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Abstract

Investigations on geochemical processes involveHjigeneration in natural reservoirs are
important for the present energy transition froresibfuels. Most studies related to native H
focus on the serpentinisation of ultra-mafic rockswhich the source of His linked to
oxidation of Fé&"-bearing minerals and a reduction ofCH In this study, we investigate
abiotic H, generation from a biotite-rich granite using aprapch based on a study case of
the Soultz-sous-Foréts geothermal site in FransedJa geochemical and reactive transport
model and an existing database, we simulated tthermal alteration of the granite at 130
— 200 °C with a redox potential from -100 mV to 63thV. The simulations show that
generation of native Hs possible in an open system by hydrothermatatiten of biotite as a
source of F&, which oxidises to F& and leads to precipitation of eminerals and

reduction of H. The amount of bproduced depends on the type of & minerals which



precipitate. The optimal conditions fok lgeneration are related to magnetite precipita&i®n
in the serpentinisation proces¥/e assessed that the upper bound fppkdduction for this
site is 102 kt per krhof granite. This is in case of complete oxidatigrall the ferrous iron
contained in the biotite of the geothermal researvaipractice, only part of this potential may
be attained owing to the limited current explogatmethods which are unlikely to result in a
complete disequilibrium of the whole biotite. Fiduesearch needs to focus on how to reach
most of the H potential. Simulations with increasing €@ressures suggest that £0
injection can stimulate thesHbroduction. This study has implications for poksidoupling of
heat extraction and future exploitation with ptoduction.

Key words: native hydrogen, granitic basement, itdobxidation, geochemical modelling,
KIRMAT, enhanced geothermal system

1. Introduction

In the new world scenario of global warming andrggeransition from fossil fuels, new
CO.-free energy sources are necessary. Hydrogen-ggscéd play an important role as
either an energy vector or a zero-carbon soura@nefgy. Research on native generation
has been conducted in different contexts sucheasrilgin of life in submarine environments,
the serpentinisation process, and methanogenebe (D et al., 2002; Kelley et al., 2005;
McCollom and Seewald, 2013; McDermott et al., 20860pe et al., 2017; Vacquand et al.,
2018). The generation process oftiy serpentinisation in mid-oceanic ridges or inioptic
systems has beetudied most often. Several geochemical modelling lbatch laboratory
experiments using ultramafic rocks have been caedum better understand and explain the
H, generation that occurs during the serpentinisatimtess (McCollom and Bach, 2009;
Klein et al., 2009, 2013; McCollom et al., 2016; §fer at al., 2016; Miller et al., 2017,
Bauchaud et al., 2017). Such studies indicategbgientinisation promotes the formation of

H, under strongly reducing conditions in which waigrreduced to form Has Fé' is



oxidised to F& and is then precipitated in secondary minerale géneration of Hduring
the serpentinisation process can be representeddayion 1 (R1) as follows (Klein et al.,
2013):

(Mg,Fe}SiO, + vH,0O =w(Mg,Fe)(OH} + X(Mg,Fek-reu(SiFe}-reuyOs(OH), + y F&O, + zH, (R1)

(olivine + water = brucite + serpentine + magnetite,)

Other crustal contexts in which abiotic & generated have been explored less often. An
example of this is the Precambrian continentaltcr@serwood Lollar et al. (2014) reported
that abiotic processes such as radiolysis and hydrdtiom the Precambrian continental
lithosphere (also rich in mafic minerals) have emuglobal H production rates comparable
to those from serpentinisation. Other examplesuthel Precambrian crust fracture systems
and thinned-crust basins such as failed-arm rifthere H is associated with the
serpentinisation of deep crust and an alkaline agagecomplex (Apps and Van de Kamp,
1993; Smith et al., 2005, 2014; Larin et al., 2dgonnik et al., 2015; Guélard et al., 2017).

In the present study, we explore specific reactitret could lead to native abioticoH
generation by hydrothermal alteration of a biotitdt granite using an approach based on a
case study of the deep granitic basement of thdtZsous-Foréts geothermal site in the
Upper Rhine Graben, Alsace, France (Fig. 1a). Thédt&sous-Foréts site hosts an enhanced
geothermal system in which three deep wells 5000h depth have been drilled into the
granite basement to create a heat exchanger tageoelectricity (Fig. 1b; Bresse, 1992,
Gérard et al., 2006; Genter et al., 2010; HuengesL&adru, 2011; Olasolo et al., 2016; Lu,
2018). Several studies indicate the presence ,0&tH).25-46.3 vol% in the gas phase of
hydrothermal fluids (e.g. Sanjuan et al., 2010)wieer, its origin is poorly understood, with
some interpretations relating its origin to reacsidoetween the metal tubing material and the
brine (Nauman et al., 2000; Pauwels et al., 1998}.study focuses on biotite-rich granites in

which specific primary and secondary minerals hénee potential to be oxidised to reduce



available protons and produce.Hhis process is similar to that occurring in efmisation,

in which the oxidation of Fé& minerals leads to +feneration. The objective of this study is
to explore the possibilities of abiotic,ligeneration by hydrothermal alteration of the béatit
rich granite at the Soultz-sous-Foréts site wittutbon the alteration of biotite. We use an
approach based on geochemical and reactive transpatelling to simulate the reactions
between the granite and the in situ saturationhef deep hot brine. The abundant data
available for this site enabled us to build andbcate our conceptual model and to investigate
the effects of temperature, redox conditions, aadigd pressure of CA(Pco,) variations on

H. generation. Simulations increasifito, values were performed to simulate artificial
injection of CQ.

In this study, we verify whether JHgeneration is enhanced by anthropogenic forced
circulations of deep geothermal fluids designedhieat extraction. Accordingly, we focus on
the potential production of +tonsidering only fluid—mineral interactions andasgég no
interaction between the G@nd H phases. This configuration assumes that thehdse is
trapped in a volume that is spatially differentnfrahat of the C® phase. However, both
phases, whether in gas, liquid, or super-crititates, are expected to be in contact with the
same mobile aqueous phase. A future study willesidthe possible mixing of the phases if
the storage volume is common for both phases.igncdise, the combination of G@ith H,
could lead to Chl formation following Fischer—Tropsch-type (FTT) c&ans (Etiope and
Sherwood Lollar, 2013).

2. Geological setting

The Soultz-sous-Foréts site was proposed in tleelld80s as a deep geothermal energy pilot
site (Villemin and Bergerat, 1987; Bresse, 1992;Qalier et al., 1994; Gérard et al., 2006;
Genter et al.,, 2010; Huenges and Ledru, 2011, @lasbal., 2016; Lu, 2018). This site

exhibits a high heat flux related to a large terapge gradient up to 110 °C/km in the first



kilometre of depth (Pribnow and Schellschmidt, 200the temperature at depths of 2000—
5000 m in the geothermal reservoir, which con$tsactured granite (Fig. 1b), is 130-200
°C according to the temperature logs of deep Wel&2, GPK3, and GPK4 (Schindler et al.,
2010; Vallier et al., 2019).

Below a Triassic—Quaternary sedimentary sequendgl@ m in thickness, the basement is
composed of three different types of Carbonifergnasite, of which porphyritic granite is the
most abundant (Fig. 1 b). All granites have abunhdaatite and show different grades of
fractured and hydrothermal alteration (Hooijkaasakt 2006; Dezayes et al., 2010). Two
main types of hydrothermal alteration have beemtified: propylitic and vein alterations
(Traineau et al., 1991; Genter and Traineau, 12@2g¢sert et al., 2010; Hooijkaas et al.,
2006). The propylitic alteration is related to thst stage of granite crystallisation. It occurs
in the granitic matrix and is characterised by aepment of biotite and hornblende with
chlorite (chamosite) and transformation of plagasel into illite, sericite, and calcite. Epidote
and hydrogarnet are also present. The vein albergtrocess is related to water—rock
interaction that occurred in the natural fractusgdtem. It strongly modifies the petrographic
and petrophysical characteristics of the graninewhich illite, haematite, goethite, quartz,
carbonates, and sulphides are typical secondargraig(Traineau et al., 1991).

