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Introduction

1. Problématique

Le soufre est un ¢lément ubiquiste dans de nombreux contextes géologiques ou il participe
a un vaste panel de réactions géochimiques et biogéochimiques dans une large gamme de
températures et pressions (Hedenquist and Lowenstern, 1994 ; Barnes, 1997 ; Mandeville,
2010). La forte dépendance de la spéciation du soufre en fonction des conditions physico-
chimique du milieu fait du soufre un élément clé dans de nombreux processus géologiques.
L’¢étude de sa spéciation est indispensable a la compréhension des différents processus
impliqués dans la lithosphére. Or celle-ci varie en fonction de nombreux paramétres comme la
température, la pression, le pH, la f{O,) (fugacité en oxygene), la concentration en soufre total
([Stot]), la composition globale du fluide (salinité, matiére organique dissoute, force
ionique...) et des propriétés du solvant (densité, constante diélectrique). Cela implique une
spéciation du soufre extrémement complexe en phase aqueuse (e.g., Ohmoto and Lasaga,
1981; Barnes, 1997) eut égard a la grande variété d’especes de valence intermédiaire du
soufre existant entre sulfate (S®") et sulfure (S*). Malgré ce constat il est communément
admis que les sulfures (H>S, HS et S7) et les sulfates (SO4> et HSO4") contrdlent la chimie du
soufre en phase aqueuse, notamment par leur apparente dominance dans les systémes
hydrothermaux et magmatiques (Fig. 1 ; Ohmoto and Lasaga, 1982 ; Mandeville, 2010). Les
sulfites (principalement sous la forme SO,) et le soufre élémentaire (S) sont ¢galement
réguliérement considérés dans 1’étude de la spéciation du soufre car ils sont observés dans les
gaz et les fluides hydrothermaux associés a du volcanisme (Caroll and Rutherford, 1988 ; Seo

et al., 2009 ; Métrich and Mandeville, 2010 ; Simon and Ripley, 2011).

Toutefois, des espéces soufrées de valence intermédiaire entre les sulfates et les sulfures
sont également observées dans des contextes de sources hydrothermales de surface, dans des
fluides en puits de forage ou dans des lacs de cratéres actifs, comme les sulfites (SO3"), les
thiosulfates (S,05%), les polythionates (SxOs”), les polysulfures (S,*) ou encore d’autres
especes radicalaires (Fig. 2 ; Boulegue, 1978; Takano, 1987; Webster, 1987; Takano and
Watanuki, 1990 ; Veldeman et al., 1991; Takano et al., 1994A, B; Ball et al., 2001; Migdisov
and Bychkov, 1998; Xu et al., 1998; Druschel et al., 2003 ; Kamyshny et al., 2008; Nordstrom
et al., 2009; Kaasalainen and Stefansson, 2011). Cependant, ces espeéces de valence
intermédiaire ont longtemps été uniquement considérées comme des espéces métastables et

leur étude n’a pas été développée plus avant. Cet état de fait explique notre méconnaissance
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de la spéciation du soufre et des processus physico-chimiques qui lui sont associés a haute

température.
WM—— T * T * [z
queous phase
H,S0,
HSO, '\
300 HSONaSO,
I
I
i I
T(°C) :
!
200 - H,S
100 -
0

Figure 1 : Spéciation du soufre en fonction de la température et du pH (modifi¢ d'aprés Ohmoto and Lasaga,

1982).

De récentes découvertes par spectroscopie Raman sur fluides synthétiques ont remis en
question la métastabilité des especes de valence intermédiaire du soufre. En effet, il a été
démontré que 1’ion radicalaire S;~ est stable a des températures supérieures a 200°C
(Pokrovski and Dubrovinsky, 2011 ; Jacquemet et al., 2014 ; Truche et al., 2014 ; Pokrovski
and Dubessy, 2015). Cette espece est connue depuis les années 1970, notamment en tant que
principal constituant du pigment bleu "ultramarine" (Chivers, 1974 ; Reinen and Lindner,
1999 ; Fleet and Liu, 2010), par sa présence dans les solutions ioniques des batteries de type
sulfurés alcalines (Holzer et al., 1969 ; Chivers and Drummond, 1972 ; Chivers and Elder,
2013), ou encore par son incorporation dans la structure de la lazurite, de la sodalite ou de
I’hatiyne - minéraux constitutifs du lapis lazuli lui conférant sa couleur bleue (Gobeltz-
Hautecoeur et al., 2002 ; Ostroumov et al., 2002 ; Manning, 2011 ; Tauson et al., 2012). Mais
ces récentes études sur fluides synthétiques ont démontré pour la premiere fois 1’existence de

cette espece en conditions hydrothermales.
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Figure 2 : Représentation des espéces inorganiques du soufre connues en phase aqueuse et en solvants non-
aqueux (d’aprés Pokrovski and Dubessy, 2015).

Ces observations ouvrent de nouvelles perspectives sur la compréhension de la spéciation
du soufre a haute température et du role des espeéces de valence intermédiaire du soufre.
Plusieurs équipes ont d’ores et déja démontrées le role clé de 1’ion S;™ dans le transport des
métaux, principalement dans des contextes de gisements de type porphyre (Tossell, 2012 ;
Mei et al., 2013 ; Pokrovski et al., 2015). Toutefois, ces études se font principalement a haute
température (>400°C), or il a également été démontré que le trisulfure jouait un rdle
primordial dans la réaction de Thermo-Réduction des Sulfates (TSR) dés 100°C (Truche et
al., 2014 en Annexe D).

La TSR est une réaction clé dans de nombreux contextes géologiques, qu’ils soient
sédimentaires, hydrothermaux ou encore métamorphiques (Fig. 3 ; Shanks et al., 1981 ;
Worden et al., 1997 ; Machel, 2001 ; Garnier et al., 2008). La TSR est un processus abiotique
de moyenne a haute température (>100°C) réduisant les sulfates en sulfures via I’oxydation
d’un agent réducteur (matiére organique, Fe’, Ha...). Cette réaction d’oxydo-réduction se
déroule hors équilibre thermodynamique sous fort contrdle cinétique (Kiyosu and Krouse,

1993 ; Goldhaber and Orr, 1995 ; Cross et al., 2004 ; Thom and Anderson, 2008 ; Zhang et
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al., 2008 ; Truche et al., 2009 ; Yuan et al., 2013). Elle a été étudiée et documentée depuis des
dizaines d’années principalement dans des contextes de bassins pétroliers (Worden and
Smalley, 1996 ; Cross, 1999 ; Worden et al., 2000 ; Cai et al., 2003 ; Walters et al., 2015) ou
de gisements métalliferes sédimentaires de type Mississippi Valley Type Deposits (MVT ;
Heydari and Moore, 1989 ; Basuki et al., 2008 ; Thom and Anderson, 2008 ; Leach et al.,
2010). L analyse de la composition isotopique du soufre a souvent été utilisée pour étudier ce
processus car il est connu qu’il influence les abondances relatives des isotopes du soufre
(Shanks et al., 1981 ; Krouse et al., 1988 ; Ohmoto, 1996 ; Worden et al., 1997 ; Ono et al.,
2007 ; Farquhar et al., 2010). Toutefois, le chemin réactionnel de la TSR et la signature
isotopique des especes de valence intermédiaire du soufre nécessaires au transfert de 8
électrons entre les sulfates (S°) et les sulfures (S*), restent méconnu. Toutes les études
précédentes se sont principalement focalisées sur les contextes de bassins sédimentaires pour
¢tudier la TSR, mais peu ou pas d’études ont ¢été réalisées dans des contextes

métamorphiques.
Plusieurs questions se posent alors :

- Quel est le comportement du soufre aux températures représentatives de la TSR en
contexte métamorphique de bas grade (100 a 500°C) ? Quels sont les marqueurs

géochimiques de ce processus dans ce type de contexte ?

- Quel est la spéciation réelle du soufre a ces températures ? Quel est son réole dans le

processus de TSR ?

- Comment peut-on étudier de maniére précise le comportement des especes de
valence intermédiaire du soufre lors de la TSR et son lien avec les phases organiques qui

y sont couramment associées ?
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Figure 3 : Schéma représentant les différents contextes géologiques ou la TSR est observée ou soupgonnée.
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2. Objectifs, stratégie et organisation de la thése

Cette thése a donc pour but de mieux définir la nature des especes du soufre de valence
intermédiaire impliquées dans les processus hydrothermaux soumis a des conditions de
températures et pressions typiques de systemes métamorphiques de bas grade (de 100 a
450°C). Leur role dans la réaction de TSR sera ensuite ¢tudié via une combinaison
d’approches "classiques" sur les phases minérale, aqueuse et organique couplées a des
analyses spectroscopiques in-situ et des analyses multi-isotopiques du soufre. Pour répondre a
la problématique détaillée précédemment, ce travail de thése se base sur une approche

pluridisciplinaire associant des études sur €échantillons naturels a des études expérimentales.

Le Chapitre 1 est donc dédi¢ a 1'é¢tude du comportement du soufre durant I’histoire
métamorphique des évaporites Carniennes des Alpes occidentales (France). Cette premicre
¢tude sur échantillons naturels couple des analyses pétrographiques et structurales classiques a
des analyses géochimiques plus fines basées sur 1’é¢tude d’inclusions fluides, de
caractérisation de la mati¢re organique et d’analyses des isotopes stables (C, O et S). La
composition isotopique du soufre a été¢ déterminée par multi-isotopie permettant 1’analyse de
I’ensemble des isotopes du soufre (%S, **S, **S, *°S). Ces données permettront de caractériser
la nature des fluides dans la "Nappe des Gypses" et le comportement du soufre qui y est
intégré durant toutes les étapes de I’histoire métamorphique de la formation, de son

enfouissement a son exhumation au cours de I’orogene Alpine.

