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The Samail Ophiolite in Oman, the largest exposed body of ultramafic rocks at the
Earth’'s surface, produces a continuous flux of hydrogen through low-
temperature water/rock reactions. In turn, the scale of the subsurface
microbial biosphere is sufficient to consume much of this hydrogen, except
where H; is delivered to surface seeps via faults. By integrating data from recent
investigations into the alteration history of the peridotites, groundwater
dynamics, and the serpentinite-hosted microbial communities, we identify
feasible subsurface conditions for a pilot demonstration of stimulated
geological hydrogen production. A simple technoeconomic analysis shows
that the stimulation methods to be used must increase the rate of net
hydrogen production at least 10,000-fold compared to the estimated natural
rate to economically produce hydrogen from engineered water/rock reactions in
the peridotite formations. It may be possible to meet this challenge within the
upper 1-2 km, given the projected availability of reactive Fe(ll)-bearing phases
and the lower drilling costs associated with shallower operations.
Achieving >10,000-fold increases in the H, production rate will require a
combination of stimuli. It will likely be necessary to increase the density of
fracturing in the reaction volume by at least two orders of magnitude. Then,
the Hy-production rates must also be increased by another two orders of
magnitude by increasing the water/rock ratio and modifying the chemistry of
the injected fluids to optimize formation of Fe(lll)-bearing secondary phases.
These fluid modifications must be designed to simultaneously minimize microbial
consumption of H, within the stimulation volume. In contrast, preserving the high
potentials for biological H, consumption in the shallow groundwaters replete
with oxidants such as nitrate, sulfate and dissolved inorganic carbon will reduce
the potential for any inadvertent leaks of hydrogen to the atmosphere, where it
acts as an indirect greenhouse gas.
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1 Introduction

Hydrogen has powered living microbial ecosystems on Earth for
billions of years (McCollom and Shock, 1997; Sleep et al., 2004;
Hellevang et al., 2011; Martin, 2012; Colman et al., 2017; Boyd et al.,
2020; Templeton and Caro, 2023). Today hydrogen is of intense
interest as a versatile, low-carbon energy carrier sought in the
chemical, transportation and energy sectors globally. Combustion
of hydrogen is attractive in energy generation because it does not
directly produce emissions of CO, or other pollutants (Gaucher
etal, 2023). Major policy and investment initiatives to build critical
infrastructure required for hydrogen pipelines, conversion and
storage are occurring globally, coupled with efforts to develop
sufficient sources of hydrogen that can meet global demand and
support reaching net-zero by 2050. However, several of the current
or planned sources of hydrogen will exert a notable environmental
footprint and create large raw material demands to create and
separate the hydrogen, including “low-carbon hydrogen” such as
steam methane reforming and electrolysis.

Fortunately, low-carbon hydrogen is also produced through
natural geological processes, although the locations and amounts
of geological hydrogen currently stored in the Earth’s subsurface are
poorly constrained. Current exploration is focused on terrains
surrounding mafic and ultramafic rock massifs previously
emplaced on land or exhumed along tectonic plate boundaries,
where H,-producing serpentinization reactions have prevailed (Neal
and Stanger, 1983; Sano et al., 1985; Coveney et al., 1987; Abrajano
etal., 1990; Hosgormez et al., 2008; Manatschal and Miintener, 2009;
Vacquand, 2011; Morrill et al., 2013; Deville and Prinzhofer, 2016;
Etiope et al., 2017; Lefeuvre et al, 2021; Pasquet et al, 2021;
Combaudon et al, 2022, as just a few examples). Hydrogen
exploration also extends to Precambrian cratons where H, has
accumulated through long-term radiolysis reactions (Sherwood
Lollar et al., 1993, 1997; Truche et al., 2018; Warr et al., 2019, as
just a few examples) or through the oxidation of Fe(II)-bearing
phases in ancient sedimentary rocks such as Banded Iron formations
(Moretti et al., 2022; Geymond et al., 2023). It is likely that more
than 1 Mt H, is produced through water/rock reactions on Earth
each year (see varying estimates from Sherwood Lollar et al., 2014;
Klein et al., 2020; Meredith et al., 2020; Zgonnik, 2020), giving rise to
intense interest in finding reservoirs that may store a fraction of this
hydrogen flux, and drilling into them to obtain natural hydrogen.

The concept of “stimulated geological hydrogen” production is
gaining traction as another way in which hydrogen could be
produced on a large scale with a low-carbon footprint, wherever
the appropriate geological conditions exist. “Stimulated geological
hydrogen” is an engineering concept, whereby fluids could be
injected into target rock formations rich in reactive Fe(II)-
bearing minerals to promote the overarching reaction of
2FeOroc) + H2O — Fe;05(0a) + Ha. Then H, is extracted by
recirculating those fluids to the surface, if the required (bio)
geochemical conditions for rapid hydrogen production have been
met. Recently published, optimistic estimates of “stimulated
hydrogen production” (also originally termed “orange hydrogen”)
suggest that up to 100 trillion tonnes of H, could be produced from
Fe(II)-bearing rocks near Earth’s surface (Osselin et al., 2022). Given
the potential impact of this solution, the U.S. Department of Energy
recently allocated funding to investigate stimulated H, production
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using various stimuli, as well as characterization of the properties of
target source rocks and reservoirs.

Numerous potential Fe(II)-bearing source rocks may yield some
hydrogen during water/rock reaction, although many protoliths
have not yet been carefully tested. Equilibrium thermodynamic
models can be used to predict potential hydrogen yields. The
best targets for stimulated hydrogen production are rocks such as
peridotites, which can produce 2-4 kg hydrogen/m® of rock, up to 4-
orders of magnitude more hydrogen than mafic rocks such as basalts
(Bach, 2016; Leong et al., 2021a; Osselin et al., 2022; Ely et al., 2023).
For serpentinization of ultramafic rocks, the integrated set of
reactions that couple the oxidation of mineral-derived Fe(II) to
the reduction of water to produce hydrogen gas are predicted to
occur at maximum extents at temperatures between 200 and 300°C
(McCollom and Bach, 2009; Klein et al., 2013). However, reaching
these high temperatures in an engineered system requires either
initiating water/rock reactions at great depth, or adjacent to
hydrothermally-active geological systems, or in rocks heated by
large inputs of energy.

However, it is notable that hydrogen naturally occurs in seeps
and groundwaters in shallow ultramafic rock formations, leading to
the possibility that some hydrogen producing reactions do proceed
at temperatures <100°C. This hydrogen flux may be sustained
through active water/rock reactions, or may be derived from
fossil hydrogen produced at depth and stored within the
peridotite. Locations on Earth where abundant hydrogen has
been measured in seeps and groundwaters emanating from
ultramafic rocks include the Philippines (Abrajano et al., 1988,
1990; Cardace et al, 2015; Vacquand et al, 2018), Turkey
(Hosgormez et al,, 2008; Etiope et al., 2011; Vacquand et al,
2018); Ttaly (Boschetti et al, 2013); New Caledonia (Monnin
et al., 2014, 2021; Deville and Prinzhofer, 2016; Vacquand et al.,
2018), California (Cardace et al., 2013; Morrill et al., 2013; Suzuki
et al,, 2013; Cook et al., 2021), Canada (Szponar et al., 2013), as well
as Oman (Neal and Stanger, 1983; Boulart et al.,, 2013; Vacquand
et al.,, 2018; Zgonnik et al., 2019; Leong et al., 2023). To solve the
enigma of why H, is so prevalent under conditions where we expect
slow reaction rates and yields, more of the reactions governing H,
production need to be investigated under the conditions of
temperature, fluid chemistry, pH and protolith buffering in low-
temperature ophiolite systems.

It is also critical to start assessing the feasibility of engineering
subsurface stimulated H,-producing water/rock reactions through
in-situ experimentation. The challenge is to promote the optimal
hydrogeochemical conditions that give rise to the fastest H,
production and the highest yield of H, produced per volume of
rock. Initial H, production will depend on many factors, such as the
temperature of the rocks, the water/rock ratio, the chemical
composition of the fluids and rocks, and the initial fracture
network required for fluid injection. Continued H, production
will be dependent upon how the permeability, mineralogy and
Fe-oxidation state of the rocks evolves, as well as the extent of
in-situ biological H, production and consumption.

This work provides a specific hypothesis and supporting theory
for why the Sultanate of Oman might be one of the best geological
locations to engineer stimulated subsurface H, production in
peridotite rocks. Although anywhere from 40 to >90% of the
total Fe in the target peridotite formations has already been
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oxidized through prior water/rock reaction (Mayhew et al., 2018;
Ellison et al., 2021), H, is continually being produced by modern
water/rock reactions with low salinity fluids under long-residence
time, low-temperature conditions (<50°C) (Miller et al., 2017;
Ellison et al, 2021; Kelemen et al, 2021). From spectroscopic
analysis of reaction sequences preserved in partially-altered
Oman rocks, it can be inferred that geological hydrogen is
produced through reactions involving the oxidation of Fe(II) in
primary silicates (e.g., olivine and pyroxene) and secondary phases
(e.g., brucite, magnetite and Fe(II)-serpentine) to ferric phases such
as magnetite, Fe(IIl)-serpentine, and andradite garnet (Mayhew
et al.,, 2018; Ellison et al., 2021). Thus, there are several reactions
that govern net H, production that could be optimized.

