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ARTICLE INFO ABSTRACT

Handling Editor: Dr A Bhatnagar Underground hydrogen storage in porous rocks is a promising method to stabilize renewable energy fluctuations.
However, data on the geochemical reactivity of hydrogen with reservoir rocks and its potential effects on
reservoir performance are limited. This study investigates the geochemical reactivity of hydrogen with Bunt-
sandstein reservoir sandstones from northern Germany, collected at a depth of about 2.5 km. Experiments were
performed at 100 °C and 150 bar hydrogen partial pressure for four weeks, examining scenarios with dry
hydrogen, synthetic saline fluid with hydrogen, synthetic saline fluid with helium (as a control), and an oxidation
environment (air). We measured permeability, porosity, magnetic susceptibility, and fluid element concentration
before and after the experiments. Results showed no significant mineral changes attributed to hydrogen. Mag-
netic susceptibility indicated no formation of magnetic minerals, such as magnetite and pyrrhotite. Minor var-
iations in permeability and porosity were attributed to anhydrite dissolution from fluid chemistry
nonequilibrium. Overall, our findings suggest hydrogen interactions with Buntsandstein sandstone (no pyrite
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content) at temperatures up to 100 °C do not risk hydrogen loss or reservoir performance degradation.

1. Introduction

Hydrogen is of significant importance for the decarbonization of the
economy, not only because of green hydrogen produced by electrolysis
but also due to the potential large-scale occurrence of natural hydrogen
[1-3]. Hydrogen as an energy carrier can be converted from renewable
power to balance the fluctuation of solar/wind power generation and
the demand of the customers [1,4]. Technically, porous reservoirs offer a
greater potential for hydrogen storage compared to salt caverns due to
their widespread occurrence in sedimentary basins and their capacity to
hold giant volumes [5]. However, large-scale hydrogen porous storage
still faces major scientific challenges [6], including hydrogen loss and
contamination due to microbial reactions [7-10], hydrogen flow
through porous media [11,12], wettability [13,14], and solubility [15]
of hydrogen in porous rocks, as well as rock property changes induced
by geochemical reactions [16].

There are tremendous reviews summarizing that microbial reactions
are supposed to be the major problem for hydrogen storage since
hydrogen is the universal electron donor for many microbial metabo-
lisms, which will consume and convert hydrogen to other forms (e.g.,
HoS and methane) [17-19]. However, hydrogen is also the electron
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donor for many abiotic geochemical reactions [20-23], such as reactions
with pyrite [24], sulphates [25], iron oxides (e.g, hematite) [26,27], and
carbonates [28-30]. Most of the above geochemical reactions require
elevated temperatures at least higher than 200 °C in the absence of
water, where the reaction may occur directly on the gas-solid interfaces,
such as calcite (>500 °C) [28,29], hematite (>200 °C) [26,27], and
pyrite (>250 °C) [24,31]. A recent study discovered that reduction of
iron-bearing minerals such as pyrite, hematite, iron-bearing clays (like
smectite), and anhydrite can occur at 120 °C and 200 bar in hydrogen
pressure. However, significant amounts of reduction were observed only
with pyrite and hematite [32,33]. In addition, a small portion of the
structural Fe(III) in synthetic montmorillonite-type clays can be reduced
by the adsorbed hydrogen gas under dry conditions, via 2Fe>" + Hy —
2Fe?" + 2H' [34]. Therefore, it is noticed that temperature is the pri-
mary factor determining the reactivity of hydrogen with these minerals.

In the presence of water, reactions will depend on aqueous hydrogen
(Hy = 2H" + e7) associated with hydrogen dissolution and dissociation
[15,35,36]. The required temperatures for initiating
hydrogen-fluid-mineral reactions are commonly lower than those in dry
conditions. For instance, pyrite to pyrrhotite reduction in
calcite-buffered solutions can occur at a temperature as low as 90 °C [37,
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38]. Aqueous sulphate can be reduced at 250-300 °C with negligible
effects on hydrogen partial pressure between 4 and 16 bar [25], but with
the requirement of HyS as the catalyst for the reactive intermediates
[39]. Research on calcite reaction with hydrogen in aqueous conditions
remains inconsistent across experiments and between experimental re-
sults and theoretical models. One experimental study indicated that
calcite dissolution in claystone caprock can be enhanced in the condi-
tions of the hydrogen-brine mixture at room temperature for 30 days,
which implies the hydrogen dissociation-facilitated dissolution mecha-
nism [40]. Al-Yaseri et al. [41] reported a significant calcite expansion
under a hydrogen-brine environment at 75 °C over 75 days, causing a
porosity reduction of 50% (CT model-based analysis). However,
Al-Yaseri et al. [42] conducted a similar study on the interaction be-
tween limestone and hydrogen under comparable conditions but did not
find significant effects on porosity and gas composition. Additionally, a
batch experiment with pure -calcite was performed under a
hydrogen-brine saturated environment at 100 bar hydrogen partial
pressure and a temperature of 105 °C, demonstrating the non-reactive
behavior of calcite with hydrogen [43]. Conversely, numerous
geochemical modeling studies using PHREEQC have shown substantial
calcite dissolution and methane production over decades due to
calcite-hydrogen reactions [35,36,44]. There is a notable disparity
among various modeling and experimental studies regarding whether
geochemical reactions occur and their impact on reservoir properties.

While the reactivity of pure minerals with hydrogen has been
extensively studied, ongoing debates still exist. Rare experiments
investigate hydrogen reactivity with natural bulk rocks, but under-
standing its potential effects on rock petrophysical properties is crucial
for reservoir assessment. Potential hydrogen reactions may not only
consume or contaminate hydrogen but also convert mineral phases
affecting petrophysical properties. While limited studies have explored
the reactivity of sandstones with hydrogen, the findings remain incon-
clusive [16,45-47]. Notably, Flesch et al. [16] investigated the impact of
potential hydrogen reactions under saturated conditions on porosity,
permeability, and effective surface area of bulk samples, revealing
minor effects on reservoir performance. These findings suggest that re-
action rates determined from experiments using powders with particle
sizes in the pm to nm range might not directly translate to natural rock
systems. This discrepancy is likely due to the inherent complexity of
natural rocks, which includes a diverse mineral composition, a range of
mineral grain sizes, variable surface areas available for reaction, and
differing effective pore space configuration among other factors.

