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The possibility that natural H2, or ‘white H2’, can be of economic interest relies on (1) the
occurrence of large H2 gas accumulations similar in size to oil and gas fields and/or on (2)
natural H2 production processes that are sufficiently efficient, locally, to lead to recharge
rates that are commensurable with economical extraction rates. This latter possibility is
investigated in the reference case of a deep aquifer located in an intracratonic sedimentary
basin. Various production reactions are considered which involve RedOx reactions among
Fe-bearing rock-forming minerals. The production kinetics of radiolytic H2 as a function of
depth is also modeled. H2 consumption by microbial activity is implemented. It appears
that olivine serpentinisation is the only process capable of generating H2 concentrations
high enough to reach H2 gas saturation in the aquifer and thus generate H2-rich gas
accumulation. The combination of a deep H2 source (> 7,000 m, i.e., T> 240 °C) and a
shallow accumulation (< few hundred meters) turns out to be the only possible configuration
for such an accumulation. Estimated H2 accumulation rates do not however exceed a few
tons of H2 per year, which is far from being an economical value estimated to a few kton
per year at least. In conclusion, in the case of a deep aquifer in an intracratonic setting and
considering water-rock interactions as the main source process, natural H2 can hardly be
considered renewable on an industrial timescale.

1 Introduction

The development of human societies is appending to the
resolution of a major antagonism. On the one hand, the
growing demand for energy, largely based on fossil fuels,
is producing more and more CO2, and on the other, the
accumulation of CO2 in the atmosphere is the main cause
of climate change, the effect of which is an upsurge in
climate-related disasters. In this context, H2 has been seen
for long as a ‘clean’ alternative to fossil fuels. Indeed,
(1) H2 combustion only produces water, (2) H2 can be
produced by electrolysis from renewable electricity (solar,
wind, biomass) and (3) H2 (as well as O2) can be converted
into electricity using a fuel cell, which is considered to be a
mature technology.

As part of the energy transition, realistic scenarios suggest
using dihydrogen (also called hydrogen hereafter) primarily
to decarbonise the industry, in particular where no alternative
exists (Oliveira et al., 2021), namely, as feedstock for the
chemical synthesis (e.g., Lee et al., 2020), for hydrogen fuel-
cell to power heavy-duty vehicles for long driving-range (e.g.,
Li et al., 2022) or to balance the annual cyclicity in energy
demand through seasonal H2 storage (e.g., Mouli-Castillo

et al., 2021). Among these scenarios, green H2 which
is generated from renewable energies (wind and solar) has
emerged as one of the best options to fulfill the sustainability
requirement unlike H2 produced from fossil fuels. Yet, if H2

would be naturally available and exploitable at a level that
would meet part of the industrial demand, its status would no
longer be an energy vector only, it would become an energy
source (Moretti, 2019). Natural hydrogen, formed in the
Earth’s lithosphere through abiotic geochemical processes, is
particularly appealing since its production and accumulation
are both natural. In other words, the CO2 footprint and
energy consumption associated with its industrial production
would be avoided, making natural H2, or ‘white H2’, a game
changer in the transition to a low-carbon economy. Some
challenges will obviously arise with the industrial use of H2

such as the development of large-scale H2 supply infras-
tructures as well as public perception and acceptance (e.g.,
Schönauer and Glanz, 2022). New technical challenges will
emerge, in terms of exploration (Moretti et al., 2021a; Lévy
et al., 2023) and, H2 separation and purification (Blay-Roger
et al., 2024). Hydrogen exploitation by itself is likely feasible
using available oil and natural gas technologies (Blay-Roger
et al., 2024).
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The notion of natural ’hydrogen system’ is regularly
described in the scientific literature by analogy with the
petroleum system, with its sources, migration routes, reser-
voirs, seals and traps (e.g., Prinzhofer et al., 2018). The
genesis of natural H2 has been reported in a variety of
settings for decades now. Hydrogen emissions in the vicinity
of active faults were first described in the early 80s (e.g.,
Wakita et al., 1980; Sato et al., 1984) and interpreted as
resulting from silicates crushing in the presence of H2O
(Kita et al., 1982). At the same time, H2 emanations
were reported in alkaline hydrothermal sources in the Oman
and Zambales ophiolites (Neal and Stanger, 1983; Abrajano
et al., 1988) which were related to serpentinisation reactions
(Moody, 1976). It has long been known that the radiolytic
dissociation of H2O by the decay of radionuclides contained
in rocks produces H2 (Dubessy et al., 1988; Savary and
Pagel, 1997) which, in turn, represents a source of energy
for the biosphere of the deep Earth’s crust (Pedersen, 1997;
Lin et al., 2005a).

Despite a vivid (Gaucher, 2020) and long standing
(Zgonnik, 2020, references therein) research on natural
H2, and the identification of several natural H2-forming
processes, there is, to date, no recognised natural H2

exploitable accumulation with sizes which would compare
to that of natural gas (hydrocarbon) fields. The H2 gas
occurrence at Bourakeboukou in Mali has become highly
emblematic as the only evidence for H2 accumulation of
industrial value, confirmed by a series of wells drilled in the
105 to 1,807 m range (Prinzhofer et al., 2018). There
is unfortunately no real evaluation of the H2 capacity
of the Bourakebougou gas accumulation. So far, H2

was recovered from a single well at a flowing rate of
1,500 standard cubic meter per day (sm3/day) with an
average extraction of 5–50 tons of H2 per year (Patonia
et al., 2024) without significant pressure decrease (Maiga
et al., 2023). Thus, regarding the local demand, H2 can
be considered as renewable with a recharge rate of a few
tons per year. In terms of order of magnitude, current H2

production at Bourakebougou remains very low compared
with the flow rate of a commercial natural gas well, which
is generally in excess of 100,000 sm3/day (e.g., Ahmed,
2018), bearing in mind that one m3 of methane under
normal conditions contains more than three times the
energy of one m3 of gaseous H2.

Relatively high H2 concentrations have been reported
in hydrothermal vents at mid-oceanic ridges, in volcanic
gases and hydrocarbon fields (e.g., Charlou et al., 2002;
Moussallam et al., 2012; Leila et al., 2022, respectively).
Besides, disseminated H2 venting spots have been described
in many ophiolite massifs with significant fluxes from ten
to hundred kg per year, locally, in bubbling springs from
the Oman ophiolite (Leong et al., 2023) and up to above
800 tons H2 per year in the Zambales ophiolite, Indonesia
(Aquino et al., 2025). Among the highest reported out-
gassing rates, a minimum of 200 tons of H2 per year has
been reported in the galleries of an underground chromite
mine in Albania (Truche et al., 2024). Diffuse H2 surface
flux in the Oman ophiolite has been estimated to a few tons

H2 per km2 and per year (Zgonnik et al., 2019) which should
be seen as an upper bound (Leong et al., 2023). Several
positive H2 concentration anomalies in soil porosity have
also been reported worldwide corresponding to highly diluted
H2, typically at the 50–1,000 ppmv level (Prinzhofer et al.,
2019; Lefeuvre et al., 2021; Frery et al., 2021; Moretti
et al., 2021b, 2022). For both ophiolitic and continental
settings, however, there is still no clear evidence of direct
connection to a deeper reservoir of economic interest.