A key question is whether fractured, partially serpentinized
peridotites can react fast enough with circulating water to
produce economic quantities of hydrogen in an engineered
subsurface reservoir. To make reasonable predictions, it is
important to first understand the baseline state of the natural
system. To date, it has been challenging to estimate the current
net rates of hydrogen production in the peridotite rocks in Oman,
prior to any stimulation, due to slow serpentinization and H,
degassing rates, coupled with uncertainties about the extent of H,
consumption by H,-metabolizing microorganisms. Little hydrogen
is detectable in soils established above the peridotite rocks (Zgonnik
etal, 2019; Leong et al., 2023), perhaps due to slow production, and/
or to intense microbially-catalyzed H, oxidation in shallow aquifers.
Subsurface microbial communities have been detected in the
peridotite rocks and fluids, and they exhibit highly variable rates
of activity across geochemical gradients (Fones et al., 2019, 2022;
Glombitza et al., 2021; Kraus et al., 2021; Templeton et al., 2021).
Therefore, to begin to assess the feasibility of stimulated hydrogen
production in Oman, we must first integrate our understanding of
the geological, hydrological and biological controls on H,
availability in groundwaters during active low-temperature
serpentinization in the ophiolite. We
knowledge to hypothesize how H,

Samail apply this
could be

stimulated through changes in the physical, chemical and

production

biological properties of the subsurface aquifers, while also
exploring some of the economic challenges that will likely be
encountered.

2 Hydrogen production and
consumption in Oman
peridotite aquifers

2.1 H,-producing reactions predicted during
low-temperature peridotite hydration from
geochemical modelling

Serpentinization processes occur through the infiltration of
fluids far-from-equilibrium with Fe-rich peridotite rocks, giving
rise to coupled mineral dissolution, Fe-oxidation and secondary
mineralization reactions that can produce variable amounts of H,.
The recent work of Leong et al. (2021a) examines compositional
controls on H, production during aqueous alteration of
~9,400 mafic and ultramafic rock compositions during low-

temperature (25°C) aqueous alteration. Ultramafic lithologies
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(i.e., those with higher MgO content) have potential to generate
several orders of magnitude more H, relative to their mafic
counterparts (Figure 1A). Alteration of mafic rocks, which are
more enriched in Si and Al and less enriched in Mg than
ultramafic ~ rocks, favors the formation of chlorite
[(MgFe(II))5Al(Si3Al)O1o(OH)s]  and that

accommodate ferrous iron into their crystal structures. When

clay  minerals
ferrous iron is transferred from the protolith into these
secondary minerals, there is little Fe-oxidation, which limits H,
generation. In contrast, the alteration of Mg-rich ultramafic rocks
favors the formation of minerals enriched in ferric iron including
serpentine [(MgFe(II)Fe(III)); (Fe(III)Si),O5(OH),], magnetite
[Fe(III),Fe(I1)O4] and andraditic garnets [Cas(Fe(III)Al)2SisOnz]
(e.g., Frost and Beard, 2007; McCollom and Bach, 2009; Plimper
etal., 2014; Tutolo et al., 2020; Leong et al., 2021a), thereby yielding
high levels of H,.

Interestingly, in ultramafic rocks, the potential to generate H,
will decrease as the MgO content increases from 40 to 50 wt%
(Figure 1A). Rocks that are most enriched in Mg (e.g., dunite) favor
formation of brucite [(MgFe(II))(OH),]. Brucite can accommodate
significant amounts of ferrous iron, which then limits the extent of
iron oxidation and H, production. Because the formation of Fe-rich
brucite is also increasingly favored at low-temperatures, H,
generation can become severely limited (McCollom and Bach,
2009). However, Fe-rich brucite can be later oxidized and
remineralized as magnetite or ferric serpentine, thereby
producing H, at later stages of water/rock reaction (Templeton
and Ellison, 2020). Therefore, understanding the controls on brucite
formation and loss are critically important to assessing the H,
generating potential of low-temperature peridotite systems.

Another critical factor that controls H, generation is the water-
rock ratio, which is the mass of water a given mass of rock had
reacted with (Klein et al., 2009, 2013; McCollom and Bach, 2009; Ely
et al., 2023). Brucite [(Mg,Fe)(OH),] and serpentine with higher
Fe(II)-greenalite component are favored to form at low water-rock
ratios, which buffers the fluids to lower silica and higher calcium
activities, respectively (Klein and Bach, 2009; Klein et al., 2009;
McCollom and Bach, 2009; Frost et al., 2013; Leong and Shock, 2020;
Tutolo et al., 2020; Ely et al,, 2023). The overall Fe(III)/Ferog of
secondary phases precipitated at these conditions is low, and thus
less H, is generated per mass of rock reacted relative to mineral
assemblages formed at higher water-rock ratios (Figure 1B).

Calculations described in Figure 1B are modeled at a minimum
water-rock ratio of 0.2, where the reacting fluid is fully consumed via
mineral hydration reactions. The hydration of 5 kg of harzburgitic
rocks into brucite-bearing serpentinites typically consumes a kg of
water. Consequences of reactions at water-rock ratios lower than
0.2 will yield unreacted rocks. Thus, the H, generation potential of
rocks with 1% porosity (i.e., water-rock ratio of 0.01) will likely yield
20-fold less H, than that shown for water-rock ratios of 0.2 in
Figure 1B. As a given mass of rock is continuously reacted with
percolating groundwater, the integrated water/rock ratio increases
and the reacting rock is oxidized further. The formation of ferric-
iron bearing phases such as magnetite and serpentine with higher
ferric iron components (cronstedtite and/or hisingerite) is favored at
higher water-rock ratios. This paragenesis is consistent with natural
observations where magnetite and high Fe(III)/Ferq, serpentine are
commonly associated with later generations of veins and highly
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FIGURE 1

water:rock ratio

Equilibrium thermodynamic predictions of H, generation potential (in kilomole H, per m® of rock) of ~9,400 rocks with compositions ranging from
ultramafic (higher MgO contents, towards the right side) to mafic (lower MgO contents, towards the left side), modified from Leong et al. (2021a). The
green curve depicts the running median. Upper and lower light green curves are running 25th and 75th percentiles, respectively. Calculations simulate the
ambient aquifer conditions in continental aquifers (25°C, 1 bar) and a low (rock-dominated) water-rock ratio of 1. (B) Statistical summary of
thermodynamically-predicted H, generation potential (in kilomole H, per m® of rock) of a subset of the ~9,400 rocks in (A), those with MgO
content >35 wt%, at different water-rock ratios. The circle represents the median H, generation potential. The 25th/75th and 5th/95th percentiles are
represented by the cross and horizontal tick marks, respectively. The grey highlight in (B) depict statistical summary at water-rock ratio of 1 for rocks with
MgO >35 wt%, which is also depicted by the grey highlight in (A). Dashed red lines in (B) depict Fe(lll)/Feroa Of precipitated secondary phases.

reacted or altered samples (Andreani et al., 2013b; Frost et al., 2013;
Mayhew et al., 2018; Mayhew and Ellison, 2020). As shown in
Figure 1B, H, production is maximized at a water-rock ratio of ~100,
when the Fe(III)/Fery, of the bulk secondary assemblages is
~0.5 and approaches that of magnetite. At water-rock ratios
greater than 100, ferric iron-bearing minerals can precipitate but
H, production may be limited. For instance, at a very high water-
rock ratio of 1,000 (i.e., each kg of aquifer host rock had reacted with
1,000 kg of water), a significant proportion of iron in the given mass
of reacting rock will be oxidized by dissolved oxygen, if present in
the infiltrating groundwater (~0.3 mmole O, per kg of air-saturated
water), and will not yield H,. Calculation results shown in Figure 1
are from batch models that can provide first-order approximation of
hydrogen generation potentials of rocks of a wide range of rock
compositions. Open system reactive transport experiments (e.g.,
Godard et al., 2013; Peuble et al., 2015; Escario et al., 2018; Oyanagi
et al.,, 2020; Osselin et al., 2022) and models (Steefel et al., 2005;
Oyanagi et al, 2020) can further offer further constraints when
information such as formation porosity and permeability and
mineralogical/compositional heterogeneities are available.

2.2 What H,-producing reactions can be
inferred through mineralogical analysis of
Oman rocks?

Despite being 50 to >90% serpentinized, peridotites in Oman
generally contain less than 0.5 wt% magnetite (Bonnemains et al.,
20165 Ellison et al., 2021; Hong et al., 2022). This contrasts with
many abyssal serpentinites and some ophiolites, where 1-7 wt%
magnetite is commonly observed (Toft et al., 1990; Oufi et al., 2002;
Klein et al., 2014). What magnetite does exist in Oman serpentinite
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is often found in mesh veins suggesting that it was associated with
the earliest stages of serpentinization (potentially at high
>200°C).  Additionally, increased
abundance in the shallowest regions of the aquifer suggests that
new magnetite is produced during later stages of weathering (Miller
et al., 2016; Ellison et al., 2021; Hong et al., 2022).