Importantly, the presence or absence of water has a detectable in-
fluence on hydrogen-mineral reactions with different reactive mecha-
nisms, i.e., gas-solid interface reactions [26,29,31] and dissociated
hydrogen-facilitated mineral reactions [25,37,43]. This is also appli-
cable in reservoirs because gas injection into saline aquifers or reservoirs
forms a dry-out zone, a partially-saturated two-phase zone, and a satu-
rated zone, where gas may dissolve. Dry and wet conditions have seldom
been systematically explored in batch experiments for assessing rock
petrophysical properties [46]. To accurately identify reactions specif-
ically associated with hydrogen, it is essential to conduct control refer-
ence experiments, such as those using inert gases.

In this study, we investigate potential geochemical reactions be-
tween drill cores (Triassic Buntsandstein reservoir sandstones from a
depth of about 2500 m) and hydrogen under dry and wet conditions.
Porosity, permeability, petrographic properties, magnetic susceptibility,
and fluid element concentration were measured before and after the
batch experiments. We also conducted control tests using inert helium
gas. This approach allows us to systematically identify the specific
causes of the results with a baseline. We can thus determine whether the
changes are due to pure fluid-rock interaction, thermal effects alone,
reactions at the hydrogen-mineral interface, or mineral dissolution
facilitated by dissociated hydrogen.
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2. Materials and methods

The methodology and experimental apparatuses used in this study
are illustrated in Fig. 1. The workflow includes sample and fluid prep-
aration, as well as the analytical analysis of samples before and after the
alteration experiments. A more detailed description is provided below.

2.1. Rock materials

The samples were obtained from drill cores in a gas field located in
northern Germany. The sandstones (Triassic Buntsandstein reservoir
sections) at a depth of about 2.5 km were selected for preparing cylin-
drical samples with a diameter of 25 mm and a length of about 40 mm.
In addition to porous and permeable sandstones, low permeable se-
quences of shaly sandstone, sandy shale, and shale interlayers can be
found in the formation. We selected relatively high permeable samples
for our experiments. All 11 cylindrical specimens named BS1 to BS11 are
perpendicular to the longitudinal axis of the drill cores (i.e. parallel to
sediment stratification). The trim ends of each cylindrical specimen are
used for thin section preparation for the petrographic analysis of the
initial material as shown in Fig. 1a. Trim ends are embedded in blue-
dyed epoxy resin, fixed on a glass slide, and ground to a final thick-
ness of approx. 30 pm. Before covering with a glass coverslip, samples
are half-stained using a combined Alizarin red S and Potassium ferri-
cyanide solution [48] to aid the assessment of carbonate mineral phases.
Subsequently, thin sections of altered samples after batch experiments
were prepared for the observation of potential corroded mineral phases,
in comparison with the initial materials. This will provide us with a
semi-quantitative comparison of potential reactive minerals.

2.2. Synthetic formation fluid

The synthetic fluid was prepared using rock samples, to achieve a
solution that is in chemical equilibrium with the sandstone samples at
experimental conditions. The fluid was used for the alteration experi-
ments, to minimize potential pure geochemical reactions between rock
specimens and the fluid. Some remaining sample materials, i.e., 7.41 g
from BS6 and 4.39g from BS8 leftovers, were crushed into fine powders
and put into a glass bottle (i.e., pressure plus screw top bottle DURAN)
filled with 1 L of pure water (i.e., electrical resistivity is about 18 MQ x
cm at room temperature) for the synthetic fluid preparation (Fig. 1a).
The bottle is sealed by a rubber stopper and a thermocouple is punched
through the stopper into the fluid to measure the temperature in the
bottle. The bottle is put on a magnetic heating plate with a magnetic
stirrer bar inside to stir the fluid under a constant temperature of 90 °C
for four days. When compared to the actual measured composition of the
formation fluid in the gas field, the prepared solution is deficient in Na.
Consequently, after rock dissolution and filtering, we added 8% sodium
chloride (NaCl) to achieve an elevated NaCl concentration. The purpose
is to prepare a solution that closely resembles the chemical equilibrium
found in the in-situ environment.

2.3. Analytical methods

Rock and fluid samples were analyzed before and after the batch
experiments. The analyses included petrographic observation, porosity
and permeability measurements, magnetic susceptibility, and fluid
element concentration as illustrated in Fig. la.

Petrographic analysis: Thin sections of all samples before and after the
batch experiments were prepared for optical microscopy observation
under transmitted and crossed-polarized lights to find potential altered
mineral phases. Additionally, modal proportions of mineral phases in
initial samples were determined with a semi-automatic point counter
[49,50].

Petrophysical properties: Porosity and permeability were measured
before and after the batch experiments. All cylindrical samples were
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Fig. 1. a. Methodology workflow detailing sample/fluid preparation and analytical methods used in this study. b. Sketch of static batch reactors used for hydrogen
alteration experiments, including three reactors connected in parallel with hydrogen and helium cylinders.

dried in an oven at 40 °C for two days before any petrophysical mea-
surements. The solid phase volume of the samples was measured with a
helium pycnometer (Micromeritics, AccuPyc II 1340), and porosity was
derived with known dimensions of the cylindrical specimens. Addi-
tionally, the Klinkenberg-corrected permeability [51] of rock specimens
was measured using an air permeameter (Westphal Mechanik) with
steady-state flow under a confining pressure of 1.2 MPa, using dry,
oil-free lab air as permeant. The setup achieves an error margin of less
than 0.1% of the final permeability value, and the measurements are
reproducible within an average deviation of 1.8% from the reported
values [52].

