
HAL Id: hal-04801925
https://univ-pau.hal.science/hal-04801925v1

Submitted on 25 Nov 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Artificial subsurface lithoautotrophic microbial
ecosystems and gas storage in deep subsurface

Anthony Ranchou-Peyruse

To cite this version:
Anthony Ranchou-Peyruse. Artificial subsurface lithoautotrophic microbial ecosystems and gas stor-
age in deep subsurface. FEMS Microbiology Ecology, 2024, 100 (11), pp.fiae142. �10.1093/fem-
sec/fiae142�. �hal-04801925�

https://univ-pau.hal.science/hal-04801925v1
https://hal.archives-ouvertes.fr


FEMS Microbiology Ecology , 2024, 100 , fiae142 

DOI: 10.1093/femsec/fiae142 
Ad v ance access publication date: 24 October 2024 

Minire vie w 

Artificial subsurface lithoautotrophic microbial 

ecosystems and gas storage in deep subsurface 

Anthon y Ranchou-Pe yruse * 

Universite de Pau et des Pays de l’Adour, E2S UPPA, CNRS, IPREM, Pau 64000, France 
∗Corr esponding author. Univ ersite de P au et des P ays de l’Adour , E2S UPP A, CNRS, IPREM, Pau 64000, France. E-mail: anthon y.r anc hou-pe yruse@uni v-pau.fr 
Editor: [Marcus Horn] 

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 cav erns, de pleted hydr ocarbon r eserv oirs, and dee p aquifers) into undergr ound dihydr ogen (H 2 ) stora ge r eserv oirs. These dee p 

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 2 

into subsurface environments will generate new microbial ecosystems called artificial SLiMEs, which could persist over time. These 
artificial SLiMEs could lead to H 2 loss, an intense methanogenic activity, a de gr adation of gas quality and a risk to installations through 

sulfide pr oduction. Howev er, r ecent studies on salt cav erns and dee p aquifers suggest that hydr ogenotr ophic micr obial acti vity also 
leads to alkalinization (up to pH 10), which can constrain hydr ogenotr ophy. Ther efor e, studying and understanding these artificial 
SLiMEs is both a necessity for the development of the H 2 industry and presents an opportunity for ecologists to monitor the evolution 

of deep environments in real time. 

Ke yw ords: artificial SLiME; deep microbial ecosystem; hydrogen; methanogenesis; UGS; UHS; UMR 
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Introduction 

Dihydr ogen (H 2 ), commonl y called hydr ogen, as an ener gy r e- 
source, is expected to play a centr al r ole in the futur e ener gy 
mix. Hydrogen combustion results in the production of only wa- 
ter. Excluding natural hydrogen produced through geochemical 
r eactions (Zgonnik 2020 , Bosc hee 2023 , Truc he 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 petr oc hem- 
ical, fertilizer, and steel industries (IEA 2023 ). The hydrogen was 
mainl y pr oduced by steam r eforming of methane (CH 4 ) and coal 
gasification, generating ∼830 million tonnes of carbon dioxide 
(CO 2 ) 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 e v en fossil fuels in the futur e (Tsai and Chen 

2009 , Sharshir et al. 2023 , Alabbadi et al. 2024 ). De v elopmental tar- 
gets for the hydrogen sector are extremely ambitious and are still 
closely linked to the future of renewable energy sources, which 

curr entl y account for a ppr oximatel y one-se v enth 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 tr ansition objectiv es (Edlmann et al. 2023 , Ember 
2023 ). In all cases, stor a ge 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 manufactur ers ar e working to conv ert or complement their 
g  
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xisting natural gas transmission network for hydrogen, with the 
im of e v entuall y cr eating what is now r eferr ed to as the Eur opean
ydr ogen Bac kbone (Guidehouse 2021 , Neumann et al. 2023 ). This
etwork is planned along a north −south axis, linking wind farms

n the North Sea and solar farms in southern Europe and e v en
orthern Africa to 21 European countries by 2040. In 2019, Europe
resented a target: a quarter of its total energy demand would
e supplied by hydrogen by 2050 (Fuel Cells and Hydrogen Joint
ndertaking 2019 , Seck et al. 2022 ). 

d v antages of underground hydrogen storage 

he adv anta ges of hydr ogen include the fact that it is a gas and
hat the gas industry has been de v eloping under gr ound geologi-
al stor a ge (UGS) facilities since the beginning of the 20th century
Molíková et al. 2022 ). Underground environments offer large stor- 
 ge ca pacities with limited surface footprints and excellent safety.
n 2021, there were 667 natural gas storage sites worldwide, in-
luding 446 in North America and 139 in Europe (Cedigaz 2023 ).
ogether, these sites r epr esented a stor a ge ca pacity of ∼424 billion
 

3 . Ther e ar e thr ee main types of UGSs: salt cav erns, depleted hy-
r ocarbon r eservoirs, and deep saline aquifers (Fig. 1 ). This raises
he question of whether UGSs used to stor e natur al gas (essen-
ially methane) can be converted to underground hydrogen stor- 
 ge (UHS) r eservoirs . T he main difference between methane and
ydrogen is that the latter is a smaller, highly mobile and reactive
olecule. Hydr ogen can r eact with materials, miner als, certain

ons, organic matter and microorganisms. Currently, pure hydro- 
en stor a ge in salt cav erns a ppears to be the most advanced and
 is an Open Access article distributed under the terms of the Cr eati v e 
s.org/licenses/by- nc- nd/4.0/ ), which permits non-commercial r e pr oduction 
red or transformed in any way, and that the work is properly cited. For 
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Figure 1. Examples of geological under gr ound gas r eservoirs (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. 
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 eliable tec hnology, with decades of empirical knowledge fr om the
eesside (UK) and Texas (USA) sites, which have been in operation
ince 1972 and 1983, r espectiv el y. Por ous r eservoirs, on the other
and, hav e m uc h lar ger stor a ge volumes . T he depleted Leman
eservoir in the North Sea is estimated to have a storage capacity
f ∼25 Mt hydr ogen, whic h alone corresponds to > 6000 salt cav-
rns (Hassanpouryouzband et al. 2021 , Londe 2021 ). Since 2015,
 20 r e vie w articles hav e been published on this subject in v arious

cientific journals, including se v enteen in 2021 and 2022 alone (for
he most recent, see Amirthan and Perera 2023 , Muhammed et al.
023 , Sekar et al. 2023 ). 

 ha t geological storage of town gas taught us 

istoricall y, the first publicl y av ailable information on hydrogen
tor a ge in porous reservoirs was related to the storage of manu-
actur ed gas, commonl y kno wn as to wn gas (Table 1 ), in a deep
r enc h aquifer (Beynes). From 1956 to 1972, the site stored a town
as composed of ∼50%–60% hydrogen (Foh et al. 1979 , Taylor et
l. 1986 ). As early as 1960, “the possibility of bacterial sulphate reduc-
ion in aquifers was considered first (…), when it was learned that gas
tored in France (….) had become contaminated with hydrogen sulphide.
n coke oven gas and reformer gas stored at Beynes (near Versailles), 2–13
 .p .m. of hydrogen sulphide were found, although on one occasion, a con-
entration of 40 p .p .m. was recorded; the formation of hydrogen sulphide
as attributed to the hydrolysis of organic sulphur compounds such as
arbon oxysulphide ” (Pankhurst 1967 ). At the time, the hypothesis of
ydrogen consumption by sulfate reducers was proposed because
f increasing hydrogen sulfide (H 2 S) concentrations, but the idea
f hydrogen consumption quickly vanished in favour of geochem-
cal explanations. No microbiological approach was pursued. The

ethanogenesis pathwa y, disco v er ed ∼30 years earlier (Stephen-
on and Stickland 1933 ), was not considered. In the Czechia (Lo-
odice) in 1990, Šmigáň and collea gues demonstr ated a loss of
10%–20% of the volume of gas stored in a reservoir similar to

hat in Beynes, and there was an increase in the proportion of
ethane in the gas mixtur e. Inter actions between gases stored

n UGS (CH 4 and CO 2 ) and autoc hthonous micr oor ganisms hav e
een known and studied for se v er al years (Kleinitz and Böhling
005 , Iv anov a et al. 2007 , Basso et al. 2009 , Gniese et al. 2014 ).
urr entl y, with plans underway for the large-scale injection of in-
ustrial hydrogen into deep subsurface environments for stor a ge
urposes, questions about the interactions between hydrogen and
he pr okaryotic comm unities pr esent m ust be addr essed (Dopffel
t al. 2023a ). The aims of this minir e vie w ar e to summarize the
urrent understanding of the nature and functioning of the mi-
r obial comm unities that will inter act with futur e under gr ound
ydr ogen stor a ge facilities (UHS), and to discuss them with a view
o considering the de v elopment of these particular ecosystems in
he context of industrial exploitation. 
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Table 1. UGS facilities worldwide used to store pure or mixed hydrogen. 