The extent of rock hydration, oxidation and serpentinization in

temperature magnetite

the Samail ophiolite has been characterized in detail through the
recent work of the Oman Drilling Project (Kelemen et al., 2020), as
summarized in Kelemen et al. (2021). Notably, the analysis of drill
cores and downhole logging shows that the harzburgite and dunite
rocks are fully serpentinized in the upper 100-250 m, whereas
partially serpentinized rocks are present at greater depth (e.g., up
to the 400 m maximum depth of the boreholes). Much of the
subsurface peridotite has reacted to a serpentine-brucite
assemblage (Miller et al, 2016; Ellison et al, 2021; Kelemen
et al., 2021; Templeton et al,, 2021). The lack of magnetite and
preferential substitution of Fe into brucite, with up to 20% FeO
(Mayhew 2018), is consistent with
serpentinization below 200°C (e.g., Klein et al, 2014). The
serpentine is a major host of both Fe(Il) and Fe(IIl), with
typically 6%-8% FeO and highly variable Fe(IIl)/Fe, from
0.4 to 1.0, as illustrated by the example in Figure 2 (Miller et al.,
2016; Mayhew et al., 2018; Ellison et al., 2021; Kelemen et al., 2021;
Templeton et al., 2021). The Fe(II) that remains sequestered in
brucite and in serpentine retains its potential for future H,
production (Templeton and Ellison, 2020), in addition to Fe(II)
in relict olivine (9 wt% FeO) and orthopyroxene (6 wt% FeO)
(Monnier et al.,, 2006; Hanghgj et al., 2010).

Brucite comprises up to 8 wt% in some of the Oman Drilling
Project cores (Templeton et al., 2021) or even more (<16 wt% in

component et al,

some dunites), despite SiO, addition to peridotites during alteration
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Variations in iron concentration and valence state in serpentine and brucite in a serpentinized dunite rock from the Oman subsurface, mapped using
synchrotron-based X-ray Fluorescence imaging. Sample is from 110 m depth in Oman Drilling Project hole BA1B. Optical images (A) is used to correlate
to maps of iron fluorescence (B), which is proportional to the iron concentration. Variations in the Fe K-edge pre-edge feature are used to map the Fe(lll)/
Ferotal ratio (C). The information in (B,C) are combined to produce the image in (D) that shows the distribution of Fe(ll) (green) and Fe(lll) (red). Maps

were collected using the method detailed in Ellison et al. (2021).

(Kelemen et al., 2021). Reactions that consume brucite and liberate
stored Fe(II), allowing it to participate in further reactions including
H, production, include dissolution, silicification, and carbonation
(Bach et al., 2006; Tutolo et al., 2018; Ellison et al., 2021; Kelemen
et al., 2021). As discussed intensively by Templeton and Ellison
(2020), silicification of brucite is the replacement of brucite with
serpentine or other hydrous phyllosilicates (e.g., talc). In this
process, Fe may become oxidized by reaction with water, forming
H, and a more oxidized, Fe(III)-bearing mineral product. The
addition of silica to brucite forming serpentine would involve a
substantial volume increase (e.g., 40%-50%), that would have to be
accommodated, likely by fracturing or mass transfer. A source of
excess silica would be required to drive such a reaction. This silica
could be derived from serpentinization of pyroxenes, carbonation of
serpentinite, or mass transfer from nearby silica-rich rocks (e.g.,
gabbro veins and dikes).

Hydroandradite is a garnet mineral that is common in small
amounts in serpentinites (e.g., Frost and Beard, 2007; Pliimper et al.,
2014), including the Oman Drilling Project altered peridotite cores
(Kelemen et al., 2020; Ellison et al., 2021; Kelemen et al., 2021;
Templeton et al, 2021). It is a Ca**-Fe’* garnet with variable
amounts of OH™ substitution for SiO4*. The Ca** is likely
derived  from  primary peridotite.
Hydroandradite is intriguing because it is expected to form only

clinopyroxene  in
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at low temperature (<230°C), highly reducing conditions, and low
silica activity (e.g., Frost and Beard, 2007). Hydroandradite contains
appreciable Fe** per formula unit, meaning that its precipitation
could be coupled to H, production.

Finally, because serpentine is present in such high abundance,
the amount of Fe(Il) in serpentine is significant as a potential H,
source in future water/rock reactions. For example, if the average
serpentinized harzburgite in Oman contains 90 wt% serpentine,
which has 95% Mg/(Mg+Fe) and 50% Fe(IIl)/Ferot
approximately 2 wt% of Fe(II) as FeO would then be stored by
serpentine. This is almost 50% of the available reactive Fe(II) in
target protoliths. The rates of oxidation of ferrous serpentine to
ferric serpentine, and its coupling to H, production, has not yet been
investigated, but there is clear evidence that fully serpentinized rocks
in the Samail ophiolite are dominated by Fe(III)-bearing serpentine.

2.3 What is the current hydrological/
hydrogeochemical state of Oman
peridotite aquifers?

Although the partially-hydrated peridotites exhibit a low

hydraulic conductivity (Dewandel et al., 2005; Lods et al., 2020),
the rocks do store and transmit water and thus function as aquifers.
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The rocks are fractured from the 10s of micron scale to the 10s of
meters scale (Dewandel et al., 2005; Kelemen et al., 2020). Some of
this fracturing is from mid-ocean ridge processes, then obduction,
and most recently from surface weathering. Fluid flow occurs in
the most shallow and fissured rocks in transmissive zones located
within 50 m of the surface (Dewandel et al., 2005). Lods et al.
(2020) found that the hydrology in two Oman Drilling Project
boreholes (BA1A, BA1D) is highly heterogeneous, with some
zones most sensitive to conductive channels such as a partially
mineralized fractures, whereas other zones are supplied from rocks
above and below. Analysis of the response of water levels in
boreholes to solid Earth, ocean and atmospheric tides reveals
unconfined and semi-confined aquifer conditions on short
distances, confirming complex networks of
fractures partially filled with secondary minerals produced from

crosscutting

both modern and Cretaceous water/rock reactions (Sohn and
Matter, 2023). The permeabilities have been reported as
10> m” in the upper 50 m, to 10™"* m?> up to 150 m depth and
they are estimated to be extremely low (essentially not
measurable, <1077 m?®) at greater depth in the less fractured
and altered peridotite (Lods et al., 2020). This lack of
permeability significantly restricts fluid circulation and the
predicted extent of water/rock reaction occurring at greater depths.

In ophiolite systems, including the boreholes drilled into
peridotite in the Oman Drilling Project, there are often three
types of groundwaters that can be detected. The most common is
known as an alkaline Type-I Mg-HCO;~ water that forms during
initial water/rock reaction in shallow fluids that exhibit short
residence times and remain open to the atmosphere (Barnes and
O’Neil, 1969; Paukert et al., 2012; Boulart et al., 2013; Chavagnac
etal.,, 2013; Canovas et al., 2017; Vankeuren et al., 2019). These fluids
typically contain millimolar concentrations of dissolved inorganic
carbon, as well as strong oxidants such as nitrate (Rempfert et al,
2023). The measured Eh values of the fluids averages around
+150 mV at pH 8.

In contrast, hyperalkaline Type II Ca-OH waters form during
extensive water/rock reaction over longer residence times,
chrysotile-brucite-calcite+/-
diopside+/-andradite equilibrium and pH varying between
pH 10 to pH 12 (as modeled in Leong and Shock, 2020;
Kelemen et al, 2021; Leong et al, 2021b). In such fluids,
the only dissolved oxidant present tends to be aqueous
below detection

sometimes even reaching

sulfate; dissolved inorganic carbon is
limit, and ammonium is much more abundant than nitrate
(Nothaft et al., 2021b; Rempfert et al., 2023). These fluids tend
to  exhibit  strongly
from -250 to —750 mV.
The third fluid type are fluids that are mixtures of Type II fluid

mixing with Type I fluids in the more shallow and fractured part of

reducing  potentials  varying

the aquifers. Although the pH is often hyperalkaline, the measured
redox potentials are highly variable. The extent of mixing can often
be traced by careful analysis of the dissolved silica concentrations,
where XSi(aq) varies from 10* M in Type I fluids to 10°*M in
endmember Type II fluids (Leong and Shock, 2020; Leong et al.,
2021b; Rempfert et al., 2023).
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2.4 What hydrogen has been measured in
peridotite outcrops, wells and seeps?

Diffuse outgassing in outcrops and soils may comprise a
significant component of H, and CH, outgassed in ultramafic
bodies, in addition to bubbling springs and gas seeps. By
measuring rate of accumulation of H, in cm to meter scale
drillholes in altered peridotite outcrops in Oman, Zgonnik et al.
(2019) estimated daily H, outgassing that ranges from 3,200 to
6,500 moles per km?. It is unknown if this estimate can be scaled up
to the ~5,000 km? of exposed peridotites in Oman. In their efforts,
Leong et al. (2023) did not detect H, or CH4 accumulation in short-
term flux experiments conducted in soils and outcrops, including
those surrounding bubbling springs, and surrounding Oman
Drilling  Project  “active-alteration”  boreholes. =~ Longer
accumulation experiments or use of instruments with higher
sensitivities will be necessary in future work to quantify the
extent of diffuse outgassing, and to determine whether it is
episodic in nature (e.g., Moretti et al, 2021). Such data will
provide needed information on the transport of H, in the
subsurface reservoir, the efficiency of biological H, consumption
processes, and the existence of geological structures that may
prevent diffuse leakage of H,.