The granite hosts a strongly saline Na—ClI brinth wotal dissolved solids (TDS) values at
99-107 g/l, pH values close to 5, and a maximunpeature of 200 °C measured in situ at
5000 m in depth (Sanjuan et al., 2010, 2016). Tireeks believed to have multiple origins
including a mixture of dilute meteoric water andinpary brine formed by advanced
evaporation of seawater until the halite preciptatstage, with contributions from halite
dissolution following successive marine transga@ssiegression cycles from the Triassic to
the Oligocene (Sanjuan et al., 2010, 2016). Thistlggmal fluid likely originated from

Triassic sedimentary formations located at greptide4 km) with temperatures close to 225



+ 25 °C in the centre of the Rhine Graben. The dé¢opic signatures of the gases associated
with these fluids indicate that the thermal anossblire mainly crustal and not mantle-derived
(Sanjuan et al., 2016). According to the U-Th isetggstem, the minimum transit time of
these deep geothermal brines is about 1000 y®arguan et al., 2016).

In general, the brine has quantities of gas in tvthe gas/liquid volume ratio at 20 °C and 25
°C is ~20 % or higher (Sanjuan et al., 2010, 20A&ong the gases, GAvith an apparent
mixed sedimentary—mantle origin is dominant, at2489.7 vol % (Sanjuan et al., 2016),
followed by N at 7.2—-48.6 vol %, Hat 0.83-46.3 vol %, CHat 1.2—6.8 vol %, and He at
0.45-2.2 vol %. No trace of8 was found (Sanjuan et al., 2010, 2016).

3. Modelling approach

3.1 Conceptual model and modelling strategy

To test the generation ofHy hydrothermal alteration of the granite basena¢i@oultz-sous-
Foréts, we simulated the circulation of the hydeothal Na—Cl brine through a 1*rube of
fresh porphyritic granite considered to be a regmegtive reactive cell (Fig. 2). We selected
porphyritic granite as the reactive rock becaus® tijpe is the most abundant granite at the
site. The ‘fresh’ designation assumes the grandgatans no prior propylitic or vein
hydrothermal alterations.

Figure 3 illustrates the simulations performed his twork. We began with a ‘reference
simulation’ considering the composition of a bratel65 °C and an initial Eh of -245 mV as
calculated by Fritz et al. (2010) for the brinecaiating at 3500 m depth in the porphyritic
granite domain (Table 1). In subsequent stepse wested the effects of temperature, redox
conditions, andPco, on H generation (Fig. 3). The effect of temperature eealuated by
exploring the minimum and maximum temperatureshef gite, respectively at 130 and 200
°C, using an initial Eh equal to that of the refere simulation, at -245 mV. In the

simulations, the initial Eh value is given as apunparameter. However, this value can vary



during simulation depending on the evolution of fudution composition. The effect of the
redox potential was tested using the maximum amdnmuim values, respectively at -100 mV
and -300 mV as initial Eh while maintaining consteemperature at 165 °C. The upper limit
of -100 mV for the Eh corresponds to the valuenestied by Sanjuan et al. (2010), whereas -
300 mV is the lowest value calculated by Fritz let(2010). Finally, simulations combining
the entire range of temperatures and Eh values wenducted with temperature and Eh
increments of 10 °C of -50 mV, respectively.

All simulations were conducted considering an opgstem with respect to the solution and

the gas phasedhe Pco, value in the geothermal system was calculated fileenpH and
alkalinity of the brine, at 4.8 and 15 meqg/kg, exdpvely (Fritz et al., 2010), according to the
thermodynamic equilibrium condition representedEq. 1, where [ is the activity of
protons, [C&] is the activity of dissolved carbonate, akdo, is the equilibrium constant
for reaction 2 (R2):

[Peoy] = [H'1* [COs" V[ Keoy] [H20] [Eq. 1]

COy(g) + O — 2H" + CO* (R2).

The calculated’co, was 0.1 MPa. To evaluate the effect of increaséd i@ the system as
well as its effect on Hproduction, simulations were conducted with insmeg values of
Pco,. As such, the initial value of alkalinity was ieeised successively from 15 meq/kg to 30
meg/kg, 60 meqg/kg, and 90 meg/kg (Fig. 3).
In this framework, the partial pressure of (P4,) is assumed to be constant during the
simulations. Under thermodynamic equilibriuf,, is determined at the beginning of the
simulation from the initial Eh and pH, represeniedEq. [2] by the activities of protons [H
and electrons [e-]. Reaction 3 (R3) describesgdneration in equilibrium with a given
equilibrium constanti{,):

[Pu,] = [H']? [€1°/K 1w, [EQ. 2]



H, = 2H" + 26 (R3)

The concentration of £Owas considered to be very low because we simulateditions at
depths greater than 3000 m below the surface. ®heentrations of iy CH,;, and He were
neglected to simplify the simulations.
3.2. Kinetics of Reaction and Mass Transfer code
Simulations were conducted using the Kinetics odd&en and Mass Transfer (KIRMAT)
numerical code, which couples chemical reactionraads transfer (Gérard et al., 1998). This
code simulates the geochemical reactions that ahating one-dimensional (1D) circulation
of a fluid through a determined reactive cell t@leate changes in the mineral composition,
porosity, permeability, temperature, Darcy velociftyid—rock interaction, thermodynamic
equilibrium, and precipitation and dissolution ofnerals. The code also accounts for the
feedback effects of the chemical and mineralogasalutions on the variation of porosity.
The KIRMAT code is monophasic, which means thae#olves the mass balance equations
for transport associated with geochemical reactiortbe liquid phase but does not simulate
the transport of the gas produced by the reactibn®pen systems, any gas produced is
exported outside from the reactive cell (Fig. 2).
3.2.1. Kinetic data
To calculate the dissolution rates of the primainparals at different pH values KIRMAT
uses the following reaction:

rg = kiS""mane [ 1= (QwKm)™™  [Eq. 3]
where § is the dissolution rate of a minenal (mol year' kg™.); kq is the dissolution rate
constant (mol i year™; Table 2); 8", is the reactive surface area of the minerd Kgi'y);
ay-+ IS the activity of protonsn is an experimental power, whergand n are experimental

exponents depending on the pH of the solutiop;jsXhe ion activity product of the mineral



for a given composition of the aqueous solutiord &g, is the equilibrium constant for the
hydrolysis reaction of the mineral at a given terapige and pressure.
For the kinetic precipitation of minerals, KIRMADde considers the following expression:

fp = koS [(Qu/Km)® — 11 [Eq. 4]
where k, is the kinetic rate constant of precipitation (mol* yeai'), and p and q are
experimental values describing the dependenceeofdaction on the saturation state (Table
3). The kinetic precipitation approach was usedgicartz at temperatures lower than 150 °C
in which the initial oversaturation of the minekahs detected by calculating the chemical
speciation.
3.2.2 Thermodynamic data
In geochemical modelling, the precipitation of miade is generally considered to be in
thermodynamic equilibrium with the aqueous solutidhis premise is made owing to the
lack of data for kinetic rate laws of precipitatitox many minerals and to the assumption of
long-term processes at the geological time scalé would enable the system to return to
equilibrium. The thermodynamic data for the miteselected in this study were taken from
the Thermoddem database updated by the French gseall&urvey (BRGM Blanc, 2017).
3.3. Input parameters
3.3.1. Primary minerals in the granitic reactiveice
The sets of primary minerals and volume fractioeleced for the model are based on the
composition of the standard porphyritic granitewdng at the site (Hooijkaas et al., 2006).
We consider that the fresh porphyritic granite asnposed of plagioclase (albite 35 vol %;
anorthite 4 vol %), quartz (27 vol %), K-feldspad (vol %), biotite (8 vol %) and amphibole
(2 vol %) (Table 4). Biotite is the most importaswurce of F& that accounts for H
generation in the basement of the Soultz-sous-&@m@nitic reservoir. Our model uses pure

ferrous annite (KF&(AISiz)O:1o(OH),) as an end-member of the solid solution (TablérAjs



approximation was used to calculate the maximunsiptes amount of F& that could be
hosted in biotite and therefore the maximum po#émtmount of H production.