Magnetic susceptibility: Magnetic susceptibility serves as an indicator
for detecting potential mineral reactions, including the transformation
of hematite/goethite to magnetite/iron and pyrite to pyrrhotite/troilite,
or vice versa. Magnetite shows magnetic susceptibility orders of
magnitude higher than hematite/goethite, and even traces of hematite/
goethite that are reduced will result in significantly increased magnetic
susceptibility values [53]. Pyrite is a non-magnetic mineral, whereas
ferrimagnetic pyrrhotite (Fe;Sg) is stronger magnetic compared to pyrite
[54]. Therefore, changes in the magnetic susceptibility of samples
before and after the batch experiments yield valuable insights into po-
tential magnetic mineral formation (e.g., magnetite, iron, and pyrrho-
tite). The magnetic susceptibility of all samples before and after the
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batch experiments was measured at room temperature using an AGICO
Kappabridge KLY-4S in a magnetic field of 300 A/m and an operating
frequency of 875 Hz. Each sample was measured three times by counting
the mean to ensure the accuracy of the measurement. We calculated the
mass-normalized susceptibility, y (m>/kg) for a systematic comparison,
which can be derived as,
Vo
= k (€8]
where m is specimen mass and k is the volume susceptibility, given by
the Kappabridge for a nominal volume of the instrument of Vo = 10 cm?®.
Fluid chemistry: The prepared synthetic initial fluid and the fluids
after the batch experiments were sampled and acidified with 1 % HNOg
for ICP-OES (iCap 7000, Thermo Fisher) and IC measurements at the
Laboratory for Environmental and Raw Materials Analysis (LERA) at the
Institute of Applied Geosciences, KIT. Na, Ca, K, Fe, Sr, Mg, Ba, Li, B, Al,
Mn, As, Rb, Pb, and Si were detected. The initial fluid contains 46.8 g/L
Cl, 2.1 mg/L bromide, 3.7 mg/L nitrate, and 554.0 mg/L sulphate,
respectively. Carbonate concentration (CO%") is sensitive to tempera-
ture and pressure, thus not included in the measurements. The pH of the
fluid before and after the experiments was measured with a pH indicator
strip.
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2.4. Experimental apparatus

Three corrosion-resistant batch reactors were built and used for the
batch experiments, as depicted in Fig. 1b. These reactors are engineered
to withstand a maximum pressure of 300 bar and are housed in an oven
(Memmert UF110) with a maximum heating capacity of up to 300 °C.
Two gas cylinders containing pure hydrogen and helium are connected
in parallel with all reactors. Additionally, three pressure transducers (i.
e., KELLER, 23SX/0-250 bar) are in line to measure the actual pressure
within each reactor. The setup includes a high-pressure syringe pump
(Teledyne ISCO 260X) and a vacuum pump (CRVpro 4) to pressurize or
vacuum the system, respectively. Pressure and temperature can be
monitored and recorded by the dedicated control software. The batch
reactors are composed of an inner PEEK isolator housed in a stainless
steel (Hastelloy) autoclave.

For a standard sample assembly, the whole system is vacuumed
completely for 2 h. Subsequently, gas is introduced into the syringe
pump at a relatively low pressure of 10 bar and then pressurized to the
target pressure of 150 bar by the pump stepwise. Multiple stages of
pressurization may be required to achieve the desired target pressure
due to the high compressibility of the gas. Utilizing the pump to main-
tain and adjust the actual pressure in the reactor ensures a minimal
volume of hydrogen in the pipeline system, thereby reducing the risk of
leakage from the high-pressure gas cylinders. This apparatus enables the
execution of experiments under constant volume or constant pressure
conditions. Additionally, a hydrogen detector (i.e., SENKO SGT portable
hydrogen-gas detector, 0-1000 ppm) is used to detect and monitor any
potential hydrogen leakage in the system, ensuring operational safety.

2.5. Experimental procedures

To differentiate the potential reactions facilitated by hydrogen rather
than pure fluid-rock interactions or other thermal effects on samples, we
conducted four scenarios of experimental conditions for comparison.
These include 1) pure hydrogen, 2) pure hydrogen + synthetic fluid, 3)
helium + synthetic fluid, and 4) air (Table 1 and Fig. 1b). The latter two
are control tests designed to confirm any potential changes in rock
properties that may result from nonequilibrium of fluid chemistry and
the effect of heating in an oxidative environment, respectively. Helium is
an inert gas with a low solubility in water, which was used as a reference
in comparison to hydrogen.

Using the synthetic fluid, samples BS4 — BS9 were vacuum-saturated
in a desiccator for three days. Subsequently, dry samples BS1 — BS3 and
brine-saturated samples were moved into the reactors, which were
assembled and sealed. Each reactor was thoroughly evacuated to
remove any oxygen, and then it was filled with the corresponding gas.
Reactors were pressurized to about 130 bar at room temperature and
heated to 100 °C with all valves remaining closed. The inner pressure of
the reactors was increased by heating and adjusted precisely afterwards
using the ISCO pump to achieve 150 bar. The pressures were recorded
continuously by the transducers with a total experimental duration of
approximately 28 days.

Table 1
Physico-chemical conditions of the four batch experiments.
Reactor Samples Gas Fluid  Pressure Temperature
No. (bar) °Q)
1 BS1, BS2, H, No 150 100
BS3
2 BS4, BSS5, Hy Yes 150 100
BS6
3 BS7, BSS8, Helium  Yes 150 100
BS9
/ BS10, BS11 Air No 1 100
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3. Results
3.1. Mineral compositions of the sandstones

The detrital mineralogy of all samples is dominated by quartz with
57.3% on average based on point counting results (Supplementary
Material Table A1). Feldspar (K-feldspar and plagioclase) in all samples
is the second most abundant detrital component and occurs almost
exclusively as K-feldspar with 8.5% on average. The normalized
amounts of quartz, feldspar, and rock fragments (shale, siltstone, sand-
stone rock fragments, chert, dolomitic ooids, limestone RF, quartzite,
metamorphic, and plutonic rock fragments) display that the samples
predominantly classify as subarkose, except for BS7 as lithic arkose
(Fig. 2). Accessory minerals are muscovite, biotite, chlorite opaque
minerals, tourmaline, zircon, and rutile. Clay mineral laminae, stained
red by iron oxides and pore-lining illite can also be found in most of the
samples. The most prominent authigenic constituents are syntaxial
quartz and K-feldspar overgrowth cements, calcite, dolomite, anhydrite,
barite, chlorite, and iron oxides. The latter two are either appearing as
pore-lining or pore-filling. Illite, carbonates, and anhydrite all replace K-
feldspar. Samples BS1, BS4, and BS8 contain a higher content of authi-
genic sulphates (mainly anhydrite and barite). Iron oxides are mostly
present as pigmented to continuous hematite rims on detrital grains and
intermixed with clay minerals in individual laminae. Carbonates occur
either as dolomitic ooids or as pore-filling and syntaxial cements (calcite
and dolomite). It is important to note that none of the samples contain
any detectable pyrite based on the thin section analysis, which is
consistent with findings from similar formation rocks [16,55].