Project 
Oper a ting UHS 

Site Country Commissioning Depth (m) Temper a ture Objecti v e 
Presence of 

Artificial-SLiMEs Reference 

Under gr ound 
Sun Stor a ge 

Depleted oil 
and gas 

Austria 2016 1000 40 ◦C UHS (10% H 2 ) Yes Bauer 2017 

Diadema Depleted oil 
and gas 

Argentina 2010 815 55 ◦C UMR (10% H 2 ) Yes Pérez et al. 2016 

Ketzin Depleted oil 
and gas 

Germany 1960 250–400 34 ◦C Town gas 
(62% H 2 ) 

Probable Stolten and 
Emonts 2016 

Beynes Saline aquifer France 1956–1974 430 27 ◦C Town gas 
(16%–50% H 2 ) 

Contradictory 
but probable 

Ebrahimiyekta 
2017 

Lobodice Saline aquifer Czech 
Republic 

1965–1990 400–500 43 ◦C Town gas 
(50% H 2 ) 

Yes Šmigáň et al. 
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 

(65% H 2 ) 
Probable Stolten and 

Emonts 2016 

N/A, not a vailable . (Ada pted fr om Dopfell et al. 2021 and Sambo et al. 2022 ). 
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Hydrogen, a universal energy resource for 
prokaryotes 

Across the three domains of life, Bacteria, Archaea and Eukary- 
otes, man y or ganisms r ecov er ener gy by oxidizing hydr ogen 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 di versity, the y can function in a wide range of 
envir onments (temper atur e, pH, and salinity) and species. These 
enzymes catalyze the reversible H 2 ↔ 2H 

+ + 2e − oxidation reac- 
tion. Some postulate that these capabilities appeared from the ori- 
gins of life, facilitating the de v elopment of micr oor ganisms pos- 
sessing them when conditions on Earth wer e r educing prior to the 
great o xidati ve shift that took place ∼2.4 billion years ago (Boyd 

et al. 2014 ). The low reduction potential of hydrogen makes it a 
highl y ener getic electr on donor that can be used by man y differ- 
ent microbial metabolic groups (Greening et al. 2016 , Gregory et 
al. 2019 ). Micr oor ganisms conserv e ener gy by coupling hydr ogen 

oxidation to the reduction of dioxygen, carbon dioxide , sulfate , fu- 
mar ate, nitr ate, and ir on, enabling ener gy conserv ation by pr o- 
ducing pr oton motiv e force, leading to adenosine 5’-triphosphate 
(ATP) synthesis and providing the energy required for cellular 
functions (Boyd et al. 2014 ). Ne v ertheless, the potentiall y 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- 
solv ed hydr ogen concentr ation has also been shown to influence 
planktonic or biofilm growth of methanogenic ar chaea, as w ell as 
their metabolic activity (Jensen et al. 2019 ). 

Se v er al micr obial metabolic gr oups depend on the pr esence of 
h ydrogen (h ydrogenotrophic methanogens , acetogens , some iron 

and sulfate r educers, fumar ate r espir ation coupled with hydr o- 
(
en utilization, knallgas bacteria, etc.) or pr oduce hydr ogen (some
hototr ophs, nitr ogen fixers, carbon monoxide oxidizers, and fer-
enters). These producer and consumer micr oor ganisms can liv e

n syntrophy (Pumphrey et al. 2011 , Schroeder et al. 2011 , Aüllo et
l. 2013 , Schwartz et al. 2013 ). For those interested in more general
nformation on hydrogen-consuming prokaryotes, I recommend a 
 e vie w written by T ha ysen et al. ( 2021 ). We can assume that many
f these metabolic gr oups wer e confined to anoxic niches after
he a ppear ance of oxygenic photosynthesis on Earth. Notabl y, in
he subsurface, hydr ogen, e v en at low concentr ations, can be the

ain energy source (i.e. electron donor) for autotrophic organ- 
sms possessing hydrogenases (Gregory et al. 2019 ). Ho w ever, it
as also been shown that micr oor ganisms suc h as Actinobacteria
nd Acidobacteria can grow in soil solely by consuming hydro-
en present in the lo w er atmosphere under microoxic conditions
Greening and Cook 2014 ). The physicochemical conditions of the
nvir onment, suc h as pH, as well as carbon sources and interme-
iates, can impact hydrogen production yields in the case of fer-
entativ e or ganisms (Khanal et al. 2004 ). These competitive or
 utualistic inter actions r elated to an often scarce r esource, the

oncentration of which depends on its reactivity with minerals 
nd organic matter (OM) and on physicochemical conditions, par- 
icularl y r edox conditions, will sha pe comm unities in terms of di-
ersity and biomass (Watson et al. 2003 , Al-Yaseri et al. 2023a ).
 hus , at temper atur es compatible with micr obial life, studies es-

imating hydrogen consumption efficiencies with carbonate rocks 
r esent contr adictory r esults r anging fr om no r eactivity (Hassan-
ouryouzband et al. 2022 , Veshareh et al. 2022 ) to up to 6.6% loss in
he first year of stor a ge (Zeng et al. 2022 ). Mor e r ecentl y, Al-Yaseri
t al. ( 2023b ) simulated pure hydrogen storage in carbonate rock
or 75 days at a temper atur e of 75 ◦C and a pr essur e of 48 bar. Al-
hough the study does not indicate the percentage of hydrogen
ost, the reaction induced by its presence led to calcite precipita-
ion, which in turn contributed to a significant reduction in poros-
ty . Similarly , sulfide minerals containing Fe(II), such as pyrite, can
e reduced by hydrogen. As from 90 ◦C, the reaction of pyrite with
ydr ogen pr oduces pyrrhotite and sulfide (Truc he et al. 2010 ). The
ersatility of metabolism related to hydrogen and the complex- 
ty of microbial communities mean that their respective contri- 
utions to variations in hydrogen concentrations are not known 

Adhikari et al. 2016 ). 
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ubsurface lithoautotrophic microbial 
cosystems (SLiMEs) 
t the surface, photosynthetic organisms are responsible for the
rimary production that forms the basis of various ecosystems.
n a geological timescale, some organic matter can be trans-
orted to deep depths via the infiltration of meteoric waters and
edimentation processes. During the burial, organic matter will (i)
e reduced by microbial consumption, (ii) increase its proportion
f more recalcitrant molecules (particularly polyaromatics), (iii)
 volv e under the effect of increased pressure and temperature,
nd (iv) become tr a pped in pores that are difficult for microor-
anisms to access. Deep biosphere volumes are estimated to be
etween 7 ·10 8 km 