3.3.2. Secondary minerals by hydrothermal alteratbthe granite

Secondary minerals are those precipitated by higdrotal alteration of the fresh granite
during the simulation. We selected a set of seagndanerals that have been previously
identified in the two types of hydrothermal altévatof the granite, i.e. propylitic and vein
alterations (Table 5). According to Gaucher anchBIE&006), supplying a chemical/transport
code with an insufficient list of minerals can pidice the results by forcing the system to
converge towards a non-realistic mineralogical mésage without alternative$he number

of minerals considered in the simulations should marce the reaction pathways.
Accordingly, we introduced numerous phases for Feesecondary minerals: ¥ephases
including nontronite, chamosite, and epidote® Fhases including haematite and goethite;
and Fé&'/Fe€*" phases including magnetite. Thus if the dissofuti® biotite is achieved and
Fe* is released to the solution, the code will chobsiveen the precipitation of £eand
Fe** secondary minerals according to the Fe speciaBbrgH conditions) and the saturation
indices of the minerals.

To reduce the complexity of the system relatedetiox reactions caused by S species, the
simulations were made without considering sulphadd sulphates in the sets of secondary
phases.

3.3.5. Composition of the geothermal brine

Very little research analyses the deep geotherruadisf at Soultz-sous-Foréts with no
contamination by drilling fluids or injected wat3anjuan et al., 2010, 2016). Moreover, the
fluids extracted with a deep auto-sampler couldehexperienced changes between the in situ
reservoir and ex situ lab conditions caused byujlédration with atmospheric conditions and

dissolution of atmospheric Qwith strong evolution of redox conditions aftertrextion and
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sampling; ii) strong temperature evolution betweé&65 °C at depth and 20 °C in the lab; iii)
CO, degassing and consequent evolutions of pH incseaisé decreases in alkalinity in the
presence of carbonate precipitation. Thereforectimeposition of the fluid used in this study
corresponds to the values calculated by Fritz.€R8[10) at thermodynamic equilibrium with
the mineral phases of the partly cemented hydrothksed granite facies (Table 1). The
calculations were based on the composition of gaedthermal fluid at 165 °C and pH = 4.8
measured at 3,500 m in depth during the 1997 atar test with no contact with the
atmosphere.

To calculate the activity coefficients of the iotisg extended Debye—Huckel law was used. It
could be argued that simulations with heavy brineutd include Pitzer equations; however,
this approach can be applied only in geochemicabatso for major ions at low or
intermediate temperatures. In our case, calculstionaqueous trace element activities*{Al
Fe*, Fe") were needed because they are crucial for simglatbn and clay mineral—solution
interaction. For this reason, we considered thatetktended Debye—Huckel law was a better
method for calculating the ion activity. In our silations, the ionic strength values remained
almost constant atl.5, which limited the risk of cumulative error.

3.3.6. Reactor size, porous media, and reactivesipart parameters

The volume of rock in the simulation was £, which is considered to be a relevant scale for
describing the fault network and the major faultkhess in which the fluid circulation is
expected to be active. In the simulation, we cargid a proxy of the natural fractured granite
as a reactive cell in which the minerals and theogity were homogeneously distributed
throughout the volume (Fig. 2). The average poyosas set to 1% because the porosity of
the granite at Soultz-sous-Foréts varies at a wadge of 0.1-10%, where the lowest values
correspond to the less-altered zones of the graaniie the highest values correspond to high

pervasive and vein alteration zones (Kohl et #1951 Surma and Geraud, 2003; Rosener and
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Geraud, 2007; Magnenet et al., 2014). The Darcgoiutgl selected for this simulation was 6
cm/yr which is a characteristic value of the Daveyocity distribution in the hydrothermal
system (Vallier et al., 2019). The maximum timeh# simulation was 250 years. Rather than
reproducing long-term geological processes of tands to millions of years, the duration of
the simulation was designed to reproduce shortae tscales related to the geothermal
exploitation of the wells, at tens to hundreds eding.
3.3.7. Reactive surface area of primary minerals
In this study, the reactive surface areas of tfany mineralsm (S5, in mMP/kgu20) Were
calculated using Eq. 5 with the specific surfaceaaof the granite (§sn m/m® of rock)
measured by Rosener and Géraud (2007), the voliantoh (Vf,) of each primary mineral,
and the granite porosity{:

ST = Vim* (Ss,)/(1000 * o) [Eq. 5]
The $, values calculated for the primary minerals are shdw Table 6 and were
considered as constant during the simulation. T onversion factor in Eq. 5 was used to
convert the aqueous solution from cubic metresutbecdecimetres.
4. Results
4.1. Production of kat 165 °C and -245 mV
Generation of KW was observed in the reference simulation, in whtah brine circulated
through the granitic reactor at T = 165 °C andranal Eh value of -245 mV (Fig. 4a). The
Fe-bearing mineral phases involved in the generaifoH, were biotite and magnetite (Fig.
4b and 4c). Biotite dissolves and releaseS ke the solution. In an aqueous solution, the
partial or total oxidation of Fé to FE" provides electrons (e-) (R4) which in an-fiee
environment will reduce protons {Hand produce HR5 and R6).

Fe* — Fe* + € (R4)

H,O < H" + OH (R5)

12



H*+ 16 < 0.5H, (R6)

In other terms, His produced by the reduction of protons providedtly dissociation of
water. Because of the increase ofFer F€* activities in solution owing to biotite
dissolution, secondary Fe-bearing minerals canigptate. Depending on the degree of
oxidation of the agueous Fe and the type of seggndaneral precipitated, the amount of H
produced can vary widely:
(1) Total oxidation of aqueous £e

1 mole of biotite (KF&*(AlSi3)O1o(OH),) dissolved—

1 mole of haematite (5&€ Os) or goethite (FEO(OH)) precipitated + 1.5 mole of

H, produced (R7)
(2) Partial oxidation of aqueous¥e

1 mole of biotite (KF&*(AlSi3)O1o(OH),) dissolved—

1 mole of magnetite (F&Fe*0,) precipitated + 1 mole of +produced (R8)
(3) No oxidation of aqueous £e

1 mole of biotite (KF&*(AlSi3)O1o(OH),) dissolved—

1 mole of chamosite (E&AI(AISi 3)01o(OH)g) precipitated + no kHproduced (R9)
In our reference simulation, we observed the secoamse (R8) with the formation of
magnetite, in which the amount of dissolved biaditel precipitated magnetite influenced the
amount of H produced during the simulation. At 165 °C and -249, the total amount of
biotite initially present in the reactor, 51.3 mahs dissolved after about 147 years. All of the
Fe released by the biotite was consumed by thepmiagn of 51.3 mol of magnetite and the
production of a total amount of 51.3 mol of.H
4.1.2. Evolution of primary and secondary minerals
In the reference simulation, all primary mineralsrgvinitially undersaturated in the solution

and were able to dissolve. However, microcline atmte rapidly reached equilibrium and
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began to precipitate, whereas quartz, biotite, oty and anorthite continued to dissolve
over time (Fig. 4b). The anorthite was completalsdlved and removed from the reactive
cell very early in the simulation. The dissolutioh biotite, which is involved in the H
generation process, progressed with time until ahdd years, at which time it was removed
completely (Fig. 4b).