In addition to H2 accumulations comparable in size to
profitable oil and gas fields, small accumulations with a high
inflow rate and a relatively high leakage rate to maintain its
small volume could also reveal of economic interest. This
concept prompted us to develop a conceptual model of
H2 system with source, transport and accumulation, with
the aim of estimating natural H2 accumulation rates using
thermochemical (production) and microbiological (consump-
tion) kinetic constraints. The main natural H2 production
processes namely, the oxidation of ferrous iron contained
in minerals and the radiolytic dissociation of water were
evaluated using relevant thermodynamic and kinetic data.
The contribution of microbiological systems either in soils
or from deep biosphere was also considered for its strong
H2 consumption potential (Conrad, 1996; Lin et al., 2005a;
Harris et al., 2007; Ivanova et al., 2007; Bagnoud et al.,
2016; Löffler et al., 2022; Keller et al., 2024). The inferred
maximum H2 accumulation rates were compared to H2

extraction rates that were calculated to be profitable in the
frame of an industrial project. If geological conditions can
be defined where natural H2 accumulation rates compare
with economic extraction rates, then H2 can be considered
as renewable under these specific conditions. The notion
of ‘renewable’ here refers therefore to a resource that is
naturally produced at a rate comparable to that at which
it is extracted for an economic production. Sunlight and
wind are typical examples of this type of energy. Fossil fuels,
although natural, are non-renewable resources because they
are only renewed on a geological timescale. The aim of
this study is thus to define possible conditions in the frame
of an aquifer in a sedimentary basin, for which natural H2

could fall into the category of renewable energies.

2 Magnitude of natural and anthropogenic H2

fluxes

Hydrogen has a lifetime of 2 years in the atmosphere where
its average concentration is around 530–550 ppb. The
dihydrogen atmospheric cycle involves an annual global flux
of around 75 Mt (Novelli et al., 1999; Price et al., 2007;
Ehhalt and Rohrer, 2009). The main H2 sources include
photochemical reactions of hydrocarbons (CH4 and non-
methane) in the troposhere as well as fossil fuel and biomass
burning (Figure 1). The major sinks are microbial uptake
in soils and atmospheric oxidation by OH radicals (Schmidt,
1974; Conrad and Seiler, 1981; Warneck, 1988; Novelli et al.,
1999). The magnitude of the anthropogenic contribution to
this cycle has been addressed in several studies going back
to the early 70s. Firstly, because the anthropogenic flux is
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Figure 1. Biogeochemical cycle of atmospheric H2 highlighting sources and sinks. Sources are in greenish and sinks in
greyish color. Data are from Patterson et al. (2020), unit is Mt H2 per year. Yearly H2 production for H2 economy
(Industrial Prod., assumed to be independent from atmospheric cycle) and abiotic H2 production in the Earth’s lithosphere
(Solid Earth Prod.) are displayed for comparison (Klein et al., 2020). Biog. NHMC oxid stands for biological non-methane
hydrocarbon oxidation. The Solid Earth production is not integrated to the H2 atmospheric cycle since a major part of it
could be consumed at depth and never reach the atmosphere. Earth image is from EUMETSAT/ESA.

far from negligible (Patterson et al., 2020) and it is likely
to increase in the context of a global hydrogen economy.
Second, because atmospheric H2 interacts with the atmo-
spheric cycle of two greenhouse gases, CH4 and O3, and
could indirectly have an impact on the climate (e.g., Penner
et al., 1977; Schultz et al., 2003; Derwent et al., 2006;
Ocko and Hamburg, 2022). The anthropogenic contribution
related to transportation (fossil fuel combustion) and heavy
industry processes was estimated to 15± 10 Mt H2.yr-1

(Novelli et al., 1999) which thus represents a major source
in the global H2 cycle. Human activities also contribute to
the biomass (and biofuel) burning which is another main
source of atmospheric H2 (Vollmer et al., 2012; Haumann
et al., 2013). Besides, the H2 economy has its own H2-cycle
of production and use, with a global output estimated to
90 Mt.yr-1 in 2020 (Aresta and Dibenedetto, 2024). It can
be already noted that the H2-economy cycle is similar in
magnitude to the atmospheric H2 cycle. Besides possible
emissions associated with the H2 production and processing
(van Ruijven et al., 2011), these two cycles are expected
to be relatively independent.

Natural H2 coming from the solid Earth has not been
considered in the atmospheric H2 cycle. One reason is that
the relevant budget is ill-defined but also because, when
estimated, the natural H2 budget appears to be very small
in comparison to other sources. The budget of oceanic H2

produced by serpentinisation reactions at slow spreading

centers is probably one of the best constrained. For a
single hydrothermal site like Rainbow on the Mid-Atlantic
Ridge, the H2 discharge is around 200–600 tons of H2

per year (Charlou et al., 2010). Based on H2 correlation
with 3He and heat on the Rainbow site, Charlou et al.
(2010) proposed a total H2 emission of 0.16 Mt.yr-1 for
slow-spreading ridges. Independent estimates based on the
volume of serpentinised mantle or on total hydrothermal
circulation along with vented fluid composition yielded rates
in the 0.22–2 Mt.yr-1 range (Keir, 2010; Cannat et al.,
2010; Worman et al., 2016). While serpentinisation at slow-
spreading ridges is recognised as one of the most efficient
ways of producing abiogenic H2 on Earth, its contribution to
the global H2 atmospheric cycle remains relatively marginal.

Similarly, natural H2 production on the continents is
relatively small and is estimated to 0.07–0.45 Mt H2.yr-1

at most (Lollar et al., 2014). In addition, in order to
reach the atmosphere, hydrogen produced in the solid
Earth needs to go through the efficient microbiological
filter in soils, the upper part of which is recognised as a
major sink for atmospheric H2 (e.g., Novelli et al., 1999).
Based on our limited knowledge of the magnitude of H2

produced by water-rock interactions, Klein et al. (2020)
proposed a combined production of 2 Mt.yr-1 by the solid
Earth. Other estimates by one order of magnitude higher
(Zgonnik, 2020; Ellis and Gelman, 2024) are based on
the tremendous production of H2 associated with MORB
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crystallisation (Holloway and O’Day, 2000), which has yet
to be confirmed (Klein et al., 2020).

