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Abstract

Over the next few years, it is planned to convert all or part of the underground gas storage (UGS) facilities used for natural gas
(salt caverns, depleted hydrocarbon reservoirs, and deep aquifers) into underground dihydrogen (H,) storage reservoirs. These deep
environments host microbial communities, some of which are hydrogenotrophic (sulfate reducers, acetogens, and methanogens).
The current state of microbiological knowledge is thus presented for the three types of UGS facilities. In the mid-1990s, the concept
of anaerobic subsurface lithoautotrophic microbial ecosystems, or SLIMEs, emerged. It is expected that the large-scale injection of H,
into subsurface environments will generate new microbial ecosystems called artificial SLIMEs, which could persist over time. These
artificial SLIMEs could lead to H, loss, an intense methanogenic activity, a degradation of gas quality and a risk to installations through
sulfide production. However, recent studies on salt caverns and deep aquifers suggest that hydrogenotrophic microbial activity also
leads to alkalinization (up to pH 10), which can constrain hydrogenotrophy. Therefore, studying and understanding these artificial
SLiMEs is both a necessity for the development of the H, industry and presents an opportunity for ecologists to monitor the evolution

of deep environments in real time.

Keywords: artificial SLIME; deep microbial ecosystem; hydrogen; methanogenesis; UGS; UHS; UMR

Introduction

Dihydrogen (H,), commonly called hydrogen, as an energy re-
source, is expected to play a central role in the future energy
mix. Hydrogen combustion results in the production of only wa-
ter. Excluding natural hydrogen produced through geochemical
reactions (Zgonnik 2020, Boschee 2023, Truche et al. 2024), this
molecule ought to be regarded not as an energy source, but rather
as an energy vector, akin to electricity. By 2022, most of the 95
Mt of hydrogen produced was destined for use in the petrochem-
ical, fertilizer, and steel industries (IEA 2023). The hydrogen was
mainly produced by steam reforming of methane (CHs) and coal
gasification, generating ~830 million tonnes of carbon dioxide
(COy) per year (IEA 2019). Recent technological breakthroughs,
such as those involving electrolyzers or plasmas, hold promise
for the production of decarbonized hydrogen derived from renew-
ables, nuclear or even fossil fuels in the future (Tsai and Chen
2009, Sharshir et al. 2023, Alabbadi et al. 2024). Developmental tar-
gets for the hydrogen sector are extremely ambitious and are still
closely linked to the future of renewable energy sources, which
currently account for approximately one-seventh of the world’s
primary energy sources (Ritchie et al. 2020). Converting surplus
electricity to hydrogen could be a viable solution and a corner-
stone of climate transition objectives (Edlmann et al. 2023, Ember
2023).In all cases, storage is essential to the operation of an energy
network; it ensures the preservation of surpluses for use in re-
sponse to consumption peaks and changes in financial strategies
and supply (i.e. market resilience in the face of crises). In Europe,
gas manufacturers are working to convert or complement their

existing natural gas transmission network for hydrogen, with the
aim of eventually creating what is now referred to as the European
Hydrogen Backbone (Guidehouse 2021, Neumann et al. 2023). This
network is planned along a north—south axis, linking wind farms
in the North Sea and solar farms in southern Europe and even
northern Africa to 21 European countries by 2040. In 2019, Europe
presented a target: a quarter of its total energy demand would
be supplied by hydrogen by 2050 (Fuel Cells and Hydrogen Joint
Undertaking 2019, Seck et al. 2022).

Advantages of underground hydrogen storage

The advantages of hydrogen include the fact that it is a gas and
that the gas industry has been developing underground geologi-
cal storage (UGS) facilities since the beginning of the 20th century
(Molikova et al. 2022). Underground environments offer large stor-
age capacities with limited surface footprints and excellent safety.
In 2021, there were 667 natural gas storage sites worldwide, in-
cluding 446 in North America and 139 in Europe (Cedigaz 2023).
Together, these sites represented a storage capacity of ~424 billion
m?. There are three main types of UGSs: salt caverns, depleted hy-
drocarbon reservoirs, and deep saline aquifers (Fig. 1). This raises
the question of whether UGSs used to store natural gas (essen-
tially methane) can be converted to underground hydrogen stor-
age (UHS) reservoirs. The main difference between methane and
hydrogen is that the latter is a smaller, highly mobile and reactive
molecule. Hydrogen can react with materials, minerals, certain
ions, organic matter and microorganisms. Currently, pure hydro-
gen storage in salt caverns appears to be the most advanced and
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Figure 1. Examples of geological underground gas reservoirs (UGSs) harbouring indigenous or allochthonous microbes. (i) The bottom of salt caverns is
bathed in brine in which hyperhalophilic prokaryotes are regularly detected. (ii) Depleted hydrocarbon reservoirs harbour rich microbial communities
capable of thriving on ubiquitous organic molecules. (ii) Deep oligotrophic aquifers have been described to host SLiMEs. Illustration by Jagoba

Malumbres-Olarte.

reliable technology, with decades of empirical knowledge from the
Teesside (UK) and Texas (USA) sites, which have been in operation
since 1972 and 1983, respectively. Porous reservoirs, on the other
hand, have much larger storage volumes. The depleted Leman
reservoir in the North Sea is estimated to have a storage capacity
of ~25 Mt hydrogen, which alone corresponds to >6000 salt cav-
erns (Hassanpouryouzband et al. 2021, Londe 2021). Since 2015,
>20 review articles have been published on this subject in various
scientific journals, including seventeen in 2021 and 2022 alone (for
the most recent, see Amirthan and Perera 2023, Muhammed et al.
2023, Sekar et al. 2023).