Minerals that may react to hydrogen exposure include sulphates (e.
g., anhydrite and gypsum), sulfides (e.g., pyrite), carbonates (e.g.,
calcite and dolomite), Fe>*-bearing clay minerals (e.g., illite and chlo-
rite), and iron oxides (e.g., hematite and goethite) [21]. Hence, the
minerals identified through point counting were categorized into four
key groups: clay minerals, carbonates, sulphates, and iron oxides
(Fig. 3). Although the mineralogical composition of the samples varies
due to different textures, the selected samples for each experimental
condition contain representative amounts of reactive minerals, which
are relatively comparable.
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Fig. 2. Ternary quartz-feldspar-rock fragment classification diagram [56] of
the studied Buntsandstein reservoir rocks.
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3.2. Pressure variations in batch reactors

The entire pressure variations in the hydrogen reactors were recor-
ded throughout the experiments (Fig. 4). The hydrogen reactors 1 and 2
were sufficiently gas-tight, and the hydrogen pressure in reactor 1 was
nearly unchanged over the entire four weeks. In the hydrogen + fluid
saturated reactor 2, the hydrogen pressure initially built up to 154 bar
gradually decreased at the beginning, and eventually stabilized at 147
bar after approximately 5 days. It is important to note that the total
hydrogen volume injected into reactor 2 is much smaller than in reactor
1 due to the volume occupied by the fluid in reactor 2 (saline fluid-
saturated). Thus, pressure in reactor 2 will be more sensitive to gas
molecule loss in comparison to the pressure in the large volume of
reactor 1.

3.3. Petrophysical properties

An increase in porosity was observed for all samples after the batch
experiments, particularly for samples under saline fluid-saturated con-
ditions, i.e., hydrogen + fluid and helium + fluid (Table 2 and Fig. 5).
Samples BS4 and BS8 show the largest increase in porosity with relative
enhancements of 17.5% and 14.6%, respectively. Furthermore, samples
subjected to dry conditions exhibit comparable levels of porosity in-
crease within approximately 5% of their initial values, in both oxidation
(air) and reducting (hydrogen) environments.
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Re) --.:: ------------- e -
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Fig. 4. Pressure records for hydrogen batch reactors over four weeks indicate
that the pressure was initially increased to approximately 130 bar at room
temperature. Subsequently, it was further adjusted to 150 bar under elevated
temperature of 100 °C.
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In contrast, changes in permeability are not consistent in the samples
(Table 2 and Fig. 6). Most samples have a negligible permeability change
within 5% relative to their initial permeabilities. Samples BS4 and BS9
under the aqueous conditions show slightly higher permeability changes
with increases of 10.6% and 12.6%, respectively. However, for low
permeability sample BS6, a permeability reduction from 0.47 mD to
0.38 mD with a relative decrease of 19% was obtained. Permeability
changes are all within the same order of magnitude and changes are
minor.

3.4. Magnetic susceptibility

All samples exhibit low mass-normalized magnetic susceptibility
values, ranging between 108 to 1077 m®/kg (Table 2 and Fig. 7). These
findings suggest an absence of ferrimagnetic minerals, such as magnetite
or pyrrhotite in the initial rock samples. The changes in mass-
normalized magnetic susceptibility of samples before and after the
batch experiments are negligible, suggesting the absence of magnetic
mineral transformations under all conditions.

3.5. Fluid element concentration

Fluid element concentration analysis shows that the major elements
Na, Ca, K, Mg, Sr, and Si, are present on a scale of mg/L (ppm) (Fig. 8a).
Additionally, the trace elements Li, B, Al, Cr, Mn, Fe, Cu, Zn, As, Rb, Sb,
Ba, Pb are shown on a scale of pg/L (ppb) (Fig. 8b) (Supplementary
Material Table A2). It is observed that the concentration of all elements,
except for the trace elements Al and Fe, increased after the batch ex-
periments conducted in both helium and hydrogen aqueous environ-
ments. The increased element concentration implies additional mineral
dissolution in the synthetic fluid during the experiments. Aluminium
was not detectable in the fluids after the batch experiments possibly due
to the formation of other minerals, e.g., hydrobasaluminite [57]. Fe
concentration under helium aqueous conditions decreased but increased
slightly under the hydrogen brine environment. Additionally, the con-
centration of most elements in reactor 3 (helium) is slightly higher than
those in reactor 2 (hydrogen), except for Cr, Fe, and Ba. The pH values of
the initial fluid and the effluent in reactors 2 and 3 are about 7 (neutral)
measured with a pH indicator strip.

3.6. Petrographic analysis

The frequently occurring pore-filling anhydrite, carbonate cement,
and occasionally occurring carbonate ooids are of particular interest in
this study. Because they are potential reactive minerals and some of
them are directly connected with the open pores, where potential redox
or decomposition reactions may happen. Sulphates (mainly anhydrite
with the rare occurrence of gypsum and barite) were commonly found in
initial samples (Fig. 9). Anhydrite appears with a high birefringence
with bright interference colors under crossed-polarized light (XPL).
Anhydrite fills the spaces between sand grains, appearing as a pore-
filling cement. Dissolution features of anhydrite were detected by the
comparison between the initial and altered textures before and after the
batch experiments, where alteration created voids and vugs within the
anhydrite only in reactors 2 and 3 under the fluid-saturated conditions
(Fig. 9d and f). The dissolution of anhydrite created secondary porosity
mostly along the cleavage planes, thus enhancing the total porosity of
the sandstone and the connectivity between pores, which are consistent
with the helium porosity measurements (Fig. 5). Additionally, samples
BS1, BS4, and BS8 contain the largest amount of sulphates (Fig. 3), and
the largest increase in porosity after batch experiments also occurred in
samples BS4 and BS8 under wet conditions, implying a significant
contribution from anhydrite dissolution. The dissolution features were
found in both gas-fluid-saturated environments in reactors 2 and 3.
Under dry conditions, e.g., hydrogen in reactor 1, there are no detectable
changes in the anhydrite, barite, and gypsum mineral features, e.g.,
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Table 2
Porosity, permeability, and mass normalized magnetic susceptibility of samples before and after batch experiments.
Samples Porosity (%) Permeability (mD) Mass normalized magnetic susceptibility (m3/kg) Conditions
Before After Before After Before After
BS1 6.44 6.66 49.90 48.69 6.92E-09 5.59E-09 H,
BS2 15.08 15.61 367.00 353.74 4.51E-08 4.53E-08 Hy
BS3 23.12 23.73 1874.69 1768.68 1.13E-07 1.09E-07 Hy
BS4 8.48 9.96 40.10 44.37 4.42E-08 4.38E-08 H, + fluid
BS5 16.62 17.42 1512.07 1533.09 1.39E-08 1.35E-08 Hy + fluid
BS6 7.71 8.33 0.47 0.38 4.80E-08 4.61E-08 Hy + fluid
BS7 13.68 14.59 11.00 10.51 1.74E-07 1.73E-07 He + fluid
BS8 8.73 10.00 24.19 23.83 1.46E-07 1.46E-07 He + fluid
BS9 18.05 18.59 713.47 803.53 7.04E-08 6.91E-08 He + fluid
BS10 14.72 15.37 27.95 29.13 5.21E-08 4.98E-08 Air
BS11 16.29 16.37 167.23 164.18 6.49E-08 6.52E-08 Air
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Fig. 5. Comparison of porosity before and after the batch experiments
(Table 2), including plots of relative porosity changes compared to their initial
values, as (after - before)/before.