Dissolved H, has been measured in several existing groundwater
monitoring wells drilled to 300 m depth in the Wadi Tayin block of
the Samail Ophiolite (Miller et al, 2016; Rempfert et al.,, 2017;
Nothaft et al,, 2021b). Hydrogen is below a 10 nanomolar detection
limit in fluids pumped from wells in gabbro and in peridotite wells
that only intersect Type I Mg-HCO;™ type waters, whereas dissolved
H, concentrations as high as 2.9 millimolar have been measured in
peridotite wells that intersect Type II fluids (Rempfert et al., 2017).
Methane co-occurs with hydrogen in the hyperalkaline fluids, and is
also present up to 1.4 millimolar in concentration (Miller et al., 2016;
Rempfert et al., 2017; Nothaft et al., 2021b). These fluids also contain
small molecular weight organic compounds such as formate, acetate,
butyrate and propionate, but only at a few micromolar
concentration (Rempfert et al., 2017; Nothaft et al., 2021b). The
dissolved gas concentrations are likely underestimates, because they
were not collected using gas-tight sampling techniques, and instead
were brought to the surface using a submersible pump and collected
using the bubble-stripping method (Nothaft, 2020), or by using a
discrete 1L sampler and injecting fluid into N,-purged vials prior to
analysis of the exsolved gases by gas chromatography.

Extremely strong gradients in redox potential, which are
to 800mV in Eh
(or >50 orders of magnitude in fO,) as a function of depth, have
been measured in several Oman Drilling Project “active alteration”
boreholes (Nothaft et al., 2021a; Ellison et al., 2021; Kelemen et al.,
2021; Templeton et al, 2021). The most reducing fluids are

observed as sharp decreases of up

hyperalkaline, with pH from 10-11.5, and saltier, with electrical
conductivities from 2,000 to 3,350 uS/cm. Limited sampling at
275m depth with a discrete gas-tight sampler has shown that
these fluids contain high concentrations of dissolved H,
[~1.5mM Hj,q] but are not saturated with H, (Hoehler,
Templeton, Matter et al., unpublished data).
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2.5 H,-dependent microbial communities

Geological H, supports the growth and activity of “lithotrophic”
H, consuming microorganisms in mafic and ultramafic aquifers
(Nealson et al., 2005; Templeton and Caro, 2023; Boyd et al., 2023
this issue). As H, is produced through water/rock reactions and is
redistributed through advective or diffusive processes, its oxidation
can be coupled to numerous microbial metabolisms that are largely
Such
metabolisms include H, oxidation coupled to reduction of

dependent on the availability of electron acceptors.

oxygen, nitrate, sulfate, thiosulfate, and CO,, giving rise to
metabolic products such as water (during O, reduction by
“knallgas” bacteria), N, or ammonium (denitrifiers), sulfide
(sulfate  reducers), (acetogens)  and
(methanogens), as a few examples (Vignais and Billoud, 2007;
Schrenk et al., 2013; Peters et al,, 2015; Greening et al., 2016,
Sabuda et al, 2021). It should also be thermodynamically
favorable for organisms to drive the reduction of ferric iron-

acetate methane

bearing phases, such as hematite, goethite, ferric serpentine or
magnetite, when H, fluxes are high. However, such Fe(III)-
reducing metabolisms have not been directly studied in
date. Fe(IIT)

reduction has historically been considered a process associated

serpentinizing systems to Hydrogenotrophic
with (hyper)thermophiles or acidophiles, although several recent
reports of H, oxidation coupled to Fe(IIT) reduction in organisms
grown at circumneutral pH and low temperature (Dunham et al.,
2021; Kato and Ohkuma, 2021) provide additional motivation to
examine this mode of metabolism in serpentinizing systems.

In the Samail ophiolite in Oman, microbial cells are abundant in
the groundwaters and partially-hydrated peridotite rocks, typically
exceeding 10° cells/cm® (Fones et al., 2019; Templeton et al., 2021).
Within these communities, numerous H,-consuming organisms are
regularly detected using genomic approaches applied to DNA or
RNA extracted from filtered biomass. Methanobacterium sp., which
utilize H,/CO, or formate as methanogenesis substrates to produce
CH,, are some of the most commonly detected microorganisms,
comprising up to 25% of the total community detected in some
samples through DNA sequencing (Miller et al., 2016; Rempfert
etal., 2017; Nothaft et al., 2021b; Fones et al., 2021; Kraus et al., 2021;
Thieringer et al., 2023). A significant amount of the methane
detected in the groundwater fluids from the Samail ophiolite is
attributed to methanogenesis using H,/CO, or formate based on a
combination of gas chemistry, §"°C CH, isotope, and *CH;D and
"CH,D, clumped isotopologue data (Nothaft et al., 2021b). These
inferences are corroborated by direct measurements of biological
“C-HCO5~ to CHy activity measurements and
transcriptomic data (Fones et al, 2019; Kraus et al, 2021).

reduction

Intriguingly, Methanobacterium populations detected in the
Samail ophiolite parse into distinct lineages in the more oxidizing
and CO, containing Type I vs. the more H,-rich, CO, limited Type
II fluids (Fones et al., 2021; Thieringer et al., 2023). Those that are
primarily found in Type II fluids have evolved to replace H,-
dependent biochemical reactions with those dependent on
formate. This has allowed cells to generate cytoplasmic CO,
(through formate oxidation), an adaptation that effectively allows
them to overcome carbon limitation by leveraging hydrogenated
CO, (formate) that is likely also generated via serpentinization.
Further, deeply branching H,-dependent acetogens such as
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Acetothermia are also common in the serpentinite-hosted fluids
and possess distinct metabolic pathways that reflect substrate
availability differences in Type I vs. Type II fluids (Colman
et al.,, 2022).

Thermodesulfovibrionia, a class of sulfate reducing organisms
within the bacterial phylum Nitrospirota that can couple H,
oxidation to sulfate reduction to generate energy for autotrophic
growth, are also abundant in Samail ophiolite waters and, at times
comprise more than 90% of the detected DNA sequences (Nothaft
et al, 2021a; Templeton et al, 2021). Sequences affiliated with
Thermodesulfovibrionia comprised ~50% of the metagenomic
sequence recovered from deep (108-132 m), Type II waters, but
only comprised <10% of metagenomic sequence in shallower
(<65m), Type II waters in a borehole in the Samail ophiolite,
suggesting preferential inhabitation of deeper, more reduced
waters (Munro-Ehrlich et al, 2023). Other genera of sulfate
reducers such as Desulfonatronum sp. have also been detected in
Samail ophiolite subsurface waters (Rempfert et al., 2017; Munro-
Ehrlich et al,, 2023). Groundwater sulfate concentrations vary from
10s of micromolar to 1 mM concentration (Nothaft et al., 2021b).
Potential sulfate reduction rates have also been measured using
sulfate radiotracer-based methods in the fluids (Glombitza et al,
2021) and rocks (Templeton et al., 2021), with rates varying from
0.001 to 2.1 pmol/cm®/day. These are very slow rates, comparable to
the slow sulfate reduction rates measured in deep marine sediments,
with sulfate reduction rates in the ophiolite most suppressed at
higher pH > 10.5. In the work by Glombitza et al. (2021), sulfate
reduction rates were not significantly stimulated by addition of
dissolved hydrogen, at least over short time-periods (e.g., 10 days),
suggesting other factors might limit the rates of biological sulfate
reduction activity. Nevertheless, sulfate reduction is widespread and
persistent in the subsurface aquifer, resulting in the production of
sulfide that reacts with the surrounding serpentinite matrix. The
sulfur addition leads to optical darkening of the rocks and the
formation of secondary sulfides (Kelemen et al., 2021; Templeton
et al.,, 2021).

Evidence for denitrification, or the reduction of NO5™ to N,, and
nitrate ammonification, or the complete conversion of NO3™ to NH3,
is also common in the Samail ophiolite (Rempfert et al., 2017;
Rempfert et al., 2023). All available dissolved NO;™ introduced into
the aquifer through rainwater is consumed, which can sometimes
reach values as high as 366 micromolar in Type I groundwater fluids,
potentially giving rise to a substantial production of NH; (up to
115 micromolar) that accumulates in the more hyperalkaline and
reducing Type II fluids (Rempfert et al., 2023). Consistent with this
notion, protein encoding genes required for denitrification are
common in Type I fluid communities (Rempfert et al, 2023).
While
heterotrophic metabolisms, this group of organisms often

denitrifiers are most commonly associated with
supplement their heterotrophic metabolism with H, (Greening
et al.,, 2016).

Most notably, the microbial community structure and function
are strongly shaped by differences in groundwater chemistry,
particularly the differentiation between Type I and Type II fluids
(Rempfert et al., 2017; Fones et al., 2019; Colman et al., 2022). The
high dissolved hydrogen concentrations that reach millimolar levels
in hyperalkaline Type II fluids co-occur with low carbon and oxidant

availability, severely limiting H,-consuming microbial activity. In
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FIGURE 3

(A) Abundance of [NiFe]- and [FeFe]-hydrogenase encoding genes in 15 community metagenomes generated from DNA recovered from subsurface
waters in the Samail Ophiolite. Each point represents a single metagenome and are color coded according to the pH of the waters from which the DNA
was recovered. The inset shows a boxplot of the relative abundance of hydrogenase homologs, with the interquartile ranges of distributions denoted by
the boxes and medians shown as black lines in the center of the boxes. Whiskers show the full ranges of the distributions. The metagenomes were
grouped according to pH realms and are colored orange (pH <10) and blue (pH >10) and the p-value derives from a Kruskal-Wallis test. (B) Relative
abundance of [NiFe]- and [FeFe]-hydrogenase phylogenetic groups among the same 15 community metagenomes. The metagenomes are organized
from left to right based on the pH of the waters from which they derive, as indicated by the number following the metagenome ID.

