10

11

12

13

14

15

16

17

18

19

20

21

22

Advances in Geochemistry and Cosmochemistry

Can natural H, be considered renewable ? The
reference case of a deep aquifer in an
intracratonic sedimentary basin

Fabrice Brunet!®, Benjamin Malvoisin®
L Univ. Grenoble Alpes, USMB, CNRS, IRD, UGE, ISTerre, Grenoble, France
Correspondence to: Fabrice Brunet, fabrice.brunet@univ-grenoble-alpes.fr

Supplementary Material

Contents

1 Calculation of radiolytic Hy flux

2 Thermochemical modeling of low-temperature serpentinization
3 Aquifer parameterization and H, flux calculation

4 PZ geometry and fractures network

5 PZ lifetime and transitory H, production kinetics

1 Calculation of radiolytic H, flux

10

11

The rate of H, formation by radiolysis in the fluid (Yp, s in mol.m=3.s1) is the dose rate

absorbed by water (D,; for radionuclide r and radiation type i in J.m=3.s!) multiplied

by the G-value, the number of moles of H, created per joule of radiation type i (Gn,,i).

Radiolytic products are generated for each radionuclide decay (*°K, 2*2Th, 23°U and

238 are considered here) and each type of ionizing radiation particle, leading to the

following total product rate for Ho:

Yir =Y (GHQ,, > Dr,,) (S1)

i

This yield of H, formation in the fluid by radiolysis can be converted in a yield in

the porous material (Y, s) by using:
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Figure S1: H, yield of radiolysis in the upper crust expressed for the pore fluid
(a) and the whole porous material (b). The yield for all radiations (plain line), o
radiation (dotted line), B radiation (dashed line) and -y radiation (dash-dotted line)
are displayed.

Y)
Vi s = —2f (S2)
¢
where ¢ Is the porosity.
Bouquet et al. [2017] explicitly take into account the effect of porosity:
XN E,;
D, = B2t (S3)
=+
1-¢ Sipwd

where ps and p,, are the solid and the water density (kg.m™3), respectively, X, is
the concentration in radionucleide r in the solid (mol.kg™), A, is the decay constant
(s1), E,, is the energy decay associated with radionuclide r emitting radiation type i
(J.mol't) and S; is the stopping power of the solid. The values of all the parameters
used here are provided in Tables S1 and S2. The element concentrations of the upper
crust were selected, which are higher than those of the lower crust. The estimated
yields of H, production by radiolysis are thus maxima.

Figure S1 provides the dependency of H, production rate on porosity. The main
radiation participating in H, production during water radiolysis are o particles. When

considering the fluid only, H, yield strongly depends on porosity and displays a bell
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Nat.
. .. Conc. upper Xpx10% B, ox10712 E,gx10712 E,,x10712  Ax10%7
Radionucleide o (ppm)? a(t;;;‘f' (mole.kg™!) (J.molt)¢ (J.molt)e (Jmolt)e  (s1)©
0
0K 28650 0.0117 8.3877 0 0.1135 0.0151 1.7584
2327 10.3 100 4.4389 3.4686 0.2741 0.2166 0.157
2351 2.5 0.72  0.0077 3.2833 1.008 0.0531 3.1221
238y 25 99.27 1.0426 4.1459 0.5879 0.1643 0.4928

2\Wedepohl [1995]; ’Lide [1995]; “Bouquet et al. [2017]
Table S1: Radionucleide properties.

Radiation S Gp,,x108 (mol.J )P

a 1.5 9.9499
6] 1.25 6.2187
¥ 1.14 4.1458

aHofmann, 1992; ®Lin et al. [2005]
Table S2: Radiation-related properties.

55 shaped curve with porosity similar to the one calculated by Bouquet et al. [2017].
s When considering the whole porous material, H, yield only slightly decreases with
37 porosity for ¢ < 0.5. For example, the total H» yields of the porous rock are of 2.78
ss and 2.77 pmol.m3yr! for porosities of 0.1 % and 1 %, respectively.