What geological storage of town gas taught us

Historically, the first publicly available information on hydrogen
storage in porous reservoirs was related to the storage of manu-
factured gas, commonly known as town gas (Table 1), in a deep
French aquifer (Beynes). From 1956 to 1972, the site stored a town
gas composed of ~50%-60% hydrogen (Foh et al. 1979, Taylor et
al. 1986). As early as 1960, “the possibility of bacterial sulphate reduc-
tion in aquifers was considered first (...), when it was learned that gas
stored in France (....) had become contaminated with hydrogen sulphide.
In coke oven gas and reformer gas stored at Beynes (near Versailles), 2-13
p.p.m. of hydrogen sulphide were found, although on one occasion, a con-
centration of 40 p.p.m. was recorded; the formation of hydrogen sulphide

was attributed to the hydrolysis of organic sulphur compounds such as
carbon oxysulphide” (Pankhurst 1967). At the time, the hypothesis of
hydrogen consumption by sulfate reducers was proposed because
of increasing hydrogen sulfide (H,S) concentrations, but the idea
of hydrogen consumption quickly vanished in favour of geochem-
ical explanations. No microbiological approach was pursued. The
methanogenesis pathway, discovered ~30 years earlier (Stephen-
son and Stickland 1933), was not considered. In the Czechia (Lo-
bodice) in 1990, Smigan and colleagues demonstrated a loss of
~10%-20% of the volume of gas stored in a reservoir similar to
that in Beynes, and there was an increase in the proportion of
methane in the gas mixture. Interactions between gases stored
in UGS (CH,; and CO,) and autochthonous microorganisms have
been known and studied for several years (Kleinitz and Bohling
2005, Ivanova et al. 2007, Basso et al. 2009, Gniese et al. 2014).
Currently, with plans underway for the large-scale injection of in-
dustrial hydrogen into deep subsurface environments for storage
purposes, questions about the interactions between hydrogen and
the prokaryotic communities present must be addressed (Dopffel
et al. 2023a). The aims of this minireview are to summarize the
current understanding of the nature and functioning of the mi-
crobial communities that will interact with future underground
hydrogen storage facilities (UHS), and to discuss them with a view
to considering the development of these particular ecosystems in
the context of industrial exploitation.
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Table 1. UGS facilities worldwide used to store pure or mixed hydrogen.

Operating UHS Presence of
Project Site Country Commissioning Depth (m) Temperature Objective Artificial-SLiMEs Reference
Underground Depleted oil Austria 2016 1000 40°C UHS (10% H,) Yes Bauer 2017
Sun Storage and gas
Diadema Depleted 0il ~ Argentina 2010 815 55°C UMR (10% H,) Yes Pérez et al. 2016
and gas
Ketzin Depleted oil Germany 1960 250-400 34°C Town gas Probable Stolten and
and gas (62% Hy) Emonts 2016
Beynes Saline aquifer France 1956-1974 430 27°C Town gas Contradictory  Ebrahimiyekta
(16%-50% H,) but probable 2017
Lobodice Saline aquifer Czech 1965-1990 400-500 43°C Town gas Yes Smigan et al.
Republic (50% Hy) 1990
Teesside Salt cavern UK 1972 380 N/A UHS Probable Tarkowski 2019
Clemens dome Salt cavern USA 1983 850-1150 N/A UHS Probable Tarkowski 2019
Moss bluff Salt cavern USA 2007 820-1400 N/A UHS Probable Tarkowski 2019
Spindletop Salt cavern USA 2017 1500 N/A UHS Probable Tarkowski 2019
Kiel Salt cavern Germany 1970s-1990s 1305-1400 N/A Town gas Probable Stolten and
(65% Hy) Emonts 2016

N/A, not available. (Adapted from Dopfell et al. 2021 and Sambo et al. 2022).

Hydrogen, a universal energy resource for
prokaryotes

Across the three domains of life, Bacteria, Archaea and Eukary-
otes, many organisms recover energy by oxidizing hydrogen as
electron donor and even produce hydrogen as fermentation prod-
uct (electron acceptor), e.g. via metalloenzymes called hydroge-
nases (Adhikari et al. 2016, Greening et al. 2016, Sukhanova et
al. 2019). Despite their structural similarities, hydrogenases orig-
inated from convergent evolution but are not related (Boyd et al.
2014). Due to their diversity, they can function in a wide range of
environments (temperature, pH, and salinity) and species. These
enzymes catalyze the reversible Hy, <+ 2H" + 2e~ oxidation reac-
tion. Some postulate that these capabilities appeared from the ori-
gins of life, facilitating the development of microorganisms pos-
sessing them when conditions on Earth were reducing prior to the
great oxidative shift that took place ~2.4 billion years ago (Boyd
et al. 2014). The low reduction potential of hydrogen makes it a
highly energetic electron donor that can be used by many differ-
ent microbial metabolic groups (Greening et al. 2016, Gregory et
al. 2019). Microorganisms conserve energy by coupling hydrogen
oxidation to the reduction of dioxygen, carbon dioxide, sulfate, fu-
marate, nitrate, and iron, enabling energy conservation by pro-
ducing proton motive force, leading to adenosine 5’-triphosphate
(ATP) synthesis and providing the energy required for cellular
functions (Boyd et al. 2014). Nevertheless, the potentially nega-
tive effect of high hydrogen partial pressures on the growth of
prokaryotes has been studied since the early 20th century (Larson
et al. 1918). The issue has come to the fore again with the opti-
mization of biomethanization processes and the inhibition of fer-
mentation end-products, in particular, hydrogen generation itself
(Hawkes et al. 2007, Cazier et al. 2015). In another context, increas-
ing hydrogen partial pressure has already been reported as an in-
hibitor of homoacetogenesis (Braun and Gottschalk 1981, Mori-
naga and Kawada 1990, Kantzow and Weuster-Botz 2016). Dis-
solved hydrogen concentration has also been shown to influence
planktonic or biofilm growth of methanogenic archaea, as well as
their metabolic activity (Jensen et al. 2019).

Several microbial metabolic groups depend on the presence of
hydrogen (hydrogenotrophic methanogens, acetogens, some iron
and sulfate reducers, fumarate respiration coupled with hydro-