contrast, H, is below a 10 nanomolar detection limit in the more
oxidizing Type I fluids, suggesting a high capacity for microbiomes
to consume the gas. This >5 orders of magnitude decrease in
dissolved H, controlled by a
combination of the hydrology (i.e., fluid mixing in fractures) and

concentrations is strongly
blooms of biological activity where suitable electron donors (i.e., H,)
and electron acceptors (e.g., nitrate, oxidized sulfur, CO,) co-occur.
The resulting consumption likely leads to the very low levels of H,
outgassing observed at the surface, which will instead be restricted to
fault zones that can transmit Type II fluids to surface springs and
seeps without significant mixing with Type I fluids prior

to discharge.
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2.6 Abundance of hydrogenase enzymes

The protein catalysts (e.g., enzymes) that microorganisms use
for the reversible oxidation of H, are termed hydrogenases (Vignais
et al,, 2001; Peters et al., 2015; Greening et al., 2016; Boyd et al.,
2024). Publicly available community metagenomes from subsurface
fluids in the Samail ophiolite were compiled to investigate the
abundance of both [NiFe]- and [FeFe]-hydrogenases, which are
forms of the enzyme that have diversified to allow for coupling with
diverse oxidants including oxygen, nitrate, ferric iron, sulfate, and
carbon dioxide (acetogenesis, methanogenesis) (Boyd et al., 2014)
(Supplementary Table SB1). Communities from Type II waters
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(pH >10.0) encoded on average, 2 times as many hydrogenase
encoding genes per 1,000 protein encoding genes sequenced,
when compared to those from Type I waters (pH <10)
(Figure 3A; p = 0.013 using the Kruskal Wallis test). On average,
66% (range of 43%-88%) of metagenome assembled genomes
(MAGsS) from Type II waters encoded a homolog of a [NiFe]-
73%) of
MAGs from Type I waters similarly encoded hydrogenase homologs
(Supplementary Table SB2). Roughly 30% of archaeal and bacterial
genomes in a database compiled in 2015 (Peters et al., 2015) encode

and/or [FeFe]-hydrogenase, whereas 38% (range of 12%-

a homolog of a [NiFe]- and [FeFe]-hydrogenase, indicating
that populations from both Type I and II waters are especially
poised to metabolize H, relative to average archaeal or
bacterial organisms.

The hydrogenase homologs were further classified into
phylogenetic groups, which allows for the prediction of the
directionality of the enzymes (Peters et al,
2016; Boyd et al,
3 [NiFe]-hydrogenases tend to function in H, oxidation, whereas

2015; Sendergaard
et al, 2023). For example, group 1 and
group 2 [NiFe]-hydrogenases enzymes tend to function either
oxidatively or as H, sensors. Group 4 enzymes function
reversibly, with the directionality dependent on the energy state
of the cell (Lie et al, 2012). In the case of [FeFe]-hydrogenase
homologs, the homologs were grouped based on whether they
belong to prototypical [FeFe]-hydrogenases that can be involved
in fermentation, H, oxidation, and/or those that bifurcate electrons
from H, (group a), in addition to those with currently unresolved
function (groups b and c¢). Comparing the relative abundance of
hydrogenase groups among the 15 metagenomes from subsurface
communities in the Samail ophiolite revealed an increased
prevalence of [FeFe]-hydrogenase encoding genes in communities
from Type II waters (Figure 3B). The prevalence of group 4 [NiFe]-
hydrogenases was also higher in communities from Type II waters.
Taxonomic profiling of the genomes from which these protein
encoding genes SB3)
indicated that they were associated with methanogenic archaea
affiliated with Methanobacterium, putative hydrogenotrophic
sulfate reducers (e.g., Desulfonatronum), and the bacterial
acetogens within Acefothermia, among many other uncultured

were derived (Supplementary Table

taxa (Supplementary Table SB3), consistent with previous studies
documenting the increased prevalence of these groups in Type II
waters (Rempfert et al., 2017; Fones et al., 2019; Nothaft et al., 2021b;
Kraus et al, 2021; Templeton et al,, 2021; Colman et al., 2022;
Munro-Ehrlich et al,, 2023; Thieringer et al., 2023).

The increased prevalence of hydrogenase homologs in
communities inhabiting Type II waters versus Type I waters,
could be attributed to an excess flux of electron acceptors in
Type I waters relative to H,, an excess of H, relative to electron
acceptors in Type II waters, or due to limitation of other key
nutrients (e.g., carbon or phosphorous) in Type II waters that
otherwise limits overall microbial activity. The results indicate
that microbial communities that inhabit Type II waters are
highly adapted to leverage the availability and abundance of H,
in those systems and are likely poised to consume a substantial
amount of H,, should other limiting factors be relieved. Another
possibility afforded by the observed increased prevalence of the
reversible group 4 [NiFe]-hydrogenase homologs and [FeFe]-
hydrogenase homologs likely involved in fermentation in Type II
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FIGURE 4

Summary of high-temperature laboratory- (triangles) and field-
determined alteration reaction rates (green and red boxes) along with
low temperature fits to results of high-temperature laboratory
experiments. Figure is modified from Leong et al. (2023). The red
dashed curves, accounting for varying surface areas, are low-
temperature fits derived by Kelemen and Matter (2008) from the
experiments of Martin and Fyfe (1970). The dashed blue and grey
curves are fits derived by Malvoisin et al. (2012) and Lamadrid et al.
(2021, for various indicated surface area or fracture spacing) from their
own experimental data. The maximum estimated rate calculated from
the experiments of Miller et al. (2017) is depicted by the violet square.
Triangle symbols are results of high temperature experiments
(>150°C): red—Martin and Fyfe (1970); dark blue—Wegner and Ernst
(1983); light blue—Malvoisin et al. (2012); light green—McCollom et al
(2016); dark green—McCollom et al. (2020a); grey—Lamadrid et al
(2021) calculated for a 10 ym grain size.

waters is that they are contributing to H, production in these
systems through fermentative type reactions.

2.7 Conceptual model for the processes
controlling the net flux of hydrogen from
Oman peridotites

2.7.1 Production rates

The rate at which hyperalkaline fluids and reduced volatiles are
generated during low-temperature serpentinization is poorly
known. Often, reaction rates are predicted from the rate at which
H, is generated at high temperature and pressures in hydrothermal
experimental water/rock reaction systems. Experiments simulating
serpentinization at high temperatures (150°C-300°C, see Figure 4)
yield the fastest serpentinization rates (Martin and Fyfe, 1970;
Wegner and Ernst, 1983; Okamoto et al., 2011; Lafay et al.,, 2012;
Malvoisin et al., 2012; Andreani et al., 2013a; Ogasawara et al., 2013;
McCollom et al., 2016; McCollom et al., 2020a; McCollom et al.,
2020b; Lamadrid et al., 2021). As shown in Figure 4, rates derived
from high-temperature experiments are highly variable, spanning
up to four orders of magnitude at a given temperature (also see
Barbier et al.,, 2020; McCollom et al., 2016 for discussion). Then
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these rates are extrapolated to lower temperature, by assuming that
the same reactions are operating from 25°C to 300°C. When high-
temperature rates are extrapolated to low temperature conditions,
the range of predicted rates is again highly variable (Figure 4), and
highly dependent on whether the fits are based upon the fast rates
observed in the experiments of Martin and Fyfe (1970), Andreani
etal. (2013a) and Lafay et al. (2012), or fits calculated by Malvoisin
(2012) or Lamadrid et (2021) from their slower
experimental results.

et al. al.

Alternatively, rates can be estimated from experiments
conducted at lower pressures and temperatures <100°C, which
differ significantly from high P and T experiments (Barbier et al.,
2020), although such experiments are rare. Using partially-hydrated
Oman peridotite as the protolith, Miller et al. (2017) measured up to
470 nanomole of H, generated per gram of reactant after 97 days of
reaction at 100°C. Assuming that the reactants (serpentinized Oman
dunite) used in the Miller et al. experiment has ~8 wt% FeO and
generation of a mole of H, requires oxidation of 2 moles of FeO, this
corresponds to a mass fraction reaction rate of ~107"° sec™'. The
maximum rate estimated from the low-temperature (100°C)
experiments of Miller et al. (2017) is consistent with low-
temperature fits from high-temperature experiments (see violet
triangle in Figure 4). The average reactive grain size was
100 microns (Miller et al, 2017), and the inferred grain-size
from the extrapolations is ~30 pm to ~3 mm, depending on the
choice of high temperature experimental data and the extrapolation
method fit (Figure 4).

Leong et al. (2023) recently provided estimates of rates of the
low-temperature serpentinization and H, generation rates in the
Samail ophiolite based upon field measurements of H, outgassing
rates measured from several bubbling spring sites in Oman. The
maximum subsurface reaction rate estimated by Leong et al. (2023)
of 8 x 107" sec™" is similar to the 3x10™"* sec™' rate estimated from in
Oman Drilling Project drill cores (Kelemen et al., 2021). In the cores,
23 out of 35 samples of carbonate veins contained appreciable '*C
and thus, contained a relatively young carbon component. These
carbonate veins are intergrown with and cut by a generation of
“waxy serpentine” veins comprising ~1% of the drill cores. This
leads to an order-of-magnitude serpentinization rate of 1 volume
percent per 10,000 years. Assuming no large density contrast, this is
equivalent to a mass fraction rate of 3x10™** sec™" (red rectangle in
Figure 4). Overall, these field-based serpentinization rates estimated
for the Oman ophiolite are consistent with those extrapolated from
high-temperature experiments, assuming low reactive surface area,
with a reactive grain size or fracture spacing >1 cm.