39 To determine the evolution with depth of the H, concentration ([Hs] in mol.m3),

s we used a one-dimensional model of H, diffusion in a connected network of pores:

0 (#[H:]) , oJ

LA T S4
ot 0z (54)
n where S is a sink/source term, z is the depth (m) and J is the flux of Hy (Jyo in
» mol.m2.s1) given by Fick's law:
0 [Ho]
JH2 - —¢DH2W (85)
43 with Dy, the diffusion coefficient of Hy in the fluid (m?.s?). The expression of

s Dy, provided in Kallikragas et al. [2014] was used to compute Dy, at 298.15 K. S

N

s includes H, production by radiolysis modelled with equations (S1) and (S3). We also
w6 considered H, consumption by chemical reactions between the products of radiolysis.
«v Most of the products of radiolysis are highly unstable in water and react together at

s short timescale.
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One hour after radiolysis, H>, O, and H,O, are the main remaining reaction

so products (Pastina and LaVerne [2001]). These three latter reaction products can

51

52

53

54

56

further react together to form H,O according to the two following reactions:

1
H2,aq + 502,aq — H2O

1
H205, 2 = HO + §Og,aq

(56)

(57)

Foustoukos et al. [2011] measured the kinetics of Reactions (S6) and (S7) and

found that Reaction (S7) proceeds approximately one order of magnitude faster than

Reaction (S6). Reaction (S6) thus controls the overall rate of water formation by

the product of radiolysis at geological timescale. Foustoukos et al. [2011] provided a

first-order reaction rate for this latter reaction:

ot

O1Hel _ o <_ &, ) [H,]

RT

(58)

where A is a pre-exponential factor (0.15 s!), E, is the activation energy (24

kJ.mol!), R is the gas constant and T is the temperature (K). The dependency of

T with depth was expressed as:

T:To+92

(S9)

where Ty is the temperature at the surface (298 K) and 6 is the geothermal

gradient (in K.m™).

Considering steady-state conditions and using equations (S4), (S5), (S8) and

(S9) allow to obtain a differential equation for H, concentration by excluding H»

consumption:

2

0° [H-]

0z2 Vo r =

(S10)
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or by considering, in addition, H, consumption during reaction with O, formed by

radiolysis:

0% [Ho]
2 0z2

=
Dy + Vi, s — Aexp (——) [Hs] = 0 (S11)

R (TO + GZ)
Equations (S10) and (S11) were solved numerically with a solver for boundary

value problems using a fourth-order method in Matlab(®. We used as boundary

conditions zero H, concentration at the surface ([H2](;=0)=0) and no H, flux at 20 km

depth (a[g?”z:go xm = 0). The geothermal gradient is fixed to 30 °C.km™. Figure 2
provides calculations of concentration profiles when considering or not H, consumption
through chemical reaction with O, (solutions to equations (S10) and (S11)). When
excluding consumption by reaction with O,, the calculated H, concentration is of
the order of 1 mol.kg™* and increases with depth up to a value of 2.8 mol.kg* at 20
km depth (Figure 2a). These latter values are ca. 11 orders of magnitude higher
than when considering consumption through reaction with O, (Figure 2b). The
concentration decreases with depth, due to the thermal activation of Reaction (S6)
whereas radiolysis rate does not depend on temperature. The concentration profile is

well modelled by Ho concentration at the equilibrium between production by radiolysis

and consumption through reaction with O5:

Y, £

[HQ]eq =
Aexp (‘ R(Tfiez)>

(512)

2 Thermochemical modeling of low-temperature serpentinization

Calculations are performed with Perple X version 7.1.4 Connolly [2005]. The fluid
is modelled with a generic hydrid fluid equation of state solution model for a pure
water solvent (WADDAH in Perple X). The database was derived from Holland
and Powell [2011] for solid phases and the Deep Earth Water model of Huang and
Sverjensky [2019] for aqueous species including Hy (DEW19HP622ver elements.dat