gen utilization, knallgas bacteria, etc.) or produce hydrogen (some
phototrophs, nitrogen fixers, carbon monoxide oxidizers, and fer-
menters). These producer and consumer microorganisms can live
in syntrophy (Pumphrey et al. 2011, Schroeder et al. 2011, Aiillo et
al. 2013, Schwartz et al. 2013). For those interested in more general
information on hydrogen-consuming prokaryotes, I recommend a
review written by Thaysen et al. (2021). We can assume that many
of these metabolic groups were confined to anoxic niches after
the appearance of oxygenic photosynthesis on Earth. Notably, in
the subsurface, hydrogen, even at low concentrations, can be the
main energy source (i.e. electron donor) for autotrophic organ-
isms possessing hydrogenases (Gregory et al. 2019). However, it
has also been shown that microorganisms such as Actinobacteria
and Acidobacteria can grow in soil solely by consuming hydro-
gen present in the lower atmosphere under microoxic conditions
(Greening and Cook 2014). The physicochemical conditions of the
environment, such as pH, as well as carbon sources and interme-
diates, can impact hydrogen production yields in the case of fer-
mentative organisms (Khanal et al. 2004). These competitive or
mutualistic interactions related to an often scarce resource, the
concentration of which depends on its reactivity with minerals
and organic matter (OM) and on physicochemical conditions, par-
ticularly redox conditions, will shape communities in terms of di-
versity and biomass (Watson et al. 2003, Al-Yaseri et al. 2023a).
Thus, at temperatures compatible with microbial life, studies es-
timating hydrogen consumption efficiencies with carbonate rocks
present contradictory results ranging from no reactivity (Hassan-
pouryouzband et al. 2022, Veshareh et al. 2022) to up t0 6.6% loss in
the first year of storage (Zeng et al. 2022). More recently, Al-Yaseri
et al. (2023b) simulated pure hydrogen storage in carbonate rock
for 75 days at a temperature of 75°C and a pressure of 48 bar. Al-
though the study does not indicate the percentage of hydrogen
lost, the reaction induced by its presence led to calcite precipita-
tion, which in turn contributed to a significant reduction in poros-
ity. Similarly, sulfide minerals containing Fe(II), such as pyrite, can
be reduced by hydrogen. As from 90°C, the reaction of pyrite with
hydrogen produces pyrrhotite and sulfide (Truche et al. 2010). The
versatility of metabolism related to hydrogen and the complex-
ity of microbial communities mean that their respective contri-
butions to variations in hydrogen concentrations are not known
(Adhikari et al. 2016).
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Subsurface lithoautotrophic microbial
ecosystems (SLiMEs)

At the surface, photosynthetic organisms are responsible for the
primary production that forms the basis of various ecosystems.
On a geological timescale, some organic matter can be trans-
ported to deep depths via the infiltration of meteoric waters and
sedimentation processes. During the burial, organic matter will (i)
be reduced by microbial consumption, (ii) increase its proportion
of more recalcitrant molecules (particularly polyaromatics), (iii)
evolve under the effect of increased pressure and temperature,
and (iv) become trapped in pores that are difficult for microor-
ganisms to access. Deep biosphere volumes are estimated to be
between 7-10% km?® (isotherm of 85°C) and 10.4-10% km? (isotherm
of 122°C) according to recent reports by Magnabosco et al. (2018).
Therefore, the deep subsurface could be perceived as an essen-
tially oligotrophic environment, with microbial activity limited by
the depletion of resources derived from photosynthesis. However,
the idea of the existence of deep microbial ecosystems based es-
sentially on hydrogen has gradually emerged (Gold 1992, Boston
et al. 1998).

What is a SLIME?

In 1995, Stevens and McKinley were the first to introduce the
term SLIME for an “anaerobic subsurface lithoautotrophic mi-
crobial ecosystem” in describing a microbial community driven
by geochemical hydrogen in a basaltic system. According to
their conclusions, Stevens and McKinley assumed that these
SLiMEs, which are dependent on geochemical fluxes, can be
maintained indefinitely and that these ecosystems function in-
dependently of current or past photosynthesis. Although the
existence of SLIMEs was questioned by Anderson et al. (1998),
numerous examples of SLIMEs in different geological environ-
ments have been published (Fry et al. 1997, Kotelnikova and Ped-
ersen 1997, Chapelle et al. 2002, Haveman and Pedersen 2002,
Takai et al. 2003, Lin et al. 2005, Basso et al. 2009, Crespo-
Medina et al. 2014) and have sometimes given rise to nu-
anced names such as HyperSLIME or UltraH3 for Ultramafics-
Hydrothermalism-Hydrogenesis-HyperSLIME characterizing hy-
drothermal sites (Takai et al. 2006). It has been shown that a lim-
itation to the development of these microbial ecosystems may
come from the lack of electron acceptors; their production is
countered by the strongly reducing conditions prevailing in the
deep subsurface. The “infinite” persistence of SLIMEs in the ab-
sence of resources derived from photosynthesis has been called
into question (Nealson et al. 2005), leading to the “true SLIMEs” cri-
teria: (i) the electron source and (ii) the electron acceptors must be
of geochemical origin and independent of photosynthesis; (iii) the
organisms containing the appropriate metabolic pathways must
be present and identifiable via molecular techniques; and (iv) the
reaction products and their kinetics must confirm the suspected
presence of SLIMEs. In addition to these “true SLIMEs”, there are
also deep microbial ecosystems that depend fully or in part on or-
ganic matter trapped in the rock that may gradually become ac-
cessible to microorganisms as the system evolves (fracturing, geo-
logical forces, water flow, etc.). This accessible organic matter can
then be made available to fermentative microorganisms, which
can produce carbon dioxide and hydrogen as metabolic wastes.
This abiotic or biotic hydrogen will subsequently be consumed by
acetogenic and methanogenic microorganisms under conditions
that are unfavourable to sulfate and iron reducers (limitation in
sulfate and absence of iron(IIl)), which are more often competitive

or even inhibitory rather than noncompetitive as they use hydro-
gen (Cabrol et al. 2017).

SLiME in granitic rocks

SLIMEs have been revealed in a variety of geological configura-
tions, including granitic, basaltic and sedimentary rocks. Granite
forms the bulk of the continental crust, underpinning all conti-
nents. This type of rock has intrinsically low permeability, and its
porosity decreases with depth and pressure. Over time, granite
undergoes alteration processes that weaken it. Under the action
of geological stresses, the rock breaks up, forming fractures of
varying sizes ranging from less than a millimeter to several
meters long (Pedersen 1998), increasing the porosity and perme-
ability of the rock. Fractures can communicate with each other
via sinuosity, allowing water to circulate freely and facilitating
the transport of microorganisms (Motamedi and Pedersen 1998).
Water conveys dissolved metals, carbon dioxide and sulfate,
which dissolve at water—rock contacts, producing geochemical
gradients that impact microbial diversity at granitic depths. Most
granitic rocks have low but significant radioactivity, which can
lead to the appearance of hydrogen via radiolysis of the water or
hydrothermal alteration (Lollar et al. 2014, Truche et al. 2021). In
1998, Pedersen demonstrated the presence of hydrogenotrophic
communities, such as homoacetogenic bacteria and au-
totrophic methanogenic archaea associated with acetotrophic
methanogens, in granitic faults. Their presence and interactions
are consistent with an active autotrophic biosphere based on
hydrogen.

