogen gas release during the anoxic corrosion of steel in a sealed repository.

The cumulative amount of low-molecular-weight organic acids (LMWOA) from Opalinus Clay
organic matter in hydrous pyrolysis experiments was in the order of several micromoles [pumol],
which is in agreement with literature data on concentrations of LMWOA in Opalinus Clay pore
water. The respective concentrations of the LMWOA from hydrous pyrolysis experiments are
not likely to affect the dissolution of Opalinus Clay minerals, therefore, not affecting the

permeability of the natural barrier properties of the host rock formation. The rapid formation
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and simultaneous thermal decomposition of some LMWOA such as oxalate at temperatures
between 120 and 160 °C hint at only transient presence of this otherwise reactive compound in
a HLW repository in Opalinus Clay. Acetate, the main acid generated in the experiments, might
accumulate in the pore water and serve as a temporary feedstock for microbial communities in
the repository environment. Gas yields from the thermal decarboxylation of LMWOA were
found to be approximately 1 mmol (COzg) + CHa)) over the course of 100 years and per
kilogram Opalinus Clay (Helten et al., 2022). While the results for the generation of LMWOA
in Opalinus Clay suggest that the integrity of the natural barrier properties of this claystone are
probably not negatively affected by formation or transformation of LMWOA, this finding
cannot be transferred to other claystone formations, which might be characterized by

completely different LMWOA yields at elevated temperatures.

The experiments on the interaction of acetate and oxalate with Opalinus Clay mineral phases in
a suspension at room temperature (~20 °C) demonstrated that the concentration of acetate was
not affected by the presence of potential sorption sites of Opalinus Clay minerals and organic
matter and/or dissolved ions as potential complexation partners. This supports the hypothesis
that acetate generated from thermal organic matter transformation could accumulate in
Opalinus Clay pore water over time — if not consumed by microorganisms. Oxalate, on the other
hand, was almost completely removed from the suspension within minutes. This was explained
by the high affinity of oxalate to form insoluble Ca-oxalate complexes. The interpretation of
relatively low concentrations of oxalate in hydrous pyrolysis experiments as the result of rapid
decarboxylation was extended by the suggestion of Ca-oxalate complex formation as a limiting
factor for the concentration of oxalate. The high abundance and continuous supply of Ca-ions
from carbonate mineral dissolution in the Opalinus Clay limits any impact oxalate might have

on the integrity of the natural barrier properties of Opalinus Clay.

This thesis highlights the importance of a thorough organic and inorganic geochemical
characterization of claystone formations in the context of safety evaluation procedures for deep
geological HLW disposal. Geochemical processes are often highly interdependent,
temperature-related, and should not be interpreted isolated from other complementing data —
when available. The transferability of the results of this thesis to other claystone formations
under investigation in a HLW disposal context is probably limited and requires careful
consideration. The new quantitative data on, e.g., gas production will help to refine numerical
models and feature, events, and processes catalogues in the assessment of the long-term

performance and safety of HLW repositories in claystone formations.
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