3 (isotherm of 85 ◦C) and 10.4 ·10 8 km 

3 (isotherm
f 122 ◦C) according to r ecent r eports by Ma gnabosco et al. ( 2018 ).
her efor e, the deep subsurface could be perceived as an essen-
iall y oligotr ophic envir onment, with micr obial activity limited by
he depletion of r esources deriv ed fr om photosynthesis. Ho w e v er,
he idea of the existence of deep microbial ecosystems based es-
entially on hydrogen has gradually emerged (Gold 1992 , Boston
t al. 1998 ). 

 ha t is a SLiME? 
n 1995, Ste v ens and McKinley wer e the first to intr oduce the
erm SLiME for an “anaerobic subsurface lithoautotrophic mi-
robial ecosystem” in describing a microbial community driven
y geochemical hydrogen in a basaltic system. According to
heir conclusions, Ste v ens and McKinley assumed that these
LiMEs, whic h ar e dependent on geoc hemical fluxes, can be
aintained indefinitely and that these ecosystems function in-

ependentl y of curr ent or past photosynthesis. Although the
xistence of SLiMEs was questioned by Anderson et al. ( 1998 ),
umerous examples of SLiMEs in different geological environ-
ents have been published (Fry et al. 1997 , Kotelnik ov a and Ped-

rsen 1997 , Chapelle et al. 2002 , Haveman and Pedersen 2002 ,
akai et al. 2003 , Lin et al. 2005 , Basso et al. 2009 , Crespo-
edina et al. 2014 ) and have sometimes given rise to nu-

nced names such as HyperSLiME or UltraH3 for Ultramafics-
ydr othermalism-Hydr ogenesis-HyperSLiME c har acterizing hy-
rothermal sites (Takai et al. 2006 ). It has been shown that a lim-

tation to the de v elopment of these microbial ecosystems may
ome from the lack of electron acceptors; their production is
ountered by the strongly reducing conditions prevailing in the
eep subsurface . T he “infinite” persistence of SLiMEs in the ab-
ence of r esources deriv ed fr om photosynthesis has been called
nto question (Nealson et al. 2005 ), leading to the “true SLiMEs” cri-
eria: (i) the electron source and (ii) the electron acceptors must be
f geochemical origin and independent of photosynthesis; (iii) the
rganisms containing the appropriate metabolic pathways must
e present and identifiable via molecular techniques; and (iv) the
 eaction pr oducts and their kinetics m ust confirm the suspected
resence of SLiMEs. In addition to these “true SLiMEs”, there are
lso deep microbial ecosystems that depend fully or in part on or-
anic matter tr a pped in the r oc k that may gr aduall y become ac-
essible to micr oor ganisms as the system e volv es (fr acturing, geo-
ogical for ces, w ater flo w, etc.). This accessible organic matter can
hen be made available to fermentative microorganisms, which
an produce carbon dioxide and hydrogen as metabolic wastes.
his abiotic or biotic hydrogen will subsequently be consumed by
cetogenic and methanogenic micr oor ganisms under conditions
hat ar e unfavour able to sulfate and ir on r educers (limitation in
ulfate and absence of ir on(III)), whic h ar e mor e often competitive
r e v en inhibitory r ather than noncompetitiv e as they use hydr o-
en (Cabrol et al. 2017 ). 

LiME in granitic rocks 

LiMEs have been revealed in a variety of geological configura-
ions , including granitic , basaltic and sedimentary r oc ks. Gr anite
orms the bulk of the continental crust, underpinning all conti-
ents . T his type of r oc k has intrinsically low permeability, and its
or osity decr eases with depth and pr essur e. Ov er time, gr anite
nder goes alter ation pr ocesses that weaken it. Under the action
f geological stresses, the rock breaks up, forming fractures of
 arying sizes r anging fr om less than a millimeter to se v er al
eters long (Pedersen 1998 ), increasing the porosity and perme-

bility of the r oc k. Fr actur es can comm unicate with eac h other
ia sinuosity, allowing water to circulate fr eel y and facilitating
he transport of microorganisms (Motamedi and Pedersen 1998 ).

ater conveys dissolved metals, carbon dioxide and sulfate,
hic h dissolv e at water −r oc k contacts, pr oducing geoc hemical

radients that impact microbial diversity at granitic depths. Most
r anitic r oc ks hav e low but significant r adioactivity, whic h can
ead to the a ppear ance of hydrogen via r adiol ysis of the water or
ydr othermal alter ation (Lollar et al. 2014 , Truc he et al. 2021 ). In
998, Pedersen demonstrated the presence of hydrogenotrophic
omm unities, suc h as homoacetogenic bacteria and au-
otrophic methanogenic archaea associated with acetotrophic

ethanogens , in granitic faults . T heir pr esence and inter actions
re consistent with an active autotrophic biosphere based on
ydrogen. 

LiME in basaltic rocks 

asaltic r oc ks ar e extr emel y heter ogeneous in terms of por osity
nd permeability from the moment they are formed, and this het-
r ogeneity incr eases with their alteration and the a ppear ance of
r actur es (Helm-Clark et al. 2004 ). In oceanic settings, mantle peri-
otite rises to the surface during tectonic activity. In these ser-
entinization contexts, hydrogen in contact with carbon dioxide
nd carbon monoxide can sometimes lead to the abiotic forma-
ion of organic matter via Fisc her-Tr opsc h-type synthesis r eac-
ions (Ménez et al. 2012 , Wang et al. 2014 , Barbier et al. 2020 ).
he organic matter present in these environments can therefore
e of abiotic or biotic origin when the environment has a tem-
er atur e below 121 ◦C and can be colonized by micr oor ganisms,
he latter also being able to consume the hydrogen transported
y hydrothermal fluids. SLiMEs are also found in black smokers,
hic h ar e hydr othermal ecosystems that combine specific macr o-

auna and thermophilic micr oor ganisms (Nealson et al. 2005 ). Hy-
r ogenotr ophic micr oor ganisms, in particular, methanogenic ar-
haea (Wankel et al. 2011 ), find thermodynamically favourable
onditions for the oxidation of hydr ogen pr oduced by the oxi-
ation of r oc ks in contact with seawater, which explains their
ystematic identification in hydrothermal en vironments . How-
 v er, Bacillota (Firmicutes), Chlor oflexi and Pseudomonadota (Pr o-
eobacteria) seem to compose a stable community in serpen-
inized hydrothermal systems (Postec et al. 2015 ). The existence of
yperSLiMEs comprising hyperthermophilic micr oor ganisms has
lso been shown in active hydrothermal regions of the Central In-
ian Ridge (Takai et al. 2004 ). Pr edictiv e biogeoc hemical models

n deep environments tend to show that low hydrogen concen-
r ations can quic kl y become limiting to the de v elopment of hy-
erthermophiles, explaining wh y syntroph y is important to allow
therwise non-favourable hydrogen production in these energy-
oor environments (Ver Eecke et al. 2012 ). 
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SLiME in sedimentary rocks 

Finall y, sediments ar e r eservoirs of solid and dissolv ed or ganic 
matter that are trapped during sedimentation and subjected to 
micr obial tr ansformation, often into carbon dioxide and methane 
(Bagnoud et al. 2016 ; Pedersen 2000 ). Depending on their origin,
sedimentary r oc ks can be highl y por ous 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 de v elopment of biofilms in pores 
and fr actur es also affects fluid diffusion (Pedersen 2005 ). In these 
en vironments , it is theoretically possible that upwelling hydrogen 

produced at greater depths by faulting may r eac h 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- 
citr ant or ganic 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 
et al. 2016 ). Although hydrogen may be involved in the functioning 
of communities in these en vironments , 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. 