Le Chapitre 2 correspond a un article publié en Mars 2017 dans le journal "Chemical
Geology". 11 est basé sur 1’étude en température par spectroscopie Raman de la spéciation du
soufre dans les inclusions fluides de la "Nappe des Gypses". Cette étude a été couplée a une
analyse de solutions synthétiques soufrées afin de pouvoir quantifier les espéces du soufre
dans les inclusions fluides naturelles entre 25 et 300°C. Le couplage de ces deux techniques
complémentaires permettra de mieux déterminer I’importance et la concentration des espéces

de valence intermédiaire du soufre dans les fluides hydrothermaux.

Le Chapitre 3 est consacré a des études expérimentales en autoclave et en capillaires de
silice. Le but de ce chapitre est principalement de mettre en place de nouveaux protocoles
d’analyses in-situ d’expériences de TSR afin de mieux comprendre le comportement des

especes soufrées dans chacune des phases présentes (aqueuse, gazeuse et hydrocarbonée). Le
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couplage d’expériences en autoclave et en capillaires de silice a des analyses spectroscopiques
permettra de mettre en évidence I’importance du suivi in-situ des expériences et le besoin de
développer de nouvelles techniques pour mieux comprendre les processus observés dans la

nature.

Dans le but de faciliter la lecture et d’éviter les redondances, chaque chapitre comprend
une introduction faisant le point sur 1’état de I’art de la thématique abordée dans le chapitre

associé.
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Chapitre 1

Le Chapitre 1 est intitulé "Sulfur behavior and geological history of the “Nappes des
Gypses” (Western Alps) as recorded by TSR".

L'objectif de cette étude est de retracer le comportement du soufre de la "Nappe des
Gypses" au cours de I’orogéne alpine. Le couplage entre une étude pétrographique classique
et des analyses géochimiques des paléo-fluides (inclusions fluides), des isotopes stables (S, C
et O) et de la matiere organique a permis d’identifier la TSR comme processus controlant le
comportement du soufre dans la formation. Une nouvelle approche par analyse multi-
isotopique du soufre (8°*S, 8°°S, §°°S) a notamment mis en évidence les différentes étapes de
la TSR et son lien avec les différents réservoirs soufrés présents dans la formation. Les
données géochimiques et pétrographiques montrent qu’'un seul et méme fluide a circulé dans
I’ensemble de la formation, et laissent penser que la "Nappe des Gypses" a réagi en systéme

fermé tout au long de son histoire métamorphique.
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Abstract

This study focuses on the sedimentary sulfur behavior during the alpine orogeny. It relies
on both the geochemical and the geodynamic history of the "Nappe des Gypses" (western
French Alps). To a classical petrographic approach, a detailed study of fluid inclusions
chemistry, stable isotopes (S, C, O) compositions and organic matter characterization is
associated. These analyzes allow to identify that the Thermochemical Sulfate Reduction
(TSR) process is the reaction controlling the behavior and fate of sulfur in the "Nappe des
Gypses" during its geological history. They also demonstrate that only a single fluid has
circulated throughout the formation, suggesting that the "Nappe des Gypses" has reacted in a
closed system. Here, we performed the first multiple S isotopes analyses (5°*S, A**S and A*S)
on a Phanerozoic sedimentary formation. Neither sulfide, nor elemental sulfur produced by
TSR contain S-MIF signature. However, this study reveals that the sulfide isotopic signature
can be explain by a mixing between the sulfate and the elemental sulfur reservoirs. Sulfur
behavior in the formation is controlled by three typical metamorphic events of the Alps,
namely (D1, D2 and D3. i) During the burial (main part of the D1 event) the hydrocarbons
contain in the black shales and the dolomites are released and the TSR process starts to occur.
i1) At the metamorphic peak (late D1) clays layers are transformed as micaschists layers
which released metals (Fe, Zn, Pb, Cu) in the system. The TSR rate is at its maximum during
this stage. iii) During the D2 event, corresponding to the beginning of the exhumation,
sulfides and secondary carbonates precipitates. iv) Finally, during the D3 event (top-to-the
west tilting) the formation cooled down and dissolved polysulfides are destabilized allowing
elemental sulfur precipitation while crossing the 225°C isotherm. This event also marks the
end of the TSR occurrence. The Carnian evaporites are an excellent natural laboratory for the

study of TSR in fluids subjected to typical low grade metamorphism conditions.
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1. Introduction

Sulfur is ubiquitous in every envelope of the Earth, from the core to the atmosphere. It
exists under multiple valence states (S” to S™) and participates to numerous geochemical and
biogeochemical processes (e.g., Mandeville, 2010). Understanding its behavior in the
lithosphere is essential to constrain the sulfur cycle all along the Earth history. The key
features of sulfur mass transfer between the atmosphere, lithosphere and mantle can be
tracked from the Archean to present thanks to sulfur isotopic labeling in the atmosphere by
SO; photolysis that induce mass-independent sulfur isotopic fractionations (Farquhar et al.,
2000-2001; Farquhar and Wing, 2003; Savarino et al., 2003; Baroni et al., 2007; Kitayama et
al., 2012; Philippot et al., 2012; Tostevin et al., 2014). Atmospheric sulfur renews the oceanic
dissolved sulfates which act as one of the major sulfur reservoir (Bottrell and Newton, 2006;
Faloona, 2009). Seawater sulfates control the total sulfur content of evaporites (Garrels and
Lerman, 1984; Paytan et al., 1998; Horita et al., 2002). When sulfates are involved in redox
reactions sedimentary sulfides may be formed (in presence of metal ions) as well as organic
sulfur compounds (Berner and Raiswell, 1983; Anderson and Pratt, 1995; Werne et al., 2004;
Amrani, 2014). These two latter reservoirs are in direct interface with the lithospheric sulfur
cycle and may be transferred to the mantle via recycling at mid-oceanic ridges and subduction
zones (e.g., Farquhar et al., 2002; Thomassot et al., 2009; Peters et al., 2010; Canil and
Fellows, 2017). Subduction zones allow the sulfur enrichment of the mantle which releases
sulfur to the surface reservoirs via volcanic outgassing and hydrothermal circulation for the
major part (Canfield, 2004; Bottrell and Newton, 2006). Locally magma enrichments by
sedimentary derived sulfur may trigger the formation of large magmatic sulfides ore deposits
(Hedenquist and Lowenstern, 1994; Seo et al., 2009; Métrich and Mandeville, 2010; Simon
and Ripley, 2011). Evaporites and sulfides-bearing shales are also the main sulfur source in
sedimentary ore deposits and petroleum basins where biotic and abiotic reactions control its
behavior and fate. Sulfur plays a crucial role in some biological processes during early
diagenetic stages especially through the Bacterial Sulfate Reduction (BSR; Machel, 2001;
Farquhar et al., 2003; Johnston et al., 2005). In hydrothermal and deeply buried sedimentary
settings, abiotic reactions impacting the sulfur behavior also occurs through Thermochemical
Sulfate Reduction (TSR). TSR is a well-known and studied reaction which commonly occurs
in oil-gas reservoirs and sedimentary sulfides ore deposits (e.g., Heydari and Moore, 1989;

Worden and Smalley, 1996; Machel, 2001; Cai et al., 2003; Basuki et al., 2008; Thom and
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Anderson, 2008). This kinetically controlled reaction (Goldhaber and Orr, 1995; Cross et al.,
2004; Thom and Anderson, 2008; Zhang et al., 2008; Truche et al., 2009; Yuan et al., 2013) is
strongly constrained by temperature (e.g., Machel, 2001), physico-chemical conditions
prevailing in the host environment (e.g., Anderson and Thom, 2008), sulfur speciation (e.g.,
Orr, 1974) and organic matter availability (e.g., Kiyosu and Krouse, 1993; Zhang et al., 2007;
Walters et al., 2015; Cai et al., 2016). TSR reaction by-products present typical features that
are clearly recorded by the petrographic paragenesis (e.g., Machel, 2001; Kelemen et al.,
2008), the aqueous or hydrocarbon fluids compositions (e.g., Worden et al., 1996; Manzano et
al., 1997; Yang et al., 2001; Zhang et al., 2007-2008; Barré¢ et al., 2017) as well as the isotopic
signatures of the TSR reagents (e.g., Oduro et al., 2011; King et al., 2014; Meshoulam et al.,
2016) which can be used as geochemical markers. They are keys to the understanding of the

geological cycle of sulfur.

Surprisingly, sulfur behavior is far less documented in hydrothermal and metamorphic
processes linked to orogenic cycles. Therefore, the aim of this study is to constrain the
geochemical behavior of sulfur recorded in the Carnian evaporites during the metamorphic
history of the Alpine orogeny. The geological history of these Triassic evaporites has been the
topic of decades of investigations documenting the rise of the Alpine mountain range related
to the subduction-collision history between the African and European tectonic plates (e.g.,
Berger and Bousquet, 2008; Bousquet et al., 2008; Handy et al., 2010). In this context, the
Carnian evaporites played a major role as detachment level allowing the displacement of
tectonic nappes. However, the Carnian evaporites have only been the focus of studies
concerning tectonics and deformations (Mégard-Galli, 1972; Fabre and Dayre, 1982;
Malavieille and Ritz, 1989), paleoenvironment of deposition (Longinelli and Flora, 2007) or
sulfur and oxygen isotopes geochemistry (Rick, 1990; Boschetti et al., 2011).