SLiME in basaltic rocks

Basaltic rocks are extremely heterogeneous in terms of porosity
and permeability from the moment they are formed, and this het-
erogeneity increases with their alteration and the appearance of
fractures (Helm-Clark et al. 2004). In oceanic settings, mantle peri-
dotite rises to the surface during tectonic activity. In these ser-
pentinization contexts, hydrogen in contact with carbon dioxide
and carbon monoxide can sometimes lead to the abiotic forma-
tion of organic matter via Fischer-Tropsch-type synthesis reac-
tions (Ménez et al. 2012, Wang et al. 2014, Barbier et al. 2020).
The organic matter present in these environments can therefore
be of abiotic or biotic origin when the environment has a tem-
perature below 121°C and can be colonized by microorganisms,
the latter also being able to consume the hydrogen transported
by hydrothermal fluids. SLIMEs are also found in black smokers,
which are hydrothermal ecosystems that combine specific macro-
fauna and thermophilic microorganisms (Nealson et al. 2005). Hy-
drogenotrophic microorganisms, in particular, methanogenic ar-
chaea (Wankel et al. 2011), find thermodynamically favourable
conditions for the oxidation of hydrogen produced by the oxi-
dation of rocks in contact with seawater, which explains their
systematic identification in hydrothermal environments. How-
ever, Bacillota (Firmicutes), Chloroflexi and Pseudomonadota (Pro-
teobacteria) seem to compose a stable community in serpen-
tinized hydrothermal systems (Postec et al. 2015). The existence of
HyperSLiIMEs comprising hyperthermophilic microorganisms has
also been shown in active hydrothermal regions of the Central In-
dian Ridge (Takai et al. 2004). Predictive biogeochemical models
in deep environments tend to show that low hydrogen concen-
trations can quickly become limiting to the development of hy-
perthermophiles, explaining why syntrophy is important to allow
otherwise non-favourable hydrogen production in these energy-
poor environments (Ver Eecke et al. 2012).
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SLiME in sedimentary rocks

Finally, sediments are reservoirs of solid and dissolved organic
matter that are trapped during sedimentation and subjected to
microbial transformation, often into carbon dioxide and methane
(Bagnoud et al. 2016; Pedersen 2000). Depending on their origin,
sedimentary rocks can be highly porous and permeable (more or
less consolidated sands, sandstones, etc.) or they can be highly
impermeable (clays), which restricts the mobility of microorgan-
isms, limiting nutrient transfer and reducing microbial activity
(Lovley and Chapelle 1995). The development of biofilms in pores
and fractures also affects fluid diffusion (Pedersen 2005). In these
environments, it is theoretically possible that upwelling hydrogen
produced at greater depths by faulting may reach the sedimen-
tary strata. Although often oligotrophic, organic matter has been
identified as the main energy source in these sedimentary envi-
ronments (Krumholz et al. 1997). Fermentative organisms partic-
ipate in the decomposition of this complex and sometimes recal-
citrant organic matter into smaller compounds, such as acetate,
coproducing carbon dioxide and hydrogen. These compounds can
then be consumed by microbial communities composed of sulfate
reducers, acetogens and methanogens (Basso et al. 2009, Adhikari
etal. 2016). Although hydrogen may be involved in the functioning
of communities in these environments, they do not strictly con-
stitute SLIMEs since hydrogen is derived from the fermentation of
organic matter originating from the surface and sequestered over
geological time.

Hydrogen storage in salt caverns:
hypersaline artificial SLiMEs

Salt caverns are artificially created by leaching underground rock
salt deposits via freshwater injection and brine pumping (Bor-
denave et al. 2013, Dopffel et al. 2024). These cavities are inert,
impermeable and nonporous at depths of ~500-2000 m but are
very sporadically distributed worldwide. Due to their imperme-
able properties, they can be used not only for long-term gas stor-
age but also for day-to-day storage (Donadei and Schneider 2016).
During operation, a significant amount of brine systematically
stagnates at the bottom of the structure, and the gas remains
moist. The amount of residual brine can be estimated at ~5%-—
10% of the volume of the cavity in operation (INERIS 2021). From
a microbiological point of view, brine represents an extreme en-
vironment, allowing only hyperhalophilic microorganisms to sur-
vive, while nonadapted microorganisms disappear and suffer os-
motic stress (Fig. 1). Salinity places very strict limits on the di-
versity of microbial communities present in these cavities and
seems to favour archaea, although bacteria can also be found in
high-salinity environments. Methanogens (Methanohalophilus spp.
and Methanolobus spp.), sulfate reducers (Desulfovermiculus spp.
and Desulfovibrio spp.), and acetogens (Acetohalobium spp.) have
been identified, as well as prokaryotes affiliated with the tax-
onomic groups Halobacteria, Halanaerobiales, and Balneolales
(Bordenave et al. 2013, Schwab et al. 2022). Some of these microor-
ganisms may have been introduced into the caverns during cavern
construction or operation, but there is also evidence that some of
these microorganisms were trapped during salt formation and the
precipitation of minerals such as halite (Vreeland et al. 1998; Park
et al. 2009, Jaakkola et al. 2016, Dopffel et al. 2024) during water
evaporation. During halite leaching, microorganisms trapped in
fluid inclusions and able to survive (sporulation, high concentra-
tion of glycerol in cytoplasm) are released (Lowenstein et al. 2011).
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Under the hypersaline conditions prevailing in working cavities
(solubility limit; ~270 g.1~! NaCl), microbial activities are shown to
slow (Oren 2011, Bordenave et al. 2013, Schwabb et al. 2022). More-
over, the cavity surfaces that can support biofilms, or even those
containing sessile organisms, are extremely limited compared to
those of a porous reservoir. The majority of microorganisms grow-
ing in salt caverns are found in the residual brine at the bottom
of this confined environment. The nutrients required for microbial
growth can only come from three sources: dissolution of minerals,
injection of water from the surface when the cavern was created,
and injection of gases during storage operation (with co-injection
of hydrocarbons, metals, NOx, SOx, CO,, etc.). Recycling of necro-
mass elements is also possible. In the context of pure hydrogen
storage, it is foreseeable that low concentrations of certain ele-
ments, in particular, NOx and iron, slow down the development of
the microbial community (Schwab et al. 2022, Dopffel et al. 2023b).
We assume that microbial cells can also be found on the damp
surface of cavity walls in contact with stored gas (Dopffel et al.
2024) et, or in the gas itself in microaerosols, such as those found
in clouds. In the latter two cases, a high hydrogen concentration
is likely to have a toxic effect on bacterial and archaeal cells, as
has been demonstrated before (Bonchosmolovskaya and Mirosh-
nichenko 1994, Kantzow and Weuster-Botz 2016). In the case of
hydrogenotrophic microorganisms present in brine, the low solu-
bility of hydrogen, due to the salting-out phenomenon, limits its
accessibility and therefore its consumption theoretically (Hage-
mann et al. 2015, Sainz-Garcia et al. 2017). In these deep anoxic
and highly reduced environments, the expected hydrogenotrophic
functional groups are (1) sulfate reducers, (2) methanogens, and
(3) acetogens, with reactions such as the following (Veshareh et al.
2022):

