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Preface

This cumulative doctoral Thesis is composed by three main chapters (Chapters 2-4) as well as a
common introduction (Chapter 1) and common conclusions (Chapter 5). The three main chapters
report on the distinct episodes of investigating hydrogeochemical effects of an intrusion of the three
investigated gases, namely compressed air, methane, and hydrogen, into a shallow aquifer. All these
chapters are based on manuscripts prepared for submission, as indicated after each title. Critiques
and remarks suggested by reviewers and journal editors were also incorporated, where available; the
published forms of the papers are provided in the Appendix. Beyond the published outcomes, all
three chapters were extended by additional results. Although these further aspects were not
included in the submitted manuscripts, they are presented here because they still contribute to the
topics discussed in the respective papers and because the underlying research was carried out in the
frames of this doctoral project. Four Master and four Bachelor theses were also prepared in
cooperation with this dissertation. These works are included in the References as well as the raw
data gathered during the experimental investigations in the Appendix.

In addition to journal publications and theses, several talks and posters have been prepared and
presented at various meetings to additionally spread the results assembled in the frames of this
doctoral project: all these talks and posters, along with their corresponding abstracts, can be found
on the Appendix CD of this PhD Thesis, too. The work presented in the talk at the meeting of the
Hydrogeology Division of the German Geological Society (FH-DGG) in 2014 and the work
presented on the poster at the European Association of Geoscientists and Engineers (EAGE)
Sustainable Earth Sciences meeting in 2015 were awarded with prizes given by the FH-DGG, and
the EAGE, respectively.

The presented doctoral research is part of the ANGUS+H joint research project. The wider context
of the project is the globally increasing need for energy storage solutions, with the focus on
geological energy storage. Such a focus is justified by various studies predicting that stabilizing
future energy networks containing a major share of solar and wind energy production is expected to
involve the subsurface along with other technologies. To support the planning and implementation
of such geological energy storage facilities, participating ANGUS+ project partners have been
investigating various scenarios of using the subsurface space including the side effects subsurface
use can have on protected natural goods in the deep and shallow subsurface using mainly
experimental and modeling tools. Within the framework on shallow aquifers, potential effects of
heat storage and gas leakages were investigated through experiments and modeling in various
working packages usually coupled to PhD projects similar to this presented one. The experimental
efforts supported both the process understanding and the parameterization workflow for developing
numerical models and directly contributed to the evaluation of scenarios of subsurface use. The
outcomes of this Thesis support the description of the geochemical consequences of a gas
(compressed air, methane or hydrogen) leakage and also provide references for calibrating
geochemical reaction models and potential future experimental or field investigations.

A further outcome of this PhD project is, therefore, its contribution to the Final Project Report as
well as its input to the ANGUS+ German Guidelines for Subsurface Energy Storage, a collection of
recommendations improving the planning, monitoring, and operation practices of geological energy
storage systems.



Abstract

Abstract

The fluctuating energy production of renewable sources, most importantly wind turbines and
photovoltaic panels, implies the necessity of energy storage. Already operating possibilities for large
scale geological energy storage include storage of compressed air (CAES), methane, and hydrogen.
For the safe and sustainable implementation of subsurface energy storage, assessment studies and
monitoring strategies are needed, based on proper process understanding and supported by
evaluating numerically modeled scenarios of subsurface use. In case of gas storage, this process
understanding includes knowledge gaps regarding gas-specific reactions to be expected in shallow
aquifers following a leakage of compressed air, methane, or hydrogen. These reactions can change
the composition of the groundwater, which potentially leads to conflicts between different ways of
utilizing the subsurface. Additionally, groundwater is a natural good protected by law in most
developed countries.

Experiments representing reactive hydrogeological environments characteristic to a shallow aquifer
influenced by a gas plume were carried out and were evaluated, constituting the main part of this
PhD Thesis. The applied experimental approach most importantly included flow-through column
experiments using a sediment from a shallow Pleistocene aquifer percolated by the groundwater
from the same aquifer as well as auxiliary batch and column experiments with further materials. The
water used to percolate the experimental sediment columns was saturated by the respective gas at
partial pressures representing the conditions taking place within a dissolved gas plume in a shallow
aquifer after a leakage of compressed air, methane, or hydrogen.

Supporting expectations based on literature data, experiments on leakage of compressed air showed
pytite oxidation (at a rate up to 4 uM/h) in the sediment columns. At oxygen partial pressutes
between 0 and 11 bars kinetically controlled pyrite oxidation therefore caused an increase in sulfate
concentration and a decrease in pH. The transfer function on reaction kinetics developed using
PHREEQC based on the experimental reaction rates for upscaling the results includes a new surface
passivation term describing the inhibition of more than 90% of the pyrite reactivity compared to the
reactivity expected based on previously published models. This model was then integrated into a
multiphase 3D numerical reactive transport model to investigate potential site-scale effects.

Methane oxidation coupled to reduction of nitrate and especially sulfate is known from various
groundwater and marine environments. However, fugitive methane was not oxidized and did not
cause detectable changes in the groundwater within one year in the presented flow-through column
experiments. This finding acknowledges earlier studies describing no methane oxidation if methane
ot its electron acceptors are newly introduced into an aquifer, even if methane and its electron
acceptors are unlikely to be present in natural conditions concurrently in a steady state.

In contrast to methane, elevated (in the mM range instead of the natural nM range) concentration of
hydrogen immediately triggers a series of redox reactions. Changes in groundwater composition
were found in experiments with hydrogen partial pressures between 1 and 25 bars. The resulting
reduction of ferric iron, nitrate (rates up to 10.4 uM/cm’sediment/h), sulfate (rates up to
42 nM/cm’sediment/ h), and carbonate have major effects on groundwater, including the increase of
acetate (rates up to 85 nM/cm’sediment/h), nitrite, and sulfide concentrations and pH (by up to
1.5); along with decreasing (by 150 uS/cm) electric conductivity. Based on these observations, a
descriptive reaction model was developed for further modeling applications.

The conclusions of this PhD project have direct applications beyond the description of reactive
conditions not explicitly studied before. The observed hydrogeochemical behavior of gas-saturated
shallow geological environments improves the state-of-the-art process understanding for gas leakage
scenarios and serves as a base for further research efforts. Moreover, geohydromodeling efforts
may utilize the presented quantification of geochemical reactions when parameterizing numerical
scenarios on geological energy storage for site characterization as well as for developing leakage
monitoring strategies. Such investigations are expected to contribute to more sustainable energy
storage solutions in future energy networks.
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Kurzfassung

Kurzfassung
Die fluktuierende Energiebereitstellung aus erneuerbaren Quellen, vor allem Wind- und
Solarenergie, impliziert die Notwendigkeit einer Energiespeicherung. Bereits verwendete
Moglichkeiten fur grofiskalige unterirdische Energiespeicherung sind unter anderem Druckluft-
(CAES), Methan- und Wasserstoffspeicherung. Fir eine sichere und nachhaltige Umsetzung
geologischer Energiespeicherung werden auf einem angemessenen Prozessverstindnis und der
Auswertung numerischer Nutzungsszenarien des Untergrundes basierende Bewertungstudien und
Monitoringmalinahmen benétigt. Das Prozessverstindnis fir die zu erwartenden gasspezifischen
Folgereaktionen im Falle einer Leckage von Druckluft, Methan oder Wasserstoff aus einem
Gasspeicher in einen oberflichennahen Grundwasserleiter ist unvollstindig. Insbesondere diese
Folgereaktionen konnen jedoch die Zusammensetzung des in vielen Lindern gesetzlich geschiitzten
Grundwassers verandern.
Zur Verbesserung des Prozessverstindnisses beziiglich der potenziellen Folgereaktionen einer
Gasleckage in oberflichennahe Grundwasserleiter wurden relevante hydrogeochemischen
Bedingungen reprisentierende Experimente durchgefiihrt, welche den Hauptteil dieser Dissertation
ausmachen. Dabei wurden Sdulen-, und Batchexperimenten hauptsichlich mit Sediment und
Grundwasser aus dem selben flachen, pleistozinen Aquifer durchgefihrt. In dem jeweiligen
Versuchswasser wurde dann entsprechend der zu simulierenden Partialdriicken Druckluft, Methan
oder Wasserstoff gelost um die Bedingungen in einer Fahne aus gelostem Gas nach einem
Leckageereignis nachzustellen.
Experimente zu Druckluftleckagen zeigten in Ubereinstimmung mit Literaturdaten eine
Pyritoxidation (mit Raten bis zu 4 uM/h). Bei Sauertoffpartialdriicke von 0 bis 11 bar verursachte
eine kinetisch kontrollierte Pyritoxidation eine Zunahme der Sulfatkonzentration und eine Abnahme
des pH-Wertes. Die mit PHREEQC auf den experimentellen Ergebnissen basierend entwickelte
Transferfunktion fir die Reaktionskinetik zur Hochskalierung der Ergebnisse enthilt auch einen
Term fiir die Oberflichenpassivierung, mit der die Inhibition von bis zu 90% der anhand von zuvor
publizierten Modellen erwarteten Reaktivitit beschrieben wird.
Methanoxidation gekoppelt mit einer Reduktion von Nitrat und besonders Sulfat, ist aus
verschiedenen Marinen- und Grundwassermilieus bekannt. Jedoch wurde fliichtiges Methan in den
vorliegenden Durchfluss-Sdulenexperimenten innerhalb eines Jahres weder oxidiert, noch
verursachte es Verinderungen in der Grundwasserzusammensetzung. Dieses Ergebnis bestitigt
frihere Studien in denen keine Methanoxidation beobachtet wurde, falls Methan oder seine
Elektronakzeptoren neu in einen Aquifer intrudierten, auch wenn Methan und seine
Elektronenakzeptoren unter natiirlichen Bedingungen normalerweise nicht gleichzeitig vorhanden
sind.
Im Gegenteil zu Methan, 16sten hohe (in der Groflenordnung von mM statt der natiirlichen nM)
Wasserstoffkonzentrationen sofort nach ihren Eintritt ins Grundwasser Redoxreaktionen aus.
Verinderungen in der Grundwassersusammensitzung wurden in Experimenten mit 1-25 bar
Wasserstoffpartialdruck gefunden.  Die resultierende Reduktion von Eisen, Nitrat (bis zu
10.4 uM/cm’Sediment/h), Sulfat (bis zu 42 nM/cm’Sediment/h), und Karbonat haben eine
bedeutende Auswirkung auf die Grundwasserzusammensetzung, einschlieSlich der Zunahme der
Acetat- (bis zu 85 nM/cm’Sediment/h), Nitrit-, Sulfidkonzentrazionen, des pH-Werts (von bis zu
1.5) und der Abnahme der elektrischen Leitfihigkeit (von ca. 150 uS/cm). Basierend auf diesen
Beobachtungen wurde ein deskriptives Reaktionsmodell entwickelt.
Die in dieser Dissertation dargelegten, experimentell begrindeten Aussagen haben direkte
Anwendbarkeit tUber die Beschreibung bisher nicht untersuchter geochemischer Bedingungen
hinaus. Das beobachtete hydrogeochemische Verhalten gasgesittigter oberflichennaher
geologischer Milieus verbessert das Prozessverstindnis fir Gasleckageszenarien und kann als
Grundlage fur die Charakterisierung neuer Gasspeicher und fir die Entwicklung von
Monitoringstrategien genutzt werden. In der Geohydromodellierung kénnten die quantifizierten
geochemischen Reaktionen zur Parametrisierung von numerischen Szenarien zur Energiespeicher
im Untergrund verwendet werden.
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Introduction

1. Introduction

1.1. Energy transition and the need for energy storage

The anthropogenic greenhouse gas emissions increasing since the pre-industrial era have been
causing an unprecedented change in the climate of the Earth (IPCC, 2014), especially in terms of
temperature. These temperature changes imply an overall warming of the atmosphere and the
oceans, as well as a rise in the sea level and an increasing frequency and intensity of extreme weather
events. The combination of such climatic impacts results in a wide range of harmful environmental
and economic consequences, which shall be diminished by the widening international consensus on
the agenda to be followed. Complementary responses given to climate change aiming at a
sustainable future may be divided into mitigation and adaptation measures IPCC, 2014). A main
goal of several mitigation strategies is to decrease the emissions of anthropogenic greenhouse gases,
most importantly carbon dioxide, which is released mostly when producing energy or power for
heating, transport or industrial processes. Additionally to other factors, such as decreasing
dependency on energy import, preventing carbon dioxide emissions has been motivating a large-
scale development of renewable energy sources in many industrialized nations since the last few
decades (BMUB, 2013). This global energy transition suggests a further development also
supported by ambitious national and international goals, including for instance a scenatio
considering at least 85-90% renewable energy production until 2050 in Germany (UBA, 2010).
Within most scenarios on energy systems wind turbines and solar panels represent a significant
proportion of both the renewable capacities installed so far and also in the capacities still to be
developed. However, a major issue caused by the increasing use of wind and solar energy is the
fluctuating energy production caused by these sources on the power supply side (Figure 1.1). On
the demand side of the network the energy consumption of end users fluctuates as well, which could
be followed by more flexible energy production technologies. Such conventional sources include
igniting fossil hydrocarbons as well as using renewable energy sources like biogas or hydropower,
which are often limited in capacity by regional conditions. The increasing use of climate neutral
energy sources in the upcoming decades is therefore expected to create and propagate a fluctuating
gap between supply and demand in power networks. This changing, positive or negative, gap
between renewable power production and the consumption of end users is one of the major
challenges for both regional and international energy systems, and their operators will have to assess
this issue in order to function safely and sustainably in the future.

Wind offshore 50Hertz ‘Wind offshore Tennet @ Wind onshaore S0Hertz Wind Amprion ‘Wind onshore Tennet

Wind Transnet BW Solar 50Hertz Solar Amprion Solar Tennet Solar Transnet BW
0.747

0.700
0.600
0.500

0.400

Energy (TWh)

0.300

0.200

0.000
1 45 85 125 165 205 245 285 325 365

day
Figure 1.1: Strongly fluctuating datly wind and solar power production in different German networks in 2015
(Eraunhofer, 2016).

10



Energy transition and the need for energy storage

Storage of renewably produced energy may balance the fluctuating gaps between overproduction
(surplus) and underproduction (shortage) of energy compared to the demand on the market.
Considering the described growth in such fluctuations an increasing need for energy storage
solutions can be very well predicted. Energy storage in general can be carried out by simultaneously
implementing and improving a wide range of already available technologies (Figure 1.2). A synergic
structure of various energy storage methods may be installed by combining technologies with
different response times (e. g. intraday and seasonal) and volume scales (e. g. household or regional).
Several ways to store energy may be based on different working principles (e. g. physical or
chemical), which shall be coupled and optimized for sustainable future applications. For example,
already at a projected renewable share of 85% in the energy supply network a cooperating storage
system including power-to-gas energy storage, heat storage and short-term storage technologies like
pumped hydro facilities will be a strict prerequisite for a stable operation (Sterner and Stadler, 2014).
As a renewable share of around 85% is needed to fulfill major European climate protection goals by
2050 (UBA, 2010), the development of energy storage technologies, including the construction of
large-scale facilities, is probably inevitable.

For an economically and environmentally sustainable application of technologies involved in energy
storage detailed evaluation is needed regarding potential operational and unwanted environmental
impacts but they also need assessments concerning possible interactions influencing their efficiency
(Bauer et al., 2013). Such investigations are especially crucial for large-scale facilities (e. g. pumped
hydro, heat or gas storage) because the zones of their implementation may interfere with areas
where other ways of resource utilization, most importantly water production, is carried out.
Moreover, large-scale energy storage technologies installed in natural systems can potentially cause
changes in one or more elements of the environment, for instance in the groundwater.
Characterizing such interactions and changes will, therefore, support the efforts for realistically
planning and sustainably operating a future renewable-based energy network balanced by energy
storage technologies.

1Year A Power-to-Gas
1 Month 4 Heat storage -
1 Week - :
Aquifers
sensible (Methane)
) sensik
E 1 Day latent Caverns
b Redox Flow (Methane, Hydrogen)
g Sodium-
c 4 Lead- sulfur
] 1 Hous acid
Q. Lithium
3 ion
o Condensators Sl
thermal
ANInactet mechanical
electrochemical
electromagnetic
electric
1 Second -
100 ms - REis
g, 2014
T I T T T T T T T T T T >
1 kWh 1 MWh 1 GWh 1TWh

Storage capacity

Figure 1.2: Comparison of energy storage technologies installed in Germany based on the response time and capacity
ranges they are able to cover (modified after Sterner and Stadler, 2014).
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Introduction

Both amongst large and small scale systems the subsurface offers several possibilities for energy
storage in the context of the transition towards a sustainable future energy system (Bauer et al.,
2013; Kabuth et al., 2017; Bauer et al., 2015 a and b). Geological energy storage technologies
include most importantly storage of heat and gases; both generated from surplus electricity
production and termed “power-to-heat” and “power-to-gas”, respectively. When using aquifer heat
storage injection and production wells installed in the shallow subsurface can provide buffering on
up to a seasonal time scale for the heating or cooling needs of up to districts. Constructing power-
to-gas plants connected to geological gas storage facilities in the deep subsurface can balance larger
power surpluses and shortages in whole regions (Figure 1.2). These subsurface gas reservoirs may
be installed in artificial salt caverns or deep confined aquifers to store typically compressed air,
methane, or hydrogen.

1.1. Gas storage and impacts of gas leakages
By 2050 in Germany alone, the capacity for power-to-gas energy storage is projected to reach
110 TWh and 514 TWh for hydrogen and methane, respectively (Sterner and Stadler, 2014), which
could potentially balance the broad fluctuations taking place in a renewable-intensive energy supply
mix (Figure 1.1). The expansion of gas storage capacity in the upcoming decades requires the
construction of several geological gas storage sites, involving the operation of various subsurface
facilities containing the stored gas under high pressure (e. g. wells, gas caverns, reservoirs, etc.).
However, the shallow and deep subsurface is very often used for several purposes other than gas
storage simultaneously (Figure 1.3), which can potentially lead to conflicts between concurrent ways
of subsurface utilization. Interactions caused by gas storage include those caused by normal
operation and by unwanted events, such as accidental gas leakages (Evans, 2008). These thermal,
hydraulic, mechanic and chemical effects may lead to changes relevant for the operators of the gas
storage site as well as for civil and official stakeholders (Bauer et al., 2013). Therefore, the zone(s) of
operation as well as the surrounding zone shall consider the area where the processes induced by gas
storage can potentially be identified. In such an area the monitoring of gas storage or identifying
potential leakages shall be carried out to observe and follow regular or unwanted changes in- and
around geological gas storage facilities (Bauer, 2015a). Beyond the interactions influencing the use
of subsurface resources or energy storage operations themselves, gas storage can also have
unwanted effects on protected natural goods, such as groundwater in the shallow subsurface. For a
wider implementation of power-to-gas energy storage extensive and thorough understanding of the
processes potentially changing the conditions of protected natural goods or reservoir conditions is
needed to adequately handle potential environmental and operational effects of subsurface gas
storage technologies. A highlight of such investigations may be laid on the groundwater, and
particularly on potential changes in its composition.
Groundwater, especially in shallow aquifers, is a protected natural good and it is often utilized as a
resource for drinking water; therefore potential changes in its flow, temperature, and, most
importantly, composition are of distinguished significance and consequently often a matter for
major public concern. One or more of these groundwater conditions can potentially be influenced
by a gas intrusion originating from a gas storage facility in an underlying reservoir. Stored gases may
leak through reactivated faults, broken, forgotten, or pootly sealed wells, or through a not
homogenously impermeable cap rock (Evans 2008; Evans, 2009). On the other hand, deep porous
reservoirs and salt caverns are still considered to be a comparatively safe and cost-efficient solution
for storing major amounts of compressed gases, such as air, methane, or hydrogen (Taylor, 1980).
Therefore, deep saline aquifers and artificial salt caverns may be expected to accommodate large-
scale energy storage facilities in the potential vicinity of protected shallow groundwater resources
(Figures 1.2 and 1.3). Considering the scenario of an accidental gas leakage from a deep reservoir,
the site characterization process before installing new gas storage facilities usually requires the
evaluation of potential changes in groundwater conditions, especially in groundwater chemistry,
possibly caused by gas leakages.
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The chemical composition of the groundwater can be influenced beyond the dissolution of the
leaked gas by various geochemical reactions potentially taking place in an aquifer. Although the
leakage mechanisms of methane, hydrogen, or compressed air show some similarities to leaky
carbon capture and sequestration (e. g. Apps et al., 2010; Dethlefsen et al., 2013; Haase et al, 2014)
and hydraulic fracturing (e. g. Osborn et al., 2011) facilities, their geochemical consequences can be
expected to be different. So far, only a few studies considered biogeochemical or hydrogeochemical
consequences of accidental leakages of compressed air, methane, and hydrogen into shallow aquifers
from storage facilities coupled to power-to-gas plants.