Here, we couple 1) structural, ii) petrographical, ii1) fluid inclusions, iv) stable isotopes
(8180, 813C, & 4S, & 3S, 5 6S), and v) organic matter analysis to probe the sulfur behavior all

along the geological history of the Carnian evaporites formation.
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2. Geological setting

2.1. Geological context of the studied area

The studied area encompasses 6 sites from evaporites outcrops in the western French
Alps near the villages of Modane, Bramans, and Solli¢éres-1'Envers (Arc Valley), the Mont-
Cenis lake, the Roubion stream (near Névache village) and Tignes lake (Fig. 4). All these
evaporites outcrops belong to the "Nappe des Gypses" sedimentary formation dated of
Carnian age (Debelmas et al., 1989a; Fudral et al., 1994). The “Nappe des Gypse” formation
played a remarkable role in alpine tectonics since it acted as a major decollement surface
(Mégard-Galli, 1972; Vearncombe, 1982; Malavieille and Ritz, 1989) between the external
and the internal Briangonnais zones. Depending to the authors, this formation is studied as an
independent unit (Ellenberger, 1958; Jaillard, 1985) or integrated as part of the Briangonnais
cover (Gabalda et al., 2009), the Vanoise cover (Lanari et al., 2014) or the Modane-Aussois
unit (Strzerzynski et al., 2012). Whatever it be, it is always structurally below the Cretaceous
“Schistes Lustrés” unit (Fig. 4). This implies a similar burial history for the evaporites and the
base of the “Schistes Lustrés”. The “Nappe des Gypses” formation was specifically studied
for tectonics and deformation purposes (Mégard-Galli, 1972; Vearncombe, 1982; Malavieille
and Ritz, 1989), geotechnical properties (Fabre and Dayre, 1982), composition of fluid
inclusions (Grappin et al., 1979) and for saline water springs related to the evaporites (Zuppi

et al., 2004).
2.2. The Carnian evaporites deposition

From a lithostratigraphic point of view, the "Nappe des Gypses" is located between the
middle Triassic metasediments and the upper Triassic dolomite (Debelmas et al., 1989a). The
Evaporites are estimated to belong to the Carnian (237 to 227 Ma in the upper Trias) thanks to
the presence of Equisetum fossils in schists layers embedded in the evaporites (Debelmas et
al., 1989a; Fudral et al., 1994). Outcrops are formed by hundreds meters (from 100 to 400 m)
of massive anhydrite interbedded by dolomites and micaschists layers both of centimetric to
plurimetric size (Fig. 5A). Carbonates deposits intercalations are often observed in this type of
evaporite formations (Warren, 2010). The “Nappe des Gypses” formation corresponds to
typical marine basin wide evaporites depositions (Warren, 2010) characterized by large
anhydrite accumulation during the aborted rifting of the Ligurian Tethysian Ocean opening.

The Carnian evaporites were deposited between the construction of two major carbonate
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platforms dated of the Anisien (247 to 242 Ma) and of the Norian (227 to 208 Ma; Lemoine et
al., 1986). Some halokinesis occurred during the Jurassic while compressional movements
affected the formation during the late Cretaceous and Tertiary (Mascle et al., 1988). These
events induced the beginning of the evaporitic sutures which acted as major decollement

during subduction and collision in the Western Alps.
2.3. Metamorphic evolution of the Brianconnais zone

The western part of the Alps is structured in several metamorphic zones which consist of a
stack of continental and oceanic-margin derived nappes (e.g. Graciansky et al., 2010). Three
major metamorphic events are described and have impacted the studied area during its burial
and exhumation. 1) The D1 event, dated between 50 to 35 Ma, corresponds to the burial phase
of the Briangonnais zone during subduction (Gerber, 2008; Lanari et al., 2014; Strzerzynski et
al., 2012). The DI event is a top-to-the north thrusting characterized by a strong deformation
oriented sub-parallel to SO (Lanari et al., 2012). During this event, the peak of metamorphism
is attained at 37 Ma (Strzerzynski et al., 2012). It reached 270 - 350°C, and 8 to 10 kbar in the
Briangonnais zone (Lanari et al., 2012; Strzerzynski et al., 2012), 500°C, 15 kbar in the
Ambin basement (Fig. 4; Ganne et al., 2007) and 450-530°C, 12 to 20 kbar in the "Schistes
Lustrés" unit (Rolland et al., 2000; Agard et al., 2001; Yamoto et al., 2007). 2) During the
following exhumation the top-to-the east D2 shearing event developed large folds in
association with a S2 schistosity linked to retrograde deformation and tilting at regional scale
during the beginning of decompression (Fig. 5B, C; Ganne et al., 2007; Lanari et al., 2012;
Strzerzynski et al., 2012). This event is dated from 35 to 32 Ma (Strzerzynski et al., 2012;
Lanari et al., 2012) and presents metamorphic conditions of 1.5 to 6.5 kbars and 220 to 350°C
(Ganne et al., 2006 and 2007; Strzerzynski et al., 2012). 3) The D3 event corresponds to the
late top-to-the west tilting phase of the exhumation (Fabre et al., 1982; Bertrand et al., 1996;
Schwartz et al., 2009) probably associated to hydrothermal activity (Lanari et al., 2014). This
event sets up tardive sub-horizontal S3 schistosity (Lanari et al., 2012) and takes place until

13 Ma (Malusa et al., 2005).
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Figure 4: (A) Simplified geological map of the studied area (Western French Alps; modified from Debelmas,
1980) with the corresponding sampling outcrops locations: N¢é. = Névache — tG. = Bramans — Amb. = Ambin
stream — So. = Sollieres I’Envers — MC. = Mont-Cenis Lake — Ti. = Tignes. (B) Synthetic cross-section of the
studied area in an East-West direction.
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3.Samples and methods

3.1. Petrography

Lithologies and mineral assemblages present in the "Nappe des Gypses" formation were
systematically collected from 6 outcrops representative of the entire formation. Hand samples
as well as thin and thick sections were studied for petrography, mineralogy and fluid
inclusions distributions. In addition, qualitative X-ray Diffraction (XRD) analyses using a
“Bruker D2 Phaser diffractometer, with Cu-Ka radiation, were performed on micaschists
layers sampled on each studied site to determine their mineralogy. Diffractograms were
interpreted using EVA software and spectra comparison to the NIST database. Micas may not
be distinguished from their clay alteration products using solely XRD spectra because of
similar chemical and crystallographic properties (Meunier, 2005). To ensure the identification
of unaltered micas, elemental compositions of micaschists layers were obtained using a
Cameca computer-controlled SX-100 Electron Microprobe (EMP) equipped with a
wavelength dispersive spectrometer (WDS). The accelerating voltage was set at 15 kV, beam
current at 12 nA and peak counting time varied from 10 to 20s for silicates. The EMP
analyses were used to determine pressure in the “Nappe des Gypses” formation using the
phengite geobarometer described by Dubacq et al. (2010). This technique is based on the K-
white micas hydration calculated on the basis of their elemental composition determined by

EMP.
3.2. Fluid inclusions analysis

In a previous study (Barr¢ et al., 2017), we have analyzed fluid inclusions (FI) hosted in
quartz, fluorite and anhydrite from the same studied outcrops. Here, we performed
complementary microthermometric and Raman spectroscopy analyses on fluid inclusions
hosted in quartz, albite and fluorite. Fluid inclusions were studied on double polished 200 um-
thick sections from samples of anhydrite + quartz £+ fluorite veins present in the dolomitic

boudins (e.g., Fig. 6D) and in quartz veins associated to micaschists layers.
3.2.1. Microthermometric analysis

Microthermometric measurements were performed on a Linkam THMSG600 heating-
cooling stage connected to an Olympus BX51 microscope. The stage was calibrated using

natural fluid inclusion and synthetic capillaries standards with the following phase transitions:
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the melting temperature of a water-CO, mixture at -56.9°C, the ice melting and the critical
homogenization temperatures of pure H,O at 0.0 and 374.0°C, respectively. The accuracy for
ice melting and total homogenization temperatures is about +0.1°C and +1°C respectively,
according to the calibration curves. Total homogenization temperatures (T;) were measured in
inclusions hosted in quartz, albite and fluorite. Due to high deformation of the crystal and
change of the internal volume during heating, 7;, measurements from fluid inclusions hosted
in anhydrite and fluorite are given for indicative purpose and for comparison with 7} obtained
in syngenetic quartz-hosted fluid inclusions. The liquid-vapor ratio for each inclusion was
obtained on two-dimensional sections by measurements of the corresponding area of each

phase using Image]J (free software at http://rsb.info.nih.gov).

3.2.2. Raman spectra analysis

Raman spectroscopy analysis were performed with a Labram spectrometer (“Jobin-Yvon,
Horiba) coupled with a heating-stage dedicated to fluid inclusions (“Linkam, THMS-600).
Raman spectra were recorded using a 514 nm (green) Ar' laser excitation with a laser power
of 200 mW implying a laser power on the sample around 20 mW. Each acquisition was
performed using a grating of 1800 lines/mm, a slit width of 100 um and a confocal hole of

500 um providing a spectral resolution of 1 to 1.5 cm™.