0.028 C;H30,™ + 0.024HCO3 ™ + 0.016 NH4 ™ + Ho(aq)
+0.236 SO4>~ +0.272 H* — 0.08 CH1.,4005No

+0.236 HS™ + 1.03H,0, (1)

0.264 HCO3™ + Hy(aq) + 0.006 NHy " +0.258 H

— 0.03 CHy.5005No2 + 0.234 CHy(aq) +0.778 H;0,and  (2)

0.499HCO3™ + Hy(aq) + 0.004 NH, ™ + 0.255 H*
— 0.02CH18005No2 +0.239C,H30, ™ + 1.01H,0.  (3)

In 2023, Dopffel and colleagues carried out enrichments us-
ing sampled brine (salinity of 27%; pH 7.4). In the presence of a
hydrogen-only gas phase, while the potential for hydrogenotro-
phy was present, it was limited by the low nutrient concentration
presentin the brine. Microbial activity led to an increase in pH (up
to pH 9; i.e. consumption of carbon dioxide and/or bicarbonate,
and proton). Subsequently, high pH values can drastically reduce
microbial activity. In addition to all the essential nutrients that are
difficult to access in this closed ecosystem, these microorganisms
require the presence of carbon dioxide in addition to hydrogen
for the production of their biomass and sometimes as a termi-
nal electron acceptor. In the case of pure hydrogen storage, it is
unlikely that there will be sufficient carbon dioxide dissolved in
the brine to enable sufficient microbial activity to significantly in-
terfere with storage activity. Because of equilibrium between the
gaseous and liquid phases, successive injections and withdrawals
of low-carbon dioxide gas are expected to greatly reduce the
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quantities of CO, available for microbial life; phenomenon am-
plified by carbonate precipitation induced by pH increase. Never-
theless, in the case of salt caverns formerly used for natural gas
storage, it is likely that hydrocarbon storage over several decades
resulted in the introduction of hydrocarbons (Schwab et al. 2022)
that can serve as carbon sources for heterotrophic organisms and
lead to low carbon dioxide emissions during oxidation. Thus, we
can conclude that salt caverns used for industrial storage of pure
hydrogen will contain hypersaline artificial SLIMEs with low mi-
crobial diversity and activity that is sufficiently constrained by the
conditions of the environment, probably increased pH, eliminat-
ing major risks for the perennial storage of hydrogen. From a fun-
damental point of view, these ecosystems are unique examples,
and their study will enable microbiologists and exobiologists to
refine their knowledge and concepts of the limitations of life in
the subsurface.

Depleted hydrocarbon reservoirs: artificial
SLiMEs saturated with organic compounds

The microbiological study of hydrocarbon reservoirs began with
the first discoveries of Edson S. Bastin in 1926, when he iden-
tified the first sulfate reducers in these environments (Bastin
1926, Bastin et al. 1926). In the 1950s, evidence of methanogen-
esis in these reservoirs represented the first work to demonstrate
the ubiquity of these metabolic pathways in these ecosystems
(Kuznetsov 1950, Ekzertsev and Kuznetsov 1954). The biogenic
nature of methane in many reservoirs was soon demonstrated
in Canada, Germany, Italy, Japan, Russia, and the USA (Rice and
Claypool 1981). Although methanogenesis is not exclusively hy-
drogenotrophic, hydrogen seems to play an important role. The
case of the Olla Oil Field (Louisiana, USA) is very interesting. Be-
tween 1983 and 1986, 2.2-10® m?® of carbon dioxide was injected
as part of an enhanced oil recovery (CO,-EOR) procedure, and ap-
proximately one-third of this volume remained underground at
the end of operations (Tyne et al. 2021). Thirty-five years later,
it was found that 13%-19% of the residual carbon dioxide had
been consumed by methanogens and had been transformed into
methane. The origins of the hydrogen formed were not rigorously
demonstrated, but its consumption and hence presence are not
in doubt. Some hydrocarbons can be degraded via syntrophy be-
tween fermentative bacteria and methanogenic archaea (Schink
1997, Meckenstock 1999, Vogt et al. 2011). The very nature of hy-
drocarbon reservoirs, which are capable of holding oil and gas for
millions of years, made them an early choice as UGSs for natural
gas. In 2022, storage in depleted reservoirs accounted for ~81% of
the world’s natural gas in storage (Cedigaz 2023). The theoretical
possibility of sequestering up to 900 Gigatons of CO, (Bourg et al.
2015) has led to an abundance of literature on the subject, with
numerous reviews on the sequestration of this molecule (Ajayi
et al. 2019, Davoodi et al. 2023). More recently, the growing inter-
est in the production and mass storage of hydrogen has led to an
assessment of the effect of mass injection of this molecule into
depleted gas reservoirs. Unlike salt caverns, which are home to
simplified, less active microbial communities, porous reservoirs
(depleted reservoirs and aquifers) are home to numerous microor-
ganisms capable of consuming hydrogen (Fig. 1). Based on this ob-
servation, two questions have rapidly emerged: (i) Is it possible
to maintain perennial hydrogen storage and thus create a vast
UHS? (ii) Can we imagine coinjecting hydrogen with carbon diox-
ide to upgrade the latter into methane and create underground
biomethanation reactors (UMRSs)?

The Schneeren hydrocarbon-depleted reservoir has been de-
scribed as hosting a microbial community dominated by hy-
drogenotrophic methanogens (Ehinger et al. 2009). In 2023,
Dohrmann and Kriiger evaluated the microbial consumption of
hydrogen in high-pressure reactors (100 bar) when using such
a site as a UHS (Dohrmann and Kruliger 2023). Hydrogen con-
sumption was shown to be rapid (i.e. around twenty days). Ini-
tially, the community was dominated by fermenters belonging to
the families of Spirochaetaceae and Clostridiaceae. In formation wa-
ter rich in dissolved organic material (i.e. hydrocarbons) and pos-
sible necromass (depressurization during sample ascent [2700-
3500 m depth], sample storage, community adaptation, etc.), it
is logical to observe this dominance at the start of the experi-
ment. The share of these fermentative organisms subsequently
dropped during the first hydrogen injection, to the benefit of sul-
fate reducers belonging to the genera of Desulfotignum and Desul-
fouibrio. The microbial community composition shifted to higher
relative abundance of sulfate reducers and acetogens such as
representatives of the genus Acetobacterium, and hydrogen con-
sumption was strongly dependent on the presence of sulfate.
No hydrogenotrophic methanogenesis was demonstrated during
this study. Conversely, in the study of the Underground Sun Stor-
age project, reactor tests clearly showed a significant increase in
the relative abundance of methanogenic archaea in hydrogen-
supplemented enrichments (Bauer 2017). Similarly, an increase
in pH was also noted; an increase that can most likely linked to
lithoautotrophic growth (i.e. consumption of carbon dioxide and
HT). Recent work by Khajooie and colleagues (2024) et al. (2024)
has questioned calculations of methanogenesis yields only based
on laboratory enrichments of bulk solution, as the surface area
offered by rock porosity for biofilm development, particularly for
hydrogenotrophic methanogens, would have a stimulating effect
on their activity.