Regarding the secondary minerals, beidellite-K¢ital and magnetite reached equilibrium
successively during the simulated circulation & brine and began to precipitate (Fig. 4c).
The precipitation of calcite at the very beginniofythe simulation was favoured by the
dissolution of CQin the solution and the dissolution of anorthitéjeh is the main source of
C&” for calcite. Because the precipitation of calcitesvimited by the complete dissolution
of anorthite, once this mineral was removed frora tell, calcite began to re-dissolve
progressively over time but was induced by,@@solution (section 4.3). The precipitation of
beidellite-K was favoured at the very beginninglad simulation by the initial dissolution of
the silicates. However, the beidellite-K formatiavas limited by the precipitation of
microcline during the simulation. As described etton 4.1, biotite is also the source of
Fe*, which was partially oxidised and precipitatedti®e magnetite. The precipitation of
magnetite progressed until about 147 years andedelscause the biotite was completely
dissolved in the reactive cell and the source oflisappeared, which limited the production
of magnetite and consequently the production of H

4.1.3. Evolution of the physical-chemical compositf the brine

The concentration of ions in the solution remairadehost constant during the reference
simulation (Figs. 5a and 5b). The changes wererebdeat the beginning of the simulation
when the fluid entered the granitic reactor. Orfoe $ystem was equilibrated, no changes
were observed in the amounts of Cl, Si, R§, Ca, K, Mg, and C circulating through the

reactive cell during the simulation. Similarly, obanges were observed in the concentrations
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of F&* and F&"; the initial concentration of Fe was very low, ahélt released to the solution
by biotite dissolution was immediately precipitatedhe magnetite.

At the very beginning of the simulation, the pH &®e less acidic, evolving from 4.8 to 5.25
but remaining constant and low during the resthef simulation. This initial pH change is
attributed mainly to the initial equilibration wit@O, and the hydrolysis of silicates (biotite,
tremolite, microcline, anorthite, albite) consumprgtons (Table 7). Although the production
of H, contributes to proton consumption throughout timeusation, it is in equilibration with
CO, and the dissolution of calcite, which controls {ité of the system (Fig. 5¢). The Eh
value became more negative during the simulatioth &an initial value of -245 mV altering
to a final value of -285 mV at the end of the siatign (Fig. 5d).

4.2. H generation at different temperatures,@I= 130 °C; Tyax= 200 °C)

This section describes the effect of temperaturéHpmgeneration and on the main mineral
phases at 130 °C and 200 °C, which are respectitiedy minimum and maximum
temperatures in the geothermal reservoir. At 13@AAQ -245 mV, which is the same initial
Eh value as that used in the reference simulati@onsiderable reduction was noted in the H
production. This result is attributed to the tydesecondary Fe mineral precipitating in the
reactive cell, which in this case was chamosité (AgAISi 3)01(OH)g)(Figs. 6a and 6b).
Under this condition, the Fereleased from biotite was not oxidised but reniag F&" to
precipitate as chamosite (R9). Without a source d&br the reduction of protons, no,hs
produced. Moreover, we observed that at 130 °C titheng for the dissolution of biotite
increased to 246 years.

By increasing the temperature to 200 °C and manimgithe initial Eh value of the reference
simulation (-245 mV), the dissolution of biotite svéaster and was completed in about 91
years. The precipitation of secondary phases sachpalote (Ca&e**Al,Siz01,(OH)) was

observed at the beginning of the simulation dutivefirst 20 years (Fig. 6¢). This shows that
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the F&" released from biotite was oxidised and precipitaés a pure Bé phase. The
production of H associated with this secondary phase (i.e. theéogpiphase) was 5.9 mol.
However, its precipitation did not continue ovendi, and it was re-dissolved in the cell (Fig.
6c). At that point, the magnetite reached equilibriand precipitated until the end of the
simulation as the main Fe secondary mineral pretgs. The F€ released by epidote was
used in the system and was precipitated as magnetiich reached an amount of 51.3 mol at
the end of the simulation. The total productiorHgfwas 51.3 mol, which is the same amount
as that obtained in the reference simulation (R8).

4.3. K generation at different initial Eh (ERx= -100; Ehyin = -300 mV)

The effect of the redox potential on the ¢eneration was studied by comparing simulations
at two different initial Eh values set to -100 mWda-300 mV. The temperature was
maintained at 165 °C in these simulations. The detapdissolution of biotite was achieved
in 147 years, which is similar to that observedhia reference simulation with an Eh = -245
mV. This result indicates that the dissolution nateontrolled mainly by temperature. With
an initial Eh of -100 mV, goethite (F®(OH)) was the main secondary Fe mineral
precipitated, which corresponds to a significamtre&ase in KHproduction, from 51.3 mol to
76.9 mol (Figs. 7a and 7b). In this case, all & #é" released from the biotite was
transformed into F&, whichchanged the stoichiometry of the reaction to 0:5ndl produced
per mol of F& (R7). At Eh = -300 mV, the secondary mineral poéaied was again
chamosite, with a very low Hproduction of 0.003 mol (Figs. 7c and 7d). As poasly
described for 130 °C, more reductive condition® d&ssour the precipitation of chamosite
(R9).

4.4. Eh-T map of KHproduction

Figure 8 shows an Eh—T map fog production for the entire range of temperatures (I30—

200 °C) and redox potential (Eh =-100 to -300 mWe temperature and redox potentials
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were evaluated at increments of 10 °C and 50 m§feetively. Three main domains were
observed according to the rate of ptoduction. The first is a low Horoduction domain at
low temperatures and low Eh. In this domain, thelaton of Fé* and the H generation
were limited, and the precipitation of chamositee’{Fphase) was favoured. At low
temperatures (130 °C), the rate of biotite dissotutvas low, leading to a dissolution time of
246 years. The second domain is an intermediatgdtluction domain at high temperatures
and intermediate to low Eh values. This is the neosénded domain. The oxidation of‘Fe
was favoured but not complete, and the magnetiéd"/ffe* phase) precipitation and the
amount of H produced tended to be intermediate. The rate oféheration was higher
because the dissolution of biotite was faster wighincreasing temperature. The third domain
is characterised by high,Heneration at high Eh values. In this case, angttendency
existed for Fe oxidation; all Bereleased from the biotite was oxidised i *Féavouring
high amounts of K generation. The precipitation of pure*Fesecondary phases such as
haematite was also favoured.

4.5. K generation with different g2,
The simulations with increasingco, from 0.1 MPa (alkalinity = 15 meq/kg) to 0.21 MPa

(alkalinity = 30 meqg/kg) showed no difference ire tamount of K generation. However,
when thePco2 increased to 0.55 MPa (alkalinity = 60 meqg/kg)jrammease in kifrom 51 mol

to 75 mol was observed (Fig. 9). This is relatedhi precipitation of haematite Fg0s)
instead of magnetite (F&Fe**0,), which can be explained by a reduction in thegu¥ihg to

an increase in CQn the solution and thus an increase in Eh. Bexglisand Eh are closely
connected parameters, when the pH decreases, theciases (to lower negative values),
generating a less reductive environment and famgutiie oxidation of Fé to F€*, thus

inducing a higher Hlamount. When thBco, increased to 1.13 MPa (alkalinity = 90 meq/kg),
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haematite continued to be the dominant phase, ireaeguilibrium at pH = 4.7 and Eh = -
241 mV.