Hydr ogen stor age 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 ). T hese ca vities are inert,
impermeable and nonporous at depths of ∼500–2000 m but are 
v ery spor adicall y distributed worldwide. Due to their imperme- 
able properties, they can be used not only for long-term gas stor- 
age but also for da y-to-da y 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- 
vir onment, allowing onl y hyperhalophilic micr oor ganisms to sur- 
viv e, while nonada pted micr oor ganisms disa ppear and suffer os- 
motic stress (Fig. 1 ). Salinity places very strict limits on the di- 
v ersity of micr obial comm unities pr esent in these cavities and 

seems to favour archaea, although bacteria can also be found in 

high-salinity en vironments . 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 ma y ha v e been intr oduced into the cav erns during cav ern 

construction or operation, but there is also evidence that some of 
these micr oor ganisms wer e tr a pped during salt formation and the 
pr ecipitation of miner als suc h as halite (Vr eeland et al. 1998 ; P ark 
et al. 2009 , Jaakkola et al. 2016 , Dopffel et al. 2024 ) during water 
e v a por ation. During halite leac hing, micr oor ganisms tr a pped in 

fluid inclusions and able to survive (sporulation, high concentra- 
tion of gl ycer ol in cytoplasm) ar e r eleased (Lo w enstein et al. 2011 ).
nder the hypersaline conditions pr e v ailing in working cavities
solubility limit; ∼270 g ·l −1 NaCl), microbial activities are shown to
low (Oren 2011 , Bordenave et al. 2013 , Schwabb et al. 2022 ). More-
 ver, the ca vity surfaces that can support biofilms, or e v en those
ontaining sessile or ganisms, ar e extr emel y limited compar ed to
hose of a porous reservoir. The majority of microorganisms grow- 
ng in salt caverns are found in the residual brine at the bottom
f this confined en vironment. T he nutrients required for microbial
r owth can onl y come fr om thr ee sources: dissolution of miner als,
njection of water from the surface when the cavern was created,
nd injection of gases during stor a ge oper ation (with co-injection
f hydrocarbons , metals , NOx, SOx, CO 2 , etc.). Recycling of necro-
ass elements is also possible. In the context of pure hydrogen

tor a ge, it is foreseeable that low concentrations of certain ele-
ents, in particular, NOx and iron, slo w do wn the de v elopment of

he micr obial comm unity (Sc hwab et al. 2022 , Dopffel et al. 2023 b).
e assume that microbial cells can also be found on the damp

urface of cavity walls in contact with stored gas (Dopffel et al.
024 ) et, or in the gas itself in micr oaer osols, suc h as those found
n clouds. In the latter two cases, a high hydrogen concentration
s likely to have a toxic effect on bacterial and archaeal cells, as
as been demonstrated before (Bonchosmolo vska ya and Mirosh- 
ic henk o 1994 , Kantzow and Weuster-Botz 2016 ). In the case of
ydr ogenotr ophic micr oor ganisms pr esent in brine, the low solu-
ility of hydrogen, due to the salting-out phenomenon, limits its
ccessibility and ther efor e its consumption theor eticall y (Ha ge-
ann et al. 2015 , Sainz-Garcia et al. 2017 ). In these deep anoxic

nd highl y r educed envir onments, the expected hydr ogenotr ophic
unctional groups are (1) sulfate reducers, (2) methanogens, and 

3) acetogens, with r eactions suc h as the following (Veshareh et al.
022 ): 

0 . 028 C 2 H 3 O 2 
− + 0 . 024 HC O 3 

− + 0 . 016 N H 4 
+ + H 2( aq ) 

+0 . 236 S O 4 
2 − + 0 . 272 H 

+ → 0 . 08 C H 1 . 8 O 0 . 5 N 0 . 2 

+0 . 236 H S − + 1 . 03 H 2 O , (1) 

0 . 264 HC O 3 
− + H 2( aq ) + 0 . 006 N H 4 

+ + 0 . 258 H 

+ 

→ 0 . 03 C H 1 . 8 O 0 . 5 N 0 . 2 + 0 . 234 C H 4( aq ) + 0 . 778 H 2 O , and (2) 

0 . 499 HC O 3 
− + H 2( aq ) + 0 . 004 N H 4 

+ + 0 . 255 H 

+ 

→ 0 . 02 C H 1 . 8 O 0 . 5 N 0 . 2 + 0 . 239 C 2 H 3 O 2 
− + 1 . 01 H 2 O . (3) 

In 2023, Dopffel and colleagues carried out enrichments us- 
ng sampled brine (salinity of 27%; pH 7.4). In the presence of a
ydr ogen-onl y gas phase, while the potential for hydr ogenotr o-
hy was present, it was limited by the low nutrient concentration
resent in the brine. Microbial activity led to an increase in pH (up
o pH 9; i.e. consumption of carbon dioxide and/or bicarbonate,
nd pr oton). Subsequentl y, high pH v alues can dr asticall y r educe
icrobial acti vity. In ad dition to all the essential n utrients that are

ifficult to access in this closed ecosystem, these micr oor ganisms
 equir e the pr esence of carbon dioxide in addition to hydrogen
or the production of their biomass and sometimes as a termi-
al electron acceptor. In the case of pure hydrogen storage, it is
nlikely that there will be sufficient carbon dioxide dissolved in
he brine to enable sufficient microbial activity to significantly in-
erfer e with stor a ge activity. Because of equilibrium between the
aseous and liquid phases, successive injections and withdrawals 
f low-carbon dioxide gas are expected to greatly reduce the
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uantities of CO 2 available for microbial life; phenomenon am-
lified by carbonate precipitation induced by pH incr ease. Ne v er-
heless, in the case of salt cav erns formerl y used for natural gas
tor a ge, it is likely that hydrocarbon storage over several decades
esulted in the introduction of hydrocarbons (Schwab et al. 2022 )
hat can serve as carbon sources for heter otr ophic or ganisms and
ead to low carbon dioxide emissions during oxidation. T hus , we
an conclude that salt caverns used for industrial stor a ge of pur e
ydrogen will contain hypersaline artificial SLiMEs with low mi-
r obial div ersity and activity that is sufficientl y constr ained by the
onditions of the envir onment, pr obabl y incr eased pH, eliminat-
ng major risks for the perennial storage of hydrogen. From a fun-
amental point of view, these ecosystems are unique examples,
nd their study will enable microbiologists and exobiologists to
efine their knowledge and concepts of the limitations of life in
he subsurface. 

epleted hydrocarbon reservoirs: artificial 
LiMEs sa tur a ted with organic compounds 

he microbiological study of hydrocarbon reservoirs began with
he first discoveries of Edson S. Bastin in 1926, when he iden-
ified the first sulfate reducers in these environments (Bastin
926 , Bastin et al. 1926 ). In the 1950s, evidence of methanogen-
sis in these reservoirs represented the first work to demonstrate
he ubiquity of these metabolic pathways in these ecosystems
Kuznetsov 1950 , Ekzertsev and Kuznetsov 1954 ). The biogenic
ature of methane in many reserv oirs w as soon demonstrated

n Canada, German y, Ital y, Ja pan, Russia, and the USA (Rice and
laypool 1981 ). Although methanogenesis is not exclusiv el y hy-
r ogenotr ophic, hydr ogen seems to play an important role. The
ase of the Olla Oil Field (Louisiana, USA) is very interesting. Be-
ween 1983 and 1986, 2.2 ·10 8 m 