As discussed above, well-characterized geochemical processes contribute to a better understanding
of various aspects of routine operation and leakage management. For instance, operational and
leakage monitoring of subsurface gas storage facilities can very well be supported by identifying
geochemical changes known to occur within a dissolved or multiphase gas plume in an aquifer. Also
before the actual gas storage would start, the description of such reactions can support site
characterization as well as risk assessment efforts by evaluating the potential for the changes
geochemical reactions may cause in the subsurface. In order to optimize the planning and the
monitoring of geological gas storage systems numerical models are widely applied (e. g. Pfeiffer et
al., 2016). By evaluating various scenarios potentially taking place while using the subsurface in
defined ways a wider geological and technological context of energy storage can be considered and
projections can also be made considering the specific boundary conditions. Including geochemistry
in such computer models in general, and geochemical reactions in particular, can provide more
realistic results for simulating subsurface environments influenced by gas storage or gas leakages.
To reliably support leakage monitoring, storage site assessment, and model parameterization
workflows involving hydrogeochemical reactions, such reactions cannot be sufficiently characterized
based on general kinetic or even equilibrium data gathered from the literature. However, as
discussed above, studies have not been published on geochemical aspects of effects large-scale
subsurface storage of hydrogen, methane, or compressed air could have on shallow groundwater in
an extent which could provide a well-established base for model parameterization workflows.
Therefore, to investigate which geochemical reactions shall be expected to take place in aquifers
following a gas intrusion, further process characterization is needed, including the identification of
the reactions actually taking place and quantifying their kinetic behavior at aquifer conditions.
Changes, hydrogeochemical changes in particular, can potentially be caused in the subsurface by the
intrusion of gases (Bauer et al., 2013; Kabuth et al., 2017; Bauer et al.,, 2015 a and b). Amongst a
series of possible geochemical consequences subsurface energy storage can have (e. g. Liders et al.,
2016), the hydrobiogeochemical interactions potentially taking place when unwanted gas leakages
from deep reservoirs intrude shallow freshwater aquifers can have many implications and such
scenarios are therefore investigated and discussed here in details (Figure 1.3).
Experimental
Sediment + Groundwater samples > process

—————————————————— parametrization
(reactions)

Simulation of

energy storage

scenarios incl.
monitoring

Guidelines for
sustainable

Final disposal use of the

subsurface

Figure 1.3: Possible conflicts between potential ways of using the subsurface for mass and energy storage (left), and the
concept for investigating these interactions (right); the energy storage scenarios as well as the investigation workflows
discussed in this Thesis are marked as bold (modified after Bauer et al., 2013).
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1.2. Reactions in shallow aquifers following a gas leakage
Amongst various hydrogeochemical and biogeochemical processes able to change the composition
of groundwater, redox reactions may be expected to have a deciding impact if a plume of
compressed air, methane, or hydrogen would intrude an aquifer (Appelo and Postma, 2010; Bauer et
al., 2013). The intrusion of these three gases would potentially affect the redox state of an aquifer by
providing additional reducing (electron donating) or oxidizing (electron accepting) reactants. In case
of a compressed air leakage oxygen serves as an electron acceptor while fugitive hydrogen and
methane can have the role of the electron donor. Reaction partners for processes to take place can
be available from the solid phase (e. g. pyrite to be oxidized) or they can be dissolved in the
groundwater (e. g. sulfate and nitrate to be reduced) or can be found in both solid and dissolved
form (e. g. carbonate to be reduced). The occurrence and the kinetics of aqueous redox reactions is
determined primarily by the availability of electron acceptors and electron donors as well as by the
activation of a reaction path by thermodynamically favorable conditions or catalysis, for instance by
microorganisms.
The evaluation of redox reactions following the leakage of compressed air, methane, or hydrogen, as
well as the integration of these reactions in numerical modeling and leakage monitoring workflows
require clear identification and proper parameterization of the occurrence and the kinetics of such
reactions. The consecutive steps for such a characterization may be realized through collection and
synthesis of literature and field data, laboratory experiments, and pilot field investigations.
Leakage of compressed air may result in a high partial pressure of oxygen in aquifers typically
depleted in oxygen (Chapter 2). A major part of the oxygen intruding an aquifer is usually
consumed by the oxidation of pyrite (Descouvieres et al., 2010), therefore pyrite oxidation can be
considered as a potential consequence of an accidental compressed air intrusion into a shallow
aquifer. What is known on the kinetics of pyrite oxidation is known mostly from studies
investigating acid mine drainage sites (e. g. Williamson and Rimstidt, 1994), where oxygen-saturated,
mostly meteoric water intrudes mining or mining waste disposal areas. The waters discharged from
such reactive environments are characterized by low pH value, high sulfate content and often a
considerable amount of dissolved toxic trace elements. However, in shallow groundwater the
changes in pH may be buffered by dissolved or even solid phase carbonates ubiquitously available in
aquifers. Investigating the effects of such a buffer on pyrite oxidation kinetics is therefore essential
for understanding the hydrogeochemical processes taking place after a compressed air leakage into a
shallow aquifer.
In contrast to oxygen, methane of natural, biogenic origin can often be found in shallow and deep
aquifers where all electron acceptors are already depleted. Gas leakages may enrich also aquifers in
methane, where a substantial amount of electron acceptors, most importantly sulfate (Knittel and
Boetius, 2009), is still available, which poses a potential for redox reactions to take place (Chapter 3).
The characteristics of microbially mediated anaerobic oxidation of methane coupled to sulfate
reduction are known mostly from sulfate-methane transition zones in marine and freshwater
environments. At such interfaces the microbial community carrying out the reaction has been well
established over a time which is way longer than the few months to few years’ time span of a gas
leakage. Therefore, additional understanding of the reactive behavior of a freshwater aquifer
influenced by a comparatively sudden and extensive methane intrusion is needed for parameterizing
site-scale numerical models and to support monitoring as well as the development of their methods.
Hydrogen can also be found in natural aquifers, mostly as an intermediate of microbial redox
reactions degrading organic matter. However, usual hydrogen concentrations in aquifers are in the
nanomolar range and these very low hydrogen concentrations correlate with the terminal electron
accepting reactions taking place in such environments. However, if a gas leakage provides hydrogen
at high concentrations of up to several millimoles, the hydrogenotrophic redox reactions known
from hydrogen-limited environments may show significantly different kinetic behavior (Chapter 4).
Therefore, to enable a realistic understanding and parameterization of redox reactions taking place
after the intrusion of hydrogen into an aquifer, further investigation is needed, covering a hydrogen
concentration range which is about a million times higher than values in natural systems.
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1.3. Aims of this Thesis

In order to gather data enabling such a characterization process beyond the available state of the
literature, laboratory experiments were carried out. The applied batch (0 D) and column (1 D)
experiments represented the reactive environment of a shallow aquifer influenced by a gas leakage
most importantly in terms of the partial pressures of gases, which corresponded to a gas leakage into
a shallow aquifer. The experiments were realistic in terms of the sediment and groundwater used, as
these materials were gathered mostly from shallow aquifers. The transport (flow) conditions created
in column experiments aimed to represent a homogenous flow field within an aquifer, with
groundwater flow speeds usually set close to realistic values. Therefore, the applied experimental
methods can enable the direct observation of geochemical reactions, the measurement of their rates,
and the characterization of their kinetic behavior. Such outcomes will support the process
understanding for model development and monitoring efforts considering subsurface gas storage
scenarios.

The aim of the investigations carried out in the frames of the presented PhD project was to
experimentally identify and parameterize geochemical reactions taking place in a shallow aquifer as a
consequence of a gas intrusion originating from a leakage from a storage reservoir. Furthermore,
reaction models deducted from experimental results completed the evaluation process. The
experimental conditions with three gases (O,, CH,, and H,) at elevated dissolved concentrations
investigated effects of compressed air, methane and hydrogen intrusions in originally pristine
groundwaters, and delivered a base for interpretation to answer the questions below. These
investigations are presented after organizing them into three chapters answering primarily the
following main questions:

1. How does pyrite oxidation by oxygen change the groundwater in a shallow aquifer after a
leakage of compressed air?
a. How do the products of pyrite oxidation decrease pyrite reactivity? What factors
influence this passivation?
b. What transfer function can scale up the results from lower, athmospherical pressure
experiments to higher, in situ conditions?
2. How can methane be oxidized in a shallow aquifer after a methane leakage and what
reaction rates should be considered?
a. What does the state-of-the-art literature reveal on microbial redox reactions
oxidizing methane in aqueous environments?
b. What is the expected time scale for starting a reaction involving reduction of sulfate
or nitrate coupled to methane oxidation?
c. What should be in the focus of monitoring and modeling efforts for fugitive
methane?
3. What biogeochemical redox reactions do elevated hydrogen partial pressures trigger in
shallow aquifers and at what rates do these reactions take place?
a. Is nitrate, sulfate and carbonate reduction dependent on hydrogen concentration?
b. Are the observations on reactions potentially transferable to deeper aquifer
environments?
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2. Surface passivation model explains pyrite oxidation kinetics in
column experiments with up to 11 bars p(O,)

This chapter is based on a paper published by Berta M, Dethlefsen F, Ebert M, Gundske K,
Dahmke A (2016) in Environmental Earth Sciences 75:1175.

2.1. Abstract

Despite decades of research in numerous experimental and field studies, the reaction kinetics of
pyrite oxidation is still not characterized for high partial pressures of oxygen and near-neutral pH-
levels. These conditions potentially exist in aquifers where oxidative site remediation, temporary
water storage, or a leakage from a Compressed Air Energy Storage facility is present. For planning
and monitoring of such field operations, their potential side effects on protected natural resources
like groundwater have to be characterized.

Thereby, site-scale assessments of such side effects of subsurface use by numerically modeling
geochemical changes caused by the presence of oxygen need parametrization. Also, a function
transferring results from simple, low pressure experiments to high pressure environments requires
experimental bases.

Pyrite oxidation can be the main consequence of oxygen intruding reduced aquifers. In this study,
pyrite oxidation kinetics was examined at oxygen partial pressures from 0 to 11 bars, corresponding
to an air intrusion in up to 500 m depth, at neutral pH-levels in high and low pressure flow-through
column experiments representing aquifer conditions. A reaction rate equation was developed and
evaluated with 1D PHREEQC numerical reactive transport models using experimental data as
transfer function between high pressure and low pressure experiments. This model development
included an improvement of established rate laws with a passivation term, which is, in contrast to
previously published functions, dependent on the partial pressure of oxygen. The resulting model on
passivated oxidation kinetics of pyrite at high oxygen partial pressures was able to reproduce
independent experimental results acquired using different experimental set-ups. This assessment
found the passivation to overcome the theoretical increase in pyrite oxidation kinetics caused by
elevating oxygen partial pressure.

These findings contribute to future experimental and modeling efforts for risk assessment and
monitoring of oxygen-rich plumes in the subsurface.
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2.2. Introduction
Pyrite oxidation could be responsible for up to 100% of the oxygen consumption in aquifers at low
redox conditions after introducing air-rich waters (Descouvieres et al., 2010). Significant amounts of
intruding oxygen and consequently oxygen partial pressures higher than 1 bar will usually not occur
in natural systems, but may occur in conjunction with different technical subsurface operations. For
example, at in-situ air sparging, air is injected into the subsurface to remove volatile organic
contaminants (Thomson and Johnson, 2000; McCray, 2000), or oxygen is injected to accelerate the
degradation of those substances (Beckmann et al., 2007). Air at higher pressure than the hydrostatic
pressure is required in those applications and this may lead to dissolved oxygen concentration in
equilibrium with higher partial pressures than at normal conditions. A total air pressure of about
5 bars is required in order to reach a partial pressure of oxygen of about 1 bar, corresponding to a
hydrostatic pressure in a depth of around 50 m.
A further possible source of high oxygen partial pressures in aquifers is connected to Compressed
Air Energy Storage (CAES) facilities, as discussed recently in the literature (Bauer et al., 2013;
Crotogino et al., 2001; Kabuth et al., 2017; Bauer et al., 2015). The principle of CAES is to compress
air and pump it into a subsurface reservoir (e. g. a salt cavern) during periods of surplus power
production. The energy stored this way can be recovered in periods of low power production by
releasing the compressed air through turbines (Crotogino et al., 2001). CAES is potentially a key
technology for storing energy in the subsurface in the frame of changing the energy supply system in
Germany (“Energiewende”). Such mass and energy storage technologies, including methane,
hydrogen, and heat storage, significantly enhance the sustainability of the energy sector by providing
renewably produced energy at the demanded time distribution (Safaei et al., 2013). However, air
stored at high pressure in a deep reservoir might infiltrate shallow aquifers accidentally (Al Hagrey et
al., 2016). Shallow aquifers are often used for drinking water supply at depths of up to 500 m below
surface, and consequently they are highly protected natural goods. An air leakage into those aquifers
at total pressures of up to 50 bars will result in comparatively high dissolved oxygen concentrations
at groundwater temperatures. At these conditions a strong pyrite oxidation may follow, because
pyrite is common in aquifers at a depth of up to 500 m.
Pyrite oxidation studies have focused mainly on acid mine drainage aspects (e. g. McKibben and
Barnes 1986; Hammack and Watzlaf 1990, Moses and Herman 1991, Williamson and Rimstidt 1994,
Rimstidt and Vaughan 2003). Moreover, natural oxidation of reduced sulfur species in active
volcanic regions also results in acidic near-surface waters with high sulfate concentrations
(Nordstrom et al., 2009; Varekamp et al., 2009). Based on the findings published so far, it could be
assumed that oxygen intruding pyrite-containing aquifers causes a decrease in pH, release of sulfate,
iron, and trace elements, therefore potentially affecting the groundwater quality (Equation 1). Most
works on pyrite oxidation kinetics applied waters in equilibrium with O, partial pressures lower than
1 bar in batch or column experiments. Higher pressures in further studies for hydrometallurgical
putrposes at up to 20 bars were applied using high temperatures up to 180 °C along with strongly
acidic conditions in batch reactors (Papangelakis and Demopoulos, 1991; Long and Dixon, 2004).
These studies provided precious knowledge about mechanisms, kinetics, and microbiological effects
(e. g. Gleisner et al., 2000) of the pyrite oxidation by oxygen, but no study has covered the pressure,
temperature, and hydrogeochemical conditions representing a shallow aquifer so far.
Reliably parametrized, site scale numerical models and laboratory experiments are necessary in order
to assess the risks of pyrite oxidation at aquifer conditions and, therefore, the risks potentially
associated with CAES (Bauer et al., 2013). Those experiments have to represent the sediment-water
ratio and structure, flow, and transport conditions characterizing an aquifer. For these purposes
flow-through column experiments are much more adequate than batch tests. Applying oxygen
partial pressures corresponding to the depth of the leakage and the interaction zone can yield direct
experimental data on air leakages into these shallow aquifers. The investigation presented here
improves the pyrite oxidation rate equation (Equation 2.2) from Williamson and Rimstidt (1994),
whose equation has been generally accepted and widely used for geohydromodeling.
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FeSz + 15,402 + 7 2H20 — Fe(OH)3 + 25042 + 4H+ Egunation 2.1

r=10"%19.[0,]%5 - [H*]011 Egquation 2.2

The goal of the work presented here was to experimentally characterize potential effects of air
intrusions on water composition in shallow aquifers and to parameterize the pyrite oxidation kinetics
in groundwater temperature and high oxygen partial pressure systems, representing conditions in
aquifers of up to 500 m depth. Thereby, the study evaluates the commonly used rate laws for pyrite
oxidation and develops an improved rate law applicable to a p(O2) range from 0 to 11 bars. Site
scale models can use this transfer function for scenario modelling approaches. Furthermore, the
function can be used for upscaling results from low pressure (1 bar system pressure) experiments to
high pressure (>1 bar system pressure) conditions which enables more time and cost effective pre-
studies for a particular CAES storage site using site specific sediments at normal laboratory
conditions.

2.3. Materials and methods

2.3.1. Materials and setup

A sediment composed of quartz sand (grain size 0.2-0.8 mm, Gebriider Dorfner GmbH, Germany)
and 0.5 mass% of pyrite (hydrothermal origin, Krantz GmbH, Germany) was used for all
experiments. Crushing and sieving the pyrite resulted in a grain size fraction of 0.25-0.5 mm. This
fraction was then repeatedly cleaned using 1 M HCI until the aliquot was clear. After flushing, the
grains were rinsed with deionized water several times, the resulting grains were mixed to the sand
and the mixture was filled into the experimental columns. The pyrite content of 0.5 mass% is chosen
as representative for pyrite-rich Pleistocene and Miocene sediments forming aquifers used as main
resource for drinking water in northern Germany (Dethlefsen et al., 2016 a and b). The columns
were percolated by tap water from the Kiel University, which is produced from groundwater in a
Quaternary aquifer. This water was equilibrated with oxygen at partial pressures p(O,) of 0, 0.21, 1;
and 1, 5, 11 bars for the low pressure and for the high pressure experiments, respectively (Table 2.1).
The temperature of the water used for the experimental series was 20 £ 2°C. In the mixing cells,
where the water was equilibrated with 0, 0.21, and 1 bar p(O,) for the low pressure experiments,
precipitation of carbonate-containing phases were observed, and removed every few weeks. The tap
water was diluted 1:10 with deionized water for the high pressure experiments to prevent any
precipitation; this dilution consequently decreases the carbonate pH buffer capacity to 1/10"
compared to the low pressure experiments. The low pressure experiments were conducted for
164 days, the high pressure experiments for 91 days in total.
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Table 2.1: Average composition of the waters used as inflow for the different experiments. Fe™ concentrations were

below the detection limit.

Low pressure inflows High pressure inflows
Parameter | Tap water

Obar |0.21 bars| 1 bar | 1 bar |5bars| 11 bars
ca”” [mMM] 3.09| 1.89 229 208| 035 031 0.26
Mg [mM] 0.36| 0.36 0.38] 0.37| 0.04| 0.04 0.05
Na" [mM] 0.64| 0.63 0.67| 0.65| 0.10] 0.08 0.09
K" [mM] 0.07| 0.07 0.08/ 0.07| 0.01] 0.01 0.004
Fe' [mM] <0.01]| <0.01|] <0.01]|<0.01] <0.01|<0.01] <0.01
NO3 [mM] 0.01| 0.01 0.01| 0.01| <0.1| 0.004 0.006
SO,* [mM] 051 0.50 0.53| 050| 0.04f 0.03 0.02
CI' [mM] 0.85| 0.84 0.89| 0.88| 0.08/ 0.08 0.07
TIC [mM] 5.34| 2.86 366| 322| 052, 064 0.60
O, [mM] 0.152| 0.057 0.172| 0.628| 1.28 6.4 14.08
pH [-] 8.32| 8.96 8.73| 895 74| 74 7.4

Three parallel low pressure column experiments were performed using glass columns (L=30 cm,
(D=6 cm, 5 sampling ports at 5 cm distance, Eydam KG, Germany) and different low oxygen partial
pressures (p(O,)= 0, 0.21, and 1 bar). The water free of oxygen was prepared by purging the
inflowing water in a mixing cell with nitrogen. Using air and oxygen (purity: 4.8, Air Liquide GmbH)
for purging the tap water in a mixing cell resulted in inflow solutions equilibrated to oxygen partial
pressure of 0.21 or 1 bar, respectively. Gas tight Viton®™ tubes were used for all connections in order
to prevent or at least to minimize the gas exchange after oxygen enrichment or depletion. An
Ismatec IPC high precision peristaltic pump with calibrated Viton® pumping tubes enables constant
flow velocity within the column experiments. The pumping rate was adjusted to a flow velocity of
0.6 m/day and later 0.3 m/day within the columns, assuming an effective porosity of 0.35 from
tracer tests and experiments using the same quartz sand (Koch, 2014; Becker, 2014). Samples from
the inflow and from all sampling ports were taken in order to characterize the hydrogeochemical
changes along the flow path in addition to sampling the outflow on the downstream side of the
column.

A high pressure (p(O,)= 1, 5, and 11 bars) experimental column (L=50cm, =4 cm,
electrochemically passivated pure titanium Grade 2, from Werner Kluge Engineering GmbH,
Germany) with stainless steel and hastelloy fittings and tubes (Swagelok, OH, USA) was percolated
with water equilibrated with 1, 5, and 10 bars of oxygen consecutively, while keeping a total system
pressure of 2212 bars to prevent the development of gas phases in the column. The water was
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percolated using HPLC pumps (Knauer GmbH, Germany), and only outflow samples were taken.
This could be accepted, as in pre-experiments, where the same kind of sediment and set-up was used
and sampling included also the five ports along the flow path, proved linear variations of dissolved
compounds along the flow-path in the column (Figure 2.1). The flow speed was temporarily
decreased during the high pressure experiments in order to evaluate an effect on the reaction rate or
the passivation resulting from such a change in transport conditions.

0.3

SO,% concentration
[mM]

Sampling ports

Figure 2.1: Concentration of sulfate increases linearly through the bhigh pressure column in pre-experiments.

Haase et al. (2014) described the same high pressure experimental set-up in detail (Figure 2.2), and
calculated an effective porosity of 0.34 after applying tracer tests using the same kind of sand
mixture, so that this effective porosity value was accepted in the presented study as well.
Considering this effective porosity, the flow velocity was between 0.45 and 0.07 m/day for the high
pressure experiments; the residence times and the number of exchanged pore volumes (PV) used for
further evaluation and comparison were always calculated based on the actual flow speed for that
sampling event.
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Figure 2.2: Conceptual setup of the column experiment at high pressure (modified after Haase et al., 2014)
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2.3.2. Analytics

Redox potential, pH-level, specific electric conductivity, and dissolved oxygen up to 1 bar were
measured using WTW devices and electrodes. In order to measure high oxygen concentrations
directly at high pressure conditions, a novel method based on collisional quenching instead of the
conventional Clark electrode was established (Fospor T1000 TS Neo oxygen sensor, NeoFox
Viewer 2.40 software, NeoFox Oxygen Phase Fluorimeter, Bifboro 1000-2 fiber assembly, and
device from OceanOptics GmbH). To our knowledge, no oxygen measurement method able to
operate under these particular experimental conditions (groundwater temperature, elevated total
pressure and comparatively high oxygen concentration corresponding to elevated partial pressure)
was applied before. For these high oxygen partial pressures, the application of a novel method and
its calibration had to be done (see Figure 2.3 and Equation 2.4 in Results). The optical sensor was
calibrated by exposing it to oxygen partial pressures of 0, 0.21, 1, 2, 5, 8, and 11 bars and by
developing a calibration function in cooperation with the manufacturers of the hardware thereafter.
This function was then tested at three randomly chosen high pressure conditions. To quantify
electric conductivity and pH online and under high pressure as well, sensors (Corr Instruments, TX,
USA) were placed in the system, and any inflow, sampling port, or outflow sample could be
measured using the sensors (Figure 2.2). The presence of sulfide has been sensed organoleptically
and photometrically.

All samples for further analyses were collected in a 60 ml polypropylene syringe and injected into
vials required by the corresponding analytical devices through filters (NML high flow, 0.2 um,
Sartorius, Germany). The concentrations of anions were determined using a Metrohm IC881 ion
chromatograph, the total organic, inorganic, and non-purgable organic carbon concentrations were
measured with an Analytic Jena multi N/C 2000 TIC-TOC analyzer, the concentrations of cations
were measured with a Varian Vista AX CCD Simultaneous ICP AES (after conservation with sp. cc.
HNO;).

After the end of the experiments, a sediment sample from the middle part of all columns was taken
for solid phase analysis. As preparation, the pyrite grains were picked and dried at room conditions.
The surface of the pyrite grains was observed using a CamScan-CS-44 SEM after preparing the
samples using Au/Pd high vacuum evaporation. For Raman microspectrometry a Bruker Senterra
device was applied.

The microbial communities of the sediments and waters from the low pressure experiments were
characterized using PCR-DGGE. For this purpose, the outflowing water from the low pressure
columns was collected for ca. 24 hours into sterile and closed glass bottles. In total, three samples
were taken for this analysis in the first, second, and third month from each of the low pressure
experiments.
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2.3.3. Modeling

To evaluate the experimental results and to develop as well as to evaluate a rate equation for pyrite
oxidation, a PHREEQC 3.1 (Parkhurst and Appelo, 2013; Mommsen, 2013) 1D reactive transport
model was parametrized, calibrated and validated. The main model parameters are shown in Table
2.2.

Table 2.2: The discretization of the reactive transport model in PHREEQC. The parameters were not changed for
the different runs, except it is marked otherwise.

Number of cells for high pressure 50
Number of cells for low pressure 25
Length of cells (cm) 1
Dispersivity (cm) 0.2
Shifts (0.21 bars, low pressure) 1750
Shifts (1 bar, low pressure) 1750
Shifts (1 bar, high pressure) 800
Shifts (5 bars, high pressure) 300
Shifts (11 bars, high pressure) 2000
Time step (s, high pressure) 1440
Time step (s, low pressure, fast flow) 1440
Time step (s, low pressure, slow flow) 2880
Flow boundary conditions flux-flux
Initial amount of pyrite (mol/kgw) 0.165
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2.4. Results

2.4.1. Calibration of dissolved oxygen measurement at high partial
pressure

The calibration was carried out successfully: after the equilibration of the water with the gas phase
stable oxygen values could be determined. The resulting function (Figure 2.3) shows a hyperbolical
shape due to the nature of the fluorimetric measurement principles (quenching). Consequently, the
level to noise ratio decreases towards higher dissolved oxygen concentrations. The calibration
function (Equation 2.3) was checked and confirmed at three further partial pressures (4.75, 7,
10.75 bars). Tau, represents the Tau value measured at 0 bars partial pressure of oxygen created in a
N,-pruged solution.

('I';‘aauuo_l) .
p(0,) = Sooves Equation 2.3
1.5 X X .
?’ 4 calibration points
—_ 10 - + calibration check
% T calibration curve
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Figure 2.3: The calibration for high partial pressure oxygen measurements.
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2.4.2. Low pressure experiments

Effects of pyrite oxidation were observed in all column experiments containing oxygen, starting
immediately after the beginning of the experiments. Thereby, mainly monotonously decreasing
oxygen and increasing sulfate concentrations along the flow path were indicative for this oxidation
reaction (Figure 2.4).

Sulfate (mM) Dissolved O, (mM) pH
1 bar
0.21 bars
1.1 0.15
9.0
0.10
b 80
08 | 0 bars
| 0.05 7.0 y
*
0.5 } t t t 0.00 } } } } } 6.0 + } } t t t
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Residence time (hours) Residence time (hours) Residence time (hours)
0.6 m/d flow sepeed 0.3 m/d flow sepeed
——12 —+—21 —+—31 39 49 —4—55 —4+—64| —+—76 —4+—86 —+—S4 ——104 —+—115 123

Figure 2.4: Changes in pH, sulfate production, and oxygen consumption in the water flowing through the 0, 0.21
and 1 bar experimental columns. Shorter lines represent experiments with faster flow speed; different lines signify
samples taken in the course of the experiment, expressed as exchanged pore volumes in the fignre’s legend.

tot

No appearance of dissolved Fe™ or significant changes in other dissolved species (nitrate, chloride,
Na', K', Ca*, Mg*', Mn", Si, or inorganic and organic carbon) and water parameters (redox
potential, and electric conductivity) were observed at any time in the experiments. Also, no other
sulfur species (e. g. thiosulfate, sulfide, etc.) than sulfate was found in any of the experiments. The
lack of any dissolved iron in the solution phase signifies that all the iron produced from pyrite
oxidation stayed in the solid phase within the column.