Yet, even if the annual mass transfer of H2 from the
solid Earth to the atmosphere is clearly marginal in the
global H2 cycle and relatively diffuse, it remains that large
industrial H2 deposits may well have been formed by the
accumulation of gaseous H2 at small rates (hundreds of kg
H2.yr-1) over geological timescales (Ma). To date, such
accumulations have not yet been reported. The fact that
H2 can be produced in the laboratory under geologically
relevant P-T conditions for weeks or months from natural
rock samples (e.g., Seyfried et al., 2007; Marcaillou et al.,
2011; McCollom and Donaldson, 2016; Miller et al., 2017;
Huang et al., 2017, 2019, 2023) raises the question of its
possible renewable nature. If, for a small H2 accumulation
(e.g., H2 in karst cavities, Maiga et al., 2023), the recharge
rate is commensurable with the economic production of a
well, operating a well drilled in this small accumulation may
turn profitable and H2 could then be considered renewable
from an industrial point of view.

3 Economic constraints on natural H2 accumu-
lation volume and renewable flux

In this section, minimum H2 accumulation volume and
renewable flow-rates are estimated based on the minimum
amount of H2 that must be produced from a single well for
its operation to be profitable. Only high-purity H2 accumu-
lations, as in Bourakebougou (Mali), will be considered in
order to avoid estimating gas purification costs in the case
of diluted H2 (e.g., in N2). Drilling costs represent about
2/3 of the total drilling operations, including preparation and
completion, which themselves represent about 40 % of the
total exploration and development costs (Hossain, 2015).
Drilling costs are highly dependent on the depth of the well
(Table 1). For simplicity, they are estimated based on two
scenarios, (i) a shallow accumulation as in Bourakebougou
and (ii) a deep one, which requires drilling down to 200 and
3,000 m, respectively. To be competitive, we estimate the
maximum price of H2 at the well exit (before treatment
and transport) at a maximum of €1/kg. Indeed, €1/kg
is the target cost for decarbonised H2 (Wu et al., 2022)
or ‘blue hydrogen’, which is produced from methane but
with CO2 capture and storage. Gas pressure is estimated
to 20 bar at 200 m and 300 bar at 3000 m. In the best
case (100 % recovery and 100 % exploration success rate),
2 and 10 kt H2 must be recovered per well, respectively,
before the industrial project becomes profitable.

Considering typical reservoir characteristics (Table 1), a
minimum reservoir size can be assigned to the hydrogen
mass to be recovered for each well depth (200 and 3000 m).
A recovery factor of 0.8 and a reservoir thickness of 25 m,
typical for gas reservoirs, are considered (Table 1). The
mass/volume conversion factor for H2 is 11 m3/kg under
surface conditions. Applied to the Mali example (Scenario
1) where 25 wells have been drilled (Maiga et al., 2023),
the equivalent reservoir surface would be of ca. 9 x 106

m2, i.e., a 25 x 600 m x 600 m surface (Table 1). Due to

Table 1. Well costs and minimum hydrogen volume for
ROI with associated reservoir surface and volume based on
€1/kg H2.

Well depth (m) 200 3000

Well cost (€) 2 × 106 1 × 107

H2 mass equivalent (kg) 2 × 106 1 × 107

H2 vol. equivalent (sm3) 2.2 × 107 1.1 × 108

H2 vol. eq. at depth (m3) 1.1 × 106 3.67 × 105

Recovery factor 0.8 0.8
Porosity (%) 15 10
Reservoir thickness (m) 25 25
Host-rock volume (m3) 9.2 × 106 4.6 × 105

Reservoir surface (m2) 3.7 × 105 1.8 × 104

Equivalent-square side (m) 606 135

geological risk, a success ratio for exploration drilling must
be taken into account for a more realistic minimum estimate
of profitable H2 production. In oil and gas exploration, a
discovery is made on average every five to ten wells (Levitt,
2016), and this discovery must finance the unsuccessful
wells. We will consider here a success rate of 20 % which
is fairly optimistic given that H2 systems are far less known
than the oil and gas systems. Therefore, we consider that
five times more H2 must be recovered, corresponding to 10
and 50 kt, for the 200 m and the 3000 m drilling scenario.
Converted into gaseous H2 reservoir size, a reservoir volume
of 45 x 106 m3 (1350 m x 1350 m x 25 m) is obtained for
the shallow well example and 2.5 x 106 m3 (300 m x 300 m
x 25 m) for the deep well example.

So far, no such large H2 gas accumulation has been
reported, however, rapid gas recharge upon extraction has
been claimed at Bourakebougou (Maiga et al., 2023) as in
the case of Lorraine (France) where, however, H2 is only
present as dissolved species in an aquifer (Fontecave et al.,
2024) and not as a free gas phase. Based on a return on
investment of 5 and 3 years, the H2 extraction rate should
be on the order of 2 to 3 and 10 to 17 kt.yr-1, respectively,
to cover the drilling expenses. This extraction rate can be
seen as a rough estimate of the rate of recharge of the H2

gas accumulation for H2 to be considered renewable from
an economic point of view.

The question now is whether small accumulations with
a short H2 residence time can meet the economic require-
ments estimated above. Basically, the rate of natural pro-
cesses of H2 production, consumption and transport must
compare to the economic recharge rates described above.
This question is addressed here through the simulation of H2

fluxes in a simplified H2 system where the recharge process
is the degassing in an aquifer of H2 produced deeper in the
course of water-rock interactions. Such a setting is similar
to what is described both in Mali (Maiga et al., 2023) and
in Kansas (Guélard et al., 2017) where degassing depths
are 800 m and ca. 300–400 m, respectively.
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Figure 2. Conceptual model of H2 production, transport and accumulation designed to constrained H2 accumulation rates
in the context of a deep aquifer. (A) Section through the aquifer highlighting the source, transport and accumulation
zones where H2 will be extracted. H2 is produced by water – ultramafic rock interaction. H2 migrates as free gas and/or
dissolved species (at the same rates) in the aquifer water and can potentially accumulate at the top of the aquifer as a gas
phase. In the model, H2 degassing may occur upon migration towards the surface if H2 saturation is reached. Aqueous
H2 can be consumed by microbial activity at temperatures below 100 °C. Beyond the H2 accumulation zone, remaining
dissolved H2 is basically lost to the system. (B) Roof surface of the H2 catchment volume of the aquifer considered of
pseudo-parallelepiped geometry to simplify H2 volumetric flux calculation.