2.7.2 H, consumption rates

We can conduct a back-of-the-envelope calculation to estimate
the scale of microbial H, consumption in the peridotite aquifers. Cell
counting conducted with the serpentinite rocks recovered through
the Oman Drilling project enables us to establish a conservative 10°
cells/cm® average in the bulk rock, which is equivalent to
serpentinized peridotite containing 10%° cells/km® (Templeton
et al,, 2021). Given the low abundance of other electron donors
relative to H, or CH,, and little evidence for methanotrophic
activity, we will assume 50%-100% total population is dependent
on H, as an energy source for growth, depending upon which part of
the system is under examination. The next assumption we make is
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that 1 mol of H, can support the biomass production of 10" cells.
This estimate is derived from analysis of energy limited
methanogens, which can produce (0.2-0.5)*10"* cells/mol H,
(Chen al.,
denitrifiers, which can produce >10" cells/mol H, (Strohm et al.,
2007). Thus, for a standing biomass of 10*° H,-consuming cells/km’

et 2019), and more energy replete H,-driven

rock, we estimate 10° moles H,/km® was consumed for
lithotrophic growth.

The next question is the rate of H, consumption required to
maintain the populations of microorganisms inhabiting the
peridotite, which is currently unknown. In rock-hosted systems, the
cellular turnover rates may vary from days to 10s or 100s of years
(Templeton and Caro, 2023). For this thought exercise, if we assume an
average of 1 turnover per cell per year, we can infer the microbial
consumption to be 10° moles H,/km®/year, which is equivalent to
2 tonnes H,/km’/year. This conservative calculation shows a
remarkable correspondence with the maximum of 4 tonnes H,/km’/
year H, production rates estimated by Leong et al. (2023). If cells are
more abundant, or turning over faster than once per year, then the rate
of microbial consumption will increase by at least one or more orders of
magnitude and significantly exceed the predicted production rate. Since
consumption cannot exceed the available H, produced during
serpentinization, the biological system is likely highly tuned to the
prevailing H, production rate. Therefore, constraining the cellular
turnover rates will be valuable information to obtain.

To check these preliminary estimates, we can also quantify
predicted H, production through calculations that more closely
follow the approaches laid out in Hoehler et al. (2023) in their
assessment of the metabolic rate of the global biosphere. In this case,
if we use an average of 10° anaerobic cells/cm® and assume this
biomass replaces itself with one turnover per year, as above, we can
then use energy requirement from Hoehler et al. (2023) and the H,-
requirement for methanogenesis to yield an estimate of almost
Material
calculation details). This estimate would also scale to a larger H,

4 tonnes of Hy/km®/yr (see Supplementary for
consumption rate if the cell abundance or turnover rates are
increased. On the other hand, total amount of H, required would
decrease if the most energetic metabolisms (e.g., denitrification)
were utilized, due to the lower amount of H, required to produce the
same amount of energy.

The maximum potential H,-consuming activity of the
peridotite-hosted biosphere is likely enormous. In addition to the
calculations provided here so far, Boyd et al. (this issue) have
predicted that the habitable volume in the peridotite may exhibit
H,-consumption rates as high as 52,000 tonnes/km*/yr, based upon
comparison of the system characteristics (temperature, porosity) to
other H,-dominated ecosystems such as glacial basalt and carbonate
sediments, subsurface clays, and hot-spring sediments that vary in
temperature from 0 to 70°C. This order of magnitude increase in the
estimated H, consumption rate is agreeable with the others reported
above, considering potential turnover times could be far faster than
once per year (e.g., week to month turnover times).

Our inference based on these data and calculations is that H,
production and consumption are relatively balanced over the scale
of the hydrologically-active zone. Within this conceptual model we
should add some complexity to encompass a prediction that higher
levels of microbial activity in the shallow aquifer are sustained by a
flux of H, produced at greater depth (Figure 5). Under the more
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the oxidation of Fe(ll)-bearing peridotite, despite the presence of microorganisms functioning under extreme carbon and oxidant limitation. In contrast,
in the more shallow, oxidant replete aquifer, biological activity is predicted to be stimulated by fluxes of H,, giving rise to net H, consumption. The most
probable detection of H; at the surface is at hyperalkaline seeps sourced by deep faults, rather than in most soils and peridotite outcrops, due to
efficient microbial H, scavenging of the available H; flux in the upper aquifer, where measured H;(,q levels drop below detection.

hyperalkaline, closed system conditions that prevail through most of
the deeper hydrating rock volume, there is evidence of less extensive
hydration and alteration (Kelemen et al., 2020, 2021; Ellison et al.,
2021), “fertile” for H,
Simultaneously, microbial activity is predicted to be suppressed

giving rise to rocks production.
due to carbon limitation and the higher pH in these deeper rock
hosted fluids (Fones et al., 2019, 2022; Glombitza et al.,, 2021;
Templeton et al,, 2021), and some biological activity may even
contribute to H, production. Here hydrogen production will be
favored over microbial consumption. The produced hydrogen will
either be trapped and stored in nanoporosity, or be transported to
the shallower parts of the aquifer where more oxidizing conditions
prevail. In contrast, we predict H, production rates are low in the
shallow aquifer in the upper 100-200 m, because the rocks are
almost fully serpentinized and oxidized (Kelemen et al, 2020,
2021; Ellison et al., 2021). Instead, H, is delivered through a
combination of advective mixing and diffusive fluxes. Here Type
I fluids prevail and there is greater oxidant availability and microbial
H, consumption rates and turnover times should be significantly
increased. Thus, consumption will exceed local production in these
shallow aquifers (see Figure 5). In mixing zones with the highest
chemical disequilibrium between Type I and Type II fluids,
biological blooms are likely occur (Leong and Shock, 20205
Howells et al., 2022; Templeton and Caro, 2023). The system
should be relatively “silent” at the surface, without significant H,
flux to the atmosphere, because of the excess of oxidants available to
support microbial consumption of any H, that fluxes into the upper
aquifers. Thus, we infer that the only measurable gas flux to the
surface is along the fault zones that transport fluids from deeper
reaction zones to surface seeps in conduits with high fluid/rock
ratios, at flow rates faster than microbial consumption rates (e.g.,
Leong et al., 2023).
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These predictions can be tested by doing future work to directly
measure how the microbial H, consumption rates, cell abundances
and cellular turnover-times change as a function of the varying Eh-
pH conditions in the aquifer(s). Building a quantitative model
constrained by such data from rock cores and fluids will provide
valuable insights into the scale and structure of the H,-producing
reaction zones vs. the H,-consuming zones and how they together
regulate net H,-production under the current in-situ conditions. In
addition, by coupling H,-activity measurements with measurements
of the utilization of specific oxidants (e.g., CO,, sulfate, nitrate and
ferric minerals), and quantifying how their different energetic yields
affect cellular turnover rates, we can further constrain the relative
importance of specific metabolisms in regulating microbial H,
consumption. These insights will be essential to guide future
efforts to change the balance of H,-production vs. consumption
as part of engineering stimulated H, production to increase the net
H, flux by several orders of magnitude.

3 Concepts, challenges and
opportunities for stimulated geological
hydrogen in Oman

3.1 Why Oman?

The Samail ophiolite in Oman is the largest subaerial exposure
of lower crustal and upper mantle rocks on Earth (Nicolas et al.,
2000). The ultramafic rocks in the mantle section comprise a volume
of ~10,000 km® dominated by harzburgite, with up to 15% dunite
(Boudier and Coleman, 1981). Finding a way to sustainably harness
some of the abundant peridotite resources could position Oman to
become a global leader in stimulated hydrogen production, should
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this prove to be an environmentally and economically feasible
process. For example, more than 200 Mt of hydrogen could
potentially be produced if 100 km® of suitable rocks could be
identified for stimulation, which is <1% of the total peridotite
estimated to be present across the ophiolite. Given that every
1 Mt of hydrogen could produce 33 TWh and offset 23 million
tonnes of CO, emissions, that is a substantial impact.

Assessing the hydrogen generation potential of subsurface
Oman rocks first requires a detailed understanding of the
mineralogy, FeO content and reservoirs of Fe(II) that can be
converted to Fe(III) coupled to water reduction. Although fresh
peridotite can theoretically produce 2-4 Mt H,/km® (Osselin et al.,
2022), the maximum vyields will vary depending upon initial
protolith composition, Fe-content, and the degree to which some
of the initial FeO component has already been oxidized by prior
water/rock reaction. For example, the average FeO component of the
rocks is 8% (Godard et al., 2000; Monnier et al., 2006; Hanghoj et al.,
2010). Oman harzburgites and dunites characterized using X-ray
spectroscopic techniques to quantify the Fe-speciation have shown
that more than 40% of the Fe has already been oxidized through
prior water/rock reaction (Mayhew et al., 2018). However, given the
high Fe content of the peridotite, there is still a substantial reservoir
of reactive Fe(II) that can be utilized in stimulated H,-producing
reactions. Much of the Fe(II) has been stabilized under the prevailing
low water/rock reaction conditions at depth, but once fluids are
introduced, significant H, production should ensue under high
water/rock ratio, more open system conditions, so long as excess
alternative oxidants are not present.