The development of the water composition (i.e. sulfate concentration) indicates the slow but
immediate start of pyrite oxidation in both experimental systems containing oxygen. This initial
establishment of the reaction is visible by the first data points of the reaction rate series measured in
the 1 bar low pressure column experiment and indicted by blue squares on both sides of Figure 2.6.
The third column containing no oxygen showed no signs of pyrite oxidation, although nitrate
(0.02 mM) was present through the whole flow path.
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The increase in sulfate (up to 0.57 mM) and decrease in oxygen concentrations (up to 0.95 mM)
showed a ratio with a slope of 1.875 scattering around the stoichiometry of the oxidation of pyrite
by oxygen into trivalent iron and sulfate (Equation 2.1) (Figure 2.5). The most probable reason for
this scattering is an inaccuracy of the oxygen measurements conducted by the Clark sensors, which
is large compared to the precise measurement of sulfate by IC. Additionally, due to the long
percolation time, no desorption of sulfate from the sediment can be expected to influence the
measured concentration profiles, and there is no suggestion for sulfur of any redox state remaining
adsorbed in the solid phase within the column. This suggestion was acknowledged by the control
experiments without oxygen (Figure 2.4) and blank runs without pyrite in the sediment. Therefore,
sulfate concentration could be stoichiometrically applied as the primary indicator for calculating
pyrite oxidation rates due to its more precise and representative measurement.
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Figure 2.5: Oxygen consumption versus sulfate production in the low (LLP) and high (HP) pressure experiments. The
continnous line represents the expected stoichiometric ratio according to Equation 1.

The rates of pyrite oxidation were calculated assuming that the reaction in the experimental column
is constant, which is supported by a nearly linearly increasing sulfate concentration along the flow
path (Figure 2.4). Consequently, the sulfate produced along the entire flow path between inflow and
outflow was multiplied by the stoichiometric coefficient between sulfate and pyrite (Equation 2.1),
and divided by the corresponding residence times for determining the rate of pyrite oxidation. The
rates gathered this way showed that the pyrite oxidation by oxygen was faster by a factor of
approximately two when the partial pressute of oxygen was 1 bar (16-5 uM/h) compared to the
experiments with 0.21 bars (10-2 uM/h) in parallel columns.
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The observed rate of pyrite oxidation decreased versus the amount of pyrite oxidized from the initial
41.4 mmol available (Figure 2.6). This decrease takes place after the initial phase, which is
represented by the first data point, and is linearly proportional to the amount of pyrite oxidized per
the initial mass of pyrite. However, this decrease can also be observed when plotted against the
experimental run time or exchanged pore volumes (Figure 2.6).
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Figure 2.6: Decrease in pyrite oxidation rate in the low pressure excperiments versus the ratio of oxidized and initial
moles of pyrite (left) and versus the number of exchanged pore volumes (right).

Exchanged pore volumes (PV)

Based on the low pressure experimental results, the geochemical changes influencing the
composition of groundwater after an air leakage primarily evolve from a limited (up to 50 mg/l)
release of sulfate. A decrease (1.75) in pH was observed in these experiments, but this was also
found in the reference experiments without oxygen. Therefore, an acidification related to the pyrite
oxidation was not identifiable in this geochemical system.
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2.4.3. High pressure experiments

The high pressure column experiments also showed a decrease in oxygen concentrations and
production of sulfate along with a slight acidification (Figure 2.7). Oxygen was not completely
depleted in the outflows, and stayed rather close to the inflowing concentrations. A further new
aspect compared to the low pressure experiments was that the changes in pH became more
significant, but the pH at the outflow stayed always higher than 6.2. On the other hand, similarly to
the low pressure experiments, no significant changes in any other measured water constituents were
observed. Most importantly, still no dissolved iron species were present and no sulfur species other
than sulfate were observed.
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Figure 2.7: Results of online measurements in the high pressure experiment show decreasing sulfate production (lef?),
decreasing consumption of dissolved oxygen (middle), and decreasing pH reduction (right). The depicted differences in
concentrations were calenlated between water samples flowing into and out of the colummn.

The increase in sulfate concentration indicates pyrite oxidation as described before, and it was found
to proceed linearly within the column such as it was observed in the low pressure experiments.
Therefore, the rate calculations were performed in the same way by regarding the difference in
concentrations between the columns inflow and outflow and disregarding the sampling points along
the flow path in the column. During the experiment, the reaction rate of pyrite oxidation always
increased suddenly, when the water flowing into the experimental column was switched to the next
and higher partial pressure of dissolved oxygen. Also, the decrease in pyrite oxidation rate (from
8.33 to 2.3 uM/h at 1 bar, from 3.75 to 0.55 uM/h at 5 bars, and from 4.48 uM/h to 1.6 uM/h at
11 bars) was identified in the high pressure conditions. Moreover, this decline apparently accelerated
at higher partial pressures of oxygen. This accelerating decline explains the slopes of the trend lines
fitted on pyrite oxidation rate getting steeper in the course of the experiment (Figure 2.8). The
decelerating reaction rate together with a consecutive increase of the partial pressures in the
experiment resulted in a remarkable behavior: the observed (local) maximum rates were seemingly
lower towards the higher pressures, instead of the expected increase.

The flow velocity declined during the first phases of the high pressure experiment by approximately
a factor of 7. However, by plotting the pyrite oxidation rates against the exchanged pore volumes or
mass conversion of pyrite (Figure 2.8), it is exemplified that this variability in the water flow velocity
has no effect on the rate of the pyrite oxidation. Therefore, the pyrite oxidation rate as well as its
strong decrease is suggested to be independent from the changes in groundwater flow speed.
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As the carbonate buffer system was weaker in the high pressure experiments due to the tenfold
dilution of the inflowing water, the effect of pyrite oxidation resulted in a minor influence on the pH
(values of 6.2 -7.5), even as the pyrite oxidation rates were smaller in the high pressure experiment
compared to the low pressure experiments. Another reaction potentially influencing groundwater
composition is pyrite oxidation by nitrate as electron acceptor (e. g. Jorgensen et al., 2009), while it is
also possible that nitrate is used in the presence of oxygen. However, no nitrate consumption was
detected in any of the columns, including even the low pressure experiment where no oxygen was

applied.
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Figure 2.8: The linear decrease in reaction rates versus the moles of pyrite oxidized (which equals to the moles of
precipitate) divided by the initial moles of pyrite in the high pressure experimental column (left) and versus the number
of exchanged pore volumes (right). The slopes of the fitted black lines are -119 for 1 bar, -177 for 5 bars, and -528
Sfor 11 bars.

The changes in oxidation rates, therefore, seemingly resulted in a pyrite reactivity increasing with the
oxygen partial pressure when observed in parallel low pressure) experiments, but decreasing when
the experiments were carried out consecutively (using high pressure experiments). This obviously
contradicts the existing reaction models and further considerations were needed for developing a
transfer function able to consistently describe these phenomena and to realize the upscaling of the
results.
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2.4.4. Pyrite grains after the experiments

By SEM analyses conducted using pyrite grains after the experiment, a ca. 3 pm thick layer covering
the whole surface of the pyrite could be seen as well as 0.2-0.5 um large pockmarks on the surface of
pyrite where this layer was removed (Figure 2.9). This layer was found to be present in all
experiments involving oxygen and to cover nearly the whole surface of the pyrite grains, although
fractures crossing it could be seen all over the grains. To characterize the mineral reaction products
on the surface of the pyrite grains, Raman spectra were gathered from 90 points of 26 pyrite samples
representing all experiments and pre-experimental conditions. Although peaks around 1600, 1335,
270, and 210 cm indicated a phase (assemblage) on the pyrite surface different than pyrite (which
was also found), this layer could not be mineralogically identified. The presence of iron
oxihydroxides, sulfates, carbonates, and elemental sulfur were denied, in contrast to the assumptions
of Long and Dixon (2004).
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Figure 2.9: Fractured layer completely covering the pyrite grains (in the middle, 0.21 bar experiment). Pockmarks
(right, 10 bars experiment) on a bare pyrite surface. These are caused probably by oxidative microbial activity. None
of such structures (layer, pockmarks) were observed in the oxygen-free control runs (left, O bar experiment) having clear
surfaces and sharp edges.

2.4.5. Microbial community

The members of the bacterial community are mostly mesophilic bacteria favoring neutral pH that
are mostly known from soils, freshwater, drinking water distribution systems, lakes and groundwater
(Lienen et al., 2014). No significant deviation between the 0.21 and the 1 bar oxygen partial pressure
conditions were observed regarding the total concentration of DNA as an indicator of microbial
biomass in the solutions outflowing the low pressure experimental columns. Genetic fingerprints
suggested the presence of iron oxidizing bacteria and, after 2 months of run time, sulfur oxidizing
bacteria in the outflows of the low pressure columns. No microorganisms were seen during the
SEM investigations.
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2.5. Discussion

The well-established rate law from Williamson and Rimstidt (1994) was used in a first attempt for
simulating the high pressure column experiments with PHRREQC (Equation 2.4). A k, of 107’
was used as a product of the k value and the surface area (SA) and it was fitted to the initial maximal
rate at the beginning of the experiment. Furthermore, the shrinking core model was included in the
rate equation using an initial mass of pyrite (m,) of 0.165 mol'kg,,.. . Figure 2.10 shows that the
model is not able to simulate the experimental results without further adjustments and that the
model will strongly overestimate the pyrite oxidation in the investigated system. Obviously, the mass
of pyrite which is oxidized during the experiment is not high enough to induce a remarkable
decrease in the simulated oxidation rate and, therefore, the shrinking core model shows nearly a
constant oxidation rate during the first phase of the experiment (pO, = 1 bar). Consequently, the
model shows an increase of the oxidation rate in case of increasing oxygen concentration in the next
two phases of the experiment (p(O,)=5 and 11 bars), which is not supported by the experimental
data. The simulation results converge to the data only if the initial mass of pyrite is drastically
reduced to nearly 1% of the actual mass in the experiment. This indicates a limited reactivity of the
pyrite, or a limited or strongly decreasing reactive surface area of the pyrite.

2
B m\3
Twilliamson and Rimstidt (1994) = kops * [H+] 01t [02]0.5 ) (m_) and
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Figure 2.10: Sulfate concentration in the outflow of the high pressure (1, 5, and 11 bars) experiment (synbols); and
modeling attempts using an unmodified Williamson and Rimstidt (1994) model with decreased amonnts of pyrite and
ak,, of 1077 (lines).

According to the literature, pyrite oxidation at near neutral pH conditions results in the formation of
Fe(III)-oxyhydroxide coatings on the surface, reducing the oxidant’s diffusion coefficient by more
than five orders of magnitude (Huminicki and Rimstidt, 2009; Perez-Lopez et al., 2009 and Courtin-
Nomade et al., 2010). The formation of such a passivation layer, containing Fe(III) minerals or
sulfur, will lead to strongly decreasing reaction rates due to the decreasing reactive surface area. All
of the pyrite grains showed a precipitated layer after the experiments containing O,. The layer is
probably responsible for the strong decrease in reaction rates observed in the low and high pressure
experiments. It can be assumed that the precipitates mainly contain Fe(Ill) oxihydroxide phases
because dissolved iron was not detected in any of the samples. However, the mineralogical
characterization of these layers was without results. Huminicki and Rimstidt (2009) found a surface
passivation following a square-root dependency on the amount of pyrite oxidized, based on stirred
batch experiments conducted for several hours. In our column experiments, the passivation was
found to be linear versus the amount of pyrite oxidized and additionally the passivation seemed to
be dependent on the partial pressure of oxygen (Figure 2.7). Zhukov et al. (2015) developed a non-
linear passivation function based on the data of Long and Dixon (2004) for acidic conditions: (1-X)"
with X being the conversion of pyrite due to oxidation and n a fitting parameter. This function was
tested, but it was unable to describe the experimental results, most probably due to the
comparatively high pH and the variation of oxygen partial pressure (Figure 2.10).
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Therefore, a new passivation term pass is introduced in the rate law, depending on the mass of pyrite
oxidized (m, - m), the partial pressure of oxygen (p/O,)) and the fitting parameters f,, f,, and f
(Equation 2.5):

m, —m

f
pass:(l— -, ~ef2‘p[°2]] and 1> pass>0

0

Equation 2.5

The results of the high pressure experiment indicate that the development of a passivation layer
becomes nearly complete by the first few days of the experimental phase where 11 bars of oxygen
partial pressure was applied (Figure 2.10), but a constant residual electron transfer is still ongoing.
This causes a continuous sulfate release from the column experiment of around 0.05 mM. Fractures
crossing the developing layer as observed by SEM (Figure 2.8) can be responsible for this residual
pyrite oxidation. This remaining reaction rate is independent from the degree of the passivation and,
therefore, a term considering the rest reactivity is also included in the rate law for the pyrite
oxidation (Equation 2.0).

I’-pyrite = (frest + fpass : paSS)' IFWiIIiamsor&Rimstidt(1994)

Equation 2.6

The best model fit (Figure 2.11) shows that the fraction of un-passivated pyrite f,, = (1 - f,,) is
0.025, while the fraction of passivated pyrite (f,,) is 0.975. A fitting factor f, = -0.015 was gathered
and adjusted from the slopes found on Figure 2.8 expressing the increasing passivation intensity
with increasing partial pressure of oxygen. The fitting factor £, = 100 was used, signifying that the
passivation is linearly dependent on the percentage of pyrite oxidized relative to the initial amount of
pyrite. Finally, the factor f; = 0.75 was estimated by best model fit, found to be in the range of 0.45-
2.0 that was used by Zhukov et al. (2015).
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Figure 2.11: The decrease of sulfate concentration in the outflow of the high pressure experiments shows a decreasing
pyrite oxidation rate. Measured experimental data is marked by symbols; the line shows the modeling results.

The developed function (Equation 2.6) reproduced the results from the high pressure experiment
well without any further modifications (Figure 2.11). Using the amount of pyrite oxidized (7, - 7)
implies the stoichiometric transformation of iron ions from pyrite into the passivating layer and,
therefore, it could be replaced by a term including a mineral formation dependent on a saturation
index. Dissolved iron was not detected in any of the samples from the experiment; therefore the
assumption of a stoichiometric relation between the mass of oxidized pyrite and the mass of
precipitated minerals is suitable. At the beginning of the experiment, an increasing reactivity was
observed, indicated by increasing sulfate concentration, until the maximum oxidation rate was
reached after ~3 PV (Figure 2.11). This increasing reactivity was not included in the model and
might be explained by an initial increase in the reactive surface area due to the formation of holes at
the surface. This is supported by SEM images showing the surface of the pyrite grains when the
passivating layer was detached (Figure 2.9) and also by other studies (Tichomirova and Junghans
2009; Blight el al., 2000; Gleisner et al., 2006; Lefticariu et al., 2007). However, the effect of the
passivation layer becoming tighter towards higher oxygen partial pressures, to our knowledge, has
not been described in the literature so far and it is important considering this effect in the context of
a risk assessment when water qualities are evaluated at compressed air storage facilities in the
subsurface.

The model was used to simulate the results of experiments using 1 bar and 0.21 bars of oxygen
partial pressure in the low pressure experiments in order to evaluate the scalability of the developed
rate equation (Figure 2.12). A good fit was reached by setting the k. to 107’ and the fitting
parameter to f, = 8. The higher observed rate coefficient £, and the smaller f, value might be
necessary due to the difference in experimental set-up and water composition between low pressure
and high pressure experiments, even if the same sediment and oxygen partial pressure was used
(1 bar). Different microbiological effects (e. g. lower concentration of trace nutrients) also cannot be
excluded as a reason, because microbial screening was performed only in the low pressure
experiments. However, the resulting model reproduces the results from two different flow speeds in
the 1 bar low pressure experiment well, only by modifying these two parameters.
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The pyrite oxidation in the experiments using water in equilibrium with 0.21 bars oxygen partial
pressure was underestimated by the passivation model near the starting phases, probably because in
that case the overall reaction is limited by the availability of oxygen instead of being controlled
through a surface passivation. The later experimental results are more affected by passivation and,
therefore, the model fits better on this phase of the experiment.
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Figure 2.12: The model developed based on the results from the high pressure experiments describes the results from
the low pressure experiments at two different flow speeds after modifying the k..., and the passivation parameter. The
symbols represent measured data, the lines show the model results.

Additionally to the considerations described above, for the development of multiphase reactive
transport models effects of water saturation and geotechnical aspects of pyrite oxidation might be
helptul to consider. The water saturation (0% is dry gas, 100% is water only) of the pore space has
been described to have a major influence on pyrite oxidation rates. According to Leon et al. (2004)
the reaction rate at 25% saturation is ca. 3 times higher in comparison to 95%, while almost no
reaction was found at 0.1%. Based on the stoichiometry of a carbonate-cemented aquifer rock, if
0.5mass% pyrite content of the sediment is totally oxidized, then ca. 0.8% carbonate content could
balance the generated acidity entirely when dissolving. This slight dissolution can hypothetically
cause minor changes in rock stability. The iron-containing reaction products precipitating within a
few micrometers from the pyrite surface suggest that possible changes in the pore space geometry,
and therefore in porosity and permeability, remain negligible due to pyrite oxidation itself. Even if
there is enough time for the decelerating reaction to be completed, pyrite can pseuodomorphically
transform to goethite (Huminicki and Rimstidt, 2009) resulting in no change in mineral volume.
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2.6. Conclusions on pyrite oxidation and air leakages

The high pressure experiment represents conditions that potentially appear in a sedimentary system
reached by a front of a progressing oxygen-rich plume, which is a typical scenario for an aquifer
downgradient of a compressed air leakage into a shallow aquifer. This is marked by a consecutively
increasing oxygen partial pressure for a certain sediment part. Overall, the experimental results and
the model simulation indicate that two antagonistic effects have to be considered in case of an
impact assessment regarding a potential leakage from compressed air storage on pyrite containing
sediments. Increasing oxidation rates of pyrite as well as an increasing passivation effect have to be
acknowledged, while both are dependent on increasing dissolved oxygen concertation. The results
show that at slightly alkaline condition, i.e. carbonate buffered aquifers, the passivation due to the
formation of surface precipitation prevails over the acceleration of the oxidation reaction induced by
higher oxygen concentration. Furthermore, the results show a stronger passivation reaction at
increasing oxygen partial pressure. Consequently, a leakage of compressed air into a near surface (<
500 m depth) pyrite containing aquifer will not necessarily induce an acidification of the ground
water, at least if the pH buffer capacity is high enough to make an initial formation of surface
precipitations possible. In case of smaller pH-buffer capacities or an exhaustion of the buffer
capacity over time, the oxidation rate of pyrite might suddenly increase, because surface precipitates
may be not be formed or may be re-dissolved.

The extended pyrite oxidation rate law including passivation is applicable to an oxygen partial
pressure of up 11 bars and, therefore, up to a total air pressure of 50 bars, reflecting a hydrostatic
pressure of around 500 m. The rate law might be used for modelling subsurface utilization scenarios
in order to assess the geochemical effects of accidental compressed air leakage into shallow aquifers
(Bauer et al., 2013; Kabuth et al., 2017; Bauer et al., 2015). Furthermore, the scalability of the rate
law between 1 and 11 bars of oxygen partial pressures enables the possibility to investigate the pyrite
oxidation for a particular aquifer sediment in column experiments at low pressure conditions, which
will drastically reduce the experimental effort and allows more simple pre-studies in order to provide
risk assessments for a planned compressed air storage facility.
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2.7. Implementation of the experimentally developed transfer function
into 3D site-scale modeling

2.7.1. Further motivation

Additionally to the evaluation discussed in Chapters 2.1-2.6 and published in Environmental Earth
Sciences, further utilization of the experimental results and of the deducted passivation model was
carried out in the frames of the ANGUS+ project by PD Dr. Dirk Schifer. The goal of these
additional investigations was to evaluate the capabilities of an integrated experimental and modeling
workflow for assessing the hydrogeochemical consequences of a compressed air leakage on a
shallow aquifer at a realistic scale. The outcomes of this chapter will be presented at the EGU
meeting after this Thesis has been handed in (Berta et al., 2017).

2.7.2. Modeling method and setup

To create a model simulating similar aquifer conditions to the conditions represented by the
experiments, a site-scale 3D numerical model using OpenGeoSys was built (Schifer, unpublished).
This model incorporated the improved reaction rate equation (Figure 2.14, Eqgs. 2.5-2.6) to describe
pyrite oxidation kinetics, as well as a hypothetical site parameterized based on a typical Upper
Lignite Sand Formation (Dethlefsen et al,, 2016 a and b) common in Northern Germany. To
evaluate the effect of the passivated pyrite oxidation on groundwater composition on site scale in
comparison to non-passivated kinetics a model including a pyrite oxidation term without passivation
was also considered (Eq. 2.4, Figure 2.15). The applied boundary conditions represented the aquifer
conditions of the experiments and the parameters considered for process model development using
PHREEQC. These boundaries included pyrite content of the aquifer sediment, oxygen dissolution
kinetics, groundwater composition including the carbonate buffer, and diffusive and advective
transport parameters. The simulated site was a 130 to 160 m deep confined aquifer with a thickness
of 30 m, a width of 50 m and a length of 100 m (Schifer, unpublished). The two modeled leakage
scenarios include a fixed gas phase providing a continuous supply of dissolved oxygen in a column
above the modeled leakage spot as well as a groundwater flow of 0.216 m/day (Schifer,
unpublished). The location of the compressed air leakage source and the direction of the flow are
illustrated on Figures 2.14 and 2.15.

2.7.3. Results and discussion

The results of the presented 3D site-scale multiphase reactive transport model revealed the spatial
distribution of geochemical parameters to be expected after an intrusion of compressed air into a
pyrite-containing lignite sand aquifer. The dissolved concentrations of redox-sensitive substances
such as oxygen and sulfate as well as the pH value and the concentration of pyrite in the solid phase
suggest that the effects of pyrite oxidation on groundwater composition are well recognizable in
both scenarios (Figures 2.14 and 2.15). The calcite concentration in the aquifer material, however,
showed only a minor decrease which was mostly limited to the zone where surplus oxygen was
available. An increase in the electrical conductivity of the groundwater may also be observed in
both compressed air leakage scenarios involving pyrite oxidation, most probably caused by the
increasing dissolved concentration of sulfate.

Comparing the two modeled scenarios, the one with and the one without considering the influence
of the surface passivation effect on pyrite oxidation kinetics demonstrates several further findings.
The primary observation, according to the expectations, is that pyrite oxidation, indicated by sulfate
concentration, proceeds way faster if the reaction kinetics is not limited by passivation.
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The site-scale models also suggest that the presence of oxygen originating from the leakage is mostly
limited to a few tens of meters from the leakage source. Therefore, the majority of pyrite oxidation,
also indicated by the depletion of pyrite, may be expected to take place within the near-leakage zone.
Consequently, the zone where pyrite oxidation takes place is slightly larger if a slower pyrite
oxidation rate allows the transportation of oxygen from the source zone to slightly larger distances.
In both investigated scenarios calcite dissolution was considered as an equilibrium process, therefore
it only took place in the near-leakage zone where pyrite oxidation delivered H' ions in the
groundwater.

Despite its deciding role, it is yet unknown how the passivation would be effected if the carbonate
buffer depleted or missing entirely in an aquifer environment. These conditions may also
characterize a long term leakage scenario with pyrite oxidation taking place in a more extensive
manner. A reaction rate higher than the ones found in the presented investigations may be caused
by, for instance, higher pyrite content or higher specific surface area of pyrite; and a similar overall
effect is potentially caused by slower groundwater flow or a significantly higher oxygen partial
pressure. In such a hypothetical scenario, the pH value could possibly decrease way below the levels
measured and simulated in the scenarios studied here. If this decrease would reach a pH of ca. 4,
the oxihydroxides precipitated on the surface of pyrite would potentially dissolve in the groundwater
(Figure 2.13), thus eliminating the coating which limited the oxidation rate. The removal of the
passivation layer would result in a transition from the passivated pyrite oxidation scheme to the
quicker, non-passivated process kinetics known from acid mine drainage sites.

The limits of validity for the presented integrated experimental and modeling concept are therefore
marked by the restrictions implied by the boundary conditions, such as the pH buffer capacity, the
amount and specific surface area of pyrite, the transport conditions, and the partial pressure of
oxygen. However, these restrictions can be characterized more in details if a deeper process
understanding is gathered by for instance studies applying new experimental conditions or if the
presented investigations are completed by a pilot-scale field study.
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Figure 2.13: E,-pH diagram for the stability relation in the Fe-S- H,O system at 25°C, after Levenspiel (1972)
taken from Nagy (2008) by Gundske (2013). pH and redox conditions of the column experiments on pyrite
oxidation are marked by the light blue ellipse.
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Figure 2.14: Development of dissolved oxygen and sulfate concentrations, the moles of pyrite and calcite in the solid
phase per kg of groundwater, as well as the pH value and the electrical conductivity of the groundwater after ca. 230
days. This scenario was calenlated with passivation effect (courtesy of Dirk Schdfer, unpublished data), the distances

are given in meters. For videos showing the development of the plumes please refer to the CD Appendix.