Thaysen and colleagues carried out a major survey of 75 de-
pleted hydrocarbon reservoirs (Thaysen et al. 2023). Using criteria
based mainly on reservoir temperature and salinity, they deter-
mined four risk categories based on chemical and biochemical
reactions: no risk (above 122°C), low risk (above 90°C), medium
risk (above 55°C and salinity above 1.7 M NacCl), and high risk (be-
low 55°C). These risks are also associated with sulfate concentra-
tions and hydrogenotrophic sulfate reducers, which consume hy-
drogen and produce sulfides that can lead to porosity clogging by
iron sulfide precipitation, corrosion, lower stored gas quality and
additional gas treatment costs. The authors then plotted differ-
ent hydrogenotrophic community compositions as a function of
different environmental factors (Fig. 2). As expected, in the ab-
sence of sulfate, the two main functional groups are methanogens
and acetogens, and the dominance of one over the other is es-
sentially linked to temperature. Temperatures above 30°C would
be more favourable to methanogens than to acetogens based on
cultivated strains information (Thaysen et al. 2021). In the pres-
ence of sulfate, sulfate reducers would be favoured by a pH > 7
and by environments with high sulfate concentrations, whereas
low-pH environments would tend to place them at a disadvan-
tage compared to the other two functional groups. The results of
this work showed that nine of the UGSs studied could be consid-
ered to have no microbiological risk (i.e. sterile because > 122°C),
35 had low risk, 22 had medium risk and nine had high risk (Thay-
sen et al. 2023). Beyond the risks of such UHS reservoirs, this also
means that in the context of such storage, ~90% of these sites
studied represented new artificial SLiMEs. Risk was strongly corre-
lated with the production of sulfide by sulfate reducers and essen-
tially with the impact of this sulfide on infrastructure and storage
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Figure 2. Schematic representation of the structuring of
hydrogenotrophic communities based on the three functional groups
assumed to predominate in deep environments: sulfate-reducing
prokaryotes (SRPs), methanogenic archaea (Met), and acetogenic
bacteria (Acet) (adapted from Thaysen et al. 2023).

activity (i.e. corrosion, pyrite precipitation, and souring). However,
in the context of UHS, it is essential to maintain a certain quality
in the stored gas. Thus, methanogenesis also represents a prob-
lem to be accounted for, as it modifies the quality of the stored
gas, transforming hydrogen and acetate (from acetogenesis) into
methane and thereby lowering gas pressure during storage (Sho-
jaee et al. 2024). Thus, simply storing carbon dioxide (without hy-
drogen) in such reservoirs would make it possible for a signifiant
proportion of the sequestered carbon dioxide to be converted into
methane, albeit with rather slow kinetics (Tyne et al. 2021, Wang
et al. 2024). Nonetheless, the large-scale introduction of hydro-
gen in such ecosystems would undoubtedly accelerate the micro-
bial processes at work. This is why in the main studies on hydro-
gen storage in depleted hydrocarbon reservoirs, coinjection or the
presence of carbon dioxide is proposed to produce underground
methane reactors or UMR (Pérez et al. 2016, Dupraz et al. 2018,
Strobel et al. 2020, Veshareh et al. 2022) and produce important
artificial SLIMEs.

More recently, a study combining an on-site gas injection and
production test (Lehen depleted gas reservoir; Austria) and meso-
cosm tests demonstrated methanogenic activity, with a particu-
larly high representation of members of the families Methanother-
mobacteiaceae and Methanobacteriaceae (61% of the active commu-
nity) (Hellerschmied et al. 2024). The injected gas contained 9.89%
(v/v) Hy and 0.19% (v/v) CO,. The same taxonomic diversity anal-
ysis indicated a low representation of acetoclastic methanogens
(genera of Methanosaeta and Methanosarcina). Sulfate reducers were
poorly represented (<2%) and tended to decrease in the field trial.
Putative acetate oxidizers, fermenters, and acetogens were identi-
fied. Experiments in mesocosms showed higher methanogenesis
production (0.26 mmol-1=*-h~?) than on site. Hellerschmied and
her collaborators explained these differences by the heterogene-
ity of the reservoir (porosity, permeability, water saturation, etc.),
as well as differences in the H,/CO, ratio on site and in meso-
cosms with 52/1 and 4/1 (optimal ratio), respectively. Understand-
ing the limitations of methanogenesis in this reservoir (40 000 m?)
and overcoming them would theoretically enable the production
of 114648 m* of methane per year through four storage cycles.
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Surprisingly, a study conducted in two Italian hydrocarbon
reservoirs showed no significant hydrogenotrophic activity (Vasile
et al. 2024). However, these two reservoirs presented a high risk
according to the Thaysen classification criteria cited above. They
had temperatures between 45 and 48°C, a salinity of ~50 g.1-*
NacCl, and a pH slightly lower than 6. The sulfate concentration
was 126 mg-1~! in the former and <50 mg-1~! in the latter. No ev-
idence was revealed of major hydrogen consumption after four
months of incubation with a mixture of either 10% H, and 90%
CHy or 99% H, and 1% CO,. The authors also found no evidence
of significant sulfate-reduction activity (i.e. no sulfide detection) or
methanogenesis (i.e. no methane production). The low consump-
tion of hydrogen by microbes was attributed to the acidic pH and a
lack of carbon dioxide under the conditions of the first incubation
(Hy 10%; CH4 90%). Apart from this example, it seems likely that
the large-scale storage of hydrogen in numerous depleted reser-
voirs with temperatures compatible with microbial life will lead
to the creation of artificial SLIMEs in which a large proportion of
hydrogen is converted into methane. Depleted hydrocarbon reser-
voirs represent a total volume of 89 billion m? in Europe and 339
billion m? worldwide (Pappenreiter et al. 2019, Hellerschmied et
al. 2024). These reservoirs would then become UMRs of sufficiently
large volumes to decrease or dispense with the extraction of fossil
natural gas (Bellini et al. 2022, Molikova et al. 2022, Vitézova et al.
2023) if the reaction kinetics are compatible with human activity.
They would also pave the way for a competitive carbon dioxide
capture and injection industry to fuel the process.