dehydration and hydration.

There is no detectable evidence of calcite reactions, such as disso-
lution and precipitation, in the thin sections (Fig. 10), under either dry
(hydrogen) or hydrogen/helium-brine saturated conditions. The com-
parison of calcite before and after batch experiments reveals that no
voids and secondary porosity were generated in the calcite crystals to
enhance porosity (Fig. 10b and h). As dolomitic ooids appear partially
dissolved in samples both before (BS1 Fig. 10e) and after the experi-
ments (BS4 Fig. 10f), it is unlikely that they are the main contributor to
Ca and Mg in solution following the batch experiments under the
hydrogen-brine saturated condition. The dissolution features of dolo-
mitic ooids likely existed in the samples originally. Nevertheless, we did
not find sufficient one-to-one comparison between the initial materials
and the altered samples under the hydrogen-brine condition, which may
suggest that hydrogen potentially facilitated calcite dissolution.

Finally, the petrographic analyses of the altered samples revealed no
significant changes in the mineral morphology of quartz, iron oxide
rims, and crystals (e.g., hematite and goethite), and both pore-lining and
pore-filling clays (Fig. 10).
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(Table 2), including plots of relative permeability changes compared to their
initial values, as (after - before)/before.
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Fig. 7. Comparison of mass-normalized magnetic susceptibility of samples
before and after the batch experiments (Table 2).

4. Discussion

The reactivity of pure minerals, including sulphates, sulfides, iron
oxides, and carbonates, with hydrogen under various conditions
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(temperature, pressure, and the presence or absence of water) has been
extensively documented in previous geochemistry studies [21,24-26,28,
29,31,32,37]. In this discussion, we evaluate whether hydrogen re-
actions occur in our reservoir sandstones under dry or fluid-saturated
conditions by comparing hydrogen experiments with control experi-
ments using helium and air (Fig. 1b). Although pyrite is not detected in
our samples based on thin section analysis, we explore its potential trace
amounts and effects for a comprehensive discussion.

4.1. Hydrogen reaction with solid phases

Carbonates, iron oxides, and pyrite can react with hydrogen under
dry conditions. For instance, reactions of carbonates e.g., calcite, dolo-
mite, and siderite with hydrogen can occur directly from a carbonate
surface-gas reaction at primarily temperature-dependent conditions
such as 500 °C and above [28,29].

CaCOs +4H, = CaO + CH4 + 2H,0 (2)

CaCOs + 4H, = Ca(OH), + CH, + H,0 3)

Hematite reduction in a pure hydrogen environment can occur at
temperatures as low as 200 °C, with an increased reaction kinetics by
raising hydrogen partial pressure from 30 bar to 80 bar [27]:

3Fe,03 + Hy, = 2Fe304 + H,O (€))

Previous investigation on Fe(Il)-bearing clays indicated the struc-
tural Fe(Ill) in the clays can be reduced by the adsorption of hydrogen
gas even at 90-120 °C [34]. Furthermore, pyrite reduction by hydrogen
was also observed at a range of temperatures between 250 °C and 700 °C
with a pressure of up to 42.4 bar [24,31].

)

Therefore, if any of the above reactions occur, a reduction of pressure
in a closed system should be detectable. In our results, hydrogen pres-
sure in reactor 1 was unchanged at 100 °C over four weeks (Fig. 4).
Magnetic susceptibility measurements indicate that no magnetic min-
erals, such as magnetite [53] and pyrrhotite [54] were formed after the
alteration under both reducing (pure hydrogen) and oxidizing (air)
conditions (Fig. 7). This suggests that the reduction of hematite and/or
pyrite did not occur. Furthermore, the dry experiments revealed no
detectable changes in the mineral phases, including calcite, iron oxides,
and anhydrite (Figs. 9 and 10).

However, a more recent autoclave experiment with pure minerals
(fine powders at pm-nm scales) and dry hydrogen revealed that hematite
and pyrite can oxidize significant amounts of hydrogen at 120 °C and
200 bar of hydrogen partial pressure [33]. Nevertheless, our results
indicate that potential reactive minerals in natural sandstones are un-
likely to react with hydrogen at temperatures up to 100 °C. The
morphology and distribution of natural minerals, such as pyrite and
hematite, in sandstones likely result in a very small effective surface area
and limited contact interface with hydrogen. In the studied sandstone
samples, hematite is particularly found at the edges of detrital grains and

FeS, + (1 — x)Hp = FeSy 5 + (1 — x)H,S, 0 < x < 0.125
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encased within pore-filling cements (Fig. 9a-c, Fig. 10a and b), which
impacts its reactivity with fluids occupying the pore spaces. Most of
them are mixtures with clays, further limiting potential reactions even
under reactive pressure and temperature conditions. Results derived
from pure particle mineral experiments [33] may overestimate the re-
action kinetics if applied to natural rocks. Consequently, the mentioned
hydrogen-mineral reactions, Egs. (2)-(5), are primarily
temperature-dependent and unlikely to occur under our simulated
reservoir conditions (i.e., dry at 100 °C and 150 bar for four weeks).

4.2. Hydrogen reaction in aqueous environments

4.2.1. Carbonates

To date, research on hydrogen reactivity with rocks in aqueous en-
vironments has yielded disparities, particularly for reactions between
hydrogen and carbonates. Most geochemical modeling work indicated
that hydrogen dissociation in water facilitates carbonate dissolution and
vice versa, with a by-product of methane, as shown below [21,35,36,
43].