5. Discussion

5.1. Hydrogen production

In this work, the results of simulations of theidlrock interaction in a 1 Prgranitic reactor
that included the circulation of a natural heawnérevealed that abiotic,Htan be generated
during the hydrothermal alteration of the graniteeroa time scale of 100-200 years.
Considering the influence of temperature on thetk@s of biotite dissolution, the time could
vary from 91 years to 246 years according to thgperature range of the reservoir (130-200
°C). The alteration of biotite and the oxidationFef* to F€* followed by the precipitation of
Fe** phases in secondary minerals such as magnetieondtite generated the needed redox
reactions for H generation. This fgeneration process, which is generally referredgo
‘reduction of water’, is actually a reduction obpons (R6).

The evolution of primary and secondary mineralshie simulations were in agreement with
the mineralogical descriptions of the natural hyldeomal alteration of the granitic rock. This
corresponds to the dissolution of biotite, plagasel, K-feldspar, and quartz associated with
the precipitation of clay minerals (mainly illitessnectites, chlorites), carbonates (calcite and
dolomite), and Fe oxides (Traineau et al., 199Int&eand Traineau, 1992; Hooijkaas et al.,
2006; Ledésert et al., 2010).

In our simulations, we applied different valuesexhperature and Eh for the geothermal brine
as imposed variable conditions to test the behawbthe mineral reactions, F&¢e** redox
reaction, and kigeneration. Three domains were identified for tepdgeothermal reservoir
of Soultz-sous-Foréts. The first includes low El &w temperatures, in which Fe oxidation
is limited; secondary P& phases such as chamosite precipitate, andjereration is not

possible. The second domain has higher Eh valuesterFe oxidation is favoured, and*Fe
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secondary phases such as haematite and goethite with the highest amount of ;H
produced, at 77 mol/frof granite. In the third domain, at high temperasuand intermediate
to low Eh values, which are dominant conditionstho$ site, the precipitation of Fére®™
secondary phases such as magnetite is dominantawithtermediate fproduction ratio of
51 mol/n? of granite.

Our simulations showed that the characteristic tsoale for the alteration of biotite in the
granite of Soultz-sous-Foréts, at 100-200 yearspissiderably shorter than the age of the
granite, at 330 Myr. Moreover, the present grandmposition of Soultz-sous-Foréts is very
rich in fresh or non-altered biotite (Hooijkaas at, 2006). The biotite minerals show
evidence of transformation into secondary minesalsh as Fe oxides or chlorite only in the
fractured zones of the granite and in propylitiem@tion areas (Dezayes et al., 2005). This
result indicates that if the granite is not exposeddisequilibrium conditions owing to
fractures, temperature changes, and changes ichdmaistry of fluids, the biotite remains in
equilibrium. Accordingly, the potential of Horoduction is preserved until disequilibrium
conditions are introduced.

5.2. Evolution of the brine

The minimal variation in the brine composition oyl during the simulations is related to
the equilibrium between the dissolution of primamjinerals and the precipitation of
secondary minerals. In all cases, the pH of theebincreased slightly from its initial value of
4.8 but remained in the range of the measured satithe in situ brine, at pH = 5 (Sanjuan et
al., 2010). On the contrary, the initial Eh value-B45 mV tended to decrease to more
negative values in our simulations. The values yafrbthermal fluids measured during the
last 20 years of exploration of the Soultz-souseEosite do not show strong variation in the
Eh value (Sanjuan et al., 2010, 2016). Thereforegéheration does not appear to have a

strong impact on the composition of the geotheniale.
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5.3. CQ effect
CQO; is the dominant gas in the collected fluids frdme granitic reservoir at Soultz-sous-

Foréts. In this work, the calculat®o, of the system was 0.1 MPa. With this pressure and

the open system assumption, whereby unlimited, @Oavailable to be dissolved in the
solution, the C@ strongly regulates the pH of the brine and theipration—dissolution of
calcite and clays. Although the production of ¢bntributes to proton consumption, the
dissolution of CQ over time and the buffering effect by the re-disgon of calcite and clays
(beidellite-K) contribute to maintain a constant pHabout 5, which is in the range of the in
situ brine (Sanjuan et al., 2010). By increasir@Rbo, of the system, the control on the pH is
even stronger, and its effect on the increaseyigdtieration is observed. Indeed, this forces a
decrease in pH and thus an increase in Eh to generare oxidative conditions, which
enhance Fe oxidation and; ideneration. By increasing th&o, to 0.55 MPa, a step was
observed in the fproduction with a significant increase in the raer time (Fig. 9). Indeed,
a new equilibrium was reached when the haematéeiptated according to the availability
of F€" in the solution, which induced more oxidant coiodis for the Fe. The results of these
simulations demonstrate that artificially increasthe Pco, of the system (i.e. by injection of
COz) could improve the Kproduction.

5.4. Implications of the open system assumption

The open system assumption and conskut considered in this work implies that the
amount of H produced in the system can be calculated butmatbontrol on the gas pressure
changes or accumulation in the reservoir. As roeetl in section 3.1, they, value was
calculated at the beginning of each simulation ftbminitial Eh and pH of the solution (Eq.
2). In an Eh versus pH diagram for an open systém (0),P4, is represented as a line with
a slope depending on temperature, which subsegueathained constant during the

simulation even if the final pH and Eh changed fribrair initial values. In terms of minerals
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reactions, the assumption of an open system anstanti?y, provides the conditions so that
each time the Kgas is produced, it is exported from the systeththns maintains a constant
Pu,. Considering reaction R8, ifHs exported, the reaction will tend to the righthathe
resulting biotite destabilization, magnetite préeifpon, and H production. The current
hydrothermal forced circulation on the site allowsto consider that an open system and a
constanPy, are valid assumptions forle¢xtraction.

If the system is supposed to be closed, any pramuof hydrogen will increase the lodaj,

partial pressure. As a feed-back effect, the readd8 would be pushed back to the left and
biotite alteration would be inhibited stopping th®duction of H. This corresponds to what
happened over the geological times in the geothHersservoirs where the ferrous iron
“survived”. Therefore, a better understanding oé ttonditions that can lead to biotite
destabilization to a large extent in the reserv@ineeded. In simulations of;kroduction
from ophiolites, the systems are open and the proldf partial gas pressure is sometimes
resolved in modelling by using artificial modifican of the solubility product of the involved
gases. As such, a bi-phasic fluid is reduced tooaaphasic fluid by considering,Hhot as a
gas but as an aqueous specie dissolved in themso(th gy Bachaud et al., 2017). Mugler et
al. (2016) used a thermodynamic model for thepkbduction coupled with a transport model
for the bi-phasic fluid considering an open systeith constant pressure. In our simulations
we accounted for the amount of generation assuming an open system but with a mono
phasic fluid transport model. The Ifhodelling revealed the necessity of developing@ or
three-dimensional bi-phasic transport model whetfligs and gases can be transported for
undergoing thermodynamic and kinetic reactions.

5.4. Comparison with fproduction during serpentinisation of ultramafimcks

Similarity was noted in the Hproduction processes during hydrothermal altematid the

granite and that of mafic rock during serpentin@a(Table 8). In both cases, the source of
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H, is related to the oxidation of Febearing minerals and the precipitation of 'Fén
secondary minerals. In ultramafic rocks, thé*Fminerals are olivine (MgF#,SiO; and
pyroxenes including clinopyroxene (CaF£%) and orthopyroxene (Mg,E8(SiOs),
whereas that in granite is biotite (KEg€AISiz)O:(OH),). Amphibole can also be a source of
Fe?* in granites, although Mg-rich hornblende is thendt@mnt amphibole type at Soultz-sous-
Foréts. Because these mafic minerals contain difteamounts of E&in their stoichiometry,
the potential for K generation is intrinsically different. When coreichg only the
stoichiometry, biotite containing 3 mol £eer mol of biotite is richer in & than olivine
and pyroxenes containing 1 mol?Feer mol of olivine or pyroxene in the richest Béreme

of their crystallographic series. Therefore, thetibe has a greater potential fog production.
However, when considering the whole rock, perigstihave>60 wt% olivine, which is
equivalent t0o>60 vol%, and pyroxenite rocks hawé0 wt% olivine. In contrast, the
maximum amount of biotite in the biotite-rich grinat Soultz-sous-Foréts is only 10 vol%,
which is significantly lower.