in Perple X). A new Fe(OH), endmember was introduced in the database. The
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C, function of Fe(OH), is calculated, following McCollom and Bach [2009], as:
Coreor), = Comgom, + 1/3 (Cpgreenatite — Cp jizardite). The o, Ko, ki and K
parameters in the equation of state of Fe (OH), [Holland and Powell, 2011] are set
as equal to those of brucite (Mg (OH),). We used the standard state enthalpy and
third law entropy for Fe (OH), fitted with the experimental dataset of Carlin et al.
[2024]. The procedure for fitting the parameters is the same of the one described
in Carlin et al. [2024] but with the thermodynamic data for magnetite, H,O and H,
from the DEW19HP622ver elements database. Awaruite, Ni(OH), and nepouite
were added in the database with the thermodynamic data provided in Evans et al.
[2017] and Palmer and Gamsjager [2010]. Nepouite thermodynamic properties were
calculated as linear combinations of brucite, forsterite and Ni»SiO4 thermodynamic
properties.

We used solid solution models for olivine [Holland and Powell, 1998], brucite
(ideal with brucite, amakinite and Ni(OH), as endmembers), orthopyroxene [Holland
and Powell, 1996], talc (ideal), and lizardite modified from Evans et al. [2013]
by adding nepouite endmember. The lizardite solid solution model of Evans et al.
[2013] considers ferri-tschermak substitution. Olivine and orthopyroxene have an
Mg/(Mg+Fe) ratio of 0.91 and olivine has a Ni/(Ni + Fe + Mg) ratio of 0.004. A
water-to-rock mass ratio of 0.2 was used corresponding to the minimum water to rock
ratio for complete olivine hydration. Calculation was performed along a temperature
gradient of 30 °C/km with a surface temperature of 20 °C in the subcritical domain of
the H, - H,O binary. Equilibrium mineral modes for harzburgite and for a water-to-rock
of 0.2 are displayed along the geotherm on Figure S2. Perple X outputs indicate that
[Hs] is the highest at low water-to-rock ratio as already shown by Klein et al. [2009].
At the minimum water-to-rock mass (wr) ratio used here (i.e., 0.2), harzburgite
serpentinisation produces awaruite (NisFe). Considering the relatively small absolute
amount of H, produced in the Ni-free system, i.e., < 300 mmole H,/I (or < 60 mmole
H, /kg of rock) at 7000 m for a wr ratio of 0.2, the formation of awaruite from the

Ni initially present in olivine can drag H, to even lower concentrations even though it
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Figure S2: Predicted system composition as a function of depth for the
serpentinization of a simplified harzburgite. A: phase modes (mol.%). The plain,
dashed and dotted-dashed lines corresponds to the modes of brucite, serpentine and
awaruite, respectively. B: mineral composition (Mg/(Mg+Fe) molar ratio). The plain
and dashed lines correspond to brucite and serpentine compositions, respectively.
Water-to-rock mass ratio is 0.2.

represents less than 1 mol.% of the serpentinised rock. The dependency of equilibrium

[Ho] with initial NiO content in olivine is depicted on Figure S3.

3 Aquifer parameterization and H, flux calculation

The simplified aquifer has been parameterized by considering a production at a depth
> 3,000 m in order for saturation to be potentially achieved with the considered
Hs-production processes. The temperature evolution along the aquifer is calculated
assuming a geothermal gradient of 30 °C/km with a surface temperature of 20 °C. In

that case, H, Production Zone, or PZ, is at a too high temperature for H, microbial
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Figure S3: Natural logarithm of [H»] as a function of Production Zone depth. Dashed
lines correspond to Xy; in harzburgite olivine, Xy; = Ni/(Mg+Fe+Ni) of 0.0005, 0.001,
0.002 and 0.004 (wr ratio = 0.2). The thin lines correspond to a Ni-free harzburgite
for two wr ratios (0.2, black; 1.0, red). The [H,] = f(depth) used in the aquifer model
corresponds to Xyi = 0.004 and wr ratio = 0.2.

consumption to be effective. For simplification the production zone is supposed to be
isothermal. The aquifer has a constant dip angle () and flows along the x axis with
Xg as origin at the outflow of the PZ. Microbial activity (H, consumption) starts at
X > Xpio, 1.€., for T < 100 °C. For 0 < x < Xpj, (Abiotic Zone),

H, accumulation requires H, saturation at some levels (Xsp:) With Xs2e = Xo if
saturation occurs in the PZ, 0 < x.o: < Xpo If it is achieved in the Abiotic Zone or
Xsat > Xpio If Ho saturation occurs in a temperature range that is compatible with
microbial activity. Any dissolved H, that is transported beyond x = Xsa¢,max IS lOSt to
the system (Figure S4).