4 Simulation of H2 gas accumulation rates in a
deep aquifer setting

4.1 Aquifer model geometry

A conceptual 1-D model (Figure 2 and S3, Table 2) is
developed in order to simulate H2 production, transport
and accumulation in a deep aquifer. As mentioned earlier,
studies in Mali and Kansas where H2 gas concentration
and pressure have been measured in wells both suggest H2

stored in an aquifer. In the present model, H2 is produced
by interaction between the aquifer water and host rocks
(Production Zone, PZ). Subsequently, H2 is transported
either as dissolved gas or both as a free and a dissolved gas
phase in mutual equilibrium, towards the surface at a rate
corresponding to the aquifer flow-rate which is taken as
constant. As long as H2 is present, we consider that it can
be consumed by microorganisms only at temperatures below
100 °C (Figure S3) according to a thermally deactivated

process, i.e., at a rate which decreases with T. The H2

solubility – depth relationship within the aquifer is derived
from Lopez-Lazaro et al. (2019) considering a geothermal
gradient of 30 °C/km , hydrostatic pressure and a salinity
of NaCl ∼ 0.6 M (not considered in the thermochemical
calculations).

At the Accumulation Zone level, H2 gas, if any, accu-
mulates whereas dissolved H2 is further transported in the
flowing aquifer and will not accumulate (Figure 2A and S3).
The accumulation rate is then compared to an economical
H2 flux defined as the minimum exploitation flux that must
be recovered for the drilling and completion infrastructure
costs to be amortised within 3 or 5 years. This conceptual
model is aimed at evaluating the magnitude of the main H2

production and consumption fluxes. In order, to translate
1-D flux in mole H2.m-2.yr-1 into H2 volumes in m3.yr-1 a
simplified aquifer 3-D geometry was adopted (Figure 2B).
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4.2 Production Zone

The production zone in the aquifer is the locus of water-
rock interactions which lead to H2 production. The present
conceptual model requires gas saturation in order for H2

to accumulate. Based on their relevance according to
literature, four H2 producing reactions have been considered
along with radiolysis, which involve the following set of
phases, siderite/magnetite, hematite/magnetite and olivine
along with its serpentinisation products. Deep-seated H2

from Earth’s core/mantle degassing (Zgonnik, 2020; Zhu
et al., 2025) may contribute to the H2 budget of the aquifer;
the magnitude of this contribution cannot be assessed in the
present state of knowledge and this process has therefore
been ignored here. Similarly, in the case of serpentinisation,
the release of H2 hosted as fluid inclusion in olivine has not
been considered. Indeed, although this type of inclusions
may contain H2, they have be mainly studied for their CH4

content (Klein et al., 2019).
Natural H2 production by radiolysis has been invoked for

its potential to fuel deep surface microbial communities (Lin
et al., 2005a,b). Uranium, Th and K decay in rocks produces
ionising radiation. The generated α, β and γ particles split
water into e–

(aq), HO · , H · , HO2 · , H3O+, OH– , H2O2

and H2 (Le Caër, 2011). The model of Aitken (1985) and
Hofmann (1992) is usually used to predict H2 production
in rocks (Lin et al., 2005b; Bouquet et al., 2017). In this
model, ionising radiations generated in the rock induce water
radiolysis in the pore water. The calculation of the steady-
state concentration of radiolytic H2 with depth along a one
dimensional z profile is detailed in Supplementary Material.
It involves as sink terms, the vertical H2 transfer to the
surface by Fickian diffusion and the H2 consumption through
the reaction:

H2,aq + 1/2 O2,aq = H2O (1)

among radiolytic products. The kinetics of Reaction (1)
is taken from Foustoukos et al. (2011), but with a pre-
exponential factor A = 0.15 s-1 instead of the value pro-
vided in the original publication (correction confirmed by
D. I. Foustoukos). Fig. 3 shows how the role of Reaction
(1) on the calculation of the steady-state radiolytic H2

concentration is paramount. Aqueous H2 concentrations
below 10-2 nM are expected at depth in a steady state
regime.

Similarly, H2 flux at the surface can be calculated (through
Equation S5) with and without considering Reaction (1).
Hydrogen surface fluxes are 5 orders of magnitude lower
when Reaction (1) is not considered (see Suppl. Material).
Using the estimated surface area of Precambrian terranes
(1.06 x 108 km2) from Lollar et al. (2014) leads to a global
H2 flux for 1 % of porosity of 6 x 1010 mol.yr-1 when
considering radiolysis, in agreement with the estimates of
Lollar et al. (2014). When considering H2 consumption,
the global H2 flux is of 8 x 104 mol.yr-1(160 kg.yr-1), that
is five to six orders of magnitude lower than the main
processes known to produce H2 in geological environments
(Lollar et al., 2014). Since net H2 production through

radiolysis decreases with depth, H2 fluxes at the basis of an
aquifer will be lower than the surface flux (i.e., ca. 600 mol.
H2 km-2.yr-1 or, more realistically, 0.7 mmol H2 km-2.yr-1 if
H2 reaction with O2 is considered). Gaseous H2 saturation
will not be achieved in our modeled aquifer with a radiolytic
H2 source.

Comparatively, H2 production through RedOx reactions
has a higher potential to reach H2 gas saturation in a deep
aquifer. The decomposition of siderite has been proposed
as a possible source of natural H2 by interaction with water
(Milesi et al., 2016; Malvoisin and Brunet, 2023). In the
presence of water, either vapor or liquid, siderite produces
H2 and CO2 as volatile species (McCollom, 2003; Milesi
et al., 2015) according to the reaction:

3FeCO3
siderite

+H2O = Fe3O4
magnetite

+ 3CO2 +H2 (2)

Note that under equilibrium both reactants and products
are stable and the H2 and CO2 activities are related through
the equilibrium constant of Reaction (2) which is a function
of T and P. Assuming a closed chemical system where
siderite reacts with an H2- and CO2-free water then [CO2]
= 3 [H2], i.e., 3 moles CO2 together with 1 mole H2

are produced according to that reaction as long as the
saturation in one of these two gases is not achieved.The
formation of CH4 from CO2 + H2 under aqueous conditions
is neglected for kinetic reasons (McCollom and Donaldson,
2016). Under these circumstances, [H2] can be calculated
as a function of T, P or as a function of depth knowing
the geothermal gradient (Figure 4). It can be seen on
Figure 4 that even if siderite – water interaction occurs
at depth as high as 7,000 m, H2 gas saturation is not
expected to be achieved upon H2,aq migration towards the
surface. H2 saturation may become possible if the CO2

concentration at the production zone is lowered by several
orders of magnitude thanks to an independent process. It is
worth noting that [H2] here is independent from the amount
of siderite available as long as it is in excess. Given the
low potential of siderite-water interaction to enable H2 gas
saturation in the aquifer, this H2-producing reaction will not
be considered further.