Stimulated hydrogen production could be integrated into the
development of a hydrogen strategy in the Sultanate of Oman.
Oman Vision 2023 (the Oman National Energy Strategy; 2023), and
the Oman National Strategy for an Orderly Transition to Net Zero
(2022) together establish a path to a low-carbon economy, in part
through the development of renewable energy resources. In
addition, it is anticipated that the Sultanate of Oman will adopt
the use of more low-carbon hydrogen in the near future. The
Ministry of Energy and Minerals recently signed an agreement
with stakeholders from the oil and gas industry to establish a
regulatory framework for hydrogen produced from steam
reforming of natural gas (ie., “blue hydrogen”; Ministry of
Energy and Minerals Supports Studies of the Proposed Shell-Led
Blue Hydrogen and Ammonia Project, 2023), coupled with carbon
capture, utilization and storage. Oman is also in the process of
developing an infrastructure for the production, storage, transport
and use of hydrogen produced through electrolysis. Such efforts
have included the establishment of the state-owned company
Hydrom (https://hydrom.om), which supports the development
of “green-hydrogen” projects (i.e., production of hydrogen by
electrolysis of water using renewable electricity sources) and the
associated allocation of land and development of required
infrastructure.

There may also be the potential for natural hydrogen
accumulations that could be harnessed as an energy source in
Oman. For example, there may be reservoirs of hydrogen
previously generated by serpentinization, and then accumulated
over 10s of millions of years beneath low permeability clay-rich
caprocks overlying the Samail ophiolite, which have been seismically
imaged along the northeastern coast of Oman (Ninkabou et al.,

Frontiers in Geochemistry

12

10.3389/fgeoc.2024.1366268

2021). However, such an assessment is beyond the scope
of this work.

3.2 Preliminary technoeconomic
perspectives

There is great interest in identifying sources of geological
hydrogen that will be competitive on the global market. Recently,
the U.S. Department of Energy set targets of achieving a cost
of <$1/kg at the wellhead, and without significant greenhouse gas
emissions (<0.45 kg CO,/kgH,). The U.S. DOE also set targets
of >10 MtH, produced per deposit, which would require
stimulating and fully exhausting the H, potential of at least
5-10 km® of peridotite in a system similar to Oman (assuming
1-2Mt Hp/km’ maximum yield for these specific rocks),
and >300,000 tonnes of H, produced per year per deposit.

We have independently examined some of the assumptions
about the H, production rates that may be required for
stimulated geological H, to be economically feasible in Oman,
and we address some of the technical challenges that will be
associated with such efforts below. We acknowledge that the
of hydrogen
production is highly unconstrained, and is subject to a large

potential  profitability stimulated  geological
number of variables. These variables include natural rates of
hydrogen production, reservoir characteristics [e.g., permeability,
reactive surface area, reactivity of Fe(II) phases], and engineering
decisions (e.g., depth of injection and production wells, source of
water, costs of drilling and operations). Furthermore, the potential
stimulation methods need to be defined, and therefore their
potential effectiveness is currently unknown.

To explore the parameter space and assess the interplay between
hydrogen production rates, reactive surface area, and magnitude of
stimulation that would be required to achieve profitability, we
created a simple interactive model of the hydrogen production
process and the costs involved. The model allows the user to
explore the effects of changes in the various unconstrained
parameters (Ellison, 2024). It is available online at https://
ericellison.shinyapps.io/gain_loss/, and the associated details of
the model calculations are provided in the Supplementary Material.

An example of output from our interactive model is illustrated in
Figure 6. The calculations have been conducted for fertile peridotite
containing at least 4.5 wt% reactive FeO (Fell) component that in a
small stimulation volume that is 500 m deep and 50 m wide, between
injection and production wells that are 100 m apart (ie., the
stimulation volume is 0.0025 km?). This chosen FeO component
(4.5%) acknowledges that a significant fraction of the original 8 wt%
FeO in the peridotites is already oxidized due to prior water/rock
reaction, even in deeper rocks that have not experienced high water
fluxes and associated weathering at shallower depths. The heatmap
in the background indicates combinations of H, production rates
and reactive surface areas that would be profitable (colors) or not
profitable (gray). A selection of published reaction rate data for
experiments with finely crushed olivine, forsterite + pyroxene, or
serpentinite rocks, at relatively low temperature (<150°C) are
included (Martin and Fyfe, 1970; Lafay et al., 2012; Miller et al.,
2017). Additionally, rates extrapolated from the experimental results
of Martin and Fyfe (1970) to lower temperatures using the fit by
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FIGURE 6

Potential profitability of a small (0.0025 km?) hypothetical stimulated geological H, production operation as a function of the serpentinization rate
and effective grain size, modeled according to the methods described in SI. Only capital (5600K) and operational (5200K/yr) costs to get H, to the well-
head are considered, with assumptions of a 15-year operation, with a H, market price of $5/kg. The lowest temperature experimental data (Martin and
Fyfe, 1970; Lafay et al., 2012; Miller et al., 2017), together with extrapolations to even lower temperatures (Kelemen and Matter, 2008), are plotted
with temperatures annotated. Maximum natural H, production rates in Oman inferred from surface flux measurements are also shown (Leong

et al,, 2023).

Kelemen and Matter (2008), as well as the maximum estimated
natural H, production rate in Oman based on H, flux measurements
at the surface by Leong et al. (2023) are overplotted.

In the example results of Figure 6, the model output shows that
if subsurface rocks could react at rates close to those derived from
laboratory experiments, which used finely pulverized ~100 pm
olivine or peridotite samples, this would be fast enough to be
profitable under the model assumptions. However, these are
extremely rosy predictions! The reactive surface area in the
subsurface serpentinite is much smaller, perhaps corresponding
to fracture spacing of 10 mm-1m (Leong et al, 2023), which
means that even if the same hydration and oxidation rates
observed in experiments are achieved in the natural system,
once scaled to the available reactive surface area, the H,
production will be several orders of magnitude too slow for
profitability. Thus, it is likely that significant stimulation will
be required.

In comparing the estimated natural rates from Leong et al. to the
“profitable zone” in Figure 6, we find that the net H, production
rates need to be increased by >10". It will be essential to either move
“up” from the Leong et al. (2023) predictions by a direct increase in
the reaction rate, or to move “left” on the diagram by decreasing the
fracture spacing and effective grain size. These required rate
increases may possibly be accomplished through a combination
of mechanisms described in Section 3.3.

In assessing the model, we acknowledge significant concerns
about the investment costs of stimulated geological hydrogen,
detailed
technoeconomic analysis for each possible geological scenario.

which  deserve investigation and a robust

In this preliminary analysis for the Samail Ophiolite, we use cost
estimates that are far lower than might be assumed, for example,
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in North America, where drilling costs will be >$150,000/day, or
in offshore environments that would be substantially more
expensive to drill. Fortunately in Oman, we start by assuming
it will be feasible to stimulate hydrogen production in reaction
volumes located at less than 1km depth in sufficiently fresh
peridotite. Using our experience in drilling wells and conducting
borehole experiments in the Samail Ophiolite, we envision capital
investment costs that could be as low as $600K for permitting,
construction of access roads, drilling completion of injection,
production and paired monitoring wells, and the installation of
required infrastructure for fluid injection and extraction. This is
coupled with estimated annual operational costs of $200K/year
for providing required water and energy, plus the personnel costs
of maintaining a small operation. We have not investigated costs
post-delivery to the well-head, such as gas-separation, storage
or transport.

3.3 Approaches to stimulation

Stimulating geological H, production will involve chemical,
biological, mechanical or thermal perturbations that increase the
rate of H, production and/or decrease loss. Such methods will likely
need to be applied in combination to achieve the required 4-5 orders
of magnitude increase in the hydrogen yield.

Several potential strategies for stimulating geological
hydrogen production can be considered for Oman. At the
highest level, stimulation must start by increasing the water/
rock ratio. This can be accomplished through fracturing of target
rocks using hydraulic or electrical methods followed by the

injection of fluids into new fractures to drive increased
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serpentinization of the peridotite. For a system like the Samail
Ophiolite, where pre-existing, mineralized fractures already exist
down to the 50 micron scale (Dewandel et al., 2005), it will also be
important to assess whether such interfaces can be re-activated
and kept open to fluid flow. By achieving a reduced fracture
spacing, and thus a smaller effective grain size with a larger
reactive surface area, the system will be able to move to the “left”
on Figure 6, giving rise to greater H, production rates per volume
of rock. The key variables to be assessed at the field scale are the
extent of new fracture surface area that is produced, changes in
the effective grain size, and the ability to distribute the fluid
through the fracture network rather than short-circuiting of flow,
via focusing in a few dominant fractures. The water/rock ratio
can then be further optimized by controlling the rate of injection
and fluid extraction.

A deeper understanding of reaction-driven cracking processes
would be beneficial. Reaction-driven cracking can occur when the
thermodynamically-favorable rock hydration and oxidation, and
associated volume increase, occurs rapidly, creating high
differential stresses. Fracturing can occur at multiple scales,
including scales on the order of 10s-100s of microns (Iyer
et al., 2008; Jamtveit et al., 2008; Rudge et al., 2010; Kelemen
and Hirth, 2012). If conditions can be optimized to initiate
reaction-driven cracking and sustain infiltration of fluids into
existing fractures, the resulting self-propagation of the fracture
network may refresh the permeability and the reactive surface area,
which is essential to mitigating possible surface passivation over
time and clogging of fluid flow pathways during secondary
mineralization. Reaction-driving cracking is likely required to
fully serpentinize and oxidize the target olivine and pyroxene
rich formations.

From here, additional mechanisms of stimulation can be
explored. For example, the rate of serpentinization and hydrogen
production will increase with temperature. The temperature can be
increased by 1) drilling deeper, following the geothermal gradient
of >20°C/km (Kelemen et al, 2021), 2) heating the shallower
formations through inputs of external energy, or 3) exothermic
heating during mineral hydration reactions (Kelemen and Matter,
2008). However, the scale of exothermic heating will also be highly
sensitive to the rates of fluid injection and circulation. Models need
to carefully account for these interactions, and they must include an
assessment of the energy costs and CO, footprint associated with
heating of the rocks.