3 of carbon dioxide was injected
s part of an enhanced oil r ecov ery (CO 2 -EOR) pr ocedur e, and a p-
r oximatel y one-third of this volume r emained under gr ound at
he end of operations (Tyne et al. 2021 ). Thirty-five years later,
t was found that 13%–19% of the residual carbon dioxide had
een consumed by methanogens and had been transformed into
ethane . T he origins of the hydrogen formed were not rigorously

emonstrated, but its consumption and hence presence are not
n doubt. Some hydrocarbons can be degraded via syntrophy be-
ween fermentative bacteria and methanogenic archaea (Schink
997 , Mec kenstoc k 1999 , Vogt et al. 2011 ). The very nature of hy-
r ocarbon r eservoirs, whic h ar e ca pable of holding oil and gas for
illions of years, made them an early choice as UGSs for natural

as. In 2022, stor a ge in depleted r eservoirs accounted for ∼81% of
he world’s natural gas in stor a ge (Cedigaz 2023 ). The theoretical
ossibility of sequestering up to 900 Gigatons of CO 2 (Bourg et al.
015 ) has led to an abundance of liter atur e on the subject, with
umer ous r e vie ws on the sequestr ation of this molecule (Ajayi
t al. 2019 , Davoodi et al. 2023 ). More recently, the growing inter-
st in the production and mass stor a ge of hydrogen has led to an
ssessment of the effect of mass injection of this molecule into
epleted gas reservoirs. Unlike salt ca verns , which are home to
implified, less active microbial communities, porous reservoirs
depleted reservoirs and aquifers) are home to numerous microor-
anisms capable of consuming hydrogen (Fig. 1 ). Based on this ob-
erv ation, two questions hav e r a pidl y emer ged: (i) Is it possible
o maintain perennial hydrogen storage and thus create a vast
HS? (ii) Can we imagine coinjecting hydrogen with carbon diox-

de to upgrade the latter into methane and create underground
iomethanation reactors (UMRs)? 
The Sc hneer en hydr ocarbon-depleted r eservoir has been de-
cribed as hosting a microbial community dominated by hy-
r ogenotr ophic methanogens (Ehinger et al. 2009 ). In 2023,
ohrmann and Krüger e v aluated the microbial consumption of
ydr ogen in high-pr essur e r eactors (100 bar) when using such
 site as a UHS (Dohrmann and Kruüger 2023 ). Hydrogen con-
umption was shown to be r a pid (i.e. ar ound twenty days). Ini-
iall y, the comm unity w as dominated b y fermenters belonging to
he families of Spirochaetaceae and Clostridiaceae . In formation wa-
er rich in dissolved organic material (i.e. hydrocarbons) and pos-
ible necromass (depressurization during sample ascent [2700–
500 m depth], sample stor a ge, comm unity ada ptation, etc.), it
s logical to observe this dominance at the start of the experi-

ent. The share of these fermentative organisms subsequently
ropped during the first hydrogen injection, to the benefit of sul-
ate reducers belonging to the genera of Desulfotignum and Desul-
ovibrio . The microbial community composition shifted to higher
 elativ e abundance of sulfate reducers and acetogens such as
 epr esentativ es of the genus Acetobacterium , and hydrogen con-
umption was str ongl y dependent on the presence of sulfate.
o hydr ogenotr ophic methanogenesis was demonstr ated during

his study. Conv ersel y, in the study of the Under gr ound Sun Stor-
 ge pr oject, r eactor tests clearl y sho w ed a significant increase in
he r elativ e abundance of methanogenic arc haea in hydr ogen-
upplemented enrichments (Bauer 2017 ). Similarly, an increase
n pH was also noted; an increase that can most lik ely link ed to
ithoautotr ophic gr owth ( i.e. consumption of carbon dioxide and
 

+ ). Recent w ork b y Khajooie and colleagues (2024) et al. ( 2024 )
as questioned calculations of methanogenesis yields only based
n labor atory enric hments of bulk solution, as the surface area
ffer ed by r oc k por osity for biofilm de v elopment, particularl y for
ydr ogenotr ophic methanogens, would have a stimulating effect
n their activity. 

T ha ysen and colleagues carried out a major survey of 75 de-
leted hydr ocarbon r eservoirs (T ha ysen et al. 2023 ). Using criteria
ased mainly on reservoir temperature and salinity, they deter-
ined four risk categories based on chemical and biochemical

 eactions: no risk (abov e 122 ◦C), low risk (abov e 90 ◦C), medium
isk (above 55 ◦C and salinity above 1.7 M NaCl), and high risk (be-
ow 55 ◦C). These risks are also associated with sulfate concentra-
ions and hydr ogenotr ophic sulfate r educers, whic h consume hy-
rogen and produce sulfides that can lead to porosity clogging by

r on sulfide pr ecipitation, corr osion, lo w er stored gas quality and
dditional gas treatment costs . T he authors then plotted differ-
nt hydr ogenotr ophic comm unity compositions as a function of
iffer ent envir onmental factors (Fig. 2 ). As expected, in the ab-
ence of sulfate, the two main functional gr oups ar e methanogens
nd acetogens, and the dominance of one over the other is es-
entially linked to temperature. Temperatures above 30 ◦C would
e more favourable to methanogens than to acetogens based on
ultiv ated str ains information (T ha ysen et al. 2021 ). In the pres-
nce of sulfate, sulfate reducers would be favoured by a pH > 7
nd by environments with high sulfate concentr ations, wher eas
o w-pH environments w ould tend to place them at a disadvan-
a ge compar ed to the other two functional gr oups . T he results of
his w ork sho w ed that nine of the UGSs studied could be consid-
r ed to hav e no micr obiological risk (i.e. sterile because > 122 ◦C),
5 had low risk, 22 had medium risk and nine had high risk (T ha y-
en et al. 2023 ). Beyond the risks of such UHS reservoirs, this also
eans that in the context of such storage, ∼90% of these sites

tudied r epr esented ne w artificial SLiMEs. Risk was str ongl y corr e-
ated with the production of sulfide by sulfate reducers and essen-
ially with the impact of this sulfide on infr astructur e and stor a ge
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Figure 2. Sc hematic r epr esentation of the structuring of 
hydr ogenotr ophic comm unities based on the thr ee functional gr oups 
assumed to predominate in deep environments: sulfate-reducing 
prokaryotes (SRPs), methanogenic archaea (Met), and acetogenic 
bacteria (Acet) (adapted from T ha ysen et al. 2023 ). 
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activity ( i.e. corr osion, pyrite pr ecipitation, and souring). Ho w e v er,
in the context of UHS, it is essential to maintain a certain quality 
in the stored gas . T hus , methanogenesis also r epr esents a prob- 
lem to be accounted for, as it modifies the quality of the stored 

gas, tr ansforming hydr ogen and acetate (fr om acetogenesis) into 
methane and thereby lowering gas pr essur e during stor a ge (Sho- 
jaee et al. 2024 ). T hus , 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 stor a ge in depleted hydr ocarbon r eservoirs, coinjection or the 
presence of carbon dioxide is proposed to pr oduce under gr ound 

methane reactors or UMR (Pérez et al. 2016 , Dupraz et al. 2018 ,
Str obel et al. 2020 , Veshar eh et al. 2022 ) and produce important 
artificial SLiMEs. 