The maximum temperature of metamorphism was deduced using the geothermometer of
Beyssac et al. (2002). This geothermometer is based on the variation of the organization of
carbonaceous material and the integration of the Raman band area typical of graphite. In this
particular case, a filter was used during the Raman analyses to adjust the laser power on the

sample at 1 mW to prevent its degradation during acquisition.
3.2.3. LA- ICPMS analysis

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) analyses on
fluid inclusions were performed with a 193 nm MicroLas Pro ArF Excimer (Gottingen,
Germany; Giinther et al., 1997) coupled with an Agilent 7500c quadrupole ICP-MS. The laser

beam was focused onto the sample through a 24.5 cm’

cylindrical ablation cell using a
Schwarzschild reflective objective (magnification x25) coupled with an optical microscope
(Olympus BX41) equipped with an X-Y motorized stage and a CCD camera. Sodium
(independently determined by microthermometry and Raman spectroscopy) was used as an

internal standard as it is the dominant cation in our fluid inclusions. NIST610 (values from
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Jochum et al., 2011) was chosen as an external standard. Data was processed using Sills
software (Guillong et al., 2008) and fluid compositions were reconstructed by charge balance
between total cations and total Cl previously determined by microthermometric analysis

(Allan et al., 2005).

3.3. Stable isotope analysis

In order to better constrain the geochemical evolution of the fluids and provide additional
information about the conditions of the paragenesis crystallization (i.e. temperature), we have
undertaken a multiple isotopes study including the measurement of oxygen and carbon
isotope composition (5'*0 and 8'°C) of the carbonates, carbon isotope (5"°C) of carbonaceous
material (organic matter) in black shales and sulfur isotopes (8>S, 8°*S and §°°S) of sulfate,
sulfide and elemental sulfur. Each mineral phase was collected as 2 to 1000 mg of powder
using a Dremel tool with boreholes of 1 and 2 mm in diameter. This allows to better targeting

the desired mineral phases of <1 mm diameter whatever the host environment.
3.3.1. Multiple sulfur isotope analysis

We performed multiple sulfur isotopes analysis including the measurement of 8°%s, &**s
and 5°°S, A*S and A*S. All results are reported in the §'S’ notation (Hulston and Thodes,
1965; Young et al., 2002; Angert et al., 2004; Ono et al., 2006) with respect to Vienna Cafon
Diablo Troilite (V-CDT) related to the classical delta notation (e.g., Ono et al., 2006) by:

5°S' = In(8°S / 1000 +1) x 1000 (%o) (1)
5"S" = {[(5"Ssample / 1000 + 1) X (8"Sreference / 1000 + 1)] — 1} x 1000 %) (2)

with x = 33, 34 or 36. This notation was preferred because of its logarithmic writing which
allow a simplified representation of the equilibrium fractionation as a line rather than a curve

in a AS vs 8°*S representation.
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The sulfur isotope fractionation factor between a reservoir A and a reservoir B (Hulston
and Thode, 1965; Miller, 2002; Young et al., 2002; Ono et al., 2006; Farquhar et al., 2007) is

defined as:
“oa = [(8"Sa /1000)+1] / [(8"Sp / 1000)+1] (3)

where x = 33, 34 or 36. During equilibrium isotope exchange, mass fractionation exponents

are defined as:

35399 .5 = In(Paap) / In*aas) (4)
and

3654, o = In(Cans) / In(Pans) (5)

These exponents were calculated to determine potential sub-percent deviation from the
equilibrium values of 0.515 and 1.90 for *°0 and *°0, respectively (Hulston and Thodes, 1965;
Farquhar et al., 2003; Ono et al., 2006; Farquhar et al., 2007; Eldridge et al., 2016). Exponent
values tending to 0.515 indicate an equilibrium process, while a kinetic process shows
deviations from normal values (Young et al., 2002). These types of deviations can be variable
depending of the species in presence (Farquhar and Wing, 2003) and temperature (Otake et
al., 2008).

We used the capital delta values defined as:
ABS = 5381 - 34, L x sMg (%o) 6)
and
A0S = 536513349 g (%o) %

to improve the interpretations and the determination of the potential process involved. Indeed,
multiple sulfur isotope analysis are used to determine deviations from the mass-dependent
lines (also called mass-independent fractionation, MIF) in Paleoproterozoic and Archean
sedimentary rocks (e.g., Farquhar et al., 2000a; Ohmoto et al., 2006; Ono et al., 2009; Young
et al., 2013; Thomassot et al., 2015), in plume lavas and magmatic arcs (Farquhar et al., 2002;
Thomassot et al., 2009; Cabral et al., 2013; Delavault et al., 2016) in meteoritic rocks
(Farquhar et al., 2000b; Rai and Thiemens, 2007), in stratospheric sulfate aerosol (e.g.,

Savarino et al., 2003; Baroni et al., 2007), in magmatic based and rare metals ore deposits
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(Fiorentini et al., 2012a, b; Sharman et al., 2013; Bekker et al., 2015; LaFlamme et al., 2016)
or in orogenic gold deposits (Agangi et al., 2016; Selvaraja et al., 2017a and b). Multiple
sulfur isotope analysis is also used to determine mass-dependent effects by biological or
abiotic processes (Farquhar et al., 2007; Johnston et al., 2007), intermediate sulfur valence
species disproportionation (Kamyshny et al., 2014) or for the identification of the sulfur
sources and mixing among several reservoirs (Ono et al., 2007; Peters et al., 2010;

McDermott et al., 2015).

Multiple sulfur isotopic analyses were performed separately on anhydrite, sulfides (as
pyrite and chalcopyrite) and elemental sulfur samples. High precision isotopic measurement
by gas source mass spectrometry requires the sample being analyzed as SF¢ in order to
prevent any isobaric interference classically associated to SO, analysis (due to multiple O
isotopes). SF¢ measurement is very reliable but requires preliminary wet chemistry
preparation to extract the sulfur from the sample and a subsequent conversion into silver
sulfide. Samples of sulfides were extracted by a Chromium Reduced Sulfides (CRS) solution
based on the study of Canfield et al. (1986). Elemental sulfur was extracted by adding ethanol
to the CRS solution as described by Groger et al. (2009) for a better extraction yield. Sulfates
samples were extracted by adding a Strongly Reducing Hydriodic Hypophosphorous acid
solution (STRIP) as described in Kitayama et al. (2017). In all cases, H,S is liberated from the
rock powder and then converted into Ag,S in reaction with an AgNOs; solution. All
extractions were performed at the Centre de Recherches Pétrographiques et Géochimiques

(CRPG) laboratory (Vandceuvre-Lés-Nancy, France).

The fluorination of the recovered Ag,S is performed in nickel reaction bombs by reaction
with an excess of F, overnight at 350°C to produce SF¢. After purification by cryogenic traps
and gas chromatography, the recovered SFg is introduced into a ThermoFinnigan MAT 253
dual-inlet gas-source mass spectrometer. This entire second step was carried out at Institut de

Physique du Globe de Paris (IPGP, France).

The standard deviation was estimated for the sum of the internal and external errors after
the full measurement procedure, extraction and fluorination and after comparison with the
Ag>S International Atomic Energy Agency (IAEA)-S1 and —S2. Thus standard deviation is
better than 0.1%o, 0.01%o0 and 0.1%o for 6348, A*S and A*°S values, respectively.
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3.3.2. Carbon and oxygen isotopes analysis of dolomite

Carbon and oxygen isotopic compositions of dolomite were determined by using an auto
sampler Gasbench coupled to a Thermo Scientific MAT253 isotope ratio mass spectrometer
(IRMS). Samples powder was then reacted with 2 mL of supersaturated orthophosphoric acid
at 70°C during 5h in a He atmosphere. 10 measurements cycles of the isotopic composition of
produced CO, were performed. All samples measurements were adjusted to the internal
reference calibrated on the international standards IAEA CO-1, IAEA CO-8 (Stichler, 1995)
and an in-house dolomite standard. C and O isotopic measurements were performed at CRPG
laboratory (Vandceuvre-Lés-Nancy, France) and systematically doubled in order to check
homogeneity of analyses. Isotopic compositions are reported in & notation (in %o) relative to
V-PDB for carbon and converted to V-SMOW for oxygen. Standard deviations were 0.1%o
and 0.05%o for "0 and §"°C respectively.

3.3.3. Carbon isotope analysis of organic carbon content

8"°C values of organic matter from two black shales layers incorporated into the massive
anhydrite, were determined with a modified Eurovector EuroEA3028-HT elemental analyser
coupled to a GV Instruments IsoPrime continuous-flow isotope mass spectrometer (EA-
IRMS) at CRPG laboratory. Runs were calibrated using two laboratory reference samples
with Corg and 8'"°C bulk comparable to those of the analyzed samples.

3.3.4. Calculation of isotopes fractionation and mixing

In this study, anhydrite is present in large excess compared to other sulfur species and we

therefore consider sulfates as an infinite reservoir in all the performed isotopic calculations.

In order to discuss the equilibrium isotope compositions between dolomite and an aqueous
fluid, fractionation equations from Golyshev et al. (1981) and Horita (2014) are applied and
compared to oxygen isotopic values at specific temperatures. Carbon isotopic values for
dolomite samples are interpreted on the basis of dolomite—CO; fractionation equations from

Golyshev et al. (1981) and Ohmoto and Rye (1979).