CO%™ +4H, + 2H' = CH, + 3H,0 6)

Therefore, hydrogen loss and methane generation in carbonates and
calcite-bearing rocks were always predicted in modeling, and the sub-
sequent suggestion was targeting calcite-free rocks for hydrogen long-
term storage [35,36]. Geochemical batch experiments revealed no
facilitated calcite dissolution in a hydrogen-brine environment by
analyzing fluid element concentration compared with blank tests [43,
47]. Calcite dissolution exclusively induced by a hydrogen-brine treat-
ment was observed in a claystone alteration experiment conducted over
30 days at room temperature [40]. Additionally, Al-Yaseri et al. [41] and
Al-Yaseri et al. [42] reported some inconclusive results, indicating that
carbonate expansion occurred under the hydrogen-brine condition at
75 °C and 48 bar over 75 days, leading to a porosity reduction of up to
50% [41]. Still, current experimental data and geochemical models do
not align, necessitating further research to achieve consistency [43].

Based on our results, the increased concentrations of Ca and Mg may
be correlated with carbonate dissolution (e.g., calcite and dolomite)
(Fig. 8). However, there is no comparable evidence from petrographic
analysis indicating that dissociated hydrogen facilitates the dissolution
of calcite or dolomite (Fig. 10). Comparing with blank results in the
helium-brine environment, hydrogen did not enhance carbonate solu-
bility, causing more dissolved elements (Fig. 8). Therefore, we suggest
that carbonate dissolution and the associated hydrogen loss (as
described in Eq. (6)) are unlikely to be a significant reaction in sandstone
rocks under our simulated conditions over four weeks. Therefore, we re-
confirm the concern raised by Gelencsér et al. [43] that the modeling of
calcite-hydrogen-brine reaction based on PHREEQC significantly over-
estimates the reaction kinetics. Future research on gas composition
analysis, such as gas chromatography could provide definitive evidence
of methane formation.
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After alteration

BS1: H2
Reactor-1

BS4: Ha + fluid
Reactor-2

BS8: He + fluid
Reactor-3

Fig. 9. Thin section images of the initial materials a) BS1, c) BS4, and e) BS8, and the corresponding altered samples b) BS1, d) BS4, and f) BS8, under an optical
microscope with plane-polarized light (PPL) and crossed-polarized light (XPL). Blue areas indicate open pores. Anhydrite dissolution and alteration are found under
both d) hydrogen + fluid and f) helium + fluid conditions but not under the dry hydrogen environment b). Barite in a needle shape is also observed in f) sample BS8,
indicating barite dissolution. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

4.2.2. Sulphates

For sulphate reactions, thin section analysis of the batch experiments
revealed that anhydrite dissolution was the predominant reaction,
leading to the generation of secondary porosity (Fig. 9). Consequently,
samples BS4 and BS8, which contain the highest amounts of sulphates
(see Fig. 3), yielded the greatest increase in porosity with 17.5% and
14.6%, respectively (Fig. 5), compared to other samples with lower
sulphate content under the same condition. This confirms that anhydrite
dissolution mainly contributes to porosity changes. Moreover, anhydrite
dissolution also contributes to the increase in Ca concentration in the
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fluids after the batch experiments (Fig. 8). Nevertheless, sulphate
dissolution includes thermodynamic non-reductive dissolution (Eq. (7))
and reductive dissolution (Eq. (8)) [25,58],

MSO, = M2 + SO2 @

SO3™ +4H, + 2H" = H,S + 4H,0 8

where, M refers to metal ions, e.g., Ca (anhydrite), Ba (barite), and Sr
(celestite), which are all contained in our samples based on the fluid
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of dissolution of dolomitic ooids were found in both the initial and the altered samples in e) and f). Iron oxide clay rims and crystals are also detected in e.g., a) and

d), respectively.

element concentration (Fig. 8) and thin section analyses (Fig. 9). In the
non-reductive dissolution, the concentration of M in the fluid is
controlled by its dissolution kinetics and solubility. In contrast, sulphate
reduction initiation requires HyS as the catalyst for the reactive in-
termediates [25,39]. This implies that if sulphate reduction occurs in an
HyS-rich environment (e.g., produced by pyrite reduction), the process
would be self-sustaining. In this case, the reduction of sulphate may
indirectly further increase M concentration due to the dissolution of
anhydrite driven by the removal of sulphate ions. Whether sulphate
reduction (Eq. (8)) occurred in our experiments could not be confirmed
except by measuring the presence and amounts of HyS in the gas
composition. While there is no substantial difference in element (M)
concentrations between the hydrogen-brine and helium-brine environ-
ments (Fig. 8), this suggests limited or no sulphate reduction reactions
(Eq. (8)) in the hydrogen environment. The alteration of anhydrite was
primarily due to non-reductive dissolution (Eq. (7)).

4.2.3. Sulfides

The magnetic susceptibility results showed that no ferrimagnetic
minerals were formed under any conditions (Fig. 7), indicating that the
reduction of hematite to magnetite and pyrite to pyrrhotite did not
occur. However, pyrite is thermodynamically unstable in the presence of
hydrogen, leading to potentially significant hydrogen-induced redox
reactions (Eq. (5)) even at low temperatures, such as between 90 and
250 °C, particularly in calcite buffered solutions with hydrogen partial
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pressures up to 30 bar [37,38]. Additionally, pyrite rapidly transforms
into pyrrhotite at temperatures above 90 °C and hydrogen partial
pressure exceeding 10 bar [38]. This reaction is further accelerated
under alkaline conditions, such as those found in calcite solutions.
However, in our experiments, pyrite was not observed in the thin section
images (Figs. 9 and 10). The possible trace amounts of pyrite that
reacted with hydrogen during the experiments are expected to have a
negligible effect on the rock properties due to their minimal quantity.
However, if pyrite is abundant (e.g., >1%) in calcite-bearing sandstones,
the redox reaction of pyrite could pose a significant issue in
hydrogen-brine environments [38]. This reaction may be facilitated by
calcite dissolution forming an alkaline environment. This will need
further investigation by analyzing the gas compositions during or after
the experiments.