Mor e r ecentl y, 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- 
larl y high r epr esentation 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) H 2 and 0.19% (v/v) CO 2 . The same taxonomic diversity anal- 
ysis indicated a low r epr esentation of acetoclastic methanogens 
(genera of Methanosaeta and Methanosarcina ). Sulfate reducers were 
poorl y r epr esented ( < 2%) and tended to decr ease in the field trial.
Putative acetate oxidizers , fermenters , and acetogens were identi- 
fied. Experiments in mesocosms sho w ed higher methanogenesis 
production (0.26 mmol ·l −1 ·h 

−1 ) than on site. Hellerschmied and 

her collaborators explained these differences by the heterogene- 
ity of the r eservoir (por osity , permeability , water saturation, etc .),
as well as differences in the H 2 /CO 2 ratio on site and in meso- 
cosms with 52/1 and 4/1 (optimal r atio), r espectiv el y. Understand- 
ing the limitations of methanogenesis in this reservoir (40 000 m 

3 ) 
and overcoming them would theor eticall y enable the production 

of 114 648 m 

3 of methane per year through four storage cycles. 
Sur prisingl y, a study conducted in two Italian hydrocarbon
eserv oirs sho w ed no significant hydr ogenotr ophic activity (Vasile
t al. 2024 ). Ho w e v er, these two r eservoirs pr esented a high risk
ccording to the T ha ysen classification criteria cited abo ve . T hey
ad temper atur es between 45 and 48 ◦C, a salinity of ∼50 g ·l −1 

aCl, and a pH slightly lo w er than 6. The sulfate concentration
as 126 mg ·l −1 in the former and < 50 mg ·l −1 in the latter. No ev-

dence was r e v ealed of major hydr ogen consumption after four
onths of incubation with a mixture of either 10% H 2 and 90%

H 4 or 99% H 2 and 1% CO 2 . The authors also found no evidence
f significant sulfate-reduction activity ( i.e. no sulfide detection) or
ethanogenesis (i.e . no methane production). The low consump- 

ion of hydrogen by microbes was attributed to the acidic pH and a
ack of carbon dioxide under the conditions of the first incubation
H 2 10%; CH 4 90%). Apart from this example, it seems likely that
he large-scale storage of hydrogen in n umerous de pleted reser-
oirs with temper atur es compatible with microbial life will lead
o the creation of artificial SLiMEs in which a large proportion of
ydr ogen is conv erted into methane. Depleted hydr ocarbon r eser-
oirs r epr esent a total volume of 89 billion m 

3 in Eur ope and 339
illion m 

3 worldwide (P a ppenr eiter et al. 2019 , Hellersc hmied et
l. 2024 ). These reservoirs would then become UMRs of sufficiently
arge volumes to decrease or dispense with the extraction of fossil
atural gas (Bellini et al. 2022 , Molíková et al. 2022 , Vít ̌ezová et al.
023 ) if the reaction kinetics are compatible with human activity.
hey would also pave the way for a competitive carbon dioxide
a ptur e and injection industry to fuel the process. 

eep aquifers: oligotrophic artificial-SLiMEs 

n the first 2 km under gr ound, aquifers r epr esent a cum ulativ e
 ater v olume of ∼22.6 million km 

3 (Gleeson et al. 2016 ). Under
ertain conditions (por osity, ca p r oc k pr operties, geometry, etc.),
eep aquifer anticlines can be converted into UGSs, with gas tak-

ng the place of formation water within the pores and permeable
paces of the r oc k (Fig. 1 ). Deep aquifers are oligotrophic porous
ystems. Little organic matter is available for the growth of the
icr obial comm unities that r eside ther e, whic h hav e low abun-

ances but high diversity. When organic matter is a vailable , it is
ften limited in quantity, as it is tr a pped in r oc ks during r oc k for-
ation and often consists of r ecalcitr ant compounds. Se v er al ex-

mples of SLiMEs have been described in deep aquifers (Ste v ens
nd McKinley 1995 , Basso et al. 2009 , Silver et al. 2010 ). 

Between 1950 and 1990, large volumes of town gas were stored
n European deep aquifers (Fr ance, German y, and Czec hia). At that
ime, the microbiology of deep environments was an emerging 
iscipline. In the case of the Lobodice stor a ge site (Czechia), two
tudies carried out in the early 1990s during the migration from
own gas to natural gas storage sho w ed strong methanogenic
ctivity, during which approximately one-third of the hydrogen 

as converted into methane in just seven months (Šmigáň et al.
990 ). In these studies, only methanogenic ar chaea w ere consid-
r ed. In 2017, m ultiple samplings wer e carried out on Fr enc h deep
quifers used to store natural gas (Ranchou-Peyruse et al. 2019 ).
he aim of this study was to compare the phylogenetic diver-
ity of sulfate reducers and methanogens present at 34 sites in
e v en differ ent UGSs. In simplified terms, 15 sites were located in
he Aquitaine sedimentary basin (southwestern France) with low 

alinity (conductivities between 296 and 560 μS ·cm 

−1 ) and sulfate
oncentrations (between 5 and 20.7 mg ·l −1 , only one site had a
oncentration of 106 mg ·l −1 ). The other 19 sites were in the Paris
edimentary basin (around Paris), with relatively high salinity 
266–5740 μS ·cm 

−1 ) and sulfate concentrations (34–1679 mg ·l −1 ),
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ith two sites showing lower concentrations of ∼0.3 mg ·l −1 . Phy-
ogenetic studies focused on sulfate reducers and methanogens.
he a ppr oac hes wer e based on the tar geting of markers for these
wo functional groups: the desulphite reductase gene, dsrB , which
s c har acteristic of sulfate r educers , and the mcrA gene , which
ncodes the F420 cofactor of methanogens. At most sites, sul-
ate reducers dominate methanogenic archaea, often to a very
ar ge extent, e v en in w aters with lo w sulfate le v els, as in the
quitaine basin. Ho w e v er, a r ecent study sho w ed that e v en with
 low abundance of methanogens, these sites had significant po-
ential for methanogenesis (Ranchou-Peyruse et al. 2024 ). Surpris-
ngl y, ther e was only one site lar gel y dominated by methanogens,
hich turned out to be the one that had hosted a town gas storage

acility > 50 years earlier (i.e . Beynes). Moreo ver, the sulfate con-
entration in the formation water at this site is abnormally low
0.4 mg ·l −1 ). These results are surprising. Deep porous systems are
omplex and these results seem to indicate that a signifiant pro-
ortion of hydrogen remained trapped in storage for > 50 years
fter hydrogen storage was stopped and the reservoir was con-
erted into natural gas storage, allowing the artificial SLiME to be
aintained. Recentl y, micr ofluidic a ppr oac hes sim ulating natur al

 oc k por osity ( ≈30%–60%) and permeability have revealed resid-
al hydr ogen tr a pping phenomena (Lysyy et al. 2022 ). Significant
ydr ogen tr a pping has been confirmed by core-flood experiments
n a heterogeneous sandstone core (Boon and Hajibeygi 2022 ).
t has also been hypothesized that this residual hydrogen could
cceler ate micr obial activity and contribute to sulfate depletion
uring these slow r ec har ges thr ough the mov ement of the forma-
ion water. It also seems highly likely that the fact that these deep
quifers are confined ecosystems, because of the low formation
ater v elocity (fe w m ·year −1 (Labat 1998 , Ranc hou-Peyruse et al.
019 )), contributes to the stability of physicochemical conditions
riving these microbial ecosystems (temper atur e, pH, r edox, ion
oncentrations, etc.). We speculate that the town gas stor a ge at
eynes enabled the emergence of one of the first artificial SLiMEs,

nitially dominated by sulfate reducers (a sulfide peak of 40 ppm
oted in the late 1950s), and that when sulfate began to become

imiting, methanogens began to dominate the micr obial comm u-
ity. When these observations were reported, the pressure drop
uring stor a ge was attributed to hydr ogen leaka ge fr om the cov er

a yer, but toda y, it could well be r einter pr eted as the conv ersion of
 signifiant volume of carbon dioxide and hydrogen into methane.
o w e v er, although micr obial activity seems e vident, no mention
f microbial activity was made during the operation of the town
as stor a ge r eserv oir, jeopar dizing gas activity. 