RedOx reactions involving magnetite oxidation have also
been reported in the literature which have been invoked for
the production of H2 from banded iron formations (BIF)
that can be abundant in cratonic settings (Geymond et al.,
2022). The H2 activity calculated considering magnetite –
hematite equilibrium:

2 Fe3O4
magnetite

+H2O = 3 Fe2O3
hematite

+H2 (3)

is far too small for H2 gas saturation to be reached (Fig. 4),
therefore, Reaction (3) will not be examined further. Recent
experimental data suggest that the adjustment of magnetite
stoichiometry during interaction with water could be a
source of H2 (Geymond et al., 2023). However, by lack
of thermochemical description of the proposed H2 produc-
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Figure 3. Calculated H2 concentration (lines) as a function of depth for the steady-state diffusion model when considering
radiolysis only (a), and both radiolysis and H2 consumption through chemical reaction with radiolytic O2 (b). Porosity is
set to 1 %.

tion mechanism, the corresponding experimental results
cannot be transposed to natural settings and could not be
considered here.

The reaction between olivine and water produces ser-
pentine, brucite, magnetite and H2 at temperatures below
340 °C (in the pressure range of interest for the present
study), according to a reaction known as olivine serpentini-
sation, which can be simplified as follows:

30 (Mg0.9Fe0.1)2SiO4
olivine

+ 41H2O
water

=

15Mg3Si2O5(OH)4
serpentine

+ 9Mg(OH)2
brucite

+ 2 Fe3O4
magnetite

+ 2H2 (4)

Reaction (4) neglects the possible incorporation of iron in
both serpentine and brucite. For a given starting olivine com-
position, the amount of H2 that can be produced depends on
the iron content of these two minerals. Mg/(Fe+Mg) ratio
(Mg#) in serpentine from oceanic samples varies typically
from 0.92 and 0.99 (Mayhew and Ellison, 2020) whereas
Mg# in natural brucite can reach values as low as 0.6 (Beard
and Frost, 2017) with an average value around 0.8 (Klein
et al., 2014). Iron in serpentinite can be present both as
Fe2+ and Fe3+ (Beard and Frost, 2017) with an Fe3+/

∑
Fe

ratio which will depend on the H2 activity, aH2 . Awaruite,
Ni3Fe, is a common accessory mineral in serpentinite (Dick,
1974; Schwarzenbach et al., 2021) which is stabilised at
high aH2 . Awaruite must be considered when dealing with
RedOx equilibria in serpentinite. RedOx equilibria such as
Reaction (5) can be written between awaruite, serpentine
and brucite.

[Mg3Si2O5(OH)4]
serpentine +Ni3Fe + 8H2O =

[Ni3Si2O5(OH)4]
serpentine + 3 [Mg(OH)2]

brucite +

[Fe(OH)2]
brucite + 4H2 (5)

Ni is an ubiquitous minor element in olivine which can also
be incorporated in serpentine as a nepouite component,
Ni3Si2O5(OH)4.

The [H2,aq] in equilibrium with the serpentinisation prod-
ucts of olivine + orthopyroxene (synthetic harzburgite) was
calculated using Perple_X along the chosen geothermal
gradient and plotted as a function of depth on Figure 4.
For both olivine and pyroxene an Mg/(Mg+Fe) ratio of
0.91 was used. Ni was added to olivine considering a
Ni/(Ni + Fe + Mg) ratio of 0.004 (see Suppl. Material).
Simplified harzburgitic mineralogy was 65 mol.% olivine +
35 mol.% orthopyroxene. The synthetic rock was reacted
with pure water in a water-to-rock mass ratio of 0.2 which
is (1) slightly above the minimum water-to-rock ratio (0.18)
below which water is the limiting reactant to complete olivine
hydration and (2) corresponds to a porosity of ca. 6 % in
the ideal case where water in chemical equilibrium with the
whole rock, which is close to the porosity used in the model.
Therefore, the equilibrium [H2] calculated with a water-to-
rock mass ratio of 0.2 in a closed system represents an upper
bound of [H2] expected in the H2 source zone of the aquifer
where apparent water-to-rock mass ratios will be higher than
0.02. Serpentinisation products are composed of serpentine
± brucite ± magnetite ± awaruite. Serpentine (lizardite)
is considered as a solid solution comprising Fe2+, Mg2+,
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Figure 4. Natural logarithm of the H2 concentration produced by the serpentinisation of a Ni-bearing harzburgite with pure
water as a function of depth. H2 concentration in equilibrium with siderite-magnetite, hematite-magnetite and Fe-brucite
(xFe = 0.4)-magnetite are plotted for comparison. Serpentinisation reaction is model with Perple_X (see Suppl. Material)
whereas all the other equilibria are calculated with SUPCRT (slop98 database, Johnson et al., 1992). A geothermal
gradient of 30 °C/km is used assuming hydrostatic pressure. H2 gas saturation curves calculated from SUPCRT (dotted
line) and used in the present model (thick grayish dashed line, Lopez-Lazaro et al., 2019) are plotted for comparison. The
vertical line with crosses represents the limit of microbial life considered in the model (100 °C isotherm). No gas phase
other than H2 is considered to occur at depths greater than H2 gas saturation depth (in water). A free gas phase (e.g.,
N2) present at greater depth would incorporate an H2 component (Henry’s law) which however would result in low-grade
H2 gas (case not considered here). The P-T conditions studied here are below the H2-H2O critical curve (Seward and
Franck, 1981).

Fe3+ and Ni end-members. The thermochemical properties
of the serpentine ferric end-member, Fe3+

2□Si2O5(OH)4

and those of nepouite have been estimated, (see Suppl.
Material). Brucite solid-solution is considered as ideal and
the thermochemical properties of Fe(OH)2 end-member,
amakinite, are taken from Carlin et al. (2024) who revisited
the database of McCollom and Bach (2009). The Fe-
brucite-magnetite RedOx equilibrium studied by Carlin et al.
(2024) is also plotted on Fig. 4 for an Fe-rich brucite compo-
sition, (Mg0.6Fe0.4)(OH)2. Perple_X output indicates that
equilibrium [H2] is controlled by RedOx equilibria involving

both iron and nickel at the serpentinisation conditions used
in the calculation (see Suppl. Material).

Figure 4 shows that among the H2-producing reactions
reviewed here, serpentinisation of ultramafic rocks appears
to be the only one that makes it possible to achieve H2 gas
saturation in the water rising in an aquifer. Serpentinisation
is therefore chosen as the H2 production reaction in the
present H2 production/transfer/accumulation model. A
deep source (> 5,000–6,000 m) is required and saturation
will only occur at depths of less than 2,500 m, i.e., for T
below 100 °C. The ultramafic source rocks are considered
as located in the sedimentary basin bedrock (Fig. 2A). They
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interact with the aquifer water through a fractures network
described, in the model, by an equivalent porosity factor
(K, see Suppl. Material).