Deep aquifers: oligotrophic artificial-SLiMEs

In the first 2 km underground, aquifers represent a cumulative
water volume of ~22.6 million km? (Gleeson et al. 2016). Under
certain conditions (porosity, cap rock properties, geometry, etc.),
deep aquifer anticlines can be converted into UGSs, with gas tak-
ing the place of formation water within the pores and permeable
spaces of the rock (Fig. 1). Deep aquifers are oligotrophic porous
systems. Little organic matter is available for the growth of the
microbial communities that reside there, which have low abun-
dances but high diversity. When organic matter is available, it is
often limited in quantity, as it is trapped in rocks during rock for-
mation and often consists of recalcitrant compounds. Several ex-
amples of SLIMEs have been described in deep aquifers (Stevens
and McKinley 1995, Basso et al. 2009, Silver et al. 2010).

Between 1950 and 1990, large volumes of town gas were stored
in European deep aquifers (France, Germany, and Czechia). At that
time, the microbiology of deep environments was an emerging
discipline. In the case of the Lobodice storage site (Czechia), two
studies carried out in the early 1990s during the migration from
town gas to natural gas storage showed strong methanogenic
activity, during which approximately one-third of the hydrogen
was converted into methane in just seven months (Smigan et al.
1990). In these studies, only methanogenic archaea were consid-
ered. In 2017, multiple samplings were carried out on French deep
aquifers used to store natural gas (Ranchou-Peyruse et al. 2019).
The aim of this study was to compare the phylogenetic diver-
sity of sulfate reducers and methanogens present at 34 sites in
seven different UGSs. In simplified terms, 15 sites were located in
the Aquitaine sedimentary basin (southwestern France) with low
salinity (conductivities between 296 and 560 uS-cm~') and sulfate
concentrations (between 5 and 20.7 mg-1~!, only one site had a
concentration of 106 mg171). The other 19 sites were in the Paris
sedimentary basin (around Paris), with relatively high salinity
(266-5740 pS-cm™?) and sulfate concentrations (34-1679 mg-171),
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with two sites showing lower concentrations of ~0.3 mg1-*. Phy-
logenetic studies focused on sulfate reducers and methanogens.
The approaches were based on the targeting of markers for these
two functional groups: the desulphite reductase gene, dsrB, which
is characteristic of sulfate reducers, and the mcrA gene, which
encodes the F420 cofactor of methanogens. At most sites, sul-
fate reducers dominate methanogenic archaea, often to a very
large extent, even in waters with low sulfate levels, as in the
Aquitaine basin. However, a recent study showed that even with
a low abundance of methanogens, these sites had significant po-
tential for methanogenesis (Ranchou-Peyruse et al. 2024). Surpris-
ingly, there was only one site largely dominated by methanogens,
which turned out to be the one that had hosted a town gas storage
facility >50 years earlier (i.e. Beynes). Moreover, the sulfate con-
centration in the formation water at this site is abnormally low
(0.4 mg-171). These results are surprising. Deep porous systems are
complex and these results seem to indicate that a signifiant pro-
portion of hydrogen remained trapped in storage for >50 years
after hydrogen storage was stopped and the reservoir was con-
verted into natural gas storage, allowing the artificial SLIME to be
maintained. Recently, microfluidic approaches simulating natural
rock porosity (230%-60%) and permeability have revealed resid-
ual hydrogen trapping phenomena (Lysyy et al. 2022). Significant
hydrogen trapping has been confirmed by core-flood experiments
on a heterogeneous sandstone core (Boon and Hajibeygi 2022).
It has also been hypothesized that this residual hydrogen could
accelerate microbial activity and contribute to sulfate depletion
during these slow recharges through the movement of the forma-
tion water. It also seems highly likely that the fact that these deep
aquifers are confined ecosystems, because of the low formation
water velocity (few m-year~! (Labat 1998, Ranchou-Peyruse et al.
2019)), contributes to the stability of physicochemical conditions
driving these microbial ecosystems (temperature, pH, redox, ion
concentrations, etc.). We speculate that the town gas storage at
Beynes enabled the emergence of one of the first artificial SLIMEs,
initially dominated by sulfate reducers (a sulfide peak of 40 ppm
noted in the late 1950s), and that when sulfate began to become
limiting, methanogens began to dominate the microbial commu-
nity. When these observations were reported, the pressure drop
during storage was attributed to hydrogen leakage from the cover
layer, but today, it could well be reinterpreted as the conversion of
a signifiant volume of carbon dioxide and hydrogen into methane.
However, although microbial activity seems evident, no mention
of microbial activity was made during the operation of the town
gas storage reservoir, jeopardizing gas activity.

In 2022, Haddad and colleagues published a research paper on
a high-pressure reactor simulation of natural gas storage in which
10% H, was injected (Haddad et al. 2022). Thirty-two years after
the end of town gas storage at Lobodice, this experimental study
was the first examining hydrogen storage in deep aquifers by sim-
ulating in situ conditions as close as possible. The site studied was
located in the Paris Basin at a depth of 989 m. The rock, forma-
tion water, and indigenous microorganisms sampled using a bot-
tom sampler (Ranchou-Peyruse et al. 2023) were incubated under
conditions simulating those in situ (47°C, 95 bar, anoxia). As soon
as hydrogen was injected into the system, the microbial commu-
nity evolved, favouring hydrogenotrophic microorganisms. In the
first phase, sulfate was consumed, and formate production was
observed. No sulfide was detected in the gas phase. This was ex-
plained by the precipitation of framboidal pyrite in the rock, by the
presence of pyrite precipitates in the reactor and by the alkaliniza-
tion of the medium, which prevented sulfide from being present
in its HyS form (Haddad et al. 2022, Mura et al. 2024). However,

the disappearance of sulfate and the presence of bacteria phy-
logenetically affiliated with the families of Ammonificaceae, Desul-
fotomaculaceae, Desulfovibrionaceae, Desulfurisporaceae, and Thermod-
esulfovibrionaceae left no doubt of the sulfate reduction activ-
ity that led to the disappearance of sulfate after 65 days of
incubation.