In 2022, Haddad and colleagues published a r esearc h pa per on
 high-pr essur e r eactor sim ulation of natur al gas stor a ge in whic h
0% H 2 was injected (Haddad et al. 2022 ). Thirty-two years after
he end of town gas stor a ge at Lobodice, this experimental study
as the first examining hydrogen storage in deep aquifers by sim-
lating in situ conditions as close as possible . T he site studied was

ocated in the Paris Basin at a depth of 989 m. The rock, forma-
ion water, and indigenous micr oor ganisms sampled using a bot-
om sampler (Ranchou-Peyruse et al. 2023 ) were incubated under
onditions simulating those in situ (47 ◦C, 95 bar, anoxia). As soon
s hydrogen was injected into the system, the microbial commu-
ity e volv ed, favouring hydr ogenotr ophic micr oor ganisms. In the
rst phase, sulfate was consumed, and formate production was
bserved. No sulfide was detected in the gas phase . T his was ex-
lained by the precipitation of framboidal pyrite in the rock, by the
resence of pyrite precipitates in the reactor and by the alkaliniza-
ion of the medium, which prevented sulfide from being present
n its H 2 S form (Haddad et al. 2022 , Mura et al. 2024 ). Ho w e v er,
he disa ppear ance of sulfate and the pr esence of bacteria phy-
ogenetically affiliated with the families of Ammonificaceae , Desul-
otomaculaceae , Desulfovibrionaceae , Desulfurisporaceae , and Thermod-
sulfovibrionaceae left no doubt of the sulfate reduction activ-
ty that led to the disa ppear ance of sulfate after 65 days of
ncubation. 

The presence of formate is very interesting. All microbiologi-
al r e vie ws of UHSs cite acetogens as functional gr oups that ar e
av oured b y a massiv e influx of hydr ogen. Ho w e v er, experimen-
al studies simulating UHS in deep aquifers have not r e v ealed a
igh acetate production associated with the presence of hydro-
en and carbon dioxide. On the other hand, formate has been sys-
ematicall y observ ed. In 2017, Berta mentioned the a ppear ance of
ormate in experiments carried out at low pr essur e (5 bar) with
 gas phase composed of H 2 /CO 2 (99/1) (Berta 2017 ). While an
ncrease in total pressure does not a priori appear to influence
ormate production during acetogenesis (Oswald et al. 2018 ), in-
r eases in hydr ogen (pH 2 ) or CO 2 partial pr essur es (pCO 2 ) seem to
avour formate production at the expense of acetate, e v en at low
artial pr essur es (i.e. a fe w bar). As far as pH 2 is concerned, the
igher hydrogen concentration has been assumed to be responsi-
le for the inhibition of enzymes involved in the Wood–Ljungdahl
athway (Braun and Gottschalk 1981 , Morinaga and Kawada 1990 ,
eters et al. 1999 , Kantzow and Weuster-Botz 2016 , Stoll et al.
018 ). Whereas in the case of higher pCO 2 , the rise in CO 2 con-
entration would lead to a decrease in cytoplasmic pH (Oswald
t al. 2018 , Tarr ar an et al. 2023 ). This acidification would reduce
embrane potential and thus ATPase activity. This drop in en-

rgy yield would lead to the impossibility of finalizing the Wood–
jungdahl pathway and the accumulation of formate. In experi-
ental simulations of hydrogen injection in three different UGSs

n deep aquifers, the formate production was systematic (Had-
ad et al. 2022 , Mura et al. 2024 ). Once sulfate has been depleted,
ethanogenic archaea (the family of Methanothermobacteriaceae )

utcompete sulfate r educers, whic h then ar e able to surviv e due
o the dissolution of sulfate minerals (barite) or fermentation. In
he context of a massive hydrogen influx, sulfate reduction and

ethanogenesis both contribute to the alkalinization of the for-
ation water through the consumption of H 

+ and CO 2 (Eq. (1)
nd (2); Berta et al. 2018 , Mura et al. 2024 ). We can ther efor e de-
ign a composite picture of the taxonomic diversity in artificial
LiMEs that might e volv e in future UHS in aquifers . T his is a com-
 unity in whic h a significant pr oportion of the micr oor ganisms

r e fermentativ e or ganisms involv ed in r ecycling necr omass. In
he presence of sulfate, sulfate reducers dominate the community,
ohabiting with acetogens and a minority of methanogens. Under
ulfate-limiting conditions, methanogens dominate the commu-
ity without limiting homoacetogenic activity as long as carbon
ioxide is not limiting (Haddad et al. 2022 ). These sulfate limita-
ions are expected to favour sporulating sulfate reducers of the
amily of Peptococcaceae , particularly those belonging to the genera
f Desulforudis and Desulfotomaculum or the LA-dsrAB taxonomic
roup (Aüllo et al. 2013 , Müller et al. 2015 , Berlendis et al. 2016 ,
arnachuk et al. 2019 ). Due to the presence of large quantities of
ydrogen, it is possible that the taxonomic diversity of microbial
ommunities will be durably impacted in the artificial SLiME. In-
eed, micr obial lithoautotr ophic activities lead to alkalinization of
he artificial SLiME, with pH values > 9 or e v en 10 (Mura et al. 2024 ,
anchou-Peyruse et al. 2024 ), resulting in even more harsh envi-
onmental conditions for the microbial community. Unlike natu-
al SLiMEs, in which hydrogen of geochemical or biological origin
s most often the limiting resource, in the case of artificial SLiMEs,
arbon 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 r epr ecipitation of the r emaining CO 2 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 ar e likel y limited by hydr ogen av ailability fr om geo- 
c hemical pr ocesses . T he cr eation of UHS enables micr obial com- 
munities in deep environments to access virtually infinite quanti- 
ties of hydrogen (i.e . millions of Nm 

3 ). 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- 
str aint on micr obial acti vity in dee p envir onments will be r e- 
moved. Ho w ever, it is likely that near the UHS, hydrogen concen- 
tr ations will r eac h an inhibitory thr eshold for micr oor ganisms,
e v en for hydr ogenotr ophs. Similarl y, 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 e v en str onger 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 entir el y 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, hydr ocarbon-depleted r eservoirs). In the case of a deep 

oligotrophic aquifer with slow water r ene wal, it seems reason- 
able to imagine that perennial hydrogen storage could be achieved 

due to pr ogr essiv e depletion of essential nutrients. In depleted 

r eservoirs, massiv e hydr ogen injection seems to lead to incr eased 

methanogenic activity most of the time and opens up the possi- 
bility of de v eloping UMRs to reduce our society’s dependence on 

fossil fuels. 
A further argument in favour of the possibility of mas- 

siv e hydr ogen stor a ge under gr ound is that we hav e discov- 
er ed se v er al under gr ound sites with almost pur e natur al hydr o- 
gen. While the processes by which hydrogen is generated are 
most certainly carried out under physicochemical conditions in- 
compatible with microbial life (i.e . temper atur e, pH, etc .), this 
highly mobile molecule can subsequently migrate to surface 
la yers , and incr easing e vidence indicates the existence of pos- 
sible reservoirs closer to the surface, in which the conditions 
could be compatible with microbial life . T hese natural microbial 
ecosystems and artificial SLiMEs could ther efor e be considered 

analogues. 
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migáň P , Greksak M, K ozánko vá J et al. Methanogenic bacteria as a
k e y factor involved in changes of town gas stored in an under-
gr ound r eservoir. FEMS Microbiol Ecolog y 1990; 6 :221–4.

tephenson M , Stickland LCH. Hydrogenase: the bacterial formation
of methane by the reduction of one-carbon compounds by molec-
ular hydr ogen. Bioc hem J 1933; 27 :1517–27. https:// doi.org/ 10.1042/
bj0271517 .

te v ens TO , McKinley JP. Lithoautotrophic microbial ecosystems in
deep basalt aquifers. Science 1995; 270 :450–5.

toll IK , Herbig S, Zwick M et al. Fermentation of H 2 and CO 2 with
Clostridium ljungdahlii at ele v ated pr ocess pr essur e––first exper-
imental results. Chem Eng Trans 2018; 64 :151–6.

tolten D , Emonts B. Hydrogen Science and Engineering, 2 Volume Set:
materials , Processes , Systems , and Tec hnolog y , Vol. 1 . John Wiley &
Sons, 2016.