Reaction temperature and isotopic compositions at equilibrium of sulfides, elemental sulfur
and sulfates are discussed taking into account the fractionation equations from Ohmoto and
Lasaga (1982) and Sakai (1968) for aqueous sulfates and H,S, and from Sakai (1968) for

fractionation between aqueous sulfates and elemental sulfur. The two component mixing
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model described by Ono et al., 2007, is used to calculate the theoretical evolution of the
isotopic signature (in term of A*S and &°*S values) between sulfates and elemental sulfur

eservoirs.
3.4. Organic matter analysis
3.4.1. Total Organic Carbon and Rock-Eval analysis

Rock-Eval analyses as well as Leco TOC were performed at Weatherford Laboratories
(Texas, USA) and Stratochem Services Company (Cairo, Egypt), respectively. Measurements
were made on anhydrite, black shales and gray dolomite "boudins" incorporated into the

evaporites formation.
3.4.2. Thermodesorption and pyrolysis coupled to GCMS

The pyrolysis and thermodesorption analyses were performed on a Frontier Lab Multi-shot
pyrolyzer EGA/PY-3030D and a MicroJet Cryo-Trap MJT-1332803 installed on an Agilent
GC-FID 7890B equipped with a Phenomenex ZB5-MS column (60 mx0.25 mm i.d.x0.25 pum
film thickness) coupled with a 5977A MS detector having an electronic impact of 70 eV. A
constant flow at 1.4 mL/min of helium was used as carrier gas. Injections were operated at
300°C with a split ratio of 5:1 and pulsed pressure of 50 psi during 30 seconds.
Chromatography was conducted at a heating of 5°C/minute started at 40°C followed by a
isothermal stage at 315°C for 20 minutes. Mass spectrometry data were compared to the

NISTO8 and Wiley database spectra.

For analysis of the organic compounds present in fluid inclusions trapped in anhydrite
samples, cups containing 30-215 mg of a mix of grains and anhydrite powder were loaded in
the pyrolysis oven and heated at 400°C during 3 minutes followed by 1 minute at 450°C (to
ensure full decrepitation of the fluid inclusions). Effluents were cryofocused at the head of the
column at -176°C. To control the quality of the fluid inclusions thermal extraction procedure
and test for possible catalytic effects of the anhydrite matrix, 10 ul of a standard solution of n-
alkanes was added on sample aliquots and submitted to the thermodesorption analysis.
Comparison with the standard solution analyzed in the same conditions revealed no

difference.

Kerogen in the gray dolomite sedimentary facies was analyzed by flash pyrolysis samples

at 620°C during 30 seconds while effluents were cryofocused at -176°C at the column head.
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4. Results

4.1. Structural evolution of the “Nappe des Gypses”

Sollieres 1'Envers, Ambin stream and Bramans outcrops allowed the observation of
deformation features following two axes. At Solliéres and Ambin, the outcrops are oriented
along the East-West axis (Fig. 5B, C, D, E). Local folding is observed when the North-South
axis shows a transposed SO clearly visible in the dolomite “boudins” occurring in still
recognizable sedimentary layers (Fig. 5A). In this latter case, the schistosity within the
anhydrite is underlined by dolomites “boudins” or the micaschists layers. In these two
sampling sites, the typical deformations of the D1 stage marked by folding and tension gashes
are observed both in the anhydrite and the micaschists (Fig. 5B, D, E). Solliéres I’Envers and
Ambin stream outcrops also show typical D2 thrusting and eastward tilting (Fig. 5B, C).
These observations are in agreement with the global deformation history of the Vanoise cover
during the Alpine subduction along the Brian¢onnais and Liguro-Piemont suture zone (Lanari

etal., 2012).

4.2. Petrographic analysis

The dolomite “boudins” occur as isolated and deformed blocs embedded in the anhydrite
(Fig. 5A, D). They are represented by micritic gray dolomites often presenting typical
stromatolitic beddings (Fig. 6A, B). Fractures and tension gashes within dolomite "boudins"
or in-between juxtaposed neighboring "boudins" (Fig. 5D) often contain well-crystallized
white dolomite associated with elemental sulfur, quartz, fluorite or albite (not necessary found
all together; Fig. 6E). Quartz and fluorite also appear as isolated rounded crystals within the
anhydrite (Fig. 6C, D). Here, we do not make distinction between quartz and fluorite from
fractures, tension gashes or embedded in the anhydrite. The white dolomite is also found

together with sulfides (pyrite and chalcopyrite) (Fig. 6F, H).
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Figure 5: Photographs of typical structures observed in the “Nappe des Gypses” formation at the outcrop scale.
(A) Typical anhydrite facies with the gray dolomitic “boudins” observed at Bramans outcrops. (B) Mix of D1
folding and D2 thrusting often observed in Solliéres I’Envers sampling area. (C) Anhydrite and micaschists
alternation showing typical D1 deformation tilted during D2 event observed in the Ambin stream. The
carbonates-quartz-sulfides veins (from centimetric to metric scale) are observed in the micaschists layers and
were exploited for pyrite as it revealed by the mining holes visible at the bottom of the outcrops. (D and E)

Representatives D1 tension gashes (D) and folding (E) marked by elemental sulfur precipitation as observed in
Solliéres I’Envers outcrops.
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< Figure 6: Photographs of typical paragenesis observed in the “Nappe des Gypses” formation. (A and B)
Typical stromatolitic dolomite structures as observed in some dolomite “boudins”. (C and D) Classically
observed quartz and fluorite minerals incorporated in the anhydrite facies. (E) White dolomite and elemental
sulfur vein in gray dolomite “boudins”. (F) Pyrite associated to white dolomite incorporated in anhydrite. (G)
Albites crystals in gray dolomite “boudins”. (H) White dolomite, quartz and pyrite classical association observed
in carbonates-quartz-sulfides veins in micaschists layers. Anh = anhydrite; Qz = quartz; S = native sulfur; Fl =
fluorite; G-Dol = gray dolomite; W-Dol = white dolomite; Py = pyrite; Ab = albite.

Sulfides (mostly pyrite and rarely syngenetic chalcopyrite) are always observed in presence
of micaschists layers occurring as isolated grains or as clusters in the anhydrite facies or as
carbonates-quartz-sulfides veins located in the micaschists (Fig. 6F, H). Elsewhere, when
micaschist is absent, only elemental sulfur is observed in addition to anhydrite. Elemental
sulfur is found well crystallized in fractures occurring in the gray dolomite (Fig. 5D, 6D-E) or
within the preserved sedimentary stratification and in the deformation structures of the
anhydrite (Fig. SE, 6C). Association of sulfides and elemental sulfur is only observed at

centimeter scale in the presence of micaschist at the Sollieres 1'Envers outcrop.

The micaschists mineral assemblage is dominated by K-white mica whatever the sampling
sites as demonstrated by XRD and EMP analysis (Fig. 7A). K-white mica chemical
composition is very homogeneous and centered along the muscovite-celadonite trend (Fig.
7B). Table 1 summarized the elemental composition of selected phengites. In rare occasion,

black shales occurring as layers relicts are also found in the anhydrite facies.

The albites minerals found within the dolomites in Bramans’s outcrop show the typical
authigenic albites combination of X-Carlsbad and albite twins called “Roc Tourné” (Rose,
1865; Fiitchbauer, 1948; Rais et al., 2008). Micaschists are observed near the albites minerals

(Fig. A1 in Chapitre 1A. Supplementary material).
4.3. Pressure evolution

We assumed that the micaschists layers present within the anhydrite have recorded the
pressure experienced by the whole formation. Only samples from Bramans, Ambin stream
and Mont-Cenis Lake outcrops contained sufficiently well preserved micaschists layers to
allow pressure calculations using the geobarometer of Dubacq et al. (2010). The three sites
are aligned on an East-West trend corresponding to the burial direction of the paleo-
subduction (Gabalda et al., 2009). The maximal temperatures considered to calculate pressure
are at 350°C, 420°C and 425°C for Bramans, Ambin and Mont-Cenis outcrops, respectively

(see Section 5.1. for details on temperatures calculations). A range of temperatures should be
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used to perform these pressures calculations (Dubacq et al., 2010). However no chlorite is
associated to the K-white micas, thus only the maximum temperature is used. This implies a

maximum overestimation of 2 kbar for the low temperatures K-white micas.

Bramans, Ambin stream and Mont-Cenis show similar peak pressure values at 12 + 1 kbar,
14 £ 2 kbar and 10 £ 1 kbar, respectively (Fig. 7C). Bramans, the western location, has
crystallized K-white micas in a continuous way from 2 to 15 kbar, while Ambin stream (the
central site) recorded pressures from 4 to 17 kbar and Mont-Cenis (the Eastern site) from 2 to
12 kbar (Fig. 7C). At Bramans and Mont Cenis the K-white micas also recorded pressures

lower than peak values respectively at 8 + 2 kbar, and 4kbar.
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Figure 7: (A) Si vs Interlayer cation diagram for analyzed phengites. (B) K-white mica chemistry reported in
muscovite, celadonite, pyrophyllite triplot diagram. (C) Histogram-type compilation of pressures from Ambin
stream, Bramans and Mont-Cenis lake outcrops determined by the phengite geobarometer described by Dubacq
et al. (2010) based on EMP analysis on K-white mica. All compositional data are in per formula unit (p.f.u.) with
structural formula calculated on the basis of 11 oxygens.
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Table 1: Typical EMP chemical compositions of phengites from micaschists layers used for pressure calculations.