The initial amount of F& in the primary rock is not the only important factfor H,
production during serpentinisation in both deep -ogdanic ridge and shallow ophiolite
environments. Certainly, it is a complex procest ttepends on several parameters such as
the physical-chemical composition of the circulgtituid, including temperature, pH, and
silica activity; the primary mineral assemblagecluding olivine/pyroxene ratio; and the
water-to-rock ratio. These parameters determineoitigation of the F& primary minerals,
the partitioning of Fe in the secondary phasesyhe of Fe (FE/Fe’") secondary mineral
precipitation, and thus theHoroduction. Field and petrographic observatioabotatory
experiments, and simulations of the serpentinisapoocess revealed that magnetite is a
common secondary mineral associated wighgeineration, whereas brucit@fy,F&*)(OH),)

and serpentinité(Mg,Fe")a.reqny(SIFE)O0s(OH),) can limit or favour the production of ;H
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accordingly (Charlou et al., 2002; McCollom and Ba2009; Marcaillou et al., 2011; Klein
et al., 2013; MacCollom et al., 2016; Bauchaudlet2817; Miller at al., 2017; Vacquand et
al., 2018). Similarly, at Soultz-sous-Foréts the stméavourable conditions for Hare
associated with magnetite, and the occurrence &f Pphases such as chamosite at
temperatures inhibit the generation of H

In serpentinisation, the low silica activity in teaids of ultramafic rocks, on the order of 10
23t0 10°, results in the formation of alteration minergdarticularly serpentines and brucite.
These minerals tend to largely excludé‘FHeom their structure, leading to the formation of
magnetite and thus HFrost and Beard, 2007; McCollom and Bach, 20G9)nore silica-
rich rocks such as basalts, a greater proportioRedf is sequestered in silicate alteration
minerals such as chlorite and amphibole which alk#/ into their structures. As a result,
hydrothermal alteration of basalt generates sigaiily lower amounts of Hthan that by
serpentinisation of ultramafic rocks even though fi&" content of basalt is typically much
higher (McCollom and Bach, 2009). The silica a¢$ivin the aqueous fluid of the Soultz-
sous-Foréts granite is about49 which is higher than that in ultramafic rockstte granite,
the precipitation of chlorite could be related he thigher silica activities, which limit H
generation. However, at temperaturdslO °C and ER-250 mV, the silica activity does not
appear to be a limiting condition for,roduction because Fe oxides, specifically matmeti
and haematite, are the dominant precipitation ghase

A wide range of temperature is possible foy ¢generation during serpentinisation. High
temperatures of about 350 °C are found in mid-oceadge vents (Charlou et al., 2002;
McCollom et al., 2016), whereas those of about @0can be found in ophiolite outcrops
(Bachaud et al., 2017; Vacquand et al., 2018).hla sense, the range of temperatures at
Soultz-sous-Foréts, 130-200 °C, reflects low aridrimediate values compared with those

occurring in serpentinisation.
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Serpentinisation environments are dominated by liakasolutions attributed to the
dissolution of olivine and pyroxene (Seyfried et @015, and references therein). However,
H, is also produced in low-pH environments such asRasbow hydrothermal vent field,
where exceptional pH values 2.3 occur together with one of the highest conegioins
detected in the Mid-Atlantic Ridge (MAR) system @Zlou et al., 2002). According to Allen
and Seyfried (2003), the low pH at Rainbow is edato serpentinisation of pyroxene-rich
lithologies rather than olivine. At Soultz-sous-&@r the in situ brine has also a low pH of
about 5, which has remained constant over time j{&@anet al., 2010). In all of our
simulations, the pH remained at about 5, which pced H at different temperature and Eh
values accordingly. Moreover, when lower pH valuese induced by increasing tiffeo,,
higher H generation was possible. In this case, a decieabe pH value led to an increase
in Eh. This resulted in less reductive conditiohsittfavoured Fé oxidation and the
precipitation of F& secondary phases such as haematite and high anoduts

Low oxygen fugacity f0,) is also a distinctive condition during serperdgation (Frost and
Beard, 2007). In the Soultz-sous-Foréts case, fster®m had a very low fOcontent
considering its depth of about 3500 m.

The values of K produced by serpentinisation of ultramafic rocksoceanic environments
such as MAR vary at 0.02-16 mmol/kg (Charlou et 2002, and references therein). The
calculated Hq values in ophiolite systems such as those in Omanabout 0.008-0.01
mol/L (Bauchaud et al., 2017). The amount of which could beproduced by a granite
reservoir is likely less than that produced by setimisation. However, the advantage of
Soultz-sous-Foréts lies in its relative accessibito the geothermal reservoir and the
existence of a potential basement, where unaltei@ite occurs as a source of primaryFe
oxidation to produce as a by-product of the actual heating exchangesygxploited to

generate electricity.
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5.5. Potential for abiotic Hilgeneration at Soultz-sous-Foréts

In the intermediate Hproduction domain shown in Fig. 8, the amount gptbduced at high
temperatures and intermediate to low Eh valueslig fol per mof granite. This quantity
can be considered as the maximum potential of dfrgranite assuming complete dissolution
of biotite and precipitation of magnetitdnder this assumption, an extrapolation can be made
to the entire geothermal reservoir at Soultz-sow#fs. In this enhanced geothermal system,
the volume of granite reached by the geothermalswisl approximately 1 kim(Fig. 11;
Sausse et al., 2010). Therefore, the total pofeotia km® of granite after the dissolution of
all biotite and the precipitation of magnetite wibide 51 x 1®mol or 102 kt H. This
represents 0.2% of the total amount efgrfoduced and consumed worldwide annually, which
is more than 55 Mt (Hydrogen Council, 2017).

However, this consideration is an upper bound liee#he conditions of temperature and Eh
vary in the reservoir, and the natural circulatfhgds and current exploitation methods will
probably not achieve a complete disequilibriumhe tvhole volume of granite to extract all
the calculated Hpotential. Nevertheless, the total potential igaid and important data
since it helps to dimension the potential of thte sind adjust the production methods. For
instance, artificial changes d?co, by CG injection could improve the amount of, H

production as shown in simulations with increadiag, values (section 5.3.). The following

guestion is then posed: how can an enhanced gewhesystem serve as an active
destabiliser of the biotite in a reservoir giveattthis mineral has survived over geological
time in the quasi-closed system?

5.6 Other possible natural sources ofdtl Soultz-sous-Foréts

5.6.1. Precipitation of sulphide (pyrite)

Pyrite, a sulphide mineral associated with hydnotte¢ alteration, occurs at Soultz-sous-

Foréts at about 1 vol%. Despite the fact that pyidtthe most common sulphide on Earth, its
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formation involves complicated organic as well asrganic mechanisms (Rickard and
Luther, 2007). For inorganic reactions, it is widelccepted that pyrite is a secondary
precipitated phase having an important influenceeglox reactions. One common method for
expressing this is described in reaction 10, incvipyrite is expected to form via nucleation
and growth in solution. This reaction is favourade@bout 300—-350 °C (Rickard, 1997).
Fe" + 2 — Fe$ + 26 (R10)

In other cases, pyrite precipitation can occur fram existing S precursor reacting with
sulphidic acid (R11). In this case, pyrite and ¢dn be produced in the presence @SH
Reaction 11, known as the Berzelius reaction, veudeable below 300 °C and can occur in
aquatic sedimentary systems, buried sediments,sabdharine fumaroles (Rickard, 1997,
Rickard and Luther, 2007).