Dihydrogen production kinetics in the course of serpen-
tinisation were modelled based on olivine reactivity (i.e.,
neglecting thereby the role of orthopyroxene as H2 source).
The proportion of olivine in the initial rock can be adjusted
in order to simulate H2 production from an ultramafic rock
that is already partially serpentinised. A zero-order kinetics
is used with a dependence in both temperature and olivine
surface area, which was taken from the data compilation
found in Carlin et al. (2024, their Fig. 3B). The choice of a
zero-order kinetics is a simplification which does not account
for the evolution of mineral product compositions and thus
the evolution, with reaction progress, of the number of H2

mole produced per olivine mole. The olivine surface area
evolution with reaction progress was considered as constant
so that the rate of H2 production writes:

d [H2](T )

dt
= ks.SA0

Ol/liter

= ks0.exp(
−Ea

RT
).SA0

Ol/liter (6)

where ks is the dissolution kinetics constant in mole H2

per olivine surface area (m-2) per year which is thermally
activated with ks0, the pre-exponential factor and Ea, the
activation energy. SA°Ol/liter is the initial olivine surface
area is calculated using the relationship provided in Brantley
and Mellott (2000) and expressed in m2 per m3 of water in
the aquifer. In the present model, two H2,aq concentration
thresholds cannot be exceeded at the source zone: (1)
[H2,aq] at H2-gas saturation and (2) [H2,aq] imposed by
Reaction (5) for a given Ni content of the reacting olivine
(see Suppl. Material), noted [H2,aq]max, at the P and T
conditions of the Production Zone. In practice, threshold
(1), i.e., H2 gas saturation, cannot be reached in the
Production Zone, except under near-ambient conditions
(i.e., subsurface Production Zone, Fig. 4) where both
kinetics and thermochemical extrapolation are however
uncertain.

If concentration threshold (1) is attained, the H2 pro-
duction kinetics is controlled by the rate of H2 flushing by
the aquifer in order to maintain constant [H2] = [H2,aq]max.
Once olivine is exhausted, H2 is no longer produced by olivine
serpentinisation, but the mineral products of Reaction (5)
can still produce H2 through their chemical interation with
the aquifer water as shown by Carlin et al. (2024) for the
oxidation of the Fe(OH)2 component of brucite into mag-
netite. At a later stage, the olivine serpentinisation products
can no longer maintain [H2,aq]max, [H2,aq] starts decreasing
and, to a certain extent, awaruite will be consumed, brucite
Mg# and Fe3+ content in serpentine will increase. The
maximum H2 source production lifetime (life) is defined
as the maximum duration of H2 production process under
steady state conditions, i.e., constant H2 concentration. To
calculate the life parameter, a yield of H2 must be assigned
per mole of reacted olivine. Maximum yield will be taken

here which is achieved for complete oxidation of the ferrous
iron contained in the starting olivine. Considering a starting
olivine of Fo91 composition, at best, 0.09 mole of H2 can
be produced, i.e., 11 moles of olivine per mole H2.

From Relation (6), the steady-state H2 concentration at
x = 0, [H2]x0 , i.e., at the outflow of the Production Zone
(Figure 2) writes:

[H2]x0 =
d [H2]

dt
.
LPZ

U
if [H2,aq] ≤ [H2,aq]max (7)

where LPZ is the length (1D) of production zone (m) and U
the aquifer flow rate LPZ/U is thus the duration of renewal
(y) of the aquifer water in the PZ. Otherwise,

[H2]x0 = [H2,aq]max (8)

5 H2 consumption rates by microbial activity

We showed above (Figure 4) that H2 gas saturation in
the aquifer and, thus, possibly, H2 gas accumulation, are
possible if and only if H2 is produced at depths > 5,000 m,
i.e., for Production Zones located at depths greater than
ca. 5,000 m. If gas saturation is achieved, both gas and
aqueous H2 are assumed to migrate at the aquifer flow-rate.
The water temperature to be considered for Production
Zones at such depths are always above the temperature
threshold for microbial growth defined here as 100 °C. Thus,
H2 is first transported isochemically across the abiotic zone
(Figure S4), until it reaches a zone where it can be partly or
fully consumed by microbial activity (BioZone). Microbial
activity is considered to operate in aqueous medium mainly.
However, it will be considered that H2 dissolution is fast
relative to microbial consumption and is not the rate limiting
factor. In other words, H2 concentration in the aquifer is
the saturation concentration as long as H2 gas is present
even in the presence of microbial activity.

The dynamics of microbial biomass as a function of
substrate concentration can be accounted for by a Monod-
type kinetic law. A rigorous biotic H2-consumption model
would use this type of kinetics along with the cell-specific
hydrogen consumption for each terminal electron-accepting
process (Thaysen et al., 2021) and the number of cells
present over time. Under steady-state biomass conditions
which applied in the present study, the substrate (H2)
consumption is often showed to follow a Michaelis-Menten
law (Robinson and Tiedje, 1984; Häring and Conrad, 1994;
Dong and Layzell, 2001; Constant et al., 2008; Greening
et al., 2015; Myagkiy et al., 2020) which writes in its
differential form as:

d [H2]

dt
= −V m

[H2(t)]

Km + [H2(t)]
(9)

where Vm is the consumption rate (mole per volume unit
and time unit) at substrate saturation and Km, the half-
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saturation concentration constant. As long as H2 saturation
is not achieved (i.e., x ≤ xsat), [H2](x) is calculated by
numerical integration of Equation (9) where Vm is a function
of x (see below) and Km a constant.

Rates of H2 consumption in aqueous media by micro-
organisms in the presence or absence of sediments have been
measured in laboratory incubation. A survey of experimental
data is given in Thaysen et al. (2021) for homoacetoge-
nesis, methanogenesis and sulfate reduction. Laboratory
consumption rates typically vary between 1 and 100 µM.h-1.
More recently, Dohrmann and Krüger (2023) sampled native
fluids from a gas field (2,700–3,500 m) and incubated them
under pressure (100 bar) and temperature (30 and 60 °C)
with H2 (10% in N2). Consumption rates in the order of 10
µM.h-1 (30 °C) were found which decreased by more than
one order of magnitude at 60 °C.