4.2.4. Iron oxides

The unchanged magnetic susceptibility indicated that iron oxides
such as hematite and goethite remained stable under the experimental
conditions (Fig. 7). Hematite (FexO3) has an extremely low solubility in
water, especially under neutral pH conditions [59]. The variation in iron
concentration before and after the batch experiments (Fig. 8) might be
due to the reduction of dissolved Fe(II) to Fe(II) induced by hydrogen,
resulting in more soluble Fe(II) [60] in the fluid without forming a solid
magnetite phase or the dissolution of Fe(II) from carbonates or sul-
phates. However, this hypothesis is based on weak evidence and requires
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further verification through additional batch experiments with pure
hematite [27] or rock containing significant amounts of hematite.
Overall, the solid iron oxides remained unchanged under our experi-
mental conditions.

4.2.5. Fluid element concentration

Changes in the major element composition (Fig. 8a) reflect the pri-
mary dissolution reactions. Trace elements (less than 1 ppm Fig. 8b) are
likely by-products of these major mineral dissolution processes or
originate from minor mineral phases, which are too small to be observed
in thin sections (Figs. 9 and 10). Another potential mechanism is the
occurrence of mineral surface reactions in response to disequilibrium
conditions within the fluid. Trace elements such as Li and Rb are likely
dissolved from phyllosilicates, while Mn, Cu, Zn, As, and Pb can be
desorbed due to redox reactions at the surfaces of iron oxide minerals.
These trace elements are unlikely to affect rock performance. Conse-
quently, we will not further discuss them, except aluminum (Al), which
became undetectable after batch experiments.

The increased levels of Ca, Sr, and Ba suggest the dissolution of
sulphates, primarily anhydrite with the occurrence of barite, which is
consistent with the thin section analysis (Fig. 9). The elevated concen-
trations of Na and K are likely attributed to the dissolution of feldspar (K-
feldspar and plagioclase), but the slight increase in Si concentration and
low Al concentration indicate that feldspar dissolution is not significant.
Additionally, dissolved Mg may be associated with the dissolution of
dolomite. However, the comparison of the element concentration in
both reactors indicates that hydrogen does not appear to facilitate
further mineral dissolution in the fluid. The increase in element con-
centrations is related to the non-equilibrium of the synthetic fluid
chemistry. Interestingly, we observed that the Al concentration (initially
1064 pg/L) became undetectable (<0.1 pg/L) in the fluid after batch
experiments (Fig. 8). This significant reduction may be linked to mineral
precipitation. In an environment with a high concentration of sulphate
ions (SO%_), dissolved aluminum precipitates at low pH (~4.0), forming
an amorphous, globular hydroxysulphate precipitate with a composition
corresponding to hydrobasaluminite [57,61].

©)]

Sulphate dissolution was a major reaction in the experiments,
resulting in significantly higher sulphate concentrations (i.e., 554 mg/L
in the initial fluid, see Section 2.4). Hydrobasaluminite precipitation is
suggested to occur in our experiments. However, a low pH is typically
required for hydrobasaluminite precipitation, which may also result
from artificial effects due to the addition of 1% HNOs in the solution
during fluid sample preparation for ICP-OES analysis. An alternative
mineral formation is aluminum hydroxides, which can form from satu-
rated fluids at a neutral pH, as observed in our experiments. In summary,
by comparing element concentrations in hydrogen and helium envi-
ronments, no hydrogen-facilitated reactions were observed.

4A1*" +S0% +14H,0 < Al,(SO,)(OH),, ® 4H,0 + 10H*

4.2.6. Hydrogen dissolution

Hydrogen pressure in the dry condition (reactor 1) was extremely
stable over four weeks, but hydrogen pressure reduced as soon as the
pressure was built up and converged within the first 5 days in the brine-
filled reactor 2 (Fig. 4). This behavior is likely related to hydrogen
dissolution in the saline fluid, where the extent of pressure reduction is
correlated with hydrogen solubility and the volume ratio between the
gas and the liquid phases. Reactor 2 was nearly filled with fluid, leaving
only a small volume at the very top of the reactor and the capillary
volume for the compressed hydrogen, Vy, which is approximately 60
mL. The net volume of the synthetic fluid (Vy), after accounting for the
volume occupied by the solid rock, is approximately 131 mL. Based on
the ideal gas law,

PV =nRT 10)
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where P (Pa) is the gas pressure, V (m3) is the volume, T (K) is tem-
perature, n (mol) is the number of moles of the gas and R
(m3Pa-K 'mol™1) is the universal gas constant. We calculated, that a
pressure drop from 154 bar to 147 bar at a constant temperature of
100 °C (Fig. 4 and section 3.2), results in a a reduction of hydrogen
molarity in Vg from 0.29782 mol to 0.28428 mol, corresponding to a
decrease of 1.354x10~2 mol of hydrogen.

Based on the experimentally-varified model by Ref. [15], hydrogen
solubility in an 8% NaCl solution (1.37 mol/L) at 100 °C and 150 bar is
approximately 1.4638x1 072 in mole fraction, which converts to
8.0623x10~2 mol/L. Therefore, the theoretically dissolved hydrogen in
our synthetic fluid volume (V, = 131 mL) is about 1.056x102 mol,
which is slightly less than the theoretical hydrogen loss (1.354x10 2
mol) calculated based on Eq. (10) and the pressure drop shown in Fig. 4.
Although the measured gas volume in the system lacks precision, the
derived theoretical hydrogen loss is of the same order of magnitude as
the dissolved hydrogen. This suggests that the pressure reduction is
primarily due to the hydrogen dissolution in our experiments.

4.3. Effects of hydrogen reactivity on rock properties

There is a notable lack of research on changes in rock petrophysical
properties, such as porosity and permeability, induced by hydrogen
exposure. An exception is the study of Flesch et al. [16], which observed
an average increase in porosity from 20% to 24%, while permeability
showed only minor changes in Triassic drill core sandstones from
northwest Germany. Our observations of porosity and permeability
changes under wet conditions (Figs. 5 and 6) align well with the results
of Flesch et al. [16]. The increase in porosity mainly results from
anhydrite dissolution, which has a minimal impact on permeability
changes. The most significant relative decrease in permeability was
observed in a low-permeability sample (BS6) with a reduction from 0.47
mD to 0.38 mD (Table 2), likely due to the precipitation of secondary
mineral phases in narrower pore throats. These changes are related to
fluid-rock interactions caused by the non-equilibrium between rock
minerals and the synthetic fluid, as evidenced by comparisons under
helium and hydrogen environments (Figs. 5-7). We further demon-
strated that hydrogen does not facilitate any geochemical reactions,
including carbonates (e.g., calcite) and sulphates (e.g., anhydrite),
which are often presumed to occur under exposure to hydrogen in
aquous environments at temperatures even below 100 °C [16,22,35,41].
Additionally, under dry conditions, we confirmed that hydrogen does
not react directly with minerals under our simulated pressure and
temperature conditions.