Further pathways to stimulation require careful testing in the
field and in the laboratory. Although the rates of hydrogen
production have proven to vary by orders of magnitude in
laboratory experiments conducted at similar temperatures,
grain sizes and fluid compositions, it has been difficult to
what this
serpentinization rates can be sometimes attributed to which

determine controls variability. Changes in
reactions regulate silica activity (McCollom et al., 2020a), or
specific ion activities, such as Al’*(,q) (Andreani et al,, 2013a),
Ni** (Song et al., 2021), other fluid variables such as salinity and
pH (Lafay et al, 2012; McCollom et al., 2020b), or enhanced
electron transfer by specific mineral phases such as spinels
(including magnetite or chromite), metal alloys or Ni sulfides
(Mayhew et al, 2013; Barbier et al, 2020). Thus there is
significant

ongoing experimentation being conducted in
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research laboratories worldwide that is focused on optimizing
the mechanisms of catalysis and the chemical factors that may
increase net H, yields. New experiments and modeling efforts
have also been initiated to investigate whether serpentinization
and H, production rates are controlled by rates of olivine and
pyroxene dissolution, and can be modeled using temperature
dependent rates derived from compilations such as Oeclkers et al.
(2018), or whether they are more controlled by secondary mineral
formation as the rate determining step for the overall
serpentinization process (Nesbitt and Bricker, 1978).

It is worth noting that most experiments have focused on the
high temperature alteration of olivine to magnetite, brucite and
serpentine, and many fewer have been conducted with the
complexity of a full peridotite composition, which exerts an
enormous control on the predicted H, yields (Ely et al., 2023).
Thus stimulating hydrogen production requires much more
attention to promoting the secondary mineralization pathways
that yield the most H, under the in-situ conditions found in the
Oman peridotite aquifers (Leong et al., 2021b). In particular, it
will be essential to understand controls on the partitioning of
Fe(II) and Fe(III) into secondary phases such as serpentine,
magnetite and hydroandradite, and how to promote the rapid
formation of ferric phases coupled to the reduction of
water to Ho,.

In addition, it will be important to understand and control
the timing of hydrogen generation. In many experiments,
serpentinization rates and associated hydrogen production
rates often experience a notable incipient
(Seyfried et al, 2007; 2017;
McCollom et al., 2020a). Significant reaction with fresh

lag during
alteration Grozeva et al,
protoliths may need to occur until the fluids reach the more
alkaline, low SiO, conditions conducive to H, production. In
Oman, the mantle rocks have already experienced several
episodes of prior water/rock interaction at varying
temperatures (Noél et al., 2018; Scicchitano et al., 2020), and
initial hydration products such as brucite and Fe(II)-rich
serpentine have been formed at low water/rock ratios (Ellison
et al,, 2021; Kelemen et al., 2021). Therefore, in this system, we
anticipate that phases such as metastable Fe(II)-bearing brucite
will rapidly react with circulating fluids, producing a notable
initial pulse of H, (e.g., Miller et al., 2017). Once the previously-
formed brucite is exhausted, the overall H, production rate will
become much more sensitive to the rate controls on olivine,
pyroxene and Fe(II)-serpentine alteration to secondary Fe(III)-
bearing phases.

Stimulating hydrogen production will also depend upon
ensuring that H, production greatly exceeds the rate of microbial
consumption. In turn, this will require that the fluid conditions in
the reaction volume do not stimulate biological growth and
increased activity. From prior interrogation of the system, the
microbial communities are astoundingly resilient to low nutrient
concentrations (e.g., phosphate) and high pH, showing activity,
albeit at reduced rates, even at pH >10 (Fones et al, 2019
Glombitza et al., 2021; Kraus et al.,, 2021; Rempfert et al., 2023).
Therefore, manipulating these environmental variables will likely
not be sufficient. The most essential factor controlling microbial H,-
consumption will be the carbon and oxidant availability, which

should be minimized to ensure that the system is primed for net H,
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production vs. consumption (see Section 2.6). Note that this is to
some extent the opposite of injecting fluids with high pCO, to
optimize solution-trapping and carbon mineralization for
CO, storage.

Oman is one of the world’s five most water-stressed countries,
due to large withdrawals coupled with limited freshwater
availability (Kuzma et al., 2023). This has been exacerbated by
decreasing rainfall. Decreasing precipitation also leads to greater
energy demands, to produce more freshwater via desalination,
requiring almost 100 Kwh/m’. Fortunately, purified water will
not be required for stimulated geological hydrogen production.
Serpentinization can proceed with a diversity of fluid
compositions, including as seawater and wastewater. In
particular, wastewaters loaded with organics may be beneficial
to stimulating hydrogen production, if their introduction first
consumes strong oxidants and then promotes anaerobic
microbial fermentation activity that produces H,, in addition
to pushing the system to the low pO, suitable for hydrogen
production.

Depending upon the exact fluid chemistry, parasitic H,
H,
production can be significantly diminished in fluids containing

consuming reactions can occur. For example, net
dissolved oxidants. Less hydrogen will be produced when oxic
fluids are injected, since the FeO component of the rock will
preferentially react with dissolved O,, reducing the available Fe
for H, production once low fO, conditions are obtained during
water/rock reaction. Alternative oxidants such as nitrate, sulfate
and CO, should also be minimized. In particular, production of
CH, from microbial CO, reduction should be avoided. In
addition, fouling can occur if sulfide is produced via microbial
sulfate reduction during stimulation using a sulfate-rich fluid
such as seawater.

Therefore, the chemistry of the fluids to be utilized must be
optimized prior to injection to give rise to reducing potentials
more favorable for the production of H, than its oxidation. This
can be achieved by the coupled biological and chemical “tuning”
of the system. Yet it will also be important to carefully ensure that
exogenous components are not added to the subsurface aquifer
that may be detrimental if they were to be released from the
stimulated reaction volume into the surrounding aquifer. The
design of the H,-recovery also needs to be optimized so that
hydrogen produced in the circulating groundwater is extracted
prior to substantial advective or diffusive losses. Ideally,
stimulation of peridotite at depth will preserve an overlying
caprock with low permeability, beneath which newly produced
H, can accumulate, and flow toward production wells.
Above such a caprock, we consider it beneficial that in Oman,
there would be Type I oxidizing fluids in the shallow aquifer
well above the target H, production zones, which should
ensure efficient microbial consumption of any inadvertent
leaks of H, through the caprock, preventing release to the
atmosphere.

During any type of proposed stimulation, it will be important
to monitor possible negative perturbations to the environment.
This will include possible changes in groundwater chemistry,
particularly if the aquifers could be impacted by the type of
injection fluid(s) to be used; changes in microseismicity that
could be induced through targeted fracturing, as well as reactive-
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driven cracking; changes in microbial community structure and
abundance, due to blooms of opportunistic organisms stimulated
by the introduction of oxidants; changes in greenhouse gas flux to
the atmosphere, whether H, produced in the stimulation or other
gases, such as methane, that are produced by H,-dependent
Establishing of
environmental monitoring data before and after stimulation

microbial  activity. a strong baseline
and quantifying perturbations will be essential for the future

safe design of stimulated geological hydrogen operations.

4 Conclusion

Currently the technology readiness level (TRL) for
Stimulated Geological Hydrogen lies at TRL 4, using the
criteria established for natural geological hydrogen by Gaucher
et al. (2023), in that the previous characterization, monitoring
of the geology,

microbiology and H, in pre-existing wells and boreholes

and testing hydrology, geochemistry,
discussed herein provides a framework for validation in the
natural environment. The next step is to move towards TRL 5,
by testing whether active H, production processes can be
stimulated at depth.

The concept of stimulated geological hydrogen may not be
economically feasible in many locations globally, due to the
challenges of producing H, in subsurface fractured rock aquifers
at acceptable rates and market prices, given the anticipated
capital and operational costs. However, the Sultanate of
Oman is one of the most favorable geological locations to test
and then scale stimulated hydrogen production due to the
abundance of fertile Fe(II)-rich peridotite rocks that can be
accessed near the surface. Therefore, we suggest that it would be
beneficial to conduct a pilot study of stimulated hydrogen
production in reactive peridotites in Oman as soon as
possible, to determine if it is possible to engineer the
required >10,000-fold increase in the rate of geological H,
production. Such a pilot should begin with drilling, followed
by careful characterization of core, fractures, microseismicity,
downhole magnetic fields, pore fluids, microbial activity and H,
flux to establish a robust set of background measurements
against  which be After
characterization, rock fracturing technologies will be required

changes  can measured.
to permit the injection of fluids tuned to accelerate H,
production, decrease the effective grain size, and increase
reactive surface area. A pilot should then include continued
characterization of the physical, chemical, biological and
thermal changes that occur within the partially-serpentinized
peridotites due to increasing fluid circulation, and reaction with
engineered fluid compositions. Detailed characterization of
the

geochemistry and microbiology of borehole fluids, H, flux

changes in fracture network, rock properties,
and seismic activity, during and after stimulation. Sidewall
coring should be considered, to monitor mineralogical and
biological changes in rocks surrounding the boreholes.
Comprehensive monitoring will be important in validating
any new models of stimulated in-situ H, production, and
identifying controls on the balance of processes that generate

and consume H,.
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