Incubation experiments on Cape Cod aquifer slurry (Harris
et al., 2007), yielded Michaelis-Menten kinetics with Vm in
the order of 10 pM.h-1 and a Km of 0.16 pM. Average Km
values for 4 methanogens and 5 sulfate-reducing strains were
found to be 6 and 1.5 pM, respectively (Robinson and Tiedje,
1984). Similarly, Km of 6 pM was found for a H2-oxidising
CO2-reducing acetogenic bacteria isolated from termite
gut (Breznak and Switzer, 1986). We therefore propose
to test two H2-consumption cases, with a high Michaelis-
Menten kinetics (fast) at 25 °C with V fm = 100 pM.h-1 and
Kfm = 1 pM and a low kinetics one (slow) with V sm = 1 pM.h-1

and Ksm = Kfm = 1 pM. In order to account for the lowering
of the H2 consumption rate observed by Dohrmann and
Krüger (2023), we applied a deactivation energy (Ed = -110
kJ/mol) on Vm in the form:

V m = V
0
m.exp(−

Ed

RT
) (10)

with V 0,fm = 1.38 × 10-17 pM.h-1 and V 0,sm = 1.38 × 10-19

pM.h-1 with T in K.

6 Results and Discussion

On the basis of thermochemical considerations, we show
that among H2-producing reactions based on the oxidation
of ferrous iron contained in rock-forming minerals to ferric
iron, (olivine) serpentinisation is the only one capable of
achieving H2-gas saturation in an up-ward flowing aquifer.
Aquifer degassing can proceed at depths < 2,500 m, i.e.,
in a range of temperatures where microbial life is possible
and, thus, where aquifer H2 can at least be partly consumed
(Fig. 4). We confirm thereby the potential already noted for
serpentinisation to generate a ‘hydrogen system’ (Lefeuvre
et al., 2021; Jackson et al., 2024). As shown in Figure 4,
however, H2 gas saturation in an aquifer can only be achieved
if H2 is generated at depths of more than 5,000 m or under
near-surface conditions (< ca. 100 °C). H2 gas saturation
in the Production Zone can only be achieved under near-
surface conditions, which may apply to the case of H2

bubbling in alkaline springs from ophiolites (e.g., Vacquand
et al., 2018; Leong et al., 2023; Corre et al., 2023). Under

these conditions, [H2,aq] is small (10-3–10-2 mole/kg) and
therefore corresponding degassing fluxes are relatively small
as well.
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Figure 5. Model output. (A) H2 concentration profile
for a deep source (5,000 and 7,000 m) where olivine
serpentinisation takes place. Source concentration equals
[H2,aq]max which is a function of temperature and thus depth.
H2 is transported with the same concentration towards the
BioZone where it is fully consumed assuming the lowest of
the two H2 consumption kinetics (V sm and Km) used in the
model. Gas saturation (dashed line) is never reached and
then gas accumulation is not triggered. Aquifer flow-rate is
5 m.yr-1. (B) Source (7,000 m) production characteristics
for two water renewal times (see text), 104 and 5 x 104

years. For an aquifer cross-section of 1 km2 and a porosity
of 0.05, H2 production rates at the source equals a few
tens of tons per year. H2 production under steady-state
conditions lasts around 1 Ma. Dotted line = source lifetime;
solid line = source prod.

The potential of serpentinisation to yield H2 accumula-
tion at the several of kt.yr-1 level, i.e., compatible with a
renewable resource for an industrial-scale exploitation, in a
deep aquifer setting was further modeled with the aquifer
and production zone parameters summarised in Table 2.
The key parameter that will constrain the H2 flux in the
aquifer is the ratio between 1D PZ length and aquifer flow-
rate which corresponds to the characteristic time of water
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renewal in the PZ. H2 production has been simulated for
Production Zones (PZ) located at depths from 5,000 m and
up to 7,000 m, corresponding to temperatures from 170 to
230 °C, respectively, according to the average continental
geothermal gradient chosen here (Table 2).

The highest [H2] that can be reached in a production
zone at 7,000 m, which will generate the highest H2 flux
in the aquifer for a given aquifer flow-rate, is [H2,aq]max.
It is achieved for water renewal times above 103–104 year
(Figure S5). This corresponds to a 1D production-zone of
around 10 km long for an aquifer flow-rate of 1 m.yr-1.

The calculation of H2 accumulation rates (mole.yr-1)
from the 1D model requires defining the aquifer cross-
section through which passing H2 is accumulated. For
that purpose, a H2 catchment zone is defined having a
width of 10 km (Fig. 2B). The relevant aquifer section to
calculate H2 accumulation rates is then 1 km2 (10 km x
0.1 km aquifer thickness). The corresponding cross-section
of fractured ultramafic rock through which water flows to
promote serpentinisation is obviously much larger depending
on the fracture density that is considered (see K factor,
Suppl. Material).

Two sets of Michaelis-Menten constants (fast and slow)
were used to model H2 microbial consumption and to retrieve
H2 gas accumulation rate, if any, for a given production
zone depth. Accumulation depth was set to 200 m in
accordance with the scenario used to evaluate drilling costs.
These costs were also estimated for a 3,000 m accumulation.
However, it can be readily seen on Figure 4 that saturation is
not achieved at 3,000 m when considering serpentinisation
and therefore gas accumulation by aquifer degassing is not
possible in that case.

The microbial H2 consumption is found to represent a
strong filter which prevents large accumulation rates at
shallow depth (200 m here). Simulation in the case of
a renewal time of 50,000 year (PZ length = 50 km and
flowrate = 1 m.yr-1, Figure 5A) and 10,000 year (PZ length =
50 km and (life) is defined as the maximum duration of
H2 production process under steady state conditions, i.e.,
constant H2 concentration. To calculate the flowrate = 5
m.yr-1) with source depths of 5,000 and 7,000 m (aquifer
dip = 2°) shows that all H2 is consumed by the microbial life
and that H2 gas saturation cannot be achieved in the aquifer.
For this simulation, the microbial consumption rate is set to
its smallest value (V sm), it must be lowered by three orders
of magnitude for H2 accumulation at 200 m to become
possible. In that case, around half of the source production
can be recovered in the form of accumulated H2. The H2

concentration constraint at the source (< [H2,aq]max) limits
the H2 source flux (mole.m-2.yr-1). For a 1 km2 aquifer
cross-section, source production rate is of a few tens of tons
per year (Figure 5B) at most, considering realistic aquifer
flow-rates in the 0.5 to 5 m.yr-1 range (e.g., Wei et al.,
1990; Janetz et al., 2020; Kamdee et al., 2022). Due to the
concentration limitation at the Production Zone, even if H2

could be transported without loss (consumption/leakage),
accumulation rates would not exceed the source production
rate of a few tens of ton.yr-1 and H2 will not be renewable

according to the economical criteria defined here. Increasing
the PZlength cannot lead to higher H2 accumulation rates
since H2,aq concentration is limited, it only increases the H2