Sample tG.12 Phengite Amb.2 Phengite MC.3.2 Phengite

Locality Bramans Ambin stream Mont-Cenis
Si0, 50.24 49.89 49.97 50.29 50.16 51.29 48.87 47.88 47.53 47.99 47.17 48.30 4742 47.21
TiO, 0.05 0.14 0.07 0.06 0.15 0.31 0.05 0.09 0.03 0.03 0.04 0.09 0.20 0.11
Al O; 27.43 27.99 27.28 27.29 28.38 26.92 29.73 29.37 28.40 28.96 28.51 29.09 28.70 28.53
FeO 0.69 0.51 0.82 0.67 1.84 3.88 3.37 4.21 3.51 3.61 4.44 3.38 3.88 3.07
MnO 0.00 0.00 0.02 0.00 0.00 0.02 0.00 0.09 0.03 0.00 0.07 0.08 0.01 0.00
MgO 3.66 3.54 3.89 3.87 3.06 2.55 1.95 2.21 2.66 2.27 2.18 2.53 2.32 2.93
CaO 0.00 0.01 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.02 0.00 0.00 0.00
Na,O 0.12 0.06 0.16 0.10 0.06 0.06 0.24 0.23 0.25 0.39 0.58 0.62 0.20 0.21
K0 11.34 11.48 11.29 11.41 11.22 10.38 10.81 10.74 10.96 10.69 10.34 10.29 11.07 11.14
Total (%) 93.53 93.62 93.51 93.69 94.88 95.42 95.07 94.82 93.37 93.94 93.34 94.38 93.81 93.22
Atom site distribution in apfu (11 anhydrous oxygen basis)
Si 3.40 3.38 3.39 3.40 3.36 343 3.29 3.26 3.28 3.28 3.26 3.28 3.26 3.26
Ti 0.00 0.01 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Al 2.19 2.23 2.18 2.18 2.24 2.12 2.36 2.35 2.31 2.33 2.32 2.33 2.33 2.32
Fe 0.04 0.03 0.05 0.04 0.10 0.22 0.19 0.24 0.20 0.21 0.26 0.19 0.22 0.18
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.37 0.36 0.39 0.39 0.31 0.25 0.20 0.22 0.27 0.23 0.22 0.26 0.24 0.30
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.02 0.01 0.02 0.01 0.01 0.01 0.03 0.03 0.03 0.05 0.08 0.08 0.03 0.03
K 0.98 0.99 0.98 0.98 0.96 0.89 0.93 0.93 0.96 0.93 0.91 0.89 0.97 0.98
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4.4. Fluid inclusions characterization

To generalize the fluid composition and evolution over the entire “Nappe des Gypses”
formation, we have merged 7;, and composition data from the present data set (Table Al in
Chapitre 1A in the Supplementary material) and those from the study of Barr¢ et al. (2017). In
each studied mineral (quartz, albite and fluorite), the fluid inclusions are present isolated or in
planes. All the fluid inclusions are at least biphasic (aqueous and gaseous phase) and display a
liquid-vapor ratios of 7% =+ 3%, but most of them also contain different combinations of
solids with halite, elemental sulfur, calcite, thenardite and anhydrite (and one with hematite;
Table Al). Salinities determined by microthermometric analysis remain similar over the
entire formation and range from 26 to 59.9 wt% eq. NaCl with a mean at 30.7 + 7.8 wt% eq.
NaCl (Table A1, Figure 8B). Eutectic temperatures (7¢) ranged from -75.7°C to -47.5°C with
a mean at -62 £ 7.6°C. Fluid inclusions with eutectic temperatures around —50.0°C correspond
to the NaCl-CacCl, system (Steele-Mclnnis et al., 2011), whereas those having a 7. below -
54.5°C may contain additional salts such as LiCl or exhibit metastability (Linke, 1965;
Cathelineau et al., 1994; Dubois et al., 2010).

All the fluid inclusions homogenize into the liquid phase and present different range of T

depending on the nature of the host mineral and the sampling sites (Fig. 8A, Table Al).

Th of fluid inclusions hosted in quartz increase from the Southwestern to the Northeastern.
At Sollieres I’Envers Tj, range from 98.1 to 301.0°C with a mean value at 153.0°C + 48.8°C,
from 124.3 to 152.3°C with a mean value at 143.2°C £ 12.7°C at Bramans, from 138.2 to
319.1°C with a mean at 224.5°C £ 65.5°C at Ambin stream and they range from 230.0 to
286.9°C with a mean at 259.7°C + 18.1°C at the Mont-Cenis Lake. Note that fluid inclusions
hosted in fluorite show similar 7} than in quartz in every corresponding site and a similar

gradual increase from the Southwestern to the Northeastern.

Raman spectroscopy was used to analyze each phase present in the fluid inclusions: vapor,
liquid and solid when present. Two families of fluid inclusions were distinguished: i) the
sulfidic fluid inclusions containing reduced sulfur species associated to the anhydrite facies,
and ii) the sulfated fluid inclusions devoid of reduced sulfur species associated to the
micaschists layers. The sulfidic fluid inclusions are hosted in anhydrite, fluorite and quartz

crystals from the anhydrite facies. All of them present the same composition as described in
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Barré et al. (2017), with a vapor phase dominated by CO, and H,S = N, + CH4 = H,. The
aqueous phase is characterized by dissolved sulfates (as SO4* and minor HSOy), sulfides
(H,S and minor HS"), carbonates (CO, and minor HCOj3") and borate (as B(OH)3). The solid
phases are glassy Sg spherules and more rarely halite, calcite, anhydrite or celestine. The
sulfated fluid inclusions are hosted in quartz and albite directly associated with the
micaschists layers. They display the same salinities and the same liquid/vapor ratio than the
previous family of fluid inclusions but they do not contain reduced sulfur species. They are
also characterized by lower CO, content in the vapor phase and different combinations of
halite, thenardite, calcite or anhydrite crystals. Table Al (in Chapitre 1A in the Supplementary

material) summarized all the analyses performed on the 73 studied fluid inclusions.

4.5. Base metal contents of fluid inclusions

Fluid inclusions hosted in quartz from the anhydrite facies of Sollieres I’Envers outcrops,
from the carbonates-quartz-sulfides veins of Ambin stream and from the white quartzite of the
Lower Triassic (stratigraphically located beneath the “Nappe des Gypses”) were analyzed by
LA-ICPMS technique (Table 2). Fluid inclusions from the quartzite were measured for
comparison since they are located beneath the Carnian evaporites. In all cases, the cationic
composition of the fluid is dominated by Na, Ca, K and Mg. Fluid inclusions from the
Carnian anhydrite facies present concentrations of 453, 2690, 3221 and 14443 ppm for B, Mn,
Ba and Sr, respectively and variable concentrations of base metal up to 2929, 339, 718 and
346 ppm for Fe, Cu, Zn and Pb, respectively. Sulfated fluid inclusions from the carbonates-
quartz-sulfides veins contain lower concentration of B, Sr, Ba and Mn (<500 ppm) but higher
concentration of base metals up to 27793, 3634, 955 and 455 ppm of Fe, Cu, Zn and Pb,
respectively together with 524 ppm of Al. Fluid inclusions from the quartzite sample (lower
Triassic) are enriched in Sr and Ba (4050 and 5041 ppm, respectively) but do not contain base

metals except Pb with a concentration of 393 ppm.
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Figure 8: Histograms of (A) homogenization temperatures (7}) and (B) salinities obtained by microthermometry
on quartz-hosted fluid inclusions from the “Nappe des Gypses” formation.
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Table 2: Representative results of LA-ICPMS analysis on fluid inclusions hosted in quartz from the “Nappe des
Gypses” formation and the Triassic quartzite stratigraphically under the “Nappe des Gypses”. Units are in ppm.

Locality Solliéres Solliéres Solliéres | Ambin stream | Modane
uartz Quartz from uartz
Lithology | Quartz embedded | oy . 1) embedded in anhydrite embedded | carbonates- |
in anhydrite . : quartz-sulfides .
in anhydrite . quartzite
vems
Sample S‘i'sw s«;go S"t'f“‘ S"é"" S"t';"“ S0.24tl | Am.1.1q6 | Mo.2¢t1
BNa 65474 66413 | 2641 4062 579 89700 22184 56334
“Ca <4559 <23285| 92558 92297 97511 | <20184 39247 <34016
Mg 311 144 2.5 4.8 1.1 239 1157 426
¥K 23551 34367 | 1570 584 241 20098 36624 49178
g 363 453 21 10 3.4 <191 <64 <823
8BSy 8035 14443 65 241 159 589 168 434
137Ba 3221 3123 7.3 <0.9 0.5 <26 205 4050
*Mn 2690 2402 5.3 <3.8 <0.3 <118 488 5041
S\ | 37 <220 <0.6 70 1.2 <202 524 <702
SFe 1040 <1645 | 2929 165 128 <1445 27793 <1942
Cu 19 <52 1.1 3 0.2 339 3634 <76
%Zn 718 393 43 <2.4 1.8 291 955 <154
208pp, 346 132 3.1 7.8 1.1 497 455 393
Table 3: Maximum temperatures obtained by the geothermometer described by Beyssac et al. (2002) on

carbonaceous material from black shales layers incorporated in the “Nappe des Gypses” formation.