FeS(s) + HS = Fe%(s) + H (R11)
Although the range of temperature of the hydrotltersgstem at Soultz suggests that reaction
11 could be favourable, the presence of precuison®t clear. Moreover, related equations
and corresponding thermodynamic data are not intredl in KIRMAT to simulate this
reaction. However, because pyrite has an import#hience on redox reactions, future
research should include this mineral in simulatimngnderstand its effect ornplgeneration.
5.6.2. Radiolysis of water
The production of kican also be linked to the radiolysis of waterwimch the decay of K,
Th, and U in rocks generatesp, andy radiation that dissociates water molecules inrtiok
pore spaces and fractures to form(Mpps and van de Kamp, 1993; Lin et al., 2005al ).
et al. (2005b) reported that radiolytie Broduction rates in water range from®1® 10° nM
s for granite, basalt, and quartzite lithologiese®¥ood Lollar et al. (2014) used radiolysis
to determine that the Hproduction from Precambrian continental rocks imilar to the

estimated production from marine serpentinisatiawvirenments. Because the granite
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basement at Soultz-sous-Foréts is enriched in K,ahd U (Pribnow et al., 1999; Pribnow
and Schellschmidt, 2000; Baillieux et al., 2013) aadioactivity is known to contribute to the
thermal anomaly, the production of; lelated to radiolysis is a process worthy of fatur
research.

6. Conclusion

The geochemical and reactive transport simulatiomsducted in this study indicate that
generation of abiotic Hat Soultz-sous-Foréts is possible by hydrotheraftakation of the
biotite as a source of Fewhich is oxidised to P& and leads to magnetite precipitation and a
reduction of protons (B. By combining different temperature and Eh cdodi relevant for
the deep geothermal reservoir of Soultz-sous-Fotietee main domains were identified: i)
low H, generation domain, at low temperatures and vedyative Eh values where £e
oxidation does not occur; ii) intermediate Heneration domain, at high temperatures and
intermediate to low Eh with partial oxidation of?F¢o F&*/Fe** secondary phases, mainly
magnetite; iii) high H domain, at high Eh values with strong tendencyF&t oxidation and
precipitation of pure P& phases. The second domain, was identified as te extended
and most likely for the system.

Our simulations also provide insight on the tinwles involved in the Hgeneration
processes occurring in the deep geothermal resest@oultz-sous-Foréts. At conditions of
165 °C and -245 mV, the fresh standard porphygjtanite produced 51.3 molfni, in 147
years after the complete dissolution of the totabant of biotite and the precipitation of
magnetite. The process duration is remarkably dastpared with the age of the granite, at
330 Myr.

In the natural system biotite showed transfornmatmsecondary minerals such as Fe oxides
or chlorite only in the fractured zones of the giarand in the propylitic alteration areas,

respectively. This indicates that unless the gearstexposed to disequilibrium conditions
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through fractures or changes in temperature o flchemistry, the biotite remains in
equilibrium, maintaining strong potential for armdpogenic H production. Simulations
supports that an open system condition will favAgmproduction with a feedback effect on
biotite disequilibrium and Eé& oxidation, while a closed system will limit theogression of
the reaction and the sHproduction. Extrapolation to the entire volumetbé geothermal
reservoir of Soultz-sous-Foréts (estimated to bi@brder of 1 krhof granite) indicates that
the total H potential after the dissolution of all biotite (wimagnetite precipitation at 165 °C
and -245 mV) is 51 x £amol or 102 kt H.

This number corresponds to a maximum if ideal doows of new circulations of unbalanced
geothermal fluids will be able to reach all thetitv@of the reservoir. In reality, the conditions
of temperature and Eh vary in the reservoir, are rtatural circulating fluids and current
exploitation methods will probably not achieve amgbete disequilibrium of the whole
volume of granite to extract all the assessed piaterHowever, this maximum potential
represents 0.2 % of the total amount of ptoduced and consumed worldwide annually,
which is more than 55 Mt. It constitutes an impotrtaumber to be taken into account for
future development of Hexploration in granitic basements and developmeh{zoduction
methods. Future research objectives should foausuwnderstanding the exploitation
conditions that can lead to the destabilizatioraddignificant portion of the biotite in the
reservoir in relation to the natural and enginedradture networks. These conditions were
obviously not experienced during the geologicatdms of the reservoir since a large part of
the biotite is still existing after several hundseaf million years (Hercynian granite). The
destabilization process forahbroduction is expected to occur as a result of geachemical
disequilibrium caused by exploitation methods thik be able to activate the circulation in
reopened or new fractures allowing the fluid tocreéerrous iron bearing minerals in open

system condition. For instance, artificially incse®y thePco, by injection of CQin the
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system can improve the amount of. Hh particular, simulations showed that incremkenta

increases inPco, can indirectly induce Fe oxidation by changing tit¢ and Eh of the

solution, resulting in more oxidant conditions tiraproved production of K In addition, it

is necessary in the future research to evaluatextemt to which the open system assumption

and the imposed redox conditions influence thepkbduction at Soultz-sous-Foréts by a

feedback effect on E&oxidation if an important part of the biotite miaecan be attained by

the circulated fluid. This could be monitored amdtrolled in the currently exploited system.
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Table 1. Initial composition of the hydrothermal brine catesed in this model after Fritz et
al. (2010). The concentratiaf Fe and Al were decreased one and two ordersagfnitude
respectively in order to prevent initial oversatima of some secondary minerals.

Parameter  Molality (mMol/Kg H,0)

Na 1190

K 65.5

Ca 166

Mg 4.17

Cl 1580

Fe 0.0116
Al 7.44 E-05
Alkalinity 15 (meqg/Kg)
Si 1.8
Temperature 165 (°C)
pH 4.8

Eh -245 (mV)




Table 2. Kinetic constants for dissolution reactions of primary minerals. Data assessed by the
authors from Palandri and Kharaka (2004) data base.

Quartz

Microcline

Anorthite
Albite
Annite

Tremolite

Quartz
Microcline
Anorthite
Albite
Annite

Tremolite

Quartz
Microcline
Anorthite
Albite
Annite

Tremolite

Ka

4.84E+00

6.29E-01

5.69E+04
2.02E+00
4.64E-02
9.14E-01

5.15E+01
2.16E+00
8.46E+04
9.49E+00
7.84E-02
1.43E+00

3.86E+02
6.16E+00
1.18E+05
3.55E+01
1.23E-01
2.11E+00

kn
mol m-2 year-1

T=130°C
1.86E-02

6.67E-04

1.55E-01
1.33E-02
8.96E-05
1.61E+01

T=165°C
1.59E-01
1.65E-03
2.37E-01
7.00E-02
1.51E-04
1.52E+02

T=200°C
9.93E-01

3.57E-03
3.40E-01
2.89E-01
2.37E-04
1.04E+03

kb

1.43E-04

3.92E-10

1.37E-05
1.37E-05
8.96E-07

1.90E-03
3.69E-09
7.46E-05
7.46E-05
1.51E-06

1.71E-02
2.49E-08
3.16E-04
3.16E-04
2.37E-06

pHa

4.83

5.95

3.95
4.74
512

5.02
6.23
3.94
4.64
512

5.18
6.47
3.93
454
512

pHb

5.83

7.60

711
524
9.09

6.02
6.89
6.14
521
9.09

6.18
6.29
5.32
5.20
9.09

Ny

0.5

0.5

141
0.46
0.53

0.5
0.5
141
0.46
0.53

0.5
0.5
141
0.46
0.53

Ny

-0.5

-0.82

-0.57
-0.57
-0.22

-0.5
-0.82
-0.57
-0.57
-0.22

-0.5
-0.82
-0.57
-0.57
-0.22

Ea

99.2

51.7
16.6
65
22
189

En Eb
kJ'mol
90.1 108.4
38 94.1
17.8 71
69.8 71
22 22
9.44 -

a = acid mechanism

n = neutral mechanism
b = basic mechanism
E = Arrhenius activation energy
Note: Dueto the lack of valid data of pH limits for tremolite, only kd for acid conditions was used during the

simulations.