source lifetime. Typical source lifetime can be estimated
from the model to about 1 Ma for aquifer water renewal time
of 104 years (Figure 5B). Small accumulation rates (< ca.
ton H2 per year) by H2 degassing at shallow levels (< 500
m) over a long time (Ma) is possible with a deep-seated
serpentinisation source (> 7,000 m) provided that source
temperature remains below 350–375 °C, the temperature
range above which olivine + H2O is stable. In any case,
regardless of the H2 transport, consumption and saturation
parameters used to model the current idealised aquifer,
renewability is ruled out by the estimated magnitude of
H2 source flux (i.e., in the Production Zone) which is
tightly constrained by thermodynamics and aquifer flow-rate.
However, the model shows that significant accumulation
of H2 gas can proceed over time. The corresponding
accumulation characteritics will directly depend on (1) the
Production Zone parameters. The effect of the Production
Zone geometry is relatively straightforward since it will
directly affect the H2 production potential and flux (mole
H2 and mole H2/y) and thus the volume of the accumulation,
if any. The mineralogy of the source rock is probably the
most critical parameter. The occurrence of ultramafic
rocks in cratonic setting has been widely documented and
their volume has even been estimated (Lollar et al., 2014).
Recently, the distribution of proterozoic ophiolites in the
Arabian Nubian shield has been used as a guide for H2

exploration (Saidy et al., 2024). On the other hand, the H2

fertility of these ancient ophiolites is unclear. Although pri-
mary olivine is sometimes described, they are often strongly
serpentinised (e.g., Zimmer et al., 1995; Ahmed et al., 2001;
Shahien et al., 2021). In the present model, the amount of
primary olivine has been set to 20 wt% in order to account
for previous serpentinisation, but this figure may well be too
high in most cases. The accumulation characteristics will
also drastically depend on (2) the microbial consumption in
the aquifer. Direct application of the rare H2-consumption
data that are available indicates that micro-organisms should
basically consume all H2 produced abiotically by water-rock
interactions. The transposition of laboratory data (and the
few in situ measurements in aquifers) must be treated with
caution since specific environmental conditions may lead to
different consumption behaviours. Owing to the prominent
role of biological activity, the contact time between H2

and consumers in the aquifer is an important parameter
related to H2 transport (mean and rate). The present model
considers that H2, even as a gas phase, migrates at the
aquifer flow rate. However, in a two-phase flow model, it is
generally considered that gas migrates at higher rate than
water. In this case, higher H2 gas accumulation rates will
be achieved. The fast migration of a large gas volume,
possibly through a fractures network (not considered in the
model), may also limit the magnitude of the H2 consumption
by micro-organisms. Finally, another important parameter
which has not been considered here and that will control the
H2 accumulation volume dynamically is (3) the H2 leakage
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Table 2. Aquifer and H2-source main characteristics used in H2-gas flux modeling. Additional information are found in the
text body. PZ stands for Production Zone.

Thickness (m) 100 Flow rate (m.yr-1) 0.5–5
Dip (°) 2 and 5 [Olivine]rock in PZ (wt%) 20

Porosity (%) 5 Accum. Zone depth (m) 200
Width H2 catchment (km) 10 Geothermal gradient (°C/km) 30
Prod. Zone thickness (m) 100 Surface temperature (°C) 20

Olivine radius (µm) 200

rate (Prinzhofer and Cacas-Stentz, 2023) which may occur
to be higher than the accumulation rate.

7 Conclusions

Exploration of ‘white hydrogen’ is developing rapidly, driven
by the need to gradually replace fossil fuels. Current basic
research and R&D efforts should enable us to assess the
potential role of ‘white hydrogen’ as a fuel for the energy
transition in the near future. Today, this potential role can
only be apprehended on the basis of a few tangible but
still incomplete geochemical data. The global atmospheric
H2 cycle has a global flux which is of the same order of
magnitude as global H2 demand. Within this cycle, the esti-
mated solid Earth’s contribution is small not to say negligible.
Despite an increase of gaseous H2 exploration activity which
revealed diffuse H2 at concentration above atmospheric
background level in several places, no economically viable
H2 fields with several megatons of trapped gas has yet
been revealed. Smaller H2 gas accumulations may also
prove economically viable if and only if the H2 recharge rate
is sufficient to allow commercially profitable exploitation,
estimated here to several kton H2 per year. The question
becomes whether known natural H2 formation processes
have kinetics that would match the latter flow rate at the
production well(s) and whether these processes are effective
and stable over the time of the production operations.
We approached this question by developing a model of
H2 production, transport and accumulation in an idealised
aquifer, with the aim of recovering orders of magnitude.
First, we show that only RedOx reactions involving the
oxidation of iron contained in olivine in the presence of water
(serpentinisation) can lead to the production of significant
gaseous H2. Radiolysis, although ubiquitous in continental
environments, is far less efficient, except in uranium deposits.
H2 production from the high-temperature maturation of
coals and shales after late hydrocarbon gas generation is
complete (Horsfield et al., 2022) has not been considered
here since it is not related to aquifer – rock interactions.
Second, based on revisited thermodynamics data to model
olivine low-temperature serpentinisation, we show that H2

fluxes commensurable with gas production of economical
interest are not achievable even in the most favorable case
of deep production zones (≥ 7,000 m). Gas accumulation
is however possible, at relatively shallow levels (below a
few hundred meters), provided that microbiological activity
in the aquifer is about three-four orders of magnitude

lower than expected from laboratory data and field mea-
surements. We show that the combination of a deep
H2 source (7,000 m) and a shallow accumulation is the
expected characteristic of a H2 system in a cratonic setting
associated with a deep aquifer. Owing to the major role
played by microbial consumption in the gas accumulation
rates, accumulation at 3,000 m would be highly favorable
because of in-situ temperatures above the limit of microbial
life considered here (100 °C). The relevant process that
would allow H2 gas saturation at 3,000 m would likely involve
a production process at conditions beyond those considered
here.

Geochemical data therefore tend to indicate that ‘white
H2’ is not renewable on the time scale of industrial exploita-
tion (few decades) in the reference case of a deep aquifer
setting. Yet, the role played by micro-organisms in the
production and consumption of natural H2 is probably the
biggest unknown, on which the possibility of considering
natural H2 as a renewable energy source will certainly depend.
The contribution of micro-organisms in soils as a major sink
at the scale of the global atmospheric H2 cycle suggests
that this role should be important if not essential.

In conclusion, the present conceptual model of a deep
aquifer fed by H2 produced by ultramafic rocks (located in
the bedrock) indicates that high-purity H2 accumulations
are expected at depths less than a few hundred meters
in this type of geological and hydrological setting. As
for hydrocarbon gas deposits, large H2 accumulation with
volumes sufficient to be economically exploitable are to be
search for since significant recharge over the exploitation
period seems unlikely.
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