A coupled experimental and modeling approach can also deliver outcomes for potentially direct
applications for leakage management (Schifer, unpublished) and monitoring. Most importantly the
presented results (Figures 2.14 and 2.15) suggest that direct detectability of an air leakage by
measuring only oxygen in downstream observation wells may not be a suitable solution for
monitoring because the abundance of oxygen is limited to the near-leakage zone by pyrite oxidation.
Such a limitation highlights the importance of developing geochemical and geophysical monitoring
methods using proxies, for instance sulfate concentration and electrical conductivity, respectively.
Moreover, the decrease of pH is a common concern when pyrite oxidation is discussed, however,
even if there is no passivation slowing the oxidation of pyrite, the acidification stays within the
threshold limits for drinking water (TrinkwV).
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Figure 2.15: Development of dissolved oxygen and sulfate concentrations, the moles of pyrite and calcite in the solid
phase per kg of groundwater, as well as the pH value and the electrical conductivity of the groundwater after ca. 230
days. This scenario was calenlated without passivation effect (courtesy of Dirk Schafer, unpublished data), the
distances are given in meters. For videos showing the development of the plumes please refer to the CD Appendix.

2.7.4. Implications for the integrated experimental and modeling

assessment of gas leakages

This additional chapter demonstrated that the changes in dissolved concentrations of sulfate and
oxygen as well as in pH and electrical conductivity observed in laboratory column experiments were
reproduced by the models applying the same boundary conditions for site-scale investigations of a
compressed air leakage. Thus, it is suggested that the combination of laboratory experiments and
numerical models is an appropriate tool to estimate the geochemical consequences of gas leakages
on the site scale (Schifer, unpublished). This conclusion suggests the feasibility of the presented
integrated approach also for evaluating comparable gas storage and gas leakage scenarios involving
methane and hydrogen plumes based on experimental results gathered similarly.
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3. Changes in groundwater potentially following methane intrusions
into shallow aquifers

3.1. Sulfate reduction coupled to methane oxidation in aqueous
environments — a review

3.1.1. Outline

The increasing global energy demand and the shift to renewable energy sources implies the need for
novel natural gas production and renewable energy storage technologies involving methane, while
the subsurface has a large capacity for gas storage and recovery in various reservoirs. Establishing
subsurface operations utilizing these potentials for methane storage often induce rising public and
political concern mainly regarding accidental gas leakages and especially their potential effects on the
safety of communal groundwater supplies. These safety questions need to be addressed by detailed
field, experimental and modeling studies, resulting in a guideline for the sustainable use of the
subsurface. Evaluating potential changes in groundwater quality is especially important because
groundwater is a highly protected natural good in most developed countries, mainly due to its
common exploitation as a source of drinking water.

Numerical scenarios are developed for the risk assessment for constructing or operating a methane
storage site and for planning possible leakage monitoring actions. As direct field data regarding the
hydrogeochemical effects of methane ingress into shallow aquifers hardly exist, analogue studies
describing the expected geochemical reactions, most importantly methane oxidation coupled to
sulfate reduction, from different environments are reviewed to understand the redox processes
expected to occur in shallow aquifers following such gas leakages. Pristine potable aquifers usually
contain either methane or a considerable amount of electron acceptors, most likely sulfate.
Intrusion of an aquifer by methane can therefore result in the reduction of the available sulfate,
resulting in production of sulfide. Similarly, reduction of nitrate to nitrite or N,/N,O may be
expected in near-surface freshwater aquifers.

Here, the state-of-the-art process understanding concerning microbially mediated anaerobic
methane oxidation coupled to sulfate reduction is reviewed. The focus is on the expected reaction
rates potentially following accidental methane intrusions into shallow aquifers. To complete and
specify, to what extent methane oxidation coupled to sulfate reduction has to be expected
experimental methods exemplified in the next chapter may be used. This chapter shows that for the
oxidation of poorly reactive methane by sulfate reduction, the presence of a slowly developing,
extensive, initial methane-oxidizing microbial community is most probably needed; therefore, a
prompt geochemical reaction will not necessarily follow a sudden methane leakage. The low
reactivity of methane in case of a leakage suggests that monitoring efforts to find fugitive methane
may focus on methane itself, instead of looking for reaction products; and that methane can
therefore be modeled as a potentially conservative gas.
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3.1.2. Introduction

The increasing use of the subsurface for conventional and unconventional energy production and
energy storage already shapes the future of the global energy sector considerably. Further
development potentially includes scenarios with intensive development of renewable energy sources,
like the German goal of gaining all electricity solely from renewable sources by 2050 (UBA, 2010).
To balance the natural fluctuations of power production from renewable energy sources such as
wind and solar, power-to-gas systems may electrolyze hydrogen from water using surplus energy.
This hydrogen can either be fed directly into a hydrogen- based energy system (Reitenbach et al.,
2015), or it can be used to produce methane via the Sabatier-process (Miiller et al., 2013). In this
way, the supply in a regional power network can be balanced on a seasonal time scale. Although this
system includes conversion losses, the potential for economic benefits still motivates for
development: for example the process of direct hydrogen generation, storage and re-electrification
has an efficiency of between 12 and 55% (Bosse, 2006; Luo et al., 2014; Gao et al., 2014). Overall,
storage of renewable energy through the power-to-gas technology is expected to be a deciding part
of future energy supply networks, and methane is expected to continue playing a deciding role.
Methane may be generated in the order of several millions of normal cubic meters to balance
fluctuations lasting between several days to a few months (Sterner and Stadler, 2014). When such
large gas volumes are to be stored within a region, underground technologies are both safer and
cheaper per kWh compared to the surface facilities usually having a capacity lower by orders of
magnitude (Evans, 2009; Taylor et al., 1986). However, establishing a geological reservoir to store
methane possibly involves conflicts between different ways of subsurface use: these potential
conflicts have to be regarded in order to plan a sustainable use of the subsurface space (Bauer et al.,
2013).

Amongst the potential risks posed by such geological storage facilities, hydrogeochemical reactions
following an accidental gas leakage into an overlying shallow aquifer are of distinguished
significance, as these aquifers are often used for drinking water production. Gas leakage rates may
range between 0.04 m’/d and more than 100 m’/d (Roy et al., 2016 and refs therein). Such
unwanted presence of methane in the groundwater may be caused by for instance unsealed wells or
poor performance of the cap rock formation (Jackson et al., 2013a). The nature of these leakages
can be similar to leakages of CO, from subsurface reservoirs (e. g. Apps et al., 2010, Berest, 2002)
regarding the source and the path of the leakage (e. g. Roy et al.,, 2016 and refs therein), implying a
comparable need for leakage monitoring (Dethlefsen et al, 2013; Schifer et al., 2013). A further
analogue may be found at leakages of CH, related to unconventional hydrocarbon production (e. g.
Osborn et al., 2011); both of them potentially influencing groundwater quality. After a leakage
event, the fugitive gas will probably quantitatively remain available for subsurface transport
processes (Cirpka et al., 2015), and also for geochemical reactions.

Microbial methane oxidation has been investigated for decades, and microorganisms generally tend
to successively utilize the energetically most favorable electron acceptor (EA) available and establish
a redox sequence (Table 3.1) by reducing the EAs oxygen, nitrate, iron'"', manganese'", and sulfate,
in the same way bacteria can oxidize other organic compounds (Stumm and Morgan, 1981). Oxygen
is the most favorable electron acceptorfor oxidizing methane, but its presence may be restricted to
near-surface, unconfined aquifers (Roy et al., 2016). In oxygen-free shallow aquifers, nitrate can be a
suitable electron acceptorfor the oxidation of methane (Eisentriger et al., 2001; Raghoebarsing et al.,
20006; Ettwig et al., 2009; Modin et al., 2010; Deutzmann and Schink, 2011; Islas-Lima et al., 2004).
Methane oxidation may also take place using nitrite as oxidant (Rasigraf et al., 2012). Following
manganese'" (Beal et al., 2009; Ettwig et al., 2016), which generally shows a low concentration in
shallow aquifers, iron"" is the next relevant oxidant (Beal et al., 2009; Ettwig et al., 2016) used in the
suggested redox sequence, followed finally by sulfate (Knittel and Boetius, 2009).
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Table 3.1. The gatherable Gibbs free energy yields from the reactions involving methane and electron acceptors in
comparison to other organic substances (McCarty, 1971 and Thauer et al., 1977 in Edwards et al., 1992"; Lovley
and Phillips, 198 8’ Thauer et al., 1989°; Raghoebarsing et al., 2006 7 Wang et al., 2010°; Beal et al., 2009”"°;

Deutzmann, 201 7" )

: AG,
Reaction
[k]/mol]
| Aerobic toluene) ¢ i+ 9.0, > 7CO,+4H0 3807
oxidation
p |Acrobic wlenel e i 11050, > 8CO, +5H,0 4435
oxidation
Toluene oxidation 2
+
3 |[coupled to sulfate Gy > 50, > 45HS +7HCO; +25H" |-229
! +3 H,0 ~
reduction
Xylene oxidation | 1y | 555 50> 525 HS + 8 HCO;
8+ 10 . 4 . 3
4 couplgd to  sulfate 13,0 - Y05 -267
reduction
Acetate oxidation ) 2.
+
5 [coupled to sulfate JCF%’}COO SO, - HS +2CO,+2H,0 -63
reduction
o |/icetotrophic CH,COO+H' > CH,+ CO, 36
methanogenesis
Methane oxidation
+
7 |coupled to i SCPPIIf 8 NO; 2 4N, +5CO,+ 14 H,0O -765
denitrification
Methane oxidation
8 |[coupled to sulfate|CH, + SO, - HS + H,0O + HCO; -19
reduction
Methane oxidation
_l’_
9 |coupled to  iron CH, +8 Fe(OH), > 8Fe™ + 21 H,O + HCO; -270
. +15H
reduction
Methane oxidation
+
10 | coupled to manganese 51_7[4H+ 4 MaO, > 4Mn* +5H,0 + HCO, -556
reduction
1 | Aerobic methane | opp 4o > CO,+2H,0 819
oxidation

Although numerous studies from marine and freshwater environments suggest that methane
oxidation should be expected after a leakage into a shallow aquifer, not all aquifers with a methane
ingress showed a significant metabolic activity. In the region in which the Marcellus Shale
(Pennsylvania, USA) was subject to extensive conventional gas production and in which
unconventional gas production activity has commenced some years ago, methane in aquifers has
been monitored for a few years, although not only unconventional gas production (Dusseault and
Jackson, 2013) but also poorly built conventional wells in general have a potential to leak
hydrocarbons into shallow aquifers (Kelly et al., 1985; Holzman, 2012; Schwartz, 2014). In the
Marcellus Shale region, high concentrations of thermogenic methane were found in areas close to
hydrocarbon production wells, but no sulfate reduction was identified based on "“C/"”C-methane
isotopic compositions in the affected aquifers (Osborn et al., 2011), even when no other EAs than
sulfate were available. Despite the thermogenic origin of methane probably related to the gas
production, higher dissolved methane concentrations in the area were elevated in valleys (Molofsky
et al., 2013) and not in the vicinity of hydrocarbon wells (Jackson et al., 2013b).
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Additionally, median sulfate concentrations were observed to inversely correlate with dissolved
methane concentrations, along with increased dissolved Fe*" and Mn™' concentrations (Molofsky et
al., 2013). This would support the mutual exclusion of methane and its electron acceptors in a
steady state (McIntosh et al., 2014). Although the origin of the methane in this (e. g. Brantley et al.,
2014) and other regions (e. g. Roy et al, 2016 and refs therein) is still debated, significant
geochemical reactions between methane and sulfate are not reported in distances larger than a few
100 meters away from the gas production facilities lying beneath these shallow aquifers. On the
other hand, microbial activity may degrade hydrocarbons even at reservoir conditions (Gniese et al.,
2014). However, at an aquifer gas storage site in Western Europe, also no methane oxidation
coupled to sulfate reduction was identified despite the presence of up to 0.2 mM sulfate, being
partially used for degradation of BTEX at trace concentrations (Chiquet, 2015).

Any of the reactions in Table 3.1, but most likely sulfate reduction coupled to methane oxidation
would result in a change in the groundwater composition and would also attenuate a potential
groundwater contamination by methane. On the other hand, the absence of microbial methane
oxidation at a specific site might also cause a long-term impact on the groundwater quality, which
would be of distinguished importance because groundwater is classified as a protected natural
resource by the EU Water Framework Directive (European Parliament and Council, 2000).

The aim of this chapter is, therefore, to compile the state-of-the-art literature regarding the likeliness
and available rates for methane oxidation following a methane ingress into a shallow aquifer as a
consequence of a leakage from a gas storage site in the deeper subsurface. In this context, the
presented study focuses on the methane oxidation coupled to sulfate reduction, because sulfate is
typically the most widespread electron acceptor for methane oxidation in aqueous environments
(Knittel and Boetius, 2009). As only very few studies describe such a situation, analogues from
other scenarios and other environments are also consulted in this review, and their expressiveness
for evaluating potential processes in the groundwater influenced by a methane leakage are discussed.
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3.1.3. Analogues for consequences of a methane leakage

Origin and presence of methane

Methane is often present in pristine shallow aquifers. The natural sources of methane in a shallow
aquifer may be biogenic or thermogenic. Thermogenic methane can leak into shallow aquifers from
deeper reservoirs (Melchers, 2009). Sources of biogenic methane can be the aquifer itself or an
underlying shallow aquifer. For instance, in Lower Saxony, North Germany the vast majority of ca.
1000 investigated wells showed the presence of only biogenic methane in concentrations below
1 ul/1, based on “C isotope and gas composition measurements (Schloemer et al., 2016). On the
other hand, there is still a need for studies to deliver a reliable monitoring baseline on methane
concentrations in Northern Germany (Figure 3.1).
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Figure 3.1: Methane in groundwaters of the federal state of Schleswig-Holstein (Germany). Blue triangles (A )
indicate wells not monitored for methane at all, green dots (®) mean wells where no methane (under 0,1 mg/!
detection limit) was found, and red empty rectangles (0) mean wells where methane was detected (average:
0.5 mg/ l, median:0.2 mg/l). Apart from 3 wells, every methane-containing water was measured only once.
Amongst different aquifers, the most methane occurrences are in the Obere and Untere Braunkoblensand
Jformations, and ablin the shallow (0-25 m) but confined aquifers. Overlapping red and green symbols
indicate sampling locations where methane is detected only in one of the aquifers.
Data source: LILUR database (Dethlefsen et al., 2017).

In aquifers being in a redox steady-state, either the presence of methane or the presence of an
electron acceptorwas observed (Mclntosh et al., 2014, van Stempvoort et al., 2005), depending on
which of the reaction partners had been in surplus. Strict mutual exclusion between EAs and
methane was observed in the studies above. This means the presence of either methane at ca. 10%
in situ saturation or 300 mg/1 sulfate or 10 mg/l nitrate concentrations or 20% in situ oxygen
saturation. This mutual exclusion is also valid for aquifers with an external methane supply where
methane is present in a high dissolved concentration of up to 2.8 mM due to a long term natural
seepage (Melchers, 2009). Additionally, waters produced from reservoirs of hydrocarbons are
typically deficient in sulfate (Pelak and Sharma, 2014), suggesting that the mutual exclusion of
methane and sulfate to be valid for deeper aquifers as well.
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Therefore, dissolved methane is expected to prevail within an aquifer only if sulfate, commonly the
electron acceptorpresent in the highest concentrations, is already depleted (Zhang et al., 1998).

On the other way around, methanogenesis, as a processes opposed to methane oxidation, is only
taking place at a sulfate concentration of approximately 30 uM or below (Lovley and Klug, 1986).
Presence of methane may be expected in aquifers if these main preconditions, namely methane
ingress and sulfate depletion, are fulfilled. If there is no methane but sulfate in an aquifer, it can
either be a consequence of methanogenesis being inhibited by the availability of sulfate or the
methane being oxidized using sulfate as an electron acceptor. For a gas leakage scenario, the
reactions consuming methane, their lag phases or reaction rates, and the environments they take
place in are highly relevant. Although methane suddenly intruding a shallow, sulfate-containing
aquifer is very unusual in natural systems, this is exactly what is expected after a methane leakage
from a reservoir e. g. through a pootly constructed well casing. Because of this rareness, there are
only a few studies (van Stempvoort et al., 2005; Kelly et al., 1985) available which show and directly
describe events when methane intruded a shallow aquifer triggering sulfate reduction. These studies
could be potentially used for estimating the occurrence of methane oxidation coupled to sulfate
reduction, completed by studies on similar environments, potentially contributing to this estimation
(Table 3.2).

Rates of methane oxidation coupled to sulfate reduction in subsurface environments

Due to the widespread availability of sulfate, anaerobic oxidation of methane coupled to sulfate
reduction is regarded as the main process for the degradation of methane in both marine and
freshwater environments (Knittel and Boetius, 2009). Anaerobic oxidation of methane coupled to
the reduction of sulfate is a biogeochemical phenomenon that was assessed theoretically (e. g. Dale
et al., 2000; Kasten and Jorgensen, 2000; Treude et al., 2003) and observed at a number of marine
sites worldwide (Niewohner et al., 1998; Treude et al, 2005b; Reeburgh, 2007; Iversen and
Jorgensen, 1985; Jorgensen et al., 2001; Siegert et al., 2011; Bussman and Suess, 1998) with reaction
rates between 10* and 10° nmol/cm’/ day, if sulfate is available in marine and freshwater
environments (Table 3.1). This redox reaction mostly occurs in sulfate-methane transition zones
(SMTZ) in seafloor sediments as well as in deep sea microbial mats (dense layers of microorganisms)
and it is catalyzed by syntrophic consortia of uncultured methane oxidizing Archaea and sulfate
reducing bacteria (Knittel and Boetius, 2009). As sulfate reduction coupled to methane oxidation
can be expected in both saline and freshwater sediments (Knittel and Boetius, 2009),
characterization of the microbial communities and their densities in both environments potentially
carrying out this metabolism provide a good base to estimate how sulfate reduction by methane
oxidation behaves in methane-contaminated potable aquifers. The methane oxidizing Archaea in
the consortia serve as the partner activating the methane; the sulfate reducing bacteria shuttle
electrons to the electron acceptorthat function as electron sinks (Boetius et al., 2000; Knittel and
Boetius, 2009). The time needed for increasing reaction rates, if an increasing amount of substrate
(sulfate and/or methane) becomes available, is determined by the growth potential of this microbial
community. Methane oxidation by sulfate reduction in high pressure batch incubations showed a 7-
months-long doubling time of the microorganisms (Nauhaus et al., 2007). This doubling time was
found to be 3.8 months in membrane bioreactor experiments (Meulepas et al., 2009), and 1.1 as well
as 2 months in continuous flow and in shaken batch tests, respectively, using sediments from marine
sulfate-methane transition zones (Girguis et al., 2005; Kriiger et al., 2008).

Table 3.2. (see the next double page) Rates of anaerobic oxidation of methane coupled to sulfate reduction in different
environments in nmoles of methane oxidized per cn’ of water and) or sediment per day. ANME means groups of
anaerobic methane-oxidizing archaea and SRB means groups of sulfate reducing bacteria.
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Anaerobic

h Methane | Sulfate
Envi methane Microbial Microbial densi Ref.
nvironment OXidation rate (”M) (mM) Community 1Cropia enSIty eierences
(nmol/cm’/day)
Black Sea 1800- ANME-1, ANME-2 Michaelis et al., 2002; Treude et al., 2007
microbial reefs 100020900 2800 17 and SRB n.d in Knittel and Boetius, 2009
Seeps with . 108 Joye et al., 2004; Treude et al., 2003
surface hydrates 100-5500 0-2500 0-28 Beggiatoa 0.5-1.5-10" aggregates/ g, giment in Knittel and Boetius, 2000
Mud volcanoes, ANME-1, ANME-2, 7 2 2100 5 Niemann et al., 2006b; Omoregie et al.,
oas chimneys 10-1500 0-5700 1 0-27 | \NME-3 and sRB | 10 3010 cells/emisediment 2008 in Knittel and Boetius, 2009
Knab et al., 2008; Parkes et al., 2007; Treude
Coastal SMTZ 1-50 0-5000 0-22 ANME-1, ANME-2 5.1:10°1.4-10° cells/cm’sediment et al., 2005a; Wegener et al., 2008
and SRB : . .
in Knittel and Boetius, 2009
) 108 o7 Niemann et al., 2005; Niemann et al., 2000a;
;O?tiﬁesnﬁlu 0.1-15 0-8000 | 0-30 ANMEI;;I’S?QEME‘Z 1ﬁ5 /1 %}'ﬁéom Niemann et al., 2006b; Treude et al., 2005b
g a cetis/cm sedine in Knittel and Boetius, 2009
Subsurface Sivan et a., 2007
SMTY 0.003-0.16 0-12500 | 0-26.5 n. d. n. d. in Knittel and Boetius, 2009
Marine anoxic ANME-1, ANME-2, Reeburgh, 2007; Schubert et al., 2006
water columns 0.0001-0.01 0-15 n.d Bacteria n.d in Knittel and Boetius, 2009
Lake water and Schubert, unpublished
lake sediment 0.0001-1 n.d n.d o-d. n.d in Knittel and Boetius, 2009
Landfill leachate
plume in an 0.049-0.63 100-1400 | 0.2-9 n. d. n. d. Grossman et al., 2002
aquifer
Hydrocarbon
well leakage in 1.59 625-68.7 | 3.9-3.1 n. d. n. d. van Stempvoort et al., 2005
an aquifer
Methane hydrate 500-5000
ridge batch (pressure 0-15000 | 46753 | Archaea and SRB 9:10” consortia/ g, gmen Nauhaus et al., 2002
incubatioﬁ dependent)
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(continned)

Anaelioblc Methane | Sulfate
Envi methane Microbial Microbial densi Ref.
nvironment oxidation rate (uM) (mM) community icrobial density eferences
(nmol/cm’/day)
Reactors with 0.3-286000 1440 | 1525 | ANME-1, ANME-2 | 10*-10° tRNA copies/g, .. Meulepas et al., 2009; Girguis et al., 2005;
marine sediment Kriiger et al., 2008
Marine sediment | 96-1025 (flow 1-4 0-20 ANME n. d. Steeb et al., 2014
in lab column dependent)
Marine sediment 20-162
mj N ¢ Sf mne (temperature- | 133-2849 | n.d. ANME-1 n. d. Wankel et al., 2012
ab col dependent)
Marine Bussman et al.; 1999
sediments 9 2006 20 o d. o d in Roy et al., 2016
Marine 2618- Devol et al., 1984
sediments 88 5281 0.5-26 0. d. o d in Roy et al., 2016
Marine
sediments 15 2 n. d. n. d. n. d. Hansen ctal, 1998
in Roy et al., 2016
(warm)
Marine Hoehler et al., 1994
sediments 12 1506 | n.d. n.d. n.d. ocneretas,
in Roy et al., 2016
(warm)
Marine Iversen and Jorgensen, 1985
sediments 0.002-12 3-1000 | 15-25 SRB (assumed) n. d. in Roy ct al.. 2016
Lake 0.05-0.08 53 n. d. n. d. n. d. Iversen et al., 1987 in Roy et al., 2016
Marine 1.3- Koisur and Warford, 1979
sediments (cold) 0.021-0.98 201-9500 28.3 o d. o. d. in Roy et al., 2016
Marine Reeburgh, 1980
sediments (cold) 0.11-9.19 600 20 0. d. o d. in Roy et al., 2016
Wetland 265.625 2000 1.15 | Archaea and bacteria n. d. Segarra et al., 2015 in Roy et al., 2016
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The overall coupled methane oxidation - sulfate reduction rate and also its growth potential are also
determined by the availability of the reactants. According to Valentine (2002), diffusion is the
dominant process delivering dissolved sulfate and dissolved methane to the sulfate-methane
transition zones, causing orders of magnitudes of differences in reaction rates between sediments
around marine seeps by diffusive mixing and in methane vents by advective mixing. Flow-through
column experiments using sediment from a marine SMTZ may be relevant for aquifer conditions:
Steeb et al. (2014) found reaction rates to be an order of magnitude higher at faster flow compared
to slower transport conditions. Apart from variations in pressure and transport, experiments
conducted using different pressure and temperature conditions represent methane oxidation in
aquifers at different depths. With the methane partial pressure increased from O to 11 bars, sulfate
reduction increased linearly (Nauhaus et al., 2002). This suggests that the reaction potentially has a
first order dependency on the partial pressure of methane within aquifer conditions as well, although
the majority of other studies only provide zeroth order rate constants due to the low number of
comparable experiments, often only one, with different methane partial pressures. Moreover, the
reaction rate is most probably primarily dependent on the density of the microorganisms; although
further research will be needed to make site-specific and time-dependent estimations.