Table 3. Kinetic constants for precipitation of secondary minerals.

Kp p q
Minera mol m-2 year-1
Quartz 1.16E-01 (130 °C) 1 1
Quartz 1.67E-01 (140 °C) 1 1

Kinetic constants were cal culated foll owing the micro-reversibility law using data from Ganor et al. (2005) and
Rimstidt and Barnes (1980).



Table 4. Primary minerals of the granite considered in this study. The idea stoichiometry is
taken from the Thermoddem (BRGM) data base (June-2017). The volume fraction values
were taken from the descriptions of the porphyritic granite. Plagioclase is described as albite
and anorthite end-members.

Primary mineral Stoichiometry Volumefraction (%)
Quartz SO, 27

Feldespar- K K(AISi3)Og 24

Anorthite Ca(Al,Si;)Og 4

Albite Na(AlSi3)Og 35

Biotite (annite) K Fe"3(AlSiz)O10(OH), 8

Amphibole (tremolite) Ca,MgsSigO,(OH), 2




Table 5. Secondary minerals selected for this study, basedhe description of vein and
propylitic alterations at Soulz-sous-Foréts. Thesald stoichiometry was acquired from

Thermoddem (BRGM) data bagrine-2017).

Secondary mineral Stoichiometry Alteration type
Quartz SiQ Vein/propylitic
Illite-Al K 0.85A|2.85Si3.1501c(OH)2 vein
Montmorrillonite (MgCa) Ca17MJo-34Al 1.66514010(OH)2 vein
Montmorrillonite (MgNa) N@.34MJo.34Al 1.66Si4010(OH), vein
Nontronite (K) Ko-34F€1.67Al 0.67S13.66010(OH), vein
Magnetite-IIl Fd', Fd'o, vein
Hematite-IIl Fd'.,0, vein
Goethite-IlI FE'O(0OH) vein

Epidote Caré" Al ,Si;0;,(OH) propylitic
Chamosite (Chlorite group) e\l (AISi 5)O1(OH)s propylitic
Kaolinite Al,Si,O5(OH), vein

Calcite CaC@ propylitic
Dolomite CaMg(CQ), vein
Beidellite-K K0.34A|2.34Si3.6601c(OH)2 vein




Table 6. Reactive surface of primary minerals cal culated with a specific surface of the granite
of 2.90E+05 m?m™ and a porosity of 1%

Primary SEFFm (M? /K Gh20)

mineral

Quartz 7830
K-Feldspar 6960
Albite 9860
Anorthite 1160
Annite 2320

Tremolite 580




Table 7. Reaction stoichiometry for primary, secondary mate and hydrogen.

Mineral Reactions

Primary minerals

Quartz SiO, + 2H,0 = H,SIO,

Feldespar- K K(AISi3)Og+ 4H" + 4H,0 = AI*" + K* + 3H,Si0,
Anorthite Ca(AlSi,)0g+ 8H" = 2A1%" + C&* + 2H,SiO,
Albite Na(AlSi;)Og + 4H" + 4H,0 = AlI** + N& + 3H,SiO,

Biotite (annite)
Amphibole (tremolite)
Secondary minerals
Illite-Al

Montmorrillonite (MgCa)
Montmorrillonite (MgNa)
Nontronite (K)
Magnetite-1lI
Hematite-1lI
Goethite-lll
Epidote
Chamosite
group)
Kaolinite
Calcite
Dolomite
Beidellite-K
Gases

H>

(Chlorite

KFe"3(AlSi3)O01(OH), + 10H = 1A + 3Fé* + K* + 3H,SiO,
CagMg5S|8022(OH)2 + 14H+ + 8H20= 2Ca+2 + 5Mg+2 + 8k5|04

K 0.g5Al 5.85S15.1:01(OH), + 9.4H + 0-6H0 = 2.85AF" + 0.85 K + 3.15H4SiO
Ca.1:Mo.3Al 1.6¢S1401c(OH), + 6H + 4H,0 = 1.66AI™ + 0.17C42 + 0.34Mg?
N&o.34MJo.34Al 1.66S14010(OH), + 6H+ + 4HO = 1.66AI° + 0.34Md? + 0.34N4

K o.34F€1.67Al 0.67S15.6¢01c(OH), + 7.36H+ + 2.64H0 = 0.67AI"° + 1.67F&° + 0.34K'
Fe', Fé'0, + 8H" = 2Fe? + Fe? + 4H,0

Fe',0; + 6H = 2F€® + 3H,0

FE"O(OH)= + 3H+= Fe? + 2H,0

CaFe"AlLSi;O,(OH) + 13H = 2AI" + 2Cd? + Fe™ + 3H,SiO,

Fe'sAl(AISi 3)O1o(OH)g + 16H" 11 2A1%* + 5F&* + 3H,SiO, + 6H,0

AlLSi,O5(OH), + 6H" [1 2AI™ + 2H4Si04 + HO

CaC@+ H' [] HCO; + C&"

CaMg(CQ), + 2H" [ 2HCQ, ™ + C&* + Mg

K 0.34Al 2.3:Si3.66010(OH), + 7.36H + 2.64H0 = 2.34AI° + 0.34K" + 3.66HSIO,

H' +e-= 0.5H,




Table 8.Comparative table for native,Hbroduction by serpentinisation of ultramafic rocks
versus hydrothermal alteration of biotite-rich gtammt Soultz-sous-Foréts.

Parameter Serpentinisation of ultramafic Hydrothermal alteration of biotite-rich
granite at Soultz-sous-Foréts
rocks
Primary Fé" olivine ((MgF€"),SiOy) biotite (KF€&"3(AlSi5)O10(OH),)
r|_r|12|neral as source of pyroxene (((_Zalﬁé)(Sizoa)); + amphibole
((Mg,F&")(SiOs))
Amount of primary peridotites> ~ 60 vol.% of olivine granite with= 10 vol.% of biotite
,!:he; ron;:(nerals n pyroxenite< ~ 60 vol.% of olivine
Secondary mineral magnetite (F&'F&'0,) magnetite (F&'Fe'0,)
associated to H serpentinite ((Mg,F&)s. goethite (F&'O(OH))
generation req)(SIFE)Os(OH),) - <
e(lih) epidote (CaFe* Al,Siz0:,(OH))
Minerals limiting ~ brucite (Mg,Fé&")(OH),) chamosite (FésAl(AISi 3)O1(OH)s)
H, generation
T for H, generation 20 to 350 °C 130to0 200 °C
pH Alkaline, some cases2.3 =5
Eh negative (mV) -100 mV to -300 mV
Activity of Si 10%°to 10° 102°

fO, Extremely low Extremely low




H2 production (mol)

Volume fraction (%)
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Reference simulation
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Reference simulation:
Initial Eh =-245 mV; T =165 °C
(Fritz et al., 2010)
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Redox potential effect
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Native H, can be generated by deep hydrothermal alteration of biotite-rich granite.
By chemical disequilibrium at 130-200°C, Fe*" oxidizes to Fe**, H' reduces into Hs,.
Optimal conditions for H, generation are related to magnetite precipitation.

The total potential for H, production per km? of granitic reservoir is 102 kt.
Artificial CO, injection could stimulate H, production.
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