tr obel G , Ha gemann B, Huppertz TM et al. Under gr ound bio-
methanation: concept and potential. Renew Sustain Energy Rev
2020; 123 :109747.

ukhanova NI , Lysak LV, Kiryushin AV. Influence of hydrogen fluid
on plants in natural conditions and a model experiment. Moscow
Univ. Soil Sci Bull 2019; 74 :208–13.

akai K , Gamo T, Tsunogai U et al. Geochemical and microbiolog-
ical evidence for a h ydrogen-based, h yperthermophilic subsur-
face lithoautotr ophic micr obial ecosystem (HyperSLiME) beneath
an active deep-sea hydrothermal field. Extremophiles 2004; 8 :269–
82.

akai K , Mormile MR, McKinley JP et al. Shifts in archaeal commu-
nities associated with lithological and geochemical variations in
subsurface cretaceous rock. Environ Microbiol 2003; 5 :309–20.

akai KEN , Nakam ur a K, Suzuki K et al. Ultramafics-
h ydrothermalism-h ydrogenesis-HyperSLiME (UltraH3) linkage:
a k e y insight into earl y micr obial ecosystem in the arc hean
deep-sea hydrothermal systems. Paleontol Res 2006; 10 :269–82.

ark owski R . Under gr ound hydr ogen stor a ge: c har acteristics and
prospects. Renew Sustain Energy Rev 2019; 105 :86–94.

https://ourworldindata.org/renewable-energy
https://doi.org/10.1042/bj0271517


Ranchou-Peyruse | 13 

Tarr ar an L , Agostino V, Vasile NS et al. High-pr essur e fermentation of 

 

 

Ver Eecke HC , Butterfield DA, Huber JA et al. Hydr ogen-limited gr owth 

V  

V  

 

 

V

V  

W  

 

W  

 

W  

 

W  

 

Z  

Z  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/100/11/fiae142/78403
CO 2 and H 2 by a modified Acetobacterium woodii . J CO 2 Utilization 
2023; 76 :102583.

Taylor J , Alderson JEA, Kal yanam KM et al. Tec hnical and economic 
assessment of methods for the stor a ge of lar ge quantities of hy- 
drogen. Int J Hydrogen Energy 1986; 11 :5–22.

T ha ysen EM , Armitage T, Slabon L et al. Microbial risk assess- 
ment for under gr ound hydr ogen stor a ge in por ous r oc ks. Fuel 
2023; 352 :128852.

T ha ysen EM , McMahon S, Strobel GJ et al. Estimating microbial 
growth and hydrogen consumption in hydrogen storage in porous 
media. Renew Sustain Energy Rev 2021; 151 :111481.

Truc he L , Ber ger G, Destrigne ville C et al. Kinetics of pyrite to 
pyrrhotite reduction by hydrogen in calcite buffered solutions 
between 90 and 180 C: implications for nuclear waste disposal.
Geoc him Cosmoc him Acta 2010; 74 :2894–914.

Truche L , Bourdelle F, Salvi S et al. Hydrogen generation during hy- 
dr othermal alter ation of per alkaline gr anite. Geoc him Cosmoc him 

Acta 2021; 308 :42–59.
Truche L , Donzé FV, Goskolli E et al. A deep reservoir for hydro- 

gen drives intense degassing in the Bulqizë ophiolite. Science 
2024; 383 :618–21.

Tsai CH , Chen KT. Production of hydrogen and nano carbon pow- 
ders fr om dir ect plasmal ysis of methane. Int J Hydrog Energ y 
2009; 34 :833–8.

Tyne RL , Barry PH, Lawson M et al. Rapid microbial methano- 
genesis during CO 2 stor a ge in hydr ocarbon r eservoirs. Nature 
2021; 600 :670–4.

Fuel Cells and Hydrogen Joint Undertaking . Hydrogen roadmap Eu- 
rope: a sustainable pathway for the European energy transition.
2019. https:// www.fch.europa.eu/ sites/ default/ files/Hydrogen% 

20Roadmap% 20Europe _ Report.pdf.
Vasile NS , Bellini R, Bassani I et al. Innov ativ e high pr essur e/high tem- 

per atur e, m ulti-sensing bior eactors system for micr obial risk as- 
sessment in under gr ound hydr ogen stor a ge . Int J Hydrog Ener gy 
2024; 51 :41–50.
Recei v ed 25 Mar c h 2024; revised 9 July 2024; accepted 23 October 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This is an O
Attribution-NonCommercial-NoDerivs licence ( https://creativecommons.org/licenses/by- 
work, in any medium, provided the original work is not altered or transformed in any way

journals.permissions@oup.com 
of hyperthermophilic methanogens at deep-sea hydrothermal 
vents. Proc Natl Acad Sci USA 2012; 109 :13674–9.

eshareh MJ , T ha ysen EM, Nick HM. F easibility of hydrogen
stor a ge in depleted hydrocarbon chalk reservoirs: assessment 
of biochemical and chemical effects. App Energy 2022; 323 : 
119575.

ít ̌ezová M , Onderka V, Urbanová I et al. In situ field experi-
ment shows the potential of methanogenic archaea for 
biomethane pr oduction fr om under gr ound gas stor a ge in
natur al r oc k envir onment. Environ Tec hnol Innov 2023; 32 :
103253.

ogt C , Kleinsteuber S, Richnow HH. Anaerobic benzene degradation 

by bacteria. Microb Biotechnol 2011; 4 :710–24.
reeland RH , Piselli AF, McDonnough S et al. Distribution and di-

versity of halophilic bacteria in a subsurface salt formation. Ex- 
tremophiles 1998; 2 :321–31.

ang G , Pickup G, Sorbie K et al. Bioreaction coupled flow simula-
tions: impacts of methanogenesis on seasonal under gr ound hy-
dr ogen stor a ge . Int J Hydrog Ener gy 2024; 55 :921–31.

ang X , Ouyang Z, Zhuo S et al. Serpentinization, abiogenic or-
ganic compounds, and deep life. Sci China Earth Sci 2014; 57 :
878–87.

ankel SD , Germanovich LN, Lilley MD et al. Influence of subsurface
biospher e on geoc hemical fluxes fr om diffuse hydr othermal flu-
ids. Nature Geosci 2011; 4 :461–8.

atson IA , Oswald SE, Mayer KU et al. Modeling kinetic pro-
cesses contr olling hydr ogen and acetate concentr ations in
an aquifer-derived microcosm. Environ Sci Technol 2003; 37 : 
3910–9.

eng L , K eshav arz A, Xie Q et al. Hydr ogen stor a ge in Majia gou car-
bonate reservoir in China: geochemical modelling on carbonate 
dissolution and hydrogen loss. Int J Hydrog Energy 2022; 47 :24861–
70.

gonnik V . The occurrence and geoscience of natural hydrogen: a
compr ehensiv e r e vie w. Earth Sci Rev 2020; 203 :103140.
pen Access article distributed under the terms of the Cr eati v e Commons 
nc- nd/4.0/ ), which permits non-commercial r e pr oduction and distribution of the 
, and that the work is properly cited. For commercial re-use, please contact 

88 by guest on 25 N
ovem

ber 2024

https://www.fch.europa.eu/sites/ default/files/Hydrogen%20Roadmap% 20Europe_Report.pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:journals.permissions@oup.com

	Introduction
	Hydrogen, a universal energy resource for prokaryotes
	Subsurface lithoautotrophic microbial ecosystems (SLiMEs)
	Hydrogen storage in salt caverns: hypersaline artificial SLiMEs
	Depleted hydrocarbon reservoirs: artificial SLiMEs saturated with organic compounds
	Deep aquifers: oligotrophic artificial-SLiMEs
	Conclusion
	Acknowledgements
	Author contributions
	Funding
	References