A few considerations may contribute to the evaluation of the reaction rates gathered from various
aqueous environments (Table 3.2). Because anaerobic oxidation of methane coupled to sulfate
reduction is a redox reaction entirely mediated by microorganisms, it may seem plausible to
recognize the increasing reaction rates if a higher microbial density is present. However, due to the
major variations in the phylogenetic composition of the communities investigated at different sites,
in the partial pressure of methane and in the concentration of sulfate may prevent to consider this
trend a direct correlation. A knowledge gap for future studies is that for aquifer environments
where methane oxidation coupled to sulfate reduction took place have not been investigated for the
microbial community carrying out the geochemically identified reaction. On the other hand, such
studies comparatively investigating the microbial reactivity of marine SMTZs and sulfate-rich
aquifers intruded by methane may be reasonable because the methane and especially sulfate
concentrations measured at many marine sites with a considerable reaction rate are easily high
enough to fall in the strict mutual exclusion range of sulfate and methane identified for aquifers.
When predicting processes in methane-containing groundwater, reactions occurring in freshwater
aquifers contaminated by organic substances such as solvents can yield additional information. A
reason for this approach is that methanotrophic bacteria are ubiquitous and some can metabolize
aliphatic and aromatic compounds and even a few chlorinated solvents (Brigmon, 2001). Also,
cultured marine strains could degrade toluene in petroleum-contaminated sediments (Bolliger et al.,
2001) and a methanotrophic groundwater community was able to metabolize larger (C,;) organic
substances as well (Hrsak and Begonja, 2000). Moreover, contaminants may co-occur with methane
in a landfill leachate plume, creating an environment which is well studied and relatively close to the
conditions expected after a methane leakage (Grossman et al,, 2002). This suggests anaerobic
methane oxidation first via reduction of iron", then coupled to sulfate reduction, which was
identified in distinct zones of a contaminated aquifer (Grossman et al., 2002). Feisthauer et al.
(2012) found isotopic evidence for the degradation of BTEX using sulfate as electron acceptorwith
ongoing methanogenesis and subsequent anaerobic methane oxidation in an aquifer. Therefore,
shallow aquifers contaminated by organic solvents are also potentially showing some of the
processes also expected to occur after a methane leakage; consequently, the characterization of
sulfate reduction found in such contexts should also be included in a methane leakage scenario as
well.

In contrast to numerous papers on marine SMTZs or freshwater sites contaminated by organic
solvents, geochemical reactions following an anthropogenic methane intrusion, such as the leakage
of thermogenic or synthetic methane into such aquifers, are described by only a few field case
studies (van Stempvoort et al., 2005; Kelly et al., 1985; Kotelnikova, 2002; Grossmann et al., 2002).
An accident at a gas production well in Lloydminster, Alberta, Canada, resulted in anaerobic
oxidation of methane coupled to sulfate reduction after seven years (van Stempvoort et al., 2005).
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A multiphase flow modeling study based on the neighboring and similar Lindbergh site from the
same region (Roy et al., 2016) showed that the concentration of dissolved methane decreased by up
to 100 mg/1 within 5 years after a natural gas leakage. After a blowout at another gas well in North
Madison, Ohio, USA, sulfate reduction was found to commence within a week, and batch
experiments using groundwater from this site partially reproduced the methane oxidation coupled to
sulfate reduction observed in the aquifers (Kelly et al., 1985). This suggests an enormous difference
in the lag phase durations of reactions taking place at different leakage cases. Regarding factors
potentially determining the reactions, zz-situ redox tracer experiments on freshwater sulfate reduction
at the interface between sulfate and its electron donors highlighted the importance of mixing the
reactants (Kneeshaw et al,, 2011), which is usual for hydrogeochemical reactions following the
intrusion of a potentially reactive substance (Meckenstock et al., 2015). Furthermore, a few authors
(Kneeshaw et al., 2011) acknowledged a lag phase of 2.4 to 22 h before sulfate reduction started in
the aquifer, which is quick on the time scale of processes initiated by regional subsurface leakage and
transport of a leaked gas. Additionally, Engle and Rowan (2014) suggested sulfate reduction
stimulated by injecting sulfate-rich fracking fluid. Sulfate reduction, therefore, may play a main role
in the metabolism of leaked methane in field studies, but several factors like the availability of
nutrients and initial density and composition of the microbial community seem to influence the
length of the lag phase and the rate of the reaction, taking up to several months or years to
commence.
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3.1.4. Conclusions and Lessons Learned

The summarized literature data shows that microbially mediated sulfate reduction coupled to
methane oxidation can be of deciding significance in methane leakage scenarios, although this
reaction is not expected to take place in all environments, spontaneously and at a considerable rate.

Low reactivity of methane

Methane was found to belong to the less reactive groundwater contaminants considered here,
similarly to other poorly bioavailable organic contaminants or slowly metabolized natural sources of
organic carbon. The low reactivity of methane is probably caused by the comparatively low
thermodynamic energy yield of anaerobic methane oxidation (Table 3.1) barely sufficient to
synthetize one ATP (adenosine triphosphate), the main energy carrying molecule in biochemical
processes and the low efficiency of the microorganisms to assimilate the consumed carbon. These
two factors result in a very slow (month-years) doubling time of anaerobic methane oxidizers. For
an aquifer environment, this suggests a comparatively low bioavailability of methane as an electron
donor resulting in slow reaction rates and difficult establishment of syntrophic microbial consortia
metabolizing methane, especially if the aquifer initially lacks methane oxidizing microorganisms.
This low reactivity can inhibit spontaneous microbially mediated sulfate reduction and methane
oxidation in groundwater composition after a methane leakage.

Rates of sulfate reduction coupled to methane oxidation in shallow aquifers

Based on this review it may be suggested that the characterization of the metabolic potential of
shallow aquifers at sites where a methane leakage may be expected shall be first carried out based on
studies available on relevant environments (Table 2) and direct investigations. As direct microbial
sampling of aquifers implies difficulties (Basso et al., 2005), laboratory experiments on methane
attenuation exemplified here may complete such characterizations. For parameterizing numerical
modeling scenarios beyond reaction rates from the literature (Table 3.2), experimental investigations
need to be operated long enough to represent the time for which the studied aquifer is potentially
exposed to fugitive methane, typically for a few months to a year.

If it takes place, oxidation of methane coupled to sulfate reduction can influence the groundwater
quality due to the production of sulfide. The coupled sulfate reduction — methane oxidation rate is
expected to lie in the range of reactions taking place in shallow aquifers and reviewed here (0.05-
1.6 nmol/cm’/day), although other environments represent a way broader, up to nice orders of
magnitude wide range of reaction rates (Table 3.2). Also, the reaction rate order has not been
investigated directly by studies adequate for a methane leakage scenario, however, based on Nauhaus
et al. (2002) it should be linearly dependent on the partial pressure of methane, meaning that the
sulfate reduction coupled to methane oxidation will be faster in a methane leakage plume developing
in a deeper aquifer. The flow speed of the groundwater may also play a deciding role, as advective
transport was found to have a major influence on the reaction rate (Table 3.2).

Long lag phases before sulfate reduction coupled to methane oxidation wonld start

A long initial phase on the scale of months to years without any observable reactions is supported by
the reviewed field experience. Moreover, even in natural aquifers the strict mutual exclusion
between sulfate and methane mostly takes place at higher, at least 300, but up to a few 1000 mg/1
sulfate concentrations (Mclntosh et al, 2014), suggesting that the leaked methane may persist in
freshwater aquifers with typically lower sulfate content. The slow response of a microbial
community to develop after a methane intrusion justifies scenarios where methane can be
considered as conservative gas in numerical reactive transport simulations. For leakage monitoring
purposes, methane itself may be the main substance to focus the efforts on, instead of potential
reaction products.
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3.2. Experiments showed no reactions coupled to methane leaked into
shallow aquifers

This chapter is based on a paper published by Berta M, Becker A, Dethlefsen F, Ebert M, Koch S,
Dahmke A (2015) in First Break 33, 93-95.

3.2.1. Abstract

As discussed in previous chapters, geological energy storage has the potential to balance fluctuations
in the energy network by using the subsurface for gas storage. A major public concern about
underground gas facilities culminates around effects of potential accidental gas leakages into shallow
aquifers, especially if these aquifers are used for drinking water production. The biogeochemical
reactions potentially caused by gas leakages are revealed by several literature sources. However, for
assessing the impact such leakages can have on the protected groundwater experimental efforts can
mean a deciding contribution.

Based on earlier works on marine and freshwater environments, dissolved methane may cause the
reduction of ferric iron, nitrate, and sulfate while being oxidized by microorganisms. Flow-through
column experiments were used in the presented study to observe these reactions in different
sediments percolated by different, methane-enriched, groundwaters. This experimental setup
created an environment similar to the conditions expected at a methane leakage into a shallow
freshwater aquifer.

These one-year-long experiments showed no significant oxidation of methane by any of the electron
acceptors available, meaning that the microbial methane oxidation is inhibited at the studied
conditions. These findings regarding the impact of potential methane leakages underline the
necessity to evaluate the impact of such gas leakages separately and in detail. Thus, a basis for
parameterizing numerical scenario analyses simulating the potential impact of methane leakages is

provided.

3.2.2. Introduction

The need for subsurface energy storage to balance the fluctuations in power production using
renewable sources already exists, and based on the current deployment rate of wind and solar power
stations, scenarios with a renewable share of up to 80% of the German energy production were
developed for the next decades (UBA, 2010). Due to the known, fluctuating character of renewable
energy production, storage of gases including compressed air, methane, and hydrogen may play a
deciding role in the geological energy storage mix (Bauer et al.,, 2013). As discussed in previous
chapters, in case of a methane storage concept, the gas is generated from surplus renewable
electricity via the Sabatier process, stored underground in deep porous reservoirs or salt caverns, and
retrieved and used in the existing energy system when needed. Any geological gas storage operation
may result in leakages of the stored gas into shallow geological compartments due to various reasons
like well failure (Evans, 2009). Experimental evaluation of hydrogeochemical reactions following
such a potential accidental methane leakage into shallow aquifers are of particular importance for
ensuring a good groundwater quality, especially if the overlying shallow aquifers are used for
drinking water production.

Changes in groundwater chemistry following an intrusion of methane are probably controlled by the
metabolic response of the subsurface microbial community. In aquifers not affected by leakage
incidents, methane practically does not appear together with potential electron acceptors (e. g.
Mclntosh et al., 2014), therefore redox reactions consuming biogenic or thermogenic methane
intruding such aquifers can be expected. In these processes, oxygen (Smith et al., 1991), nitrate
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(Raghoebarsing et al., 2000; Eisentraeger et al., 2001; Ettwig et al., 2010), ferric iron (Beal et al.,
2009), and sulfate (Kelly et al., 1985; van Stempvoort et al., 2005) can serve as electron acceptors
while methane is oxidized to CO,. Amongst these processes, sulfate reduction is the most
influential on groundwater quality due comparatively high concentrations of dissolved sulfate
(Dethlefsen et al., 2016 a and b) and the potential of sulfide production. However, the process is
mostly known from marine environments in so-called “sulfate-methane transition zones (SMTZ)”,
summarized for instance by Knittel and Boetius (1999). In such environments, microbial
communities could establish on long, perhaps geological time scales. On the other hand, some
groundwater environments, such as aquifers overlying hydrocarbon reservoirs that are being
exploited for a comparatively short time span, suggest that a response may not take place if the
encounter of methane and an electron acceptor is rather sudden (e. g. Osborn et al, 2011,
Ziemkiewicz and He, 2015).

As the reactions potentially triggered by methane have not been studied in laboratory experiments
representing groundwater conditions so far, the goal of the work presented in this chapter was to
experimentally characterize geochemical effects of methane intrusion on shallow aquifers; similarly

to studies regarding the hydrogeochemical effects of compressed air and hydrogen, both being parts
of this Thesis.

3.2.3. Materials and methods

Flow-through column experiments were carried out to represent the hydrogeological conditions of a
shallow aquifer, using four 30x6 cm glass columns that were filled with sediment and percolated
with groundwater (Figure 3.2). Each column was equipped with five sampling ports along the flow
path. The groundwater was equilibrated with methane at 1 bar partial pressure, resulting in methane
concentrations of up to 1.2 mmol/L at 20£2°C, before this water was pumped into the columns.
The residence times, determined using a LiBr tracer test, were between 13 and 16 hours and
considered when calculating reaction rates.

These column experiments were run to investigate geochemical effects of methane-saturated water
(Table 3.3.) intruding to a shallow aquifer.

Table 3.3. Chemical composition of the waters used for the experiments (LW: Tap water, NMS: Groundwater from
a well near Neumiinster, GPS-Coordinates: N 54,0773, E 10,0750).

Parameter LW NMS Parameter LW NMS
Na" [mmol/I] 0.62 0.7 Cl' [mmol/]] 0.82 28
K" [mmol/]] 0.09 0.03 NO; [mmol/]] 0.016 |[<0.003
Mg*" [mmol/l] [0.36 0.23 SO,” [mmol/]] 0.5 0.9
Ca* [mmol/l] [0.42 3.43 O, [mmol/]] 0.17 0.084
Fe*' [mmol/l] [< 0.00035 |< 0.00035 E; [mV] 478 308
Mn"* [mmol/1] |< 0.0002 ]0.0036 pH [-] 7.47 7.5
Conductivity [uS/cm] | 683 715

Sediments for two columns originated from a core drilled into a shallow (4-12 m below ground
level, 10°C) Pleistocene aquifer near Neumiinster (Germany) (NMS1 and NMS2 columns). For an
additional column, marine sediment material was taken from a SMTZ site in the Kieler Férde near
Tirpitzhafen using the RI” _A/kor. This marine sediment had a share of one third, while two thirds
of commercial quartz sand (0.3-0.8 mm) was added and the resulting mixture was homogenized
under Ar atmosphere (MAR column). Finally, the fourth column was filled with quartz sand
containing 0.5 wt% goethite (Bayferrox 920) (GOE column).
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Figure 3.2: Sketch (left) and photo (right) showing the experimental setup. CH, gas was used to bubble the
groundwater in the mixing cells. From there, the CH -saturated water is pumped into the columns. Samples were
taken from the five ports along the flow path and from the inflows.

For the first 11 weeks, a near-surface aquifer environment was simulated in these four columns by
percolation with tap water from a Pleistocene aquifer at Kiel University. Dissolved oxygen (up to
100 umol/L), nitrate (20 umol/L), and sulfate (500 pmol/L) were present in the columns’ inflow.
After this first aerobic petiod, sulfate-containing (1000 umol/L), nitrate- and oxygen-free
(<8umol/L) groundwater from the same NMS aquifer where the sediment was taken from was used
to allow the development of a more anoxic environment in the columns NMS1 and MAR. In a
further step after approximately 400 exchanged pore volumes, a pre-column filled with Fe” grains
was added to reduce the redox potential of the inflowing waters of the NMS1 and MAR columns.
Moreovert, for the two columns GOE and NMS2, up to 70 umol/L of nitrate was added to the
inflowing water.

3.2.4. Results

The column experiments showed no reproducible decrease in methane concentrations during
percolation of the sediments (Figure 3.3) in the whole, one-year runtime. On the other hand, three
of the four columns (MAR, NMS2, GOE) showed a slight consumption of electron acceptors.
From the beginning, denitrification (0.6 and 1 umol/L/h) was determined in the GOE and NMS2
columns, respectively (Figure 3.3). Nitrate reduction rates remained nearly constant over the
experimental runtime measured over the flow path within the columns, regardless the variation of
the nitrate concentration between 13 and 72 umol/I.. However, the nitrate reduction rate was
higher and increasing from 2 to 12 umol/L/h and from 4 to 20 umol/L/h, respectively, between
the inflow and first sampling port of both columns percolated with nitrate containing water (Figure
3.3). Ammonium concentrations showed no change versus the flow path based on a sampling event
when it was also measured; and nitrite was detected in none of the samples.
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Figure 3.3: The difference in concentration of dissolved methane, sulfate, total iron, and nitrate in the groundwater
flowing through the experimental columns. One exchanged pore volume is completed in approx. 12 h. Nitrate
reduction rates increase between the inflow and the first sampling port (right), but not within the columns (between first
and fifth port). The dashed red lines show the time when the Fe’ pre-colummn was attached.

The MAR column showed sulfate reduction (up to 3.8 umol/L/h) after switching to the anaerobic
groundwater. Smell of sulfide production in the MAR column was identified along with decreases
of up to 150 mV in redox potential and 0.15 in pH. However, sulfide concentration stayed below
the level of determination of 5 umol/L.

Concentration of dissolved Fe*" varied along the flow path increasing by up to 12.4 umol/L in the
NMS1 column and decreasing by up to 8.5 umol/L in the MAR column, which were both
percolated by nitrate-free groundwater. Mn®" concentrations were increased in all columns by up to
1-1.5 pmol/L. Within the measured values no further changes were observed in electric
conductivity, pH, and redox potential; total dissolved organic carbon; dissolved ions (Na*, K, Ca*',
Mg** and CI); furthermore no bromide, acetate, nitrite, or thiosulfate was detected in any of the
samples. Thus no methane oxidation by any electron acceptor could be detected in any of the
columns.
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3.2.5. Discussion

Although the experimental conditions were considered suitable for the expected methane oxidation,
the series of results showed that significant aerobic or anaerobic methane oxidation did not take
place in the represented hydrogeological conditions. Other works showed that the experimental
setup is adequate for studying methanogenic (Jesuflek et al, 2012) redox processes as well as
reductive processes caused by dissolved hydrogen, as presented in the next chapter of this Thesis.
Anaerobic methane oxidation rates stoichiometrically corresponding to the observed sulfate
reduction (up to 48 pumol/L during one pore volume exchange) and denitrification (up to
39 umol/L) rates would balance to 48 and 24 pmol/L. methane consumption, respectively. These
changes supporting this calculated mass and electron balance were not identified in the experimental
results. The reduction of sulfate and nitrate established in the experimental columns could also have
been linked to oxidation of organic material that was potentially released from the sediments or
possibly suspended in the inflow water, corresponding to up to 91 and 48 pmol/L. C,,, respectively.
Decreasing redox potential also could have been an indicator for anaerobic methane oxidation
coupled to sulfate reduction as mentioned for instance by van Stempvoort et al. (2005), but the
measured data suggests that the redox potential in the columns did not decrease below the typical
level for nitrate reducing conditions (350 £60 mV for NMS1-2 and GOE). Therefore, it is
exemplified in the presented study that in a year only a slow and uncertain response, if any at all, can
be expected following a methane introduction into an aquifer in conditions represented in these
experiments.

This long lag phase before any establishment of a redox reaction is potentially similar to sulfate
reduction slowly establishing in column experiments on reactive Fe” barriers (Ebert, 2004). This
indicates that methane oxidation needs the presence of a pre-existing community adapted for the
aquifer conditions in order to show a consumption of methane in a time period of up to months, as
it was also recognized in (Smith et al., 1991).

Reasons for this slow response in sulfate reduction may include i) the high doubling time of up to 7
months of the microbial consortia (Knittel and Boetius, 2009), which is mainly caused bys; ii) the low
(only ca. 1%) rate of assimilation of the carbon consumed by the microorganisms carrying out
anaerobic methane oxidations (Nauhaus et al., 2007); and iii) the low energy yield of the reaction
barely enough for synthetizing a single ATP, the elementary energy transfer substance in cells (Wang
et al., 2010). Regarding field experience on sulfate reduction coupled to methane oxidation, the
reaction was not identified in shallow aquifers with thermogenic methane near unconventional
hydrocarbon exploitation (Marcellus Shale, Pennsylvania, USA; Osborn et al., 2011). In a Canadian
aquifer, more than seven years after a methane leakage from a gas well still high (up to 1.25 umol/L)
methane concentrations were observed, and seven more years were necessary to observe a decrease
(up to 0.18 umol/L) coupled to sulfate reduction (van Stempvoort, 2005). However, a response
within less than a month followed a gas well blowout in Ohio, but efforts to experimentally
reproduce the reactions were only partly successful (Kelly et al., 1985).

In the initial, acrobic period methane oxidation was also not observed, which is consistent with the
conclusions of Smith et al. (1991), suggesting that such a response is determined by the resident
microbial population. This proposes that even aerobic methane oxidation also needs the presence
of a pre-existing community in an aquifer to show a prompt consumption of methane. Nitrate
reduction without apparent methane oxidation took place in both experimental columns percolated
with groundwater enriched with nitrate. This reduction apparently resulted in the production of N,,
as no ammonium or stop at nitrite were detected. This is in agreement with the results of
Raghoebarsing et al. (20006).
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3.2.6. Summary and conclusions

After a potential leakage of geologically stored methane into a shallow aquifer, no rapid oxidation of
methane can be expected. A most probable reason is the slow metabolic response of the shallow
subsurface biogeochemical system for a sudden methane intrusion, inhibiting methane oxidation
within at least one year under the conditions described in the presented study. Therefore, the
presented chapters suggest that the response of the subsurface depends most probably on the initial
density and the growing potential of the microbial community oxidizing methane and reducing the
electron acceptors. This is in contrast to the leakage effects of hydrogen and compressed air stored
in the subsurface.

The quasi inert nature of methane that was identified in this chapter results means that 1) site
vulnerability assessments should include experimental and also field studies. For the later, a push-
pull redox tracer test is suggested using a site where anaerobic methane oxidation is already
established. if) Modelling efforts may consider methane as a conservative gas as a first approach. iii)
Leakage monitoring efforts must focus on methane itself, instead of possible reaction products.
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4. Geochemical effects of millimolar hydrogen concentrations in
groundwater

- an experimental study in the context of subsurface hydrogen storage -

This chapter is based on a paper submitted by Berta M, Dethlefsen F, Ebert M, Berger S, Dahmke
A (2017) to Environmental Science and Technology.

4.1. Abstract

Hydrogen storage in geological formations is one of the most promising technologies for balancing
major fluctuations between energy supply from renewable energy plants and energy demand of
customers. If hydrogen is stored in a porous medium or if it leaks into a shallow aquifer, redox
reactions can oxidize hydrogen and reduce electron acceptors such as nitrate, Fe" and Mn''
(hydro)oxides, sulfate, and carbonate. These reactions are of key significance, because they can
cause unintentional losses in hydrogen stored in porous media and they also can cause unwanted
changes in the composition of protected potable groundwater. To represent an aquifer environment
enclosing a hydrogen plume, laboratory experiments using sediment-filled columns were constructed
and percolated by groundwater in equilibrium with high (2-15 bars) hydrogen partial pressures.
Here we show that hydrogen is consumed rapidly in these experiments via sulfate reduction (18%5
uM h') and acetate production (0.030 + 0.006 h"), while no methanogenesis took place. The
observed reaction rates were independent from the partial pressure of hydrogen and hydrogen
consumption only stopped in supplemental microcosm experiments where salinity was increased
above 35 g I'. The outcomes presented here are implemented for planning the sustainable use of
the subsurface space.
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Graphical Abstract: A general investigation concept sketch for this chapter.
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4.2. Introduction

The energy production by wind turbines and solar panels fluctuates due to variable wind velocity
and solar radiation, while the energy demand of consumers also varies creating a significant
challenge for the stability of future energy supplies based mainly on renewable sources. One
concept to address this issue is the “power to gas” approach, where the generation of a gas with
high energy content uses the excess electrical energy at times where the public energy demand is
smaller than the produced energy. Large scale gas storage is potentially necessary in this concept,
allowing the gas to be reused when the demand for energy exceeds the supply. The overall
difference between the amount of energy supplied by renewable energy sources and the amount of
energy demanded usually varies in time, but this gap may reach 10 GWh - 10 TWh, calculated for
days to months on a regional scale power network (Sterner and Stadler, 2014). Electrochemical
generation, storage, and consumption of hydrogen has the potential to balance such fluctuating gaps
(Pfeiffer et al., 2016; Sterner and Stadler, 2014). The volume of hydrogen corresponding to the
amount of energy to be balanced in an energy network ranges between tens to hundreds of millions
normal cubic meters (Pfeiffer et al., 2016). The subsurface offers a comparatively cost-efficient and
safe option for storing such large quantities of gaseous hydrogen (Bauer et al., 2013; Bauer et al.,
2015; Dethlefsen et al., 2016; Evans, 2008; Gao et al., 2014; Kabuth et al., 2016, submitted; Pfeiffer
et al., 2016; Taylor et al., 1986). Moreover, sustainable renewable-based energy systems will likely
require a series of subsurface energy storage technologies, i.e. chemical (hydrogen, synthetic
methane), mechanical (compressed air), or heat energy storage, facing the considerable amount of
energy that needs to be stored and because of lacking other available storage technologies in the
short or medium term fulfilling the requirements (Sterner and Stadler, 2014).