Locality Sample Temperature (°C) o
Ambin stream Amb.SL 470.0 7.9
Ambin stream Amb.B.S.1 412.5 7.3
Ambin stream Amb.B.S.2 378.5 7.0
Ambin stream Amb.B.S.3 402.1 3.1
Ambin stream Amb.3.1 416.5 7.4
Ambin stream Amb.3.2 427.8 9.5

Névache Ne.1 3549 33

Névache Ne.C.B. 355.7 3.7

Névache Ne.B.S.2 353.8 6.5

Névache Ne.B.S.2 368.6 4.8
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4.6. Graphite geothermometer

The maximum temperature associated to the peak of metamorphism (Table 3) was
determined by Raman microspectroscopy analyses on carbonaceous material using the
technique described by Beyssac et al. (2002). Graphite-rich metamorphic shales were
collected in Ambin stream and in Roubion stream near Névache village. This facies was
observed as layers embedded into the anhydrite at Ambin stream and as deformational clasts
within the anhydrite facies at Névache. Temperatures deduced from the samples collected at
Ambin stream range from 379 to 470°C with a mean at 418°C + 31°C. Maximum
temperatures recorded by Névache samples are around 358°C + 7°C. These temperatures give

the maximum temperatures reached during the regional metamorphic conditions.
4.7. Stable isotopes geochemistry
4.7.1. S isotopes signature in sulfate, sulfide and elemental sulfur

A total of 47 multiple sulfur isotopes analyses were performed on 3 types of mineral
collected in the 6 sampling sites: sulfates (as anhydrite or gypsum), sulfides (as pyrite or
chalcopyrite) and elemental sulfur. Table A2 (in Chapitre 1A. Supplementary material)
summarizes all multiple S-isotopic measurements. Sulfur isotopes values for sulfates and
elemental sulfur samples are homogeneous among all the studied sites (Fig. 9). Anhydrite is
enriched in **S (é33483nhydrite = 15.22%0 = 1.66) when compared to elemental sulfur (834858 =.
15.22%0 + 2.03). Small but resolvable mass independent fractionations have been detected in
both anhydrite (A3 3 Sanhydrite= 0.03%0 + 0.03 and A® 6Sanhydrite= -0.32%o0 £ 0.66), and elemental
sulfur (A¥Sgs = 0.02%0 + 0.01 and A*°Sgg = 0.41%0 + 0.70). Sulfides (without distinction
between pyrite and chalcopyrite) display more variable §**S values ranging from -5.44 to 6.84
%o with a mean 8°*S = 2.10%o and a reproducible zero A**S values (0.00%o + 0.03) together
with A*®S values at 0.23%o + 0.67. No difference in sulfur isotope composition was observed
in relation to the petrographic situation of the minerals (native sulfur in fractures or within the
schistosity of anhydrite; sulfides disseminated in anhydrite or present in the carbonates-

quartz-sulfides veins associated to the micaschists layers).
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Figure 9: Sulfates, sulfides and elemental sulfur isotopic compositions (8**S) for each studied site. Gray shade
shows the typical 8**S values of the Carnian (Claypool et al., 1980). Errors are comprised in the size of symbols.

4.7.2. C and O isotopes signatures in dolomite

8'°C and 6'®0 were analyzed on 55 dolomite samples collected in all of the 6 studied
outcrops (Fig. 10). All oxygen and carbon stable isotopes values are summarized in Table A3
(in Chapitre 1A. Supplementary material).The first type of samples corresponds to
sedimentary layers of gray dolomite, deformed as "boudins" observed in the massive
anhydrite (Fig. 5A). The gray massive dolomites present 8'°0 values around 23.30%ov-smow *
1.25 and 8"°C values around 3.36%opps + 0.62. The stromatolitic gray dolomites present

similar §'%0 values around 25.57%ov_smow =+ 0.85 and 8'°C values around 4.06%oppg =+ 0.10.
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The second type of samples corresponds to well-crystallized white dolomite that is found
in two different mineralogical assemblages. The first assemblage corresponds to white
dolomite in anhydrite as well as in tension gashes and veins within the gray dolomite
“boudins” (Fig. 5C, Fig. 6E). Their isotopic values are the following: 8'*0 = 18.49%ov.smow %
1.80 and §"°C = 2.37%opps £ 1.00. The second assemblage corresponds to white dolomite in
association with micaschists layers and sulfides (Fig. 6F, H), with 8180 = 19.59%ov-smow =+
0.86 but with negative values of s13C ranging from -5.31 to -1.90%oppg With a mean at -

3.46%opp £ 1.34.

The 8" °C of the organic content of black shales is around -26.31%opps With a standard

deviation at 0.22.
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Figure 10: A 3"°C — §"*0 diagram showing the isotopic compositions of the different types of dolomite found in
the Carnian evaporites. The two boxes of the typical marine limestone (Bowman, 1998) and the Carnian
carbonate compositions (Veizer et al., 1999) are showed.
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4.8. Organic matter characterization

TOC values measured on the gray sedimentary inherited dolomite samples are about 0.059
+ 0.028 wt% (mean of the different analyses). On the contrary, values in the black shales
range between 2.1 to 10wt%. Rock-Eval analysis reveals small S1 peaks (the free
hydrocarbons in the sample) in all samples, and rarely S2 peaks (corresponding to the

remaining hydrocarbons of the sample).

Thermodesorption (see section 3.4.2) applied to dolomitic samples did allow the detection
of hydrocarbons. Only pyrolysis GCMS lead to their detection suggesting that organic matter
is present as kerogen. Major organic compounds released by the gray stromatolitic dolomites
are aromatic and oxygenated hydrocarbons (Fig. 11A). Major aromatic compound in each site
are Benzene and C;-C; alkyl -Benzene series, Naphthalene and C;-C; alkyl-Naphthalene

series, Phenol and alkyl-Phenols, Benzo-thiophene, Dibenzofuran, Pyrene, Fluoranthene

On the contrary to dolomite, anhydrite thermodesorption analyses lead to detection of
hydrocarbons, while subsequent pyrolysis did not. The compounds detected were Benzene
and C;-Cs alkyl -Benzene series, the Naphthalene and C;-Cs alkyl-Naphthalene series, Phenol
and alkyl-Phenols, Benzo-thiophene, Dibenzofuran, Pyrene, Fluoranthene (Fig. 11B).

In regards of these results it can be concluded that the compounds detected in gray
dolomite upon Py-GCMS and anhydrite upon thermodesorption are very similar. Fluid
inclusions containing hydrocarbons are abundant in anhydrite, but have not been observed in
the gray dolomite. It may be proposed that all detected hydrocarbons belong to free
hydrocarbons trapped in fluid inclusions. They have not been observed in the gray dolomite
because of its very fined grained structure. Gray dolomite fluid inclusions may actually need a

much higher temperature than those of anhydrite to decrepitate.
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Figure 11: GC FID chromatograms for the products obtained by pyrolysis on dolomite sample (A) and by
thermodesorption on anhydrite sample (B).

5. Discussion

5.1. Temperature and pressure conditions recorded by the “Nappe des Gypses”

The graphite geothermometer, the fluid inclusions homogenization temperatures and the
stable isotopic fractionations of O and S provide complementary information on the
temperature conditions recorded by the “Nappe des Gypses”. Similarly, petrographic analysis
on micaschists layers provides the pressure conditions recorded by the formation. Altogether,
these measurements allow to constrain the thermal history of this geological formation during
the Alps orogeny from the metamorphic peak to the late exhumation stage. The fluid
circulation during the prograde stage of burial has probably been erased by the metamorphic
peak. Therefore, we have no information on the pressure and temperature conditions related to
the burial stage of the “Nappe des Gypses” from 50 Ma (Gerber, 2008; Lanari et al., 2014;
Strzerzynski et al., 2012) to the metamorphic peak at 37 Ma (Strerzynski et al., 2012).

5.1.1. The maximum temperatures record

The Raman geothermometer on graphitic samples allows to determine the maximum

temperature of the Névache and Ambin stream sites, and therefore to better constrains the
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metamorphic peak of temperature. Temperatures around 358°C £ 7°C have been reached in
the southeastern part of the "Nappe des Gypses" formation (Névache), increasing toward the
northwest up to 418°C + 31°C (Ambin stream; Table 4; Fig. 12). This observation is in good
agreement with the temperature of 421°C previously determined using Raman
geothermometer on carbonaceous material from the “Nappe des Gypses” by Gabalda et al.
(2009). It also nicely matches the temperature of 402°C recorded by graphite crystals from the
Triassic micaschists and calcschists of the Arc Valley (Gerber, 2008).

Carbon, oxygen and sulfur isotope compositions (8"°C, 8'*0 and &*'S respectively) in
carbonates and sulfur-bearing minerals (sulfides, sulfates and elemental sulfur) are used to
determine the fractionation between each mineral (A"°C, A'™®0 and A**S) and to calculate their
equilibrium temperature (often corresponding to the precipitation of the studied mineral).
Under normal conditions, multiphase systems will tend to equilibrate such as each phase will
have its own ability to incorporate the heavy isotope instead of the light isotope. This
tendency is a direct function of temperature that controls vibrational and rotational energy of
the molecules (Bottinga and Javoy, 1973). Knowing the isotope composition of two adjacent

mineral phases, one can calculate the equilibrium temperature of the system.