If Hy saturation is achieved for x > X0, [H2](x) follows the H, solubility
relationship in the form [Haqt] = Ax + B, fitted to the model of Lopez-Lazaro
et al. (2019). At the same time, aqueous H, consumption by microorganisms

proceeds as long as H» gas is present at x. As soon as H» gas is entirely consumed,
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Accumulation

H: production

« Transport zone = Production
! zone

Figure S4: Geometrical parameterization of the 1-D aquifer with Production Zone,
Transport Zone and gas accumulation.
[H>](x) leaves the saturation line and becomes solely controlled by H, consumption.
The presence or absence of excess gas is verified at each numerical iteration by mass
balance.

The bio-consumed H, flux (H2BCrux) is calculated by numerical integration of

the expressed below:

HoBCrue() = U | QRUEPS (513)

with % calculated from S12 and [H>](x) = [Hz]sar. Otherwise, if Hy

saturation is not achieved for Xs.,: > Xpio,With [H2](x) calculated from the integrated
form of S12.

HoBCriux(x) = U([H2](x) — [H2](X = Xbio)) (S14)

with [H>](x) calculated from the integrated form of S12.
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Figure S5: Transient H, concentration in the Production Zone. [H»] time evolution
for a PZ located at 7,000 m. Aquifer renewal times are varied from 102 to 10° year.
[H2 aq)max Which is the maximum H, concentration that can be reached upon olivine
serpentinization, is noted with a horizontal dashed line (i.e., [Hz2] in grey area are not
attained). This maximum concentration is achieved after ca. 1000 years for renewal
time of above 103 years only. Then, if thermochemical equilibrium is achieved, H,
concentration is expected to remain constant and a steady-state is reached.

For X > Xsar.max, the remaining Hy ,q dissolved in water escapes the H, catchment

zone with a flux equals to U. [H2](X = Xsat.max) (Figure S4).

4 PZ geometry and fractures network

Since the PZ is located in fractured rocks, the notion of PZ volume needs to be
clarified. Without a description of the fracture network and hydraulic properties, all
fractures are assumed to have the same porosity ¢rpz. The intersection between
the fractures of the PZ surface and the surface perpendicular to the aquifer flow is

Sepz. Based on the assumption of continuous water flow-rate and H, flux between
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fractured PZ and aquifer Transport Zone (Figure S3), the aquifer porosity (¢.q) and
cross-section area (S,q), and the PZ fractures porosity (¢epz) and cross-section area

(Skpz) are related:

Saq-¢aq = SFPZ-QSFPZ (515)

Skpz is the fraction (K) of the total PZ area (Spz) hosting the fractures network

that is hydraulically connected to the aquifer. With 0< K <1:

Srpz = K.Spz (S16)

Then the relevant PZ volume (Vpz) can be calculated as

_ PZIength-Saq (paq
K -¢FPZ

Vipz (517)

5 PZ lifetime and transitory H, production kinetics

The minimum H, lifetime, /ifemin(T), of the Production Zone which is a function
of T, can be calculated considering the most H, productive olivine reaction, i.e.,

Equation (4) with 1 mole H, produced per 11 moles of olivine (Mg# = 0.9) as

[O/]rock

lifemin(T) = —
11.ks9.exp(=52).SA%; rock

(518)

where SA%/0ck is the initial surface area of olivine by cubic meter of rock taken as
time independent and [O/],ock is the number of olivine mole per cubic meter of rock.
It should be noted that the lifetime calculated in this way may be significantly shorter
than the lifetime calculated from steady-state conditions used to derive Hy fluxes in

the model (Figure S5 and 5b).
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