Power-to-gas energy storage including geological hydrogen storage is expected to play an increasing
and deciding role in future energy networks, considering that estimations for instance on future
German energy supplies project (UBA, 2010) up to 100% renewable power generation by 2050.
Overview studies on technical aspects of subsurface hydrogen storage were published in the last few
years (Audigane et al., 2015; Bunger et al., 2016; Gniese et al., 2014; Panfilov, 2016) as a part of an
increasing research interest, but field or experimental studies specifying potential environmental
impacts or operational issues linked to storing large amounts of pure hydrogen at elevated pressures
are missing so far. However, studies on hydrogen-containing gas mixtures stored in porous town
gas reservoirs hint to the potential of hydrogenotrophic redox reactions consuming hydrogen at
such conditions (Buzek et al., 1994; Morozova et al., 2011; Panfilov, 2010, 2016; Reitenbach et al.,
2015; Smigan et al., 1990). These reactions may cause losses from the stored gas and they may also
change the groundwater composition in the surroundings of a gas reservoir. Furthermore,
accidental leaking of hydrogen into shallow aquifers (Evans, 2009) may result in conditions where an
enlarged hydrogen partial pressure (i.e. equal to the hydrostatic pressure in case of a pure hydrogen
gas phase) will cause a high dissolved hydrogen concentration in the shallow groundwater, probably
initiating typical redox reactions associated with hydrogen oxidation.

Hydrogen-driven redox reactions, mostly microbiologically catalyzed (Truche et al., 2013), are well
known from aquatic geosystems, where hydrogen is the electron donor and O,, NOj, Fe'" and
Mn"(hydr)oxides, SO,*, or dissolved CO, are usually the terminal electron acceptors (Table 3.1).
These redox reactions may produce NO,, N,O, N,, NH,", Mn", Fe", H,S, CH,COOH, or CH,,
which might be released into the pore water or precipitated as various mineral phases. Reaction
products such as NO,, H,S or CH, may have a negative effect on the composition of the
groundwater in terms of its usability for other applications, e. g. drinking water production
(Trinkwasserverordnung, 2001). Moreover, an induced excessive production of these components
probably creates an issue because groundwater itself is usually a protected good. In pristine aquifers,
fermentative degradation of peptides, saccharides, and further organic substances produces
hydrogen (Hoehler et al., 1998), while other microorganisms consume it, usually resulting in
nanomolar concentrations of dissolved hydrogen (Chapelle et al., 1996; Chapelle and Lovley, 1992;
Chapelle et al., 2002; Conrad, 1999; Conrad et al., 1987; Cordruwisch et al., 1988; Heimann et al.,
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2007; Hoehler et al., 1994; Hoehler et al., 1998; Jakobsen et al., 1998; Jorgensen, 2000; Kotelnikova,
2002; Lin et al., 2005; Lovley et al., 1994; Smith et al., 2005; Telling et al., 2015; Zinder, 1993). A
competition for hydrogen may then result in the development of a typical redox sequence (i.e.
decreasing redox potential with increasing time or flow path length) because the electron accepting
processes coupled to hydrogen oxidation with the higher energy yield (e. g. sulfate reduction)
outcompete the others (e. g. acetogenesis) by keeping the hydrogen concentrations below a
threshold concentration required for that process (Table 3.1). Furthermore, the kinetics of the
redox reactions usually depends on the concentration of dissolved hydrogen in those hydrogen-
limited environments.

In-situ remediation of contaminated aquifers may lead to elevated dissolved hydrogen concentration,
e. g. during zero valent iron (ZVI) applications (Ebert, 2004; Reardon, 2005; Schiitz et al., 2013), by
the application of hydrogen releasing compounds (Sandefur and Koenigsberg, 1999), in
hydrogenotrophic denitrification systems (Ergas and Reuss, 2001; Ergas et al., 1999; Liessens et al.,
1992; Smith et al, 1994; Xia et al, 2010), or during a sulfidogenic treatment of wastewater
containing dissolved metal ions (Nevatalo et al., 2010; van Houten et al., 2009). Increased dissolved
hydrogen concentration is thereby either an aim of the technology (e. g. denitrification or
sulfidogenic treatment) or a side-effect (e. g. ZVI application for reductive dehalogenation).
However, those systems usually show the establishment of redox sequences known from pristine
aquifers, and redox kinetics also depend on the hydrogen concentration (Lovley and Goodwin,
1988). Furthermore, the hydrogen concentration is mostly limited to a few hundred micromoles per
liter.

In the context of the storage of pure hydrogen gas in the subsurface, dissolution of hydrogen may
result in concentrations of up to several millimoles in the groundwater due to the roughly linear
correlation between increasing depth and increasing pressure as well as between increasing pressure
and increasing gas solubility. Also an unintended leakage of pure hydrogen gas into a shallow or
medium deep aquifer (up to 140 m depth) will result in a much higher dissolved hydrogen
concentration than usually present in aquifers. This will probably result in a surplus of hydrogen
and the microbial community, which is usually striving for hydrogen, may start its consumption
rapidly through a series of redox reactions (Lovley, 1985; Lovley and Goodwin, 1988) or through
simultaneous redox processes (Mascus, 2015) without the establishment of typical redox sequences.
On the other hand, the groundwater in the vicinity of a gas storage reservoir may have an elevated
salt content (Hassannayebi and Azizmohammadi, 2015) and a salt water intrusion might accompany
a gas leakage into a shallow aquifer potentially inhibiting the microbiologically catalyzed redox
reactions due to a limited halotolerance of the present microorganisms (Dincer and Kargi, 2001;
Omar et al., 1994; Oren, 2001, 2008; Uygur and Kargi, 2004; Wichern et al., 2006; Windey et al.,
2005; Yan et al., 2015).

In order to estimate the potential effects the subsurface storage of hydrogen can have on
groundwater, including the effects following an unintended leakage into shallow aquifers, an
improved understanding of hydrogenotrophic redox reactions at high dissolved hydrogen
concentration is required, but investigations on those systems are missing so far (Table 4.1). The
knowledge of the establishment of redox sequences, reaction kinetics, or reaction products is
necessary for any risk assessment, spatial planning attempts, or modeling efforts on a regional scale
(Bauer et al., 2015; Kabuth et al., 2016, submitted). Furthermore, monitoring strategies for a gas
storage site require the knowledge about the fate of the stored gas in shallow aquifers and also an
estimation of the impact the stored gas may have through gaseous redox reaction products (e. g. H,S
or CH,).
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Table 4.1. Hydrogen oxidizing reactions with associated Gibbs free energy yields under standard conditions,
and the concentrations of hydrogen typical for environments with characteristic metabolic processes.

AG’ H,
Reactions References
[kJ-mol(H,)"] | [nmol-1"]

Aerobic hydrogen oxidation 2 H,+0, 2H,0 -237 n.d. (Thauer et al., 1977)
Hydrogen oxidation coupled ) . )
to denitrification 5H,+2 H+2NO, > N,+6 H,0 224 003 | (Hoehlereral,1998; Lovley and Goodwin, 1988,

. Thauer et al., 1977)
producing N,
Hydrogen oxidation coupled
to nitrate reduction 4 H,+2 H'+NO; NH, +3 H,0 -150 <0.05 (Cordruwisch et al., 1988; Thauer et al., 1977)
producing NH,
Hydrogen oxidation coupled (Conrad and Wetter, 1990; Hoehler et al., 1998;

+ -
to Mn'"" reduction Hy+Ma©, Mn(OH), 163 <005 Lovley and Goodwin, 1988)
Hydrogen oxidation coupled (Hoehler et al., 1998; Lovley and Goodwin, 1988;
to Fe'"' reduction H,#+2 Fe(OH), 2 Fe(OH),+2 H,0 114 02 Thauer et al., 1977)
Hydrogenotrophic sulfate + . . (Cordruwisch et al., 1988; Hoehler et al., 1998;
+H + - -
reduction 4 HyHH 450, HS+4 H,0 >7 1-2 Lovley and Goodwin, 1988; Thauer et al., 1977)
Hydrosenotronhi (Cordruwisch et al., 1988; Hoehler et al., 1998;
mzth;)fz sne:i ¢ 4 H+H*+HCO; = CH,+3 H,0 34 5-10 Lovley and Goodwin, 1988; Stevens and
& Mckinley, 1995; Thauer et al., 1977)
Hydrogenotrophic + . . (Cordruwisch et al., 1988; Hoehler et al., 1998;
) +H + + - .

acetogenesis 4 Hy+H +2 HCO, CHCOO+4 HO 26 100< Stevens and Mckinley, 1995)
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The study presented here shows results of a high pressure column experiment using natural aquifer
materials and groundwater equilibrated with hydrogen partial pressures of 2-15 bars, representing a
scenario of hydrogen gas leakage into a shallow or medium deep aquifer. The results enabled the
development of a reaction scheme describing simultaneous redox reactions at elevated dissolved
hydrogen concentrations at flow through conditions, including reaction kinetics and rate
coefficients. Furthermore, results of a simple testing routine for estimating the halotolerance of a
microbial community are shown. The outcome of the study is a first step in an improvement of the
understanding of hydrogen oxidizing redox reactions in the context of hydrogen gas storage and will
be integrated into a Guideline for Subsurface Energy Storage facilitating future improvements in the
planning of subsurface use, which is part of the ANGUS+ research project (Bauer et al., 2013;
Bauer et al., 2015; Kabuth et al., 2016, submitted).

4.3. Materials and Methods

4.3.1. Experimental set-up

A sediment from a pristine shallow Quaternary aquifer (WGS84: N54.0773, E10.0750, Table 4.2)
obtained from drilling cores between 4 and 12 mbgs was used in the experiments. The sediment
was homogenized and stored wet in Ar-atmosphere in order to preserve the redox conditions as well
as possible. A pre-experiment using the sediment (i.e. flow through batch reactor (Mascus, 2015) at
normal total pressure and in equilibrium with a partial pressure of hydrogen, p(H,), of 1 bar)
conditioned the material before the high-pressure column experiment started. The batch
experiments for halotolerance testing contained unconditioned sediment. Groundwater from the
same well the sediment cores originated from was sampled periodically (Table 4.3) and stored in
HDPE canisters before utilizing in the column experiment, or in gas tight Al-impregnated bags
(Tesseraux) for the batch experiments. Vacuum filtration (cellulose nitrate membrane 0.45 um,
Sartorius) and dilution using deionized water (1 : 2.5) of the groundwater prevented the formation of
precipitates potentially clogging the pumps and capillary tubes supplying the column experiment.
Equilibrating this initial solution of diluted groundwater to various p(H,) in a flow through mixing
cell directly upstream the column generated in-line the inflow solution for the high-pressure column
experiment (Table 4.3).

Table 4.2. Chemical composition of the middle grained sandy sediment (concentrations in g-kg’)
Na®|KP[Ca® | Mg® | Mn,, @ | Fe_ @ | Fe"® |Fe"®@ s _®[C_®|C,®

tot org inorg
3.68 | 8.8 | 23.2 | 0.797 | 0.121 391 | <0.02] 039 | 049 | 0.27 4.9

(1) after total digestion of sediment sample in hydrochloric acid, nitric acid, hydrofluoric acid, and perchloric acid

(2) after 21 days of extraction in 5 M HCl according to Heron et al. (1994)

(3) analyzed as Chromium Reducible Sulfur (CRS) similar to Canfield et al. (19806)

(4) analyzed with Stréhlein Coulomat Type 702

The basic set-up of the high-pressure column experiment itself is described in detail elsewhere
(Berger, 2015; Berta et al., 2016; Haase et al., 2014). In short, the high pressure column used
(©@=4 cm, L.=50 cm, electrochemically passivated titanium Grade 2, with 4 ports along the flow
path, from Werner Kluge Engineering GmbH, Kiel, Germany) was equipped with stainless steel and
hastelloy fittings and tubes (Swagelok, OH, USA) allowing an investigation in a gas tight system at
total pressures of up to 100 bars. One HPLC pump (Knauer GmbH, Berlin, Germany) pumped the
initial solution into a mixing cell where hydrogen (grade 5.0) was added at a constant pressure. A
second HPLC pump pumped the generated inflow solution through the column from the bottom to
the top. A variable backpressure valve at the end of the flow line ensured a total pressure in the
system of up to 10 bars higher than the applied gas pressures in order to prevent degassing in the
experimental apparatus.

62



Materials and Methods

In the experiments presented here, hydrogen gas at p(H,) between 2 and 15 bars was applied during
different experimental stages. A pumping rate of 0.5 ml min" created a flow speed of approximately
2m d’, assuming an effective porosity of 0.3 £ 5 % based on equivalent experiments (Berta et al.,
2016; Haase et al., 2014), which results in a total residence time of approximately 6.3 hours. The
total run time of the column experiment was 242 days. A technical issue with the HPLC pumps
interrupted the flow through the column at day 105 for 40 days, but in this phase the total pressure
in the column experiment was kept constant and after that discontinuity the groundwater
percolation in the experiment was resumed.

Table 4.3. Composition of the groundwater and the inflow solution of the column experiment
(mean and standard deviation from n analyses, n.m.: not measured)

Parameter Unit Groundwater Inflow solution
mean stdv. n | mean stdv. n

Elec. cond. | [uS cm™] 721 £ 9 16| 630 =+ 38 7
pH [-] 72 * 02 16 85 £ 0.3 8
O, [mg 1] 0.011 = 0.007 { 12 n.m.

EHgp [mV] -122 £ 59 16 n.m.

T [°C] 9.8 = 0.2 16 20 £ 2

Na" [mmol I'] | 0.72 + 0.03 (13| 033 £ 0.08 |21
K" [mmol I'] | 0.04 + 0.001 13| 002 * 0.01 |21
Ca™* [mmol 1] 349 £ 0.06 {13 1.2 £ 05 21
Mg** [mmol I'] | 0.234 + 0.005{13| 011 £ 0.03 |21
Si,,, [mmol I'] | 0.468 + 0.008 13| 021 * 0.03 |21
Fe,, [umol 1] 32 £ 7 13 03 = 1.2 20
Mn,, [umol 1] 377 = 0.06 {13 05 £ 1.0 20
Cl [mmolI'] | 0.81 + 0.03 {15]|0.315 + 0.007 |22
SO, [mmoll] | 095 £ 0.04 {15| 033 =+ 0.04 |22
NO; [umol 1] 6 + 37 14 09 £ 20 22
PO,” [umol 1] < 1.05 14 < 1.05 22
F [umol 1] <53 14 <53 22
Br [umol 1] <1.25 14 <125 22
CH,COO | [umol '] <3.33 14 30 £ 38 25
CH, [umol 1] 3 £ 1 12 <1 20
TIC [mmol 1-1] 54 £ 0.2 15 1.5 = 02 22
TOC @ [mmol 1] n.m. 026 = 0.09 |22
NPOC® | [mmoll'] | 04 + 01 |14 n.m.

M TOC calculated from TC and TIC measurements
@ NPOC: non-purgeable organic carbon, measurement of TC after acidifying (HCI) and
stripping (O2) the sample for 5 min

A pressure-resistant sampling cell (Berger, 2015; Berta et al., 2016; Haase et al., 2014) was used to
sample the in- and outflowing solutions as well as solutions from the sampling ports along the flow
path without discharging pressure in the sediment column. After a controlled pressure release in the
sampling cell the water was sampled, treated, and analyzed for cation, anion, and total as well as
inorganic carbon concentrations. Before samples for hydrogen analyses were extracted from the
sampling cell, they were diluted under in situ pressure with the hydrogen free initial solution in-line
within the sampling cell in order to minimize a possible loss of the highly fugitive gas. Pressure
resistant sensors (Corr Instruments, San Antonio, TX, USA) connected to the sampling cell enabled
the measurement of pH and electrical conductivity during each sampling event at in-situ pressure
conditions.
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For the halotolerance test 115 ml glass serum vials were used as microcosms and filled with 50 g
untreated sediment and 75 g groundwater. An enrichment of the groundwater with CaSO, and
NaCl salt adjusted a TDS level between 0.35 and 350 g 1" (Table 4.4). A thorough sparging with
pure hydrogen gas for several minutes ensured an initial dissolved hydrogen concentration nearly in
equilibrium with p(H,) = 1 bar. Furthermore, by sealing the vials using aluminum crimps with a
Teflon plated butyl rubber septum as fast as possible after the sparging a nearly pure hydrogen
atmosphere in the headspace was prepared. The microcosms were stored still and upside down in
dark boxes at room temperature (20 £ 2°C) and samples for hydrogen analysis were taken after
distinct time intervals from the free water phase after shaking and opening a serum vial. Three
separate batches were prepared for each sampling event, which took place after 0, 6, 15, 23, and
48 days.

Table 4.4: TDS-1 evel and added salt concentration (in mgl') in the halotolerance testing schedule

TDS Level | CaSO, NaCl
350 0 0
1100 375 375
3 500 1575 1575
11 000 2000 8 650
35 000 2 000 32 650
110 000 2000 107 650
1350 000 2000| 347 650

M A minor fraction of the salt did not dissolve

4.3.2. Sample preparation and analytics

Hydrogen concentrations were measured by gas chromatography (7890B GC, 7697A Headspace
Sampler from Agilent Technologies) using up to 3 parallel and unfiltered samples, typically within an
hour after sampling. All other samples were filtered (0.2 um, regenerated cellulose, Sartorius) and
filled into vials for cation, anion (HDPE), and inorganic and organic carbon (glass, sealed with a
septum crimp) measurements. Cation samples were acidified (cc. HNO; s.p.) and all samples were
stored at 4°C in the dark until the measurement. An ICP-AES (Vista AX, Varian) analyzed the
cations, an ion chromatograph (Metrohm 881) the anion concentrations, and a TIC-TOC analyzer
(multi N/C 2000 from Analytik Jena) measured the total inorganic carbon (TIC), total carbon (TC)
as well as the non-purgeable organic carbon (NPOC) concentrations. Ammonium concentrations
were measured photometrically, following DIN 38406E5.
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4.4. Results and Discussion
The column experiment was started using an inflow solution in equilibrium with a p(H,) of 5 bars
and after 56 days the hydrogen partial pressure was increased to 15 bars for 18 days. Then, after the
distribution of geochemical parameters in the column had reached steady-state, the partial pressure
of hydrogen was decreased back to 5 bars for 17 days followed by experimental phases with even
lower p(H,) of 2 and 3 bars for 16 and 42 days, respectively. Finally, a third 5-bars-period of 22 days
completed the experiment. The results indicate that the flow interruption of 40 days between the 2-
bars- and 3-bars-period did not affect the system significantly and, therefore, the time interval of the
flow interruption was neglected and the results are shown on a continuous time scale (Figure 4.1).
The results show a continuous change between in- and outflow in dissolved concentrations of
sulfate, acetate, total inorganic carbon species (TIC), calcium, and hydrogen, starting without any
detectable lag time at the beginning of the experiment. Figure 4.1 indicates decreasing
concentrations of sulfate (by on average 160£100 uM; n = 77), calcium (500+400 uM, n = 79), TIC
(8002400 uM, n = 73), and dissolved hydrogen (1700£700 uM, n = 47), while the acetate
concentration increased (18050 uM, n = 61).
These changes in the groundwater composition are in a good agreement with the assumption of an
established hydrogenotrophic microbial community. This community apparently oxidized hydrogen
mainly by reducing sulfate and reducing carbon dioxide through acetogenesis. Moreover, the
decrease in calcium concentrations linked to increasing pH-values along the flow path suggested the
precipitation of a calcium carbonate mineral, which also contributed to the decrease in TIC (Figure
4.2). The dissolved Fe,, concentrations stayed below the detection limit of 0.02 mg 1" in all samples
while the concentration of dissolved Mn,,, exceeded the detection limit of 0.01 mg 1" only in a few
samples, suggesting that Fe"' and Mn"™" reducing processes were of minor importance. However,
solely measuring dissolved Fe,, concentrations is only a weak indicator for identifying Fe''-
reduction processes, because precipitating mineral phases (i.e. FeS, FeCO;) may limit the solubility
of Fe'. The same is valid for any Mn"™"" reduction processes. As the experiments are ongoing,
mineralogical evaluation of the solid phase was beyond the subjects of this work and, therefore, the
role of Fe'- and Mn""" reduction is not conclusively evaluated. However, the comparatively small
Fe'“content of the solid phase (0.55+0.39 gkg') supported the assumptions on a minor
importance.
The pH usually increased from 8.7 to 9.6 along the flow path and up to 11.8 during the 15 bars-
period of the experiment. The concentrations of other groundwater constituents (i.e. sodium,
potassium, magnesium, chloride) showed no mentionable differences between the in- and outflows
of the column experiment, apart from an unsteady Si'" increase (50£80uM, n = 62). A
consequence of the observed hydrogeochemical processes was a decrease in the electrical
conductivity of the groundwater by 150 uS cm’™.
The composition of the inflow solution varied slightly due to a repeated renewal of the stock in
freshly produced groundwater that was used for its preparation, reflecting the background
fluctuation of a natural aquifer. The variable hydrogen inflow concentration caused by different
applied p(H,) shows no correlation with these fluctuations. Furthermore, the extent of
concentration changes in dissolved species between the in- and outflow generally shows no
correlation to the hydrogen inflow concentration, and variations in these changes did not show a
clear trend either. An exception is the loss in sulfate concentration, where a temporarily decreasing
tendency was observed between day 56 (ASO,” = 80 uM) and day 78 (ASO,” = 22 uM), followed by
a reestablishment to initial values and then a slight increasing tendency at the beginning of the 3-bars
period of the experiment (Figure 4.1). However, the variations in sulfate decrease show no
correlation to the dissolved hydrogen concentration in the inflow, these fluctuations are possibly
caused by variations in microbial activity not controlled by any of the monitored parameters.
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Figure 4.1: Dissolved concentrations of sulfate, acetate, hydrogen, calcium, and total inorganic carbon species (T1C) in
the column’s in- and outflow solutions versus the experimental run time in days. 1 ertical gray lines show the
consecutive p(H,) changes in the inflowing solution.

The concentration profiles along the flow path gathered during all six experimental phases (Figure
4.2) support the assumption that redox reactions, most probably catalyzed by microorganisms, were
responsible for the observed changes in dissolved concentrations of hydrogen, sulfate, and acetate.
Moreover, the concentration profiles also suggest an independency of the reaction rates from the
initial dissolved hydrogen concentration, as already derived from monitoring the in- and outflow
concentrations (Figure 4.1).
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All concentration profiles show an average decrease in dissolved concentration of sulfate from 0.33
to 0.22 mM, of TIC from 1.45 to 0.70 mM, of calcium from 1.13 to 0.84 mM, and of hydrogen by
1.2 mM as well as an average increase in acetate concentration from 0.05 to 0.2 mM slowing down
towards the end of the flow path. The results imply that all reactions started immediately and
concurrently at the beginning of the flow path. The simultaneous reaction progress established
throughout the total length of the column indicating that a classical redox sequence, i.e. subsequent
and separate sulfate reducing and acetogenic zones, was not established in the column experiment.
Furthermore, the almost linear decrease in hydrogen, sulfate, TIC, and calcium concentration
suggests that the reactions responsible for the concentration changes proceeded more or less evenly
along the total length of the flow path. Only the acetate formation decreased towards the end of

column.