Carbon and oxygen isotope fractionations (A"*C and A'*O respectively) were calculated for
the sedimentary gray dolomite and the secondary white dolomite associations on the same
samples. For carbonates, thermal fractionation can be measured when the primary gray
dolomite is dissolved and when the secondary white dolomite precipitate (Golyshev et al.,
1981; Zheng et al., 1999; Horita, 2014). Here, in regards to the low concentration of CO,
found in the fluid inclusions (see Section 4.4.), we assume that all the dissolved gray dolomite
recrystallized as the white. This assumption implies that the white dolomite precipitation
temperature corresponds to the temperature of the initial gray dolomite dissolution. Using the
equations of oxygen equilibrium fractionations between dolomite and water from Golyshev et
al. (1981) and Horita (2014), the highest precipitation temperature of the white dolomite
calculated (corresponding to the mean value between both literature sources) at each site is
around 432°C +42°C (Table 4). No significant carbon fractionation was found in these
samples, a result consistent with awaited isotopic fractionation behavior for carbonates at

these temperatures (Ohmoto and Rye, 1979; Golyshev et al., 1981).
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Table 4: Temperatures determined by i) fluid inclusions homogenization temperatures (7}), i) **S fractionation
between sulfates-sulfides (T°C A34SSO4_H25), i) 343 fractionation between sulfates-elemental sulfur (T°C A*Sgou.
sg), 1v) oxygen isotope fractionation between gray and white dolomite (T°C A"0) and v) by graphite
geothermometer from Beyssac et al. (2002).

4 34 T°C A0
. T°C max T, T°C A**S  T°C A™S ) o .
Locality fluid inclusion SO.H.S SO.S gray-white T°C Graphite
4 4758 dolomite

Associated ~ All retrograde  Retrograde Retrograde = Metamorphic

event phase D1 and D2 D3 DI and D2 peak

Névache - 340°C 250°C - 358°C
Bramans 100 to 340°C 395°C 215°C  235t0465°C -

Ambin stream 138 to 319°C 395°C 225°C  270to 370°C 417°C
Solliéres L'Envers 98 to 356°C - 230°C 280 to 430°C -
Mont-Cenis Lake 233 to 287°C - 220°C 390 to 420°C -
Tignes - - 200°C  385t0 475°C -

In addition, sulfur isotope fractionations (A**S) were determined between sulfates and
sulfides from the same locality. To discriminate sulfides precipitated from equilibrium
exchange reactions to those precipitated from kinetically controlled reactions, we calculated
the mass fractionation exponents between sulfates and sulfides (**0so.1s; Equation 4; see
Ono et al. (2006) for definition). For S isotope equilibrium exchange reactions, the >0 value
is 0.515 (corresponding to the reduced mass of a system of two diatomic molecules; Ono et
al., 2006; Farquhar et al., 2007; Dauphas and Schauble, 2016). Here, only three sampling sites
(Névache, Bramans and Ambin stream) provided sulfates and sulfides assemblage indicating
the occurrence of S isotopes equilibrium exchange reactions. Using the sulfur isotopes
fractionations between sulfates and sulfides (A34SS()4_H25) from these three latter sampling
sites and the equations of sulfur equilibrium fractionations from Ohmoto and Lasaga (1982)
and Sakai (1968), their precipitation temperatures were determined to be at 340°C £+ 15°C for
Névache, and at 395°C + 18°C for Bramans and Ambin stream (Fig. 13A, B, C; Table 4). The
precipitation process for the others sulfide minerals that display *°0 lower than 0.515 is

discussed below (see Section 5.4.2.).

Fluid inclusions homogenization temperatures from Bramans, Ambin stream and Solliéres
I’Envers, also present maximum temperatures in the similar range (between 319 and 356°C;
Table 4). Both, the temperatures deduced from the graphite geothermometer and from the
oxygen isotope fractionation between gray and white dolomite correspond to the peak of
metamorphism which roughly increases in temperature from the Southwest (Névache) to the

Northeast from 358°C to 475°C (Table 4; Fig. 12). The maximum temperatures recorded by
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sulfate-sulfides S isotopes fractionation, and fluid inclusions show lower values than those of
the metamorphic peak but higher than those of the D2 event (Malusa et al., 2005; Lanari et al.,
2012; Strzerzynski et al., 2012). The transition between the D1 and the D2 event corresponds
to the shift from the thrusting to the shearing regime. This change of dynamism can trigger the
formation of several fractures (and other tectonic fluid traps) in the dolomite “boudins” which
induced local variation of pressure and therefore the precipitation of sulfides, carbonates or
also quartz and fluorite minerals (Cox et al., 1986). Thus, it is assumes that sulfides and fluid
inclusions recorded the D1-D2 transition (transition between a top-to-the north thrusting to a

top-to-the east shearing regime).
5.1.2. The temperature records from metamorphic peak to D2-D3 transition

Similarly to what has been observed for peak metamorphism temperatures, the lower
temperatures values determined from A'®O between gray and white dolomites and fluid
inclusions homogenization temperatures also present a distribution trend in the “Nappe des
Gypses” with an increase from Southwest (~235°C) to Northeast (~385°C; Table 4; Fig. 12).
These temperatures match well the D2-D3 transition temperatures determined by Ganne et al.,

2007, Lanari et al., 2012 and Strzerzynski et al., 2012.

The white dolomites have recorded the evolution of the temperature conditions from the
metamorphic peak to the end of the D2 event, meaning that they have continuously
precipitated all along this period. However, gray dolomite must first be dissolved before the
white dolomite precipitate. This process occurring at the same temperature, only a local
variation of pressure (such as a pressure solution creep; Rutter, 1983; Green, 1984) can
induces the re-precipitation of the white dolomite. Taking into account this fact together with
the A®C and the A'®O fractionations measurements, we can conclude that white dolomite
mainly derives from a pressure controlled dissolution/crystallization process at equilibrium
with the sedimentary gray dolomite. The temperatures conditions deduced from A'*O of the
gray-white dolomites and A**S of the sulfates-sulfides minerals, coupled to our petrographic
analyses of the carbonates-quartz-sulfides veins demonstrate that all of the constitutive

minerals of the veins crystallized syngenetically (Fig. 6H) during the late D1 and D2 event.

Fluid inclusions hosted in authigenic albites from Bramans outcrops present uniform
homogenization temperatures at 334 £ 5°C (Table A1l in Chapitre 1A in the Supplementary

material). These values are consistent with the maximum temperatures recorded by stable C
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and S isotopes fractionations between the gray and white dolomite and between sulfate and
sulfide, respectively. They correspond to the D1-D2 transition (transition between a top-to-
the north thrusting to a top-to-the east shearing regime; Malusa et al., 2005; Lanari et al.,
2012; Strzerzynski et al., 2012). This very small range of crystallization temperature implies
that albites crystallized in a single event. Authigenic albites are described in several
worldwide limestone successions (Kastner and Siever, 1979; Spotl et al., 1999; Rais et al.,
2008). Two major formation models have been proposed for this mineral: 1) the isochemical
transformation model that implies that all the components necessary for albite crystallization
are supplied by the host rock, or ii) the brine model that involves a hot saline fluid. For
instance, Rais et al. (2008) described preferentially authigenic albites formed isochemically
with the metals source released by the surrounding clay minerals transformation. On another
hand, Spotl et al. (1999) described albite precipitation from a deep saline fluid in carbonates
preferentially at high temperature (up to 350°C). Here, authigenic albite observed in gray
dolomite is always located in the vicinity of micaschist layers (Fig. A1 in Chapitre 1A in the
Supplementary material). The fluid inclusions hosted in albite crystals present similar fluid
compositions than the sulfated fluid inclusions from the “Nappe des Gypses” (Table Al;
Section 4.4.). Moreover, fluid inclusions in quartz near the micaschists layers (sulfated fluid
inclusions) contain significant concentration of Al (up to 524 ppm; Table 2), a chemical
element required for albite precipitation. The homogenization temperatures of fluid inclusions
hosted in albite are similar to the maximum temperatures values observed throughout the
entire formation. For these reasons, it is probable that the boundary between the two
aforementioned models is not so clear in the present situation and instead, we propose the
authigenic formation of albite in the “Nappe des Gypses” by a mix of the two scenarios. Thus,

it is assumed that albite marked the D1-D2 transition.

Fluid inclusions from Mont-Cenis hosted in quartz associated to carbonates-quartz-sulfides
veins, present similar homogenization temperatures at 260 = 18°C. These temperatures are in
agreement with the temperature condition of the D2 event (top-to-the east shearing stage;
Ganne et al., 2007; Strzerzynski et al., 2012), meaning that these veins are formed during this
tectonic stage. Similarly, fluid inclusions from the entire formation show homogenization
temperatures ranging from 100°C to 350°C (Table 4). This fairly large range reflects a
multistage trapping of fluids from the metamorphic peak down to the 100°C plateau of the D3
event (Malusa et al., 2005).
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Figure 12: Simplified geological maps (A) and cross-section (B) of the studied area showing the maximum and
minimum temperatures determined by the different geothermometer in this study.
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5.1.3. The temperature records of the late D3 exhumation event

The mass fractionation exponent between sulfates and elemental sulfur (3 3 349504_58) from
each locality was also calculated (similarly to the sulfates-sulfides isotopic system). They lead
to values around 0.51494 + 0.00034 for all studied sites (Fig. 13) that are very close to 0.515
corresponding to the approximation of the deviation from a single step low-temperature
equilibrium exchange reactions. For comparison, we calculated the mass fractionation
exponents using theoretical fractionation factors between sulfates and elemental sulfur (34(1504_
ss and Pasos.s8) given by Otake et al. (2008). In the range of temperature of interest (100 to
300°C), this calculation gives exponent equal to 0.51561 + 0.00005. The theoretical and the
natural values are similar, meaning that the sulfur isotopes composition of sulfates and
elemental sulfur is consistent with equilibrium S isotope exchange reaction (Ono et al., 2006;
Farquhar et al., 2007) in the entire “Nappe des Gypses” formation. This condition being
verified, we can now calculate the elemental sulfur precipitation temperature based on sulfur