Our comprehensive experimental findings challenge the prevailing
notion regarding the reactivity of carbonates and sulphates with
hydrogen in reservoir environments, where temperatures are typically
below 100 °C [16,22,35,36,40,41]. It is essential to differentiate be-
tween geochemical reactions caused by the non-equilibrium of fluid
chemistry and those facilated by hydrogen. Notably, many reactions
observed in batch experiments are due to fluid-rock interactions rather
than direct effects of hydrogen. This distinction must be carefully
considered in future experimental designs and interpretations.

4.4. Implications for underground hydrogen storage in porous rocks

The simulated dry and hydrogen-brine saturated conditions repre-
sent distinct regions within reservoirs, such as the dry-out zone near the
wellbore, partially-saturated zones with residual brine, and fully-
saturated deep formations (Fig. 11). Our findings indicate that abiotic
geochemical reactions do not occur in the dry-out zone near the well-
bore or in some dry reservoirs. This is advantageous, as permeability
near the wellbore has the greatest effect on reservoir injectivity. In the
gas-brine two-phase flow zone, potential reactions will highly depend on
the distribution of residual brine relative to mineral surfaces. Although
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Fig. 11. Schematic sketch of underground hydrogen storage in a porous reservoir, featuring a dry-out zone near the wellbore, a mixed zone containing residual brine
and gases, and a saturated zone below the cushion gas. The zoomed-in grain-scale profile illustrates gas and fluid distributions relative to different minerals in the
dry-out and mixed zones, where hydrogen could dissolve into the residual brine potentially reacting with minerals.

hydrogen reactions may occur over long-term periods (spanning decades
to hundreds of years as noticed by Bo et al. [35] and Zeng et al. [36]),
they are unlikely to affect reservoir performance significantly due to the
increased flow pathways further away from the wellbore. In the fully
saturated zone, where cushion gases (e.g., CH4, N3, or CO3) are in direct
contact, effectively isolating the working gas hydrogen above, as shown
in Fig. 11 [62]. Consequently, the abiotic geochemical reactivity of
hydrogen and its effects on reservoir performance are not major con-
cerns in the studied reservoir sandstones. The risk of abiotic hydrogen
loss and a decline in reservoir integrity is therefore expected minimal.

4.5. Limitations of current methods

Previous studies in pure mineral chemistry have established that
sulfide, sulphates, carbonates, and iron oxides are reactive with
hydrogen under specific elevated temperature and pressure conditions,
with and/or without the presence of water [25,27-29,32,33,37,38].
However, experimental results on hydrogen alteration in natural reser-
voir rocks show significant disparities. Our findings support the feasi-
bility of storing hydrogen in sandstone reservoirs containing sulphates,
iron oxides, and carbonates, as no significant reactions were observed
that could adversely impact reservoir performance. This indicates that
most hydrogen-reactive minerals (sulphates, carbonates, and iron ox-
ides) require much higher temperatures to react (see section 1 Intro-
duction) than those typical of reservoir conditions.

It is important to note that our samples did not contain detectable
amounts of pyrite, a mineral known to be more reactive with hydrogen
[e.g., 24, 32, 37, 38] under both dry and wet conditions at relatively low
temperatures (e.g., 90 °C as noted by Truche et al. [37]). Pyrite can react
with hydrogen to form HyS, which not only catalyzes sulphate reduction
reactions [25,39], but also acidifies fluids and increases ionic strength
through dissolution. This, in turn, may enhance fluid-rock interactions,
destabilize clay minerals, and affect carbonate stability. Consequently,
our experimental results may not fully apply to reservoirs containing
pyrite. Further studies should focus on pyrite-bearing sandstones to
better understand the complexities of hydrogen reactivity in these
systems.

Our experiments were conducted over a duration of four weeks,
which may not capture reactions with extremely low reaction rates.
However, reaction kinetics are typically more pronounced in the early
stages of closed batch experiments, where conditions are far from
equilibrium. A four-week time frame aligns with durations commonly
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used in current research, ranging from a few days to several months [16,
41-43,46], and likely provides a reasonable representation of the pre-
vailing reactivity. Additionally, whether trace amounts of HaS are
formed due to pyrite or sulphate (e.g., anhydrite) reduction, and CHy4
due to carbonate reactions with hydrogen during the experiments,
warrants further investigation. Gas chromatography (GC) analysis
would provide additional insights and strengthen confidence in the
long-term predictions of reservoir behavior under hydrogen storage
conditions.

5. Conclusions

Our study suggests that hydrogen exhibits minimal reactivity with
reservoir rocks, specifically pyrite-free Buntsandstein sandstone from a
gas field, under simulated reservoir conditions of 100 °C and 150 bar
hydrogen partial pressure over four weeks. Potential mineral trans-
formations, such as the conversion of hematite to magnetite/iron, did
not occur under these simulated conditions. Furthermore, major
hydrogen-reactive minerals like sulphates, carbonates, and iron oxides,
are unlikely to be affected by hydrogen under these reservoir conditions,
except for dissolution and precipitation due to chemical disequilibrium.
No significant changes in reservoir performance including permeability
and porosity, were observed due to hydrogen exposure. Reactions
involving these minerals typically require much higher temperatures
and greater effective surface area to initiate. Although often described in
modeling studies, the alteration of carbonates was not observed during
our experiments. In summary, abiotic geochemical reactions with
reservoir rocks, and their effects on hydrogen loss and reservoir per-
formance degradation, do not pose a risk during underground hydrogen
storage in this section of the studied reservoir lithology. However, our
results do not provide an answer regarding the suitability of samples
containing slightly higher amounts of pyrite (>1%) for hydrogen stor-
age, due to the absence of pyrite in the studied samples. Additionally,
because geochemical reactions are sensitive to temperature, further
studies should investigate bulk samples at higher temperatures and
measure gas composition to enhance confidence in the findings.
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