Hydrogen [mV]
N O Rk, N W B~ W0

IC [mM]

o
™

[N}

Acetate [mM]
[=]

o
o

Calcium [mM]
'_\

(@]

|

1
0 2 4 6
Residence time [h]

—e—2 bars
—4—5 bars_First

—+—5 bars_Third

Sulfate [mM]

EC [KS/cm]

SlCa\cw’te

o
>

o
(N

ot
o

S

=
%)

\ | |
—— |
700
600
500
400 ~ N s B
|

=

1 1
0 2 4 6
Residence time [h]

0

—m—3 bars
5 bars_Second

—o—15 bars

Figure 4.2: Dissolved hydrogen, sulfate, total inorganic carbon species, acetate, and caleinm concentrations, and pH,
electrical conductivity as well as the saturation index of caleite for the solutions percolating the high pressure column
plotted versus the residence time in the experiment. Different profile lines represent consecutive excperimental phases

using diluted groundwater equilibrated with different hydrogen partial pressures as inflowing solution.

67



Geochemical effects of millimolar hydrogen concentrations in groundwater

The concentration profiles provide an estimation of an average net hydrogen consumption rate of
0.25 mM h'', which is nearly balanced by the 0.2mMh" that was calculated based on the
stoichiometry of hydrogenotrophic sulfate reduction and acetogenesis. The gap in this redox
balance is probably due to a loss of hydrogen during the sampling procedure or due to a diffusive
loss through pumping heads, tubes, connectors, etc. of the system apparatus, reflecting the serious
challenge to work with the highly fugitive hydrogen gas dissolved at pressures much higher than the
ambient pressure. However, other hydrogen oxidizing processes cannot be totally excluded but the
results do not suggest any other relevant reaction.

Methane (detection limit: 1 pM) or formate (detection limit: 4 uM) production were never detected.
The increasing pH-value from 8.7 to 9.6 along the flow path of the column experiment might have
inhibited methane formation because pH-levels above 7-9 can prevent methanogenic activity (Cai et
al., 2004; Yuan et al., 2000). Studies at town gas storage sites and hydrogen-limited aquifers have
also shown methane formation at conditions comparable to the column experiment (Buzek et al.,
1994; Panfilov, 2010, 2016; Smigan et al., 1990). Usually, methane production is known to take
place at rates of up to a third of the acetate production rates (Conrad, 1999) and even the presence
of acetate itself in the column experiment made methane production expectable (Jesulek et al.,
2012). Therefore, the high pH-value characterizing the experiment probably in combination with a
lack of specialized microbes could be the reason for suppressed methane formation. Interestingly,
earlier predictions assumed a groundwater acidification as a consequence of a surplus in molecular
hydrogen (Reitenbach et al., 2015), which is clearly denied by the experimental results.

Opverall, the column experiment represents a flow through system characterized by the surplus of
dissolved hydrogen and dominated by spontaneously starting hydrogen oxidizing reactions, mainly
parallel sulfate reduction and acetogenesis catalyzed by microorganisms. Dissolved hydrogen was
depleted in the column only during the 2-bars-period of the experiment, indicated by a non-linear
decrease in hydrogen concentration along the flow path (Figure 4.2) and small concentrations of
hydrogen in the outflow (between 27 and 158 uM) (Figure 4.1). However, the depletion of
dissolved hydrogen did not stop acetate production, pH increase, or calcium precipitation. No
dependency of the observed reactions on the initial p(H,) was detected indicating that the system
reached quasi steady-state conditions, meaning that the established microbial community was
apparently not sensitive to the pressure variations applied in the experiment at least as long as a
surplus of dissolved hydrogen was provided (see also on Figure 4.3).
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Figure 4.3: Development of dissolved hydrogen concentrations normalized to the initial total moles of hydrogen at
different total dissolved solids (TDS, mg I) concentrations (black line: blank series with quarts sand and deionized
water, standard deviation from triplicate samples).
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The results of complementary batch experiments applying a range of different total dissolved solids
(TDS) concentrations show that high concentration of TDS inhibited hydrogen-consuming redox
reactions (Figure 4.3). The microcosms containing groundwater with TDS higher than 35 g1’
showed constant hydrogen concentrations during a time span of at least 48 days, which were
equivalent to the blank experiments containing quartz sand and hydrogen-saturated deionized water.
In microcosms containing TDS of 11 g1" or less a significant and similar decrease in hydrogen
concentration was observed after a lag time of less than 6 days. The relative concentration of
dissolved hydrogen reached values between 60 and 30% after 48 days in these batch series.
Thereby, all these microcosms exhibited comparable hydrogen consumption rates in the different
experimental series. Hydrogen consumption being inhibited by increasing the salinity indicated that
microbial processes were responsible for hydrogen oxidation. This furtherly suggests that a
particular TDS limit may control if microbial activity takes place and that particular TDS limit will
probably depend on the site-specific microbial community of an aquifer.

The microbially mediated redox reactions starting spontaneously in the pre-conditioned sediment
used in the column experiment and after a short lag time in the halotolerance test suggest that the
unspecified natural microbial communities in the aquifer material were ready to use high
concentrations of hydrogen as electron donor as well as sulfate and inorganic carbon as electron
acceptors. Furthermore, the results show that at p(H,) higher than 2 bars the increasing dissolved
hydrogen concentration had no effect on the type nor on the velocity of the established redox
reactions. The results of the halotolerance test combined with the column experiment supported
the idea of a fast establishment of microbially catalyzed redox reactions in case of a hydrogen gas
leakage into shallow or medium deep aquifers, even in a scenario including salt water intrusion
accompanying the gas leakage. Storage of hydrogen gas in porous aquifers will probably also initiate
these redox reactions, if the salt content in the aquifer does not exceed some tenner grams per liter.

4.5. Kinetics

In the column experiment the decrease of sulfate as well as calcium concentrations along the flow
path follow a pseudo zeroth order kinetics, while the acetate formation suggests a first order
dependency from dissolved TIC. A descriptive process model composed of the combination of
zeroth and first order rate equations and stoichiometric balance equations was developed and used
to determine the rate coefficients (Table 4.5). An explicit model (Egs. 4.1 to 4.5) was simultaneously
fitted to associated concentration profiles of Ca™, SO,7, acetate ([Ac?), TIC, and dissolved hydrogen
by variation of the zeroth order rate coefficients for the formation of calcium carbonate (k;,.) and
the reduction of sulfate (kgy), respectively, as well as the first order rate coefficient with respect to
TIC for the formation of acetate (k, ).

_dfear*] _

Tt = fprec Equation 4.1

2_
- % = kep Equation 4.2
— d[ZE I_ kycc - [TIC] Equation 4.3

Consumption rates of dissolved hydrogen and TIC were defined from stoichiometric balance
equations using Eq. 4.4 and Eq. 4.5, respectively.

_ d[Hy] d[AcT] n 4(1[50,,%‘]

=4 Equation 4.4
dt dt [ (é‘li]
a[ric] _ . dlAc] | d[ca .
= = 2 " + ~” Equation 4.5

The model fits well to the concentration profiles (Figure 4.4) with rate coefficients for sulfate
reduction and acetogenesis between 9 and 26 uM h' (average 18%5) and 0.015 and 0.033 h'
(average 0.030£0.0006), respectively (Table 4.5). The fitted calcite precipitation rate coefficients vary
between 39 and 88 uM h' (average 57+17).
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Figure 4.4: Fitted model results (lines) and dissolved concentrations of hydrogen, sulfate, TIC, calcium, and acetate
(symbols) along the flow path of the high pressure column experiment during different experimental phases. The
residence time was calenlated using mean flow and porosity; dispersion was neglected.

The consistent model fit supports the assumption that the simultaneously proceeding and
microbially catalyzed hydrogenotrophic sulfate reduction and acetogenesis were the main redox
processes established in the column experiment, accompanied by carbonate precipitation induced by
the increasing pH-value. Nevertheless, sulfate reduction by acetate oxidation is also a well-known
microbial metabolic process (JesuBBek et al., 2012) and a model considering this process instead of
direct hydrogenotrophic sulfate reduction could also be fitted to the results of the column
experiment. However, such a model would be under-parameterized using the available data set,
because acetotrophic sulfate reduction would consume acetate and produce carbon dioxide, which is
then reduced again to acetate by oxidizing hydrogen. Consequently, the acetate oxidation rate would
be twice as high as the sulfate reduction rate for stoichiometric reasons and the rate of acetogenesis
would increase by the same value, resulting in identical model results. The experimental results
support a parallel and not a sequential occurrence of acetogenesis and sulfate reduction, as both
processes started immediately at the beginning of the flow path, thereby providing no evidence for
sulfate reducing processes other than hydrogenotrophic sulfate reduction. However, an appearance
of acetotrophic sulfate reduction cannot be totally ruled out.
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Table 4.5. Pseudo zeroth order rate coefficients for hydrogenotrophic sulfate reduction (k) and calcium carbonate
precipitation (kp,,,), and psendo first order rate coefficient with respect to TIC for acetogenesis (R ).

kg Ky Kpree
(WM-h) b | @MhY
average 1845 | 0.030£0.006| 57+17
2bar 9 0.030 55
3bar 24 0.033 72
Sbar_First 17 0.028 40
S5bar_Second 17 0.030 47
5bar_Third 26 0.033 88
15bar 13 0.015 39

A model based on Monod kinetics (Appelo and Postma, 2005) could also describe the experimental
data, but this model would also be strongly under-parameterized due to the large number of
variables usually needed for describing Monod kinetics. On the other hand, Monod kinetics reflect
either zeroth or first order kinetic behavior in case of steady-state microbial activity and if reactant
concentrations are way higher or lower than the Monod-concentrations, respectively (Dale et al.,
20006; Schifer et al., 2007; Schifer et al., 1998). The results of the column experiment suggest more
or less constant metabolic rates for both sulfate reduction and acetogenesis over time and
independently from the dissolved hydrogen concentration (Figure 4.5), indicating a quasi-steady
state of the microbial community. Furthermore, the sulfate and hydrogen concentrations are higher
than the known Monod-concentrations (Dale et al., 2006; Schifer et al., 2007; Schifer et al., 1998).
The first order dependency of the acetate formation with respect to TIC would then indicate that
the TIC content was in the range of or smaller than the Monod-concentration. Overall, for further
applications we suggest the more robust assumption of pseudo first and zeroth order kinetics, as
these were directly supported by the experimental results. For including further or different
pathways of the reduction of inorganic carbon species, Eq 5. can be extended by terms representing
reactions such as methane or formate production.

The rate coefficients gathered by fitting the model may be plotted against the initial dissolved
hydrogen concentration (Figure 4.5). For the rate coefficients, the model input data were the six
concentration profiles along the flow path as well as all concentration differences between the
inflow and outflow solution. The averaged values considering the in- and outflow concentrations
from each experimental period are in good agreement with the results provided by the concentration
profiles. Overall, the rate coefficients may vary by a factor of two or three, but no dependency on
the initial hydrogen concentration was indicated. The mean specific sulfate reduction rate of
42 nM-cm” .. .-h" or the mean acetogenesis of 85 nM-cm” ‘h, which were calculated from
the column experiment, are smaller than rates described for other aquatic environments exhibiting
high dissolved hydrogen concentrations. Experimental studies (Krumholz et al., 1999; Nevatalo et
al., 2010; Vallero et al., 2005) on bioreactors yielded sulfate reduction rates between 3060 and
79 500 nM-ecm” ;. .ch”. A study (Krumholz et al., 1999) on acetogenesis in a Cretaceous shale and
sandstone environment showed rates reaching from 110 to 160 nM-cm”_;, ..-h'.  While the
acetogenesis rate was at least in a similar range, the sulfate reduction was two or three orders of
magnitude smaller in the column experiment. Several reasons might be responsible for the
comparatively low metabolic activity, e. g. a lack of nutrients, composition of the established
microbial community, or the comparatively high pH-value.

sediment
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Figure 4.5: Rate coefficients describing sulfate reduction, acetate formation, and calcinm carbonate precipitation in the
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outflow concentration (“_in-out”), respectively. "The larger symbols (“_port”) represent the six fits based on
concentrations over the flow path (Lable 4.5, Figure 4.4).

4.6. Implications

In the investigated hydrogen-rich groundwater environment simultaneously proceeding redox
reactions were identified, instead of a redox sequence consisting of separate metabolic zones. This
poses a sharp contrast compared to the hydrogen-limited groundwaters in pristine or contaminated
aquifers known from the literature so far. These findings can be relevant for large scale modeling
attempts, design of monitoring networks at hydrogen gas storage sites, or for laboratory
investigations serving a site specific risk assessment. Using pressure-independent elementary
kinetics instead of sophisticated rate equations in large scale transport reaction models will probably
save computational efforts and may enable easier scenario modeling. Zeroth or simple first order
kinetics might overestimate the metabolic rate in case of exhausting reaction partners, but this effect
should be small at conditions with high initial reactant concentrations. Furthermore, the
independence of the observed redox reactions from the dissolved hydrogen concentration implies in
a converse argument that laboratory investigations on hydrogen leakage scenarios can be performed
at system pressures lower than in-situ conditions, which will drastically reduce laboratory efforts.
Thereby, the presented halotolerance test provides an easy procedure to estimate the effect of a salt
water intrusion accompanying a hydrogen leakage into shallow or medium deep aquifers, if the
natural material from a particular site is available. The results of the halotolerance test should not be
transferred directly to any other groundwater environment, because deep saline aquifers might have
a well-adapted and highly halotolerant microbial community possibly enabling the consumption of
newly introduced hydrogen even if the salinity of the groundwater in such an aquifer is higher than
35 g'l'. However, in less saline aquifers a rapid hydrogenotrophic sulfate reduction as well as a CO,-
reduction has to be expected, and the reaction products will modify the groundwater and the stored
gas. Therefore, targets of a monitoring network covering a hydrogen gas storage site should be
focused on the reaction products instead of the stored gas dissolved in shallow aquifers, in order to
detect a gas leakage. Moreover, the stored hydrogen gas will probably be contaminated by the
gaseous reaction products, i.e. H,S or methane, which should also be considered for project
planning.
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4.7. Additional experimental characterization of hydrogen-consuming
redox reactions

4.7.1. Motivation for three further aspects

The work presented in the Chapters 4.1-4.6. and included in the manuscript submitted to
Environmental Science and Technology has been extended with three further experimental phases
to characterize a wider range of reactive geochemical environments influenced by a hydrogen
intrusion. These efforts were made in order to better support the development of corresponding
hydrogeochemical models, to further improve the process understanding on hydrogenotrophic
reactions, and to characterize additional geochemical aspects of hydrogen storage operations and
potential leakage monitoring,.

In order to create experimental conditions answering these novel questions, certain modifications
were carried out in the described apparatuses and also new set-ups were also developed. If not
indicated else, the laboratory routine (e. g. analytics, sampling, etc.) was consistent with the methods
followed earlier and described in Chapter 4.3.

The results of this supplementary study were also used for evaluating the applicability of the three
experimental setups for characterizing biogeochemical changes triggered by hydrogen at different
conditions. However, the goal of this additional chapter is merely to shortly present the most
important preliminary results as well as results from ongoing experiments. A detailed study

including more results along with their adequate evaluation and interpretation may be prepared and
published in 2018-19.

4.7.2. Effects of lowered pH and increased concentration of C;

inotg
Further high pressure column experiments were carried out to represent aquifers which are intruded
by a hydrogen plume and which contain a groundwater having a lower pH value and a higher
concentration of total dissolved inorganic carbon species compared to the already investigated
conditions representing a shallow Pleistocene aquifer. Such aquifers are still potentially used for
drinking water production (TrinkwV), and they can be characterized by a higher partial pressure of
CO, compared to the shallow groundwaters investigated so far (Table 4.3). These new experiments
aimed to evaluate potential changes in the hydrogen-induced reactions discussed in Chapters 4.1-4.0,
namely sulfate reduction, carbonate precipitation and acetate production. A special focus was laid
on the investigation of changes in rates and products of inorganic carbon reduction, because
indications from batch pre-experiments and literature sources suggested two major changes. First,
at increased inorganic carbon concentrations the reaction rates of inorganic carbon reduction may
increase (Berger, 2015; Mascus, 2015). Second, the decrease in pH would result in inorganic carbon
reduction producing end products other than acetate: production of formate and methane shall take
place (Metzgen, 2016). Moreover, lowering the pH value causes a significant shift in the speciation
of the members of the carbonate buffer system (Appelo and Postma, 2010). Therefore, the
precipitation and dissolution of carbonates may also be expected to change compared to the high
pressure experiments with an unchanged partial pressure of CO,.

Improvements in methods and concept

To lower the pH of the groundwater percolated through the sediment column and to increase its
total inorganic carbon concentration at the same time, the gas supply system of the high pressure
experimental apparatus was switched to a gas mixture containing 1% CO, and 99% H, instead of
the pure hydrogen used before. The total gas pressure was set to 5 bars, and the same operation and
sampling routine was followed as before (Metzgen, 2016).
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Figure 4.6: An overview photo showing the high pressure experimental apparatus in operation. For a conceptual
sketch of a similar set-up see Figure 2.2.

Results of the high pressure experiment with added CO,

The addition of CO, to the gas applied to saturate the inflow water for the high pressure
experiments had three major effects (Figure 4.8). First, it decreased the pH of the inflowing
groundwater, which resulted in the second effect: the precipitation of carbonates turned into a
dissolution of carbonates. Third, the main product of carbonate reduction changed from acetate
alone to major amounts of formate and minor amounts of methane. On the other hand, sulfate
reduction rates did not show any change within the investigated pH conditions.

Dissolution of previously precipitated CaCO; was indicated by increasing inorganic carbon and
calcium concentrations of up to 2.9 mM and 2.11 mM, respectively. The dissolution of carbonates
is one of the reasons why the pH values decreased only by ca. 1, instead of a higher drop compared
to equilibrium calculations prepared using PHREEQC (Parkhurst and Appelo, 2013). The surplus
concentration of inorganic carbon observed after switching to the gas mixture containing CO, is
most probably composed by the re-eluted carbonates and by the carbon dioxide supplied
additionally to the inflowing groundwater (Figure 4.8).

Formate production was found to commence within a few days after switching to the gas mixture
containing CO, and thus decreasing the pH by rising the partial pressure of CO,. The appearance of
formate production resulted in formate concentrations of 0.7520.2 mM. The immediate start of
formate production was accompanied by a similarly sharp drop in acetogenesis (Figure 4.8) causing
acetate concentrations of only 0.06+0.03 mM measured in the outflow of the high pressure column.
Formate is a rather unusual end product in groundwater environments, because it mostly serves as
an intermediate in microorganisms synthetizing larger organic molecules, starting at acetate
(Ragsdale and Pierce, 2008). Interestingly though, the summarized amount of inorganic carbon
reduced into acetate and formate together is higher than the amount of acetate produced at the
lowest pH levels realized by the experiments with pure hydrogen. Therefore the results gathered in
experiments with added CO, may support the hypothesis that the overall rate of inorganic carbon
reduction increases with increasing inorganic carbon concentration.
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Figure 4.7: Dissolved concentrations of sulfate, acetate, hydrogen, calcium, inorganic carbon methane, and formate as
well as the pH value measured in the in-, and outflows of the high pressure experimental column plotted versus the
experimental run time. The red line represents the time of switching to the CO ,-containing hydrogen gas, the grey lines
mark the switches between different hydrogen partial pressures in the first experimental phase. Note the changes
compared to the experiments with pure hydrogen (Figure 4.1).
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Methane concentration increased in the outflow of the high pressure column after switching to the
gas mixture. The produced amount showed a slowly growing trend and fluctuations similar to
concentrations of sulfate or acetate. However, methanogenic activity apparently took place not only
within the sediment column, but also on a filter, built in the high pressure experimental set-up for
technical purposes. Methanogenesis on the filters was demonstrated in additional batch incubations
using the filter material gathered when exchanging filter inlets and the same gas and groundwater
which were used for the experiments. After replacing the filter, the methane concentrations
measured in the inflow dropped to nearly zero, therefore the methane concentrations measured in
the outflow only represented the methane produced in the high pressure column (see Figure 4.8
around 300 days). Based on samples taken after eliminating these artifacts, a methane production
rate of 1.1 uM/h was determined for the sediment column at the represented conditions.

Formate production has not been found in the relevant literature in such a context. Therefore the
presented experimental results potentially identified an additional reaction to be considered when
evaluating geochemical aspects of hydrogen storage, which otherwise would have not been expected
for the case if a hydrogen plume intrudes an aquifer. These conclusions offer the possibility for
completing the reaction model described in Chapter 4.5 by considering the dependency of rates and
products of inorganic carbon reduction (methane, acetate, and formate) on pH and inorganic carbon
concentration. The simultaneous dependency on inorganic carbon concentration and pH suggests
that for numerical process model development the partial pressure (or saturation index) of CO,
might be a better parameter than considering inorganic carbon concentration and pH as separate
variables.

4.7.3. Effects of sediment and groundwater characteristics

The experiments carried out and discussed in Chapters 4.1-4.6 applied a sediment and a
groundwater from a shallow Pleistocene aquifer. However, for a more general validity of the
presented results it is useful to perform comparative investigations including further unconsolidated
sediments with different properties potentially influencing the metabolic response of the incumbent
microbial community to a hydrogen surplus. Such differences in the chosen sediments may be
focused on the depth and age of the sampled aquifer, the total organic carbon content of the solid
phase, and the way the sediment sample has been stored before starting the experiments.
Investigating two further sediments in comparison with the Pleistocene sand can reveal the potential
qualitative influences of the respective parameters on hydrogen-oxidizing reactions identified in the
experiments.

Improvements in methods and concept

Microcosm batch experiments are an adequate tool for qualitatively investigating microbially
mediated anaerobic redox reactions in an aquifer environment. When using batch incubations it can
be identified which reactions can be expected to take place in which sediment and groundwater
combinations under the influence of a hydrogen surplus. The rates of the identified reactions can
then be directly compared between the observed batch series. However, as the transport conditions
are not representative to an aquifer, their results may not be as reliable for upscaling as the
quantitative results from column experiments.
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The preparation of the batches for this experimental series was identical to the preparation of the
batch experiments with varied TDS concentrations (Chapter 4.3), but instead of using the same
Pleistocene sediment and groundwaters with various salinities different sediments and different
groundwaters were combined. Additionally to the Pleistocene (“NMS shallow” or “NMS-f”)
sediment and groundwater (characterized in Chapter 4.3) two additional sediments (Table 4.6) and
one additional groundwater (Table 4.8) were used. First, a Tertiary lignite sand and groundwater
were taken from the same aquifer on the site where the “NMS shallow” sediment and groundwater
were also taken from, but from a deeper depth interval of 61-80 mbgl (“NMS deep” or “NMS-t”).
Second, another Pleistocene sand from 58-74 mbgl in the Kuden region, Germany (“Kuden” or
“Ku”) was taken from another site (N54.0055, E9.1514). The combinations compiled from these
materials for the batch experimental series are listed in Table 4.7. Additionally to those
combinations, blank batch series purged with Ar instead of H, were also prepared parallel for all
incubations.

Table 4.6. Solid phase characteristics of the sediments used for this study (Liiders et al., 20106, accepted).

Abbreviation of sediment name NMS-f NMS-t Ku

. . Pleistocene Upper lignite Pleistocene
Sedimentary unit sand ppsan j; sand
Depth under GOK [m] 4-14 67-77 50-84, 125-127
X(Na, K, Ca, Mg, Fe, Mn) [mmol/kg] 1070 135 383
C.o [mg/kg] 142 1078 346
Pyrite [mg/kg] 221 723 262

Table 4.7. Sediment and groundwater combinations applied in the microcosm experiments.
Sediment Water
Deionized water (dest)
Shallow Pleistocene groundwater (NMS_f)
Deep Miocene groundwater (NMS_t)
Shallow Pleistocene groundwater (NMS_f)

Commercial quartz sand (Quartz)
Shallow Pleistocene sediment (NMS_f)
Deep Miocene sediment (NMS_t)
Organic-rich sand (Ku)

Both sediments from the “NMS” site were gathered from drilling cores, they were mixed and stored
wet under Ar-atmosphere to keep the conditions as anaerobic as possible, although the experiments
were filled with the sediment at normal atmosphere conditions. The “Ku” sediment was stored dry
under atmospheric and aerobic conditions for months. The groundwater was produced through the
same well the drilling cores were taken from, and was stored in gas tight Al-impregnated bags
(Tesseraux). No additional inoculation with microorganisms was performed and no nutrients were
added, similarly to all other experiments discussed in this Thesis.
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Table 4.8. Composition of the “NMS-t” groundwater based on analysis from standard well sampling
(Liiders et al., 2016, accepted). Note the differences compared to Table 4.3.