The presence of formate is very interesting. All microbiologi-
cal reviews of UHSs cite acetogens as functional groups that are
favoured by a massive influx of hydrogen. However, experimen-
tal studies simulating UHS in deep aquifers have not revealed a
high acetate production associated with the presence of hydro-
gen and carbon dioxide. On the other hand, formate has been sys-
tematically observed. In 2017, Berta mentioned the appearance of
formate in experiments carried out at low pressure (5 bar) with
a gas phase composed of H,/CO, (99/1) (Berta 2017). While an
increase in total pressure does not a priori appear to influence
formate production during acetogenesis (Oswald et al. 2018), in-
creases in hydrogen (pH,) or CO, partial pressures (pCO,) seem to
favour formate production at the expense of acetate, even at low
partial pressures (i.e. a few bar). As far as pH, is concerned, the
higher hydrogen concentration has been assumed to be responsi-
ble for the inhibition of enzymes involved in the Wood-Ljungdahl
pathway (Braun and Gottschalk 1981, Morinaga and Kawada 1990,
Peters et al. 1999, Kantzow and Weuster-Botz 2016, Stoll et al.
2018). Whereas in the case of higher pCO,, the rise in CO, con-
centration would lead to a decrease in cytoplasmic pH (Oswald
et al. 2018, Tarraran et al. 2023). This acidification would reduce
membrane potential and thus ATPase activity. This drop in en-
ergy yield would lead to the impossibility of finalizing the Wood-
Ljungdahl pathway and the accumulation of formate. In experi-
mental simulations of hydrogen injection in three different UGSs
in deep aquifers, the formate production was systematic (Had-
dad et al. 2022, Mura et al. 2024). Once sulfate has been depleted,
methanogenic archaea (the family of Methanothermobacteriaceae)
outcompete sulfate reducers, which then are able to survive due
to the dissolution of sulfate minerals (barite) or fermentation. In
the context of a massive hydrogen influx, sulfate reduction and
methanogenesis both contribute to the alkalinization of the for-
mation water through the consumption of H* and CO, (Eq. (1)
and (2); Berta et al. 2018, Mura et al. 2024). We can therefore de-
sign a composite picture of the taxonomic diversity in artificial
SLiMEs that might evolve in future UHS in aquifers. This is a com-
munity in which a significant proportion of the microorganisms
are fermentative organisms involved in recycling necromass. In
the presence of sulfate, sulfate reducers dominate the community,
cohabiting with acetogens and a minority of methanogens. Under
sulfate-limiting conditions, methanogens dominate the commu-
nity without limiting homoacetogenic activity as long as carbon
dioxide is not limiting (Haddad et al. 2022). These sulfate limita-
tions are expected to favour sporulating sulfate reducers of the
family of Peptococcaceae, particularly those belonging to the genera
of Desulforudis and Desulfotomaculum or the LA-dsrAB taxonomic
group (Aullo et al. 2013, Muller et al. 2015, Berlendis et al. 2016,
Karnachuk et al. 2019). Due to the presence of large quantities of
hydrogen, it is possible that the taxonomic diversity of microbial
communities will be durably impacted in the artificial SLIME. In-
deed, microbial lithoautotrophic activities lead to alkalinization of
the artificial SLIME, with pH values >9 or even 10 (Mura et al. 2024,
Ranchou-Peyruse et al. 2024), resulting in even more harsh envi-
ronmental conditions for the microbial community. Unlike natu-
ral SLIMEs, in which hydrogen of geochemical or biological origin
is most often the limiting resource, in the case of artificial SLIMEs,
carbon dioxide could become a limiting factor. For example, it has
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been suggested that carbon dioxide depletion could lead to the
dissolution of carbonate minerals in rocks, such as calcite (Had-
dad et al. 2022). Subsequently, alkalinization is expected to lead
to the reprecipitation of the remaining CO, into calcite, resulting
in competition for this resource between biotic (i.e. lithoautotro-
phy) and abiotic (i.e. mineralization) phenomena. Lithoautotrophs
benefit from proximity with fermenting microorganisms that feed
them with carbon dioxide and hydrogen from microbial necro-
mass.

Conclusion

SLIMEs have been referenced since the mid-1990s, but these
ecosystems are likely limited by hydrogen availability from geo-
chemical processes. The creation of UHS enables microbial com-
munities in deep environments to access virtually infinite quanti-
ties of hydrogen (i.e. millions of Nm?). In these artificial SLIMEs,
it is clear that this massive injection of an energy source will
lead to profound changes in native microbial diversity. One con-
straint on microbial activity in deep environments will be re-
moved. However, it is likely that near the UHS, hydrogen concen-
trations will reach an inhibitory threshold for microorganisms,
even for hydrogenotrophs. Similarly, carbon dioxide and other
nutrients become limiting agents, in turn constraining microbial
growth and metabolic activity. Several experiments and models in
salt caverns and deep aquifers have shown that intense lithoau-
totrophy in such poorly renewed ecosystems (i.e. low water flow)
will result in alkalinization, leading to even stronger selection
of prokaryotes, as well as carbonate precipitation. This leads us
to imagine that possible competition exists for carbon dioxide
between autotrophs and these geochemical mineralization pro-
cesses, which will contribute to a lasting physicochemical modi-
fication of formation waters in the case of deep aquifers. Under
conditions favorable to microbial life, perennial hydrogen storage
in salt cavities is entirely feasible. For deep porous geological reser-
voirs, the question is more complex, and the answer seems inti-
mately linked to the physicochemical conditions of each site (deep
aquifers, hydrocarbon-depleted reservoirs). In the case of a deep
oligotrophic aquifer with slow water renewal, it seems reason-
able toimagine that perennial hydrogen storage could be achieved
due to progressive depletion of essential nutrients. In depleted
reservoirs, massive hydrogen injection seems to lead to increased
methanogenic activity most of the time and opens up the possi-
bility of developing UMRs to reduce our society’s dependence on
fossil fuels.

A further argument in favour of the possibility of mas-
sive hydrogen storage underground is that we have discov-
ered several underground sites with almost pure natural hydro-
gen. While the processes by which hydrogen is generated are
most certainly carried out under physicochemical conditions in-
compatible with microbial life (i.e. temperature, pH, etc.), this
highly mobile molecule can subsequently migrate to surface
layers, and increasing evidence indicates the existence of pos-
sible reservoirs closer to the surface, in which the conditions
could be compatible with microbial life. These natural microbial
ecosystems and artificial SLIMEs could therefore be considered
analogues.
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