Parameter Unit “INMS-¢?
groundwater

Electric conductivity [uS/cm] 307 £ 6
pH [ 7.6 + 0.1
Dissolved oxygen [mg/1] | 0.011 £ 0.004
Redox potential (EH-SHE) | [mV] | -104 * 39
Temperature [°C] 10.1 + 0.2
Na' [mM] | 0317 + 0.009
K [mM] | 0.0267 + 0.0007
Ca®' [mM] | 138 + 0.02
Mg** [mM] 0.065 * 0.001
Fe™ [mM] | 0.0132 * 0.0006
Mn"™ [uM] 1.60 + 0.03
Sit [mM] 0.401 = 0.006
Non-purgable C ... [mM] 0.12 = 0.04
Total C,__....c [mM] 2.7 * 0.5
F [uM] 53 £ 5.3
Cr [mM] | 031 + 001
Br [uM] 125 + 1.25
NO; [uM] 6 £ 40
PO> [uM] 1.05 £ 1.05
SO, [mM] 0.148 = 0.009
CH, [uM] 13 + 0.7

Results of microcosm incubations with varying sediments and groundwaters

All three series of microcosms containing sediment and groundwater from three different geological
settings showed the same hydrogen consuming and terminal electron accepting processes (Figure
4.9) as the high pressure experiments did (Figures 4.1-2), such as simultaneous sulfate reduction and
acetate production coupled to hydrogen oxidation. The observed net decrease rates in dissolved
hydrogen concentrations varied between 0.15 and 0.27 uM-h" and sulfate concentrations varied
between 0.30 and 0.55 uM-h", as well as the overall increase rates in acetate concentrations varying
between 0.09 and 40 uM-h™". These values were typically within the same order of magnitude in all
three series of microcosms containing different sediment - groundwater combinations. Compared
to the reaction rates observed in the high pressure experiments (Figures 4.4-5, Table 4.5), the rates
estimated for the microcosms were significantly lower, probably due to the different fluid transport
conditions. Considering that all other experiments were carried out using the “NMS-s” sediment
and groundwater, the results of the microcosm experiments suggested that the origin of the
sediments and groundwaters applied had no major qualitative impact, but caused a difference of up
to a factor of four in the rates of the same reactions. Therefore, it can be suggested that the batch
incubations are only suitable for preliminary studies needing less experimental effort or to test site-
specific materials for process identification as well as for a comparative estimation of the reaction
rates. Column experiments on the other hand, represent more realistic reactive transport conditions.
Therefore, the reaction rates observed using a column setup are closer to values expected in an
aquifer but column experiments also require more laboratory infrastructure. However, column
experiments require higher amount of efforts and more laboratory infrastructure, especially when
working with high pressures.
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Figure 4.8: Concentrations of dissolved hydrogen (left), acetate (middle) and sulfate (right) versus the incubation time
in the microcosm experiments. Each line represents a series of microcosms: “H,” were excperiments prepared with
hydrogen, “Ar” were blanks flushed with argon. pH and the concentration of Ca did not show any major changes,
except a 30% decrease in Ca in the “NMS-f” series. Interestingly, no methane was found in any of the experiments,
but formate concentrations of up to ca. 0.4 mM appeared at the end (93 days) of the “NMS-1” series.

A series of microcosms filled with “NMS shallow” sediment and groundwater showed an increase in
dissolved Fe*" and Mn"" concentrations between days 10 and 20, reaching maxima of 10-16 uM and
6-7 uM, respectively, before decreasing again. This temporary appearance of dissolved Fe™' and
Mn"" suggests initial reduction of Fe'" and Mn" (hydr)oxides, while the produced Fe" and Mn"
could have precipitated as carbonates or as sulfides after sulfate reduction releasing sulfide ions had
started. Dissolved Fe'" and Mn™ was temporatily appearing in all other microcosm series as well,
but the development of their concentrations did not show such clear redox sequence patterns (data

not shown).

4.7.4. Effects of increased flow speed and increased nitrate concentration

Amongst the hydrogen leakage scenarios considered, a hydrogen plume intruding a shallow,
unconfined aquifer is of particular interest, because such an aquifer can potentially contain major
amounts of nitrate. Based on the Gibbs free energy yields of different aqueous redox reactions
coupled to hydrogen oxidation (Table 4.1) hydrogenotrophic nitrate reduction is expected to be the
preferred and the fastest amongst the reactions potentially taking place in an aquifer. This
hypothesis is supported by pre-experiments (Berger, 2015; Mascus, 2015) finding the rates of nitrate
reduction to be significantly higher than the rates of acetate production or sulfate reduction.
Hydrogen oxidation coupled to nitrate reduction, typically producing N,/N,O, is known mostly
from hydrogenotrophic groundwater denitrification technologies (Ergas and Reuss, 2001; Ergas et
al., 1999; Liessens et al., 1992; Smith et al., 1994; Xia et al., 2010). However, for an improved
understanding of hydrogenotrophic redox reactions as a consequence of a hydrogen leakage into the
groundwater, hydrogen oxidation coupled to nitrate reduction, along with its kinetics, has to be
characterized directly at aquifer conditions. In order to create flow conditions corresponding to the
assumed high hydrogenotrophic denitrification rates the flow speed of the groundwater streaming
through the sediment columns has to be way higher than in usual aquifer environments. The results
gathered using such an approach will, therefore, enable the investigation of the quick nitrate

reduction kinetics at a high time resolution.
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Improvements in methods and concept

Nitrate reduction coupled to hydrogen oxidation was investigated using an experimental set-up
providing a minutes-scale time resolution. Four glass columns (¥=2.35 cm) with lengths of 5, 10,
15, and 20 cm, respectively, were filled with the “NMS shallow” sediment and were percolated with
the “NMS shallow” groundwater, enriched in nitrate to 1 mM (Berger, 2015). The column lengths
were proportional to the residence time because the columns were treated identically (Figure 4.7).
The inflowing solution was equilibrated with p(H,)=1 bar in a mixing vessel before it was pumped
through the sediment columns via glass tubes using Ismatec peristaltic pumps with Viton pumping
tubes. The flow velocity in these experiments was set to up to 20 m-d", which is extremely fast
compared to any natural groundwater flow and even compared to groundwater flow velocities in the
vicinity of a potential gas intrusion. Anyway, the high flow velocity was necessary in order to
properly investigate the rapid hydrogenotrophic nitrate reduction. Despite the short residence time
within the columns, a most probably diffusive loss in hydrogen of up to 13% was identified in
control runs (Berger, 2015). Blank experiments without adding hydrogen to the inflow solution
were also performed in an equivalent column setup, but realizing a larger residence time of 30 h
within the columns. Samples were taken from the mixing cell and from the outflows of each
column. Reaction rates were calculated by dividing the difference in concentrations measured by the
elapsing residence time needed for that change.

Outflow sampling

1

Pump
*
Water | ®|  Mixing cell @« H

Figure 4.9: Sketch of the low pressure-high flow speed column excperiments
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Results of fast-flow columns with nitrate-enriched groundwater

The concentration profiles (Figure 4.10) compiled from the fast flow-through experiments revealed
that both, hydrogen of up to 0.6 mM as well as nitrate of up to 0.24 mM depleted within minutes.
The parallel depletion of dissolved hydrogen and nitrate indicates that hydrogenotrophic
denitrification was the dominant redox reaction in these experiments. The pseudo zeroth order rate
constants for the hydrogenotrophic nitrate reduction found in the high flow speed column
experiments were as high as up to 10400 nM-cm”_;..-h". This reaction rate is higher than the rates
reported in the literature on traditional and membrane bioreactors as well as geological
environments, which were between 23 and 4510 nM-cm” ;.. -h" (Chang et al., 1999; Ergas and
Reuss, 2001; Haugen et al., 2002; Smith et al., 2005b; Smith et al., 1994; Xia et al., 2010).
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Figure 4.10: Concentrations of dissolved hydrogen, nitrate, and nitrite versus the residence time of the groundwater in
the columns show fast nitrate reduction and temporary nitrite production.

The concentration profiles of nitrite show that up to a third of the reduced nitrate temporarily
accumulates as nitrite. The presence of nitrite is usually of particular importance when assessing
groundwater quality (TrinkwV). The nitrite concentrations increased to up to 0.09 mM, which is
clearly above the usual 0.01 mM threshold limit for drinking waters (TrinkwV). In the presented
experiments nitrite was found to be a short-lived intermediate of nitrate reduction, and then it was
also reduced to N,O/N,. However, accumulation of nitrite within such a multi-step reaction path
can often be enhanced by higher pH (Lee and Rittmann, 2000; Liessens et al., 1992; Smith et al.,
2005b), which might be considered when evaluating potential metabolites in a nitrate-containing
aquifer intruded by a gaseous hydrogen plume.

Nitrate and nitrite were apparently not reduced into ammonium, which is indicated by constant
ammonium concentrations of up to 33 uM. Dissolved concentrations of other redox-sensitive
parameters like sulfate, Fe'', or Mn"" and of pH-sensitive species like total inorganic carbon species,
Ca’" and Mg”" also showed no significant changes related to the aqueous redox reactions triggered
by hydrogen. Acetate was not found in any of the samples.

The electron balance calculated based on the nitrate-consuming redox reactions equaled to up to
18% surplus in hydrogen consumption, which discrepancy could be explained by diffusive hydrogen
losses identified when testing the low pressure experimental setup. Additionally, no nitrate
consumption occurring in hydrogen-free control experiments supported that the nitrate reduction is
coupled to hydrogen oxidation in the presented experiments (Mascus, 2015).
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4.7.5. Supplementary considerations and conclusions

The high pressure experiment applying hydrogen enriched with 1% CO, showed that the lowering
of the pH level and the increase in the dissolved concentration of total inorganic carbon species
results in methanogenesis and formate production commencing, and in acetate production declining.
These changes represent a significant dependency on the end products of carbonate reduction on
the partial pressure of CO, which shall be considered when improving process models, such as the
model described by Eqs. 4.1-4.5. Therefore, further investigations at an even wider range may be
necessary to deliver a deeper process understanding for considering geochemical and even
geomicrobiological aspects in subsurface hydrogen storage scenarios.

The microcosm incubations suggest that microbial hydrogen consumption and the coupled
consumption of electron acceptors can take place at every aquifer condition represented in the
experiments described here. The investigated sediment-groundwater combinations showed the
same reactions, although their rates were different by up to a factor of four. Nevertheless, site- and
sediment specific reaction rates can be revealed only by targeted investigations for evaluating
potential consequences of an accidental hydrogen leakage.

Reductive hydrogeochemical reactions can have an influence on the porous aquifer matrix as well.
These effects may include precipitation and dissolution of sulfides and carbonates as well as the
reductive dissolution of Fe' and Mn" from the solid phase. Such reactions may change the
porosity and permeability of an aquifer sediment. However, the Fe'' and Mn"" potentially reduced
to Fe'' and Mn" most probably precipitates as sulfide near the original mineral phase, if such a
reduction takes place at all. The cumulative amount of the carbonate precipitates, however, can be
estimated to account for 4-5% of the total pore volume during the experimental run time.
Therefore, carbonate precipitation possibly changes the porosity after several months-years.

Apart from potentially influencing the aquifer environment around a hydrogen intrusion the
identified reactions may also support the development of new monitoring strategies. For
monitoring gas storage sites as well as locating potential gas leakages geoelectric methods have been
discussed in the literature (al Hagrey et al., 2016; Dethlefsen et al., 2013). The decrease in electric
conductivity (Figure 4.1) may offer a fundament for novel methods to track reactions triggered by
dissolved hydrogen at aquifer conditions.

Nearly stoichiometrical consumption of nitrate and dissolved hydrogen within a few minutes
suggests that the kinetics of nitrate reduction may be neglected if the time scale of the investigated
scenario is considerably longer and both, nitrate and hydrogen concentrations, are in the mM range.
The requirement for such a simplification can be fulfilled for instance in a leakage or site
remediation scenario typically lasting for time spans between a few days and several years.
Therefore, fast hydrogenotrophic nitrate reduction suggests that applying geochemical steady state
models instead of kinetic reaction equations could considerably reduce modeling efforts when
evaluating scenarios numerically (Hagemann et al., 2014, 2016; Pfeiffer et al., 2016). Apart from
characterizing redox reactions potentially taking place after a hydrogen leakage, these considerations
may also contribute to advancing in-situ groundwater treatment technologies using hydrogen.

These efforts shall support the proceeding of the model development process as well as contribute
to its implementation when evaluating different energy storage scenarios using site-scale computer
models.  Overall, the inclusion of these further hydrogeochemical redox reactions into the
ANGUS+ Guidelines may also support improvements in the sustainability of subsurface energy
storage within the concurrent ways of using the subsurface space.
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5. Conclusions

5.1. Summary and significance
Integrating energy storage facilities in power networks is potentially a prerequisite for increasing the
share of solar and wind energy in the energy supply mix without risking the stability of such
networks. These solutions may help to provide energy from renewable sources, and, therefore,
support the global climate change mitigation efforts. Geological energy storage has the potential to
participate in a cooperative system of various energy storage technologies covering a wide range
both in storage capacity and in response time together. Assessing environmental and operational
impacts of energy storage technologies integrated in future energy networks is a necessary
requirement for technologies aiming to a sustainable operation. Geological energy storage
technologies, which are better characterized, potentially represent a safer and more predictable
element in future energy networks including a major amount of energy storage capacities.
The presented doctoral project experimentally characterized gas-specific geochemical reactions
following a leakage of compressed air, methane or hydrogen into a shallow aquifer from a gas
storage reservoir. The outcomes presented here include the identification of the corresponding
redox reactions, the description of their kinetic behavior with respect to various environmental
conditions, and the development of reaction models potentially deployable in further investigations.
Although detailed microbial investigations were beyond the scopes of this study, it can also be
generally concluded that most redox processes investigated here are carried out, or at least
potentially mediated, by microbial communities.
The characterization of hydrogeochemical reactions described in the presented experimental
workflow provides insights beyond the state of the literature about the processes to be expected if a
gas leakage would intrude a shallow aquifer. The identification and parameterization of such
reactions, and geochemical aspects in general, represent a significant contribution to numerical
models dealing with the thermal, hydraulic, mechanic, and chemical effects the use of the subsurface
can potentially have. When these models are applied to describe and evaluate possible scenarios of
subsurface use, and particularly the use of the subsurface for energy storage, such new geochemical
insights can result in more realistic outcomes of such studies. Apart from modeling, geochemical
leakage monitoring is also supported by a more adequate characterization of reactions potentially
triggered by a gas intrusion into an aquifer, because if the geochemical patterns created by such
reactions are known form experimental investigations, and later potentials also from pilot site
studies, a localization and management of a potential leakage event can be done more efficiently.
Gas storage facilities are expected to be constructed as a part of the global energy transition in the
upcoming decades, along with other emerging uses of the subsurface space for geological energy
storage. Conlflicts potentially rising between various ways of using the subsurface space are often
evaluated by considering numerical scenarios considering various combinations of technologies,
geological settings, and operational boundary conditions. A special case amongst scenarios
including a conflict of use is represented by the unwanted interactions between gas storage facilities
and protected shallow groundwater resources found in aquifers overlying such facilities. The
potential geochemical consequences of a leakage scenario were characterized in details in this PhD
Thesis for three different gases. The outcomes therefore contribute to improvements in the
knowledge on the geochemical effects energy storage facilities and, most importantly, an accidental
leakage from such gas storage systems can cause in the subsurface, supporting the planning and
operation workflows for geological energy storage facilities.
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5.2. Aims reached

The outcomes presented in this Thesis provide detailed experimental parameterization of pyrite
oxidation kinetics, completed by a passivation effect and a model function describing and
transferring reaction rates from experimental to in situ conditions. Regarding methane, the current
process understanding was supported by experiments showing no methane oxidation coupled to
reduction of any electron acceptors within ca. a year. In contrast, for hydrogen intrusions, an
improved process understanding describes the quickly proceeding reactions by their reaction rates
and integrating them into a descriptive process model containing parallel acetogenesis and sulfate
reduction. All these outcomes contribute to the answers provided to the initial questions:

1. How does pyrite oxidation by oxygen change the groundwater in a shallow aquifer after a
leakage of compressed air?

a. How do the products of pyrite oxidation decrease pyrite reactivity? What factors influence this
passivation?

The rate of pyrite oxidation, the main process to be expected after a compressed air leakage, is
slowed down to a few percent by the oxidation products. This passivation layer precipitates onto
the surface of the pyrite grains and insulates them from the oxygen-rich groundwater. The
development of this iron-oxihydroxide coating has a stronger effect at higher oxygen partial
pressures and forms linearly as pyrite is being oxidized. This passivation effect has not been
characterized in such an extent so far, therefore its inclusion in the development of the presented
reactive transport model represents an improvement compared to currently available reaction model
schemes.

b. What transfer function can scale up the results from lower, athmospherical pressure experiments to
higher, in situ conditions?

Based on the experimental results with 0-11 bars of oxygen partial pressure, a reactive transport
model was developed, describing the observed reaction kinetics of pyrite oxidation. This model
extends and adjusts previously published reaction concepts and equations to the conditions to be
expected in a shallow aquifer influenced by a compressed air leakage, such as higher oxygen partial
pressures, lower temperatures and neutral pH. Carrying out experiments at lower partial pressures,
and then using the presented transfer function for upscaling can save a considerable amount of
effort compared to experiments at 7 situ conditions.
The changes in groundwater composition provided by the model and the experimental results are
limited to an up to 0.5 mM increase in sulfate and a slight decrease in pH, which is, under the
investigated conditions, not a significant risk to water resources potentially utilized as sources of
drinking water. However, a higher pyrite content or specific surface area as well as different
transport conditions may cause a more significant effect.

2. How can methane be oxidized in a shallow aquifer after a methane leakage and what reaction
rates should be considered?

a. What does the state-of-the-art literature reveal on microbial redox reactions oxidizing methane in
aqueons environments?

Although methane and its potential electron acceptors are unlikely to be found simultaneously in
aqueous environments, methane is a comparatively unfavorable electron donor for microbial
metabolism. Therefore, anaerobic methane oxidation coupled to sulfate reduction is a reaction
found mostly in marine and freshwater environments where similar conditions (concentrations of
methane and sulfate) are stable for at least several or several tens of years, which is a long time
compared to most sudden gas leakage scenarios. Reasons for this slow response can be i) the
doubling time of up to 7 months of the microorganisms carrying out the reaction; ii) the ca. 1% rate
of assimilation of the carbon taken up by these microorganisms; and iii) the very low (ca. 1 ATP)
energy yield of the reactions.
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Aims reached

b. What is the expected time scale for starting a reaction involving reduction of sulfate or nitrate
coupled to methane oxidation?
Our experiments showed that the oxidation of methane coupled to the reduction of sulfate, nitrate
or ferric iron must take at least a year to show the first recognizable signs at the conditions
represented in this study. Such conditions represented a methane intrusion into an aquifer in which
no microbial community mediating these reactions was established previously.

c. What should be in the focus of monitoring and modeling efforts for fugitive methane?

Monitoring of methane leakages should focus on methane itself, as no reactions and reaction
products are to be expected to be produced at considerable reaction rates. No biogeochemical
methane oxidation coupled to any of the potential electron acceptors also means that the spreading
of fugitive methane plumes may not be limited by chemical reactions. Therefore, a conservative
behavior may be considered when modeling numerical scenarios. However, experiments with site-
specific sediments and groundwaters may yield reaction rates and lag times explicitly valid for a
given gas storage facility and its locally overlying aquifers.

3. What biogeochemical redox reactions do elevated hydrogen partial pressures trigger in
shallow aquifers and at what rates do these reactions take place?

a. Is nitrate, sulfate and carbonate reduction dependent on hydrogen concentration?

If in an aquifer a hydrogen concentration is provided, which is around a million times higher than
the concentrations found in natural environments, then prompt and simultaneous reduction of
nitrate (if available), sulfate and carbonate can take place. In the presented experiments such
reactions resulted in rising concentrations of nitrite and N,/N,O, sulfide and acetate, along with a
near-stoichiometrical depletion of hydrogen. All of these reactions imply a significant and
immediate change of groundwater composition, and all reactions were found to be independent
from the hydrogen partial pressures applied. In case the partial pressure of CO, is comparatively
higher, production of formate and methane may be expected.

b. Are the observed reactions potentially transferable to deeper aquifer environments?

Hydrogen, in strong contrast to methane, triggers immediate redox reactions which were, in contrast
to pyrite oxidation by oxygen, independent from the partial pressure of hydrogen and from the
experimental run time. Investigations of sediments from deeper aquifers and with elevated salinities
suggest that the consequences of hydrogen intrusion into a shallow aquifer characterized here are
potentially transferable for those environments as well. A particularly important aspect of this
outcome is that even hydrogen storage facilities constructed in saline aquifers potentially show the
reactions characterized here, which would mean a loss from the stored hydrogen and changes in its
composition.

Based on the reactions characterized using the high pressure column experiments a descriptive
process model was developed, which can serve as input for further experimental and modeling
studies involving various aquifer environments. In terms of applications and project deliverables,
this model is one of the major outcomes of the investigations on redox reactions consuming
hydrogen.
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Conclusions

5.3. Outlook and potential future aspects
In order to provide additional insights on the behavior of the redox reactions characterized here,
new efforts may be focused on a series of fields. Further research may include parallel experiments
on pyrite oxidation at wider pressure, temperature and pH conditions. For methane, an
experimental investigation of a sediment-groundwater system from a methane leakage site with
proven aerobic or anaerobic methane oxidizing activity could specifically characterize the reactions
and also the microbial community responsible for redox reactions potentially changing the
groundwater composition. The experimental investigation of such microbial reactions may be
reinforced by adding nutrient mixtures potentially needed by the microorganisms. Further efforts
on hydrogen-driven, strongly reductive redox reactions can include investigation of the effects on
minerals composing the solid phase, especially those containing Fe'"', Mn" or toxic trace elements in
oxidized states (microbial reduction of metals); and the exploration of potential pH-, temperature-,
or nutrient (for instance phosphate, inorganic and organic trace nutrients) dependency of basically
all redox reactions mentioned in this Thesis. Correlating the “reactivity” of a representative number
of sediments from different origins to one or more of their properties (age, organic carbon content,
pristine geochemical conditions, salinity, and degree of consolidation) could return precious input
for general site or sediment characterization projects. Furthermore, investigating geomechanical
changes, like changes in rock stability or permeability, following the reactions characterized in this
Thesis may provide further insights into operational and safety implications of subsurface gas
storage.
However, new efforts can also be recommended to be focused on pilot scale field studies instead of
more laboratory experiments to deliver more realistic results. For example, hydrogen or compressed
air injection limited in space and time into a model shallow aquifer could yield valuable further
characterization of the response of the subsurface valid for that site but also allowing to improve the
processes described in this Thesis towards a more general process understanding. Regarding
reservoir conditions, a similar experimental workflow may yield comparable results, possibly relevant
for companies planning such facilities, or other civil or governmental stakeholders. Creating
environments representing deeper aquifers used for storage may require setting the corresponding
pressure, temperature and salinity conditions, which may have an influence on the processes
observed. As a leakage of methane, but also a more extensive leakage of can potentially reach levels
very close to the surface, experiments representing very shallow, unsaturated conditions may be
carried out using special experimental set-ups percolated by water-saturated gas instead of gas-
saturated water. Such optimized experimental and sampling methods may deliver a characterization
valid to near-surface systems, similar to the results gathered on saturated aquifers here. Those
results could also contribute to the development of near-surface leakage monitoring methods.
In order to follow the reactions taking place, the microbial community shall be regularly, selectively,
and quantitatively monitored due to the deciding role these living organisms play in mediating the
reactions both in experiments and on the field. Due to the culturing routines for these species
ranging from difficult to unknown, 7# situ sampling and investigations can yield results more
convenient to apply into biogeochemical models. The identification process can possibly include
methods based on nucleic acids or various biomarkers. A further recommendation for the analytic
efforts of future studies may be to also follow the changes in the isotopic composition of the
dissolved hydrogen, carbon, sulfur, oxygen and nitrogen species involved in the redox reactions
triggered by a gas leakage. Isotope methods have the potential to deliver further insights to the
actual pathways of the redox reactions characterized within this Thesis, and thereby supporting
decisions during process model development.
Implementations already in process include the integration of the characterized geochemical
reactions into 3D multiphase reservoir scale numerical reactive transport models. These new inputs
for these thermal-hydraulic-mechanic-chemical models will support the analysis of simulated
scenarios and contribute to the ANGUS+ Guidelines for the sustainable and conflict-free use of the
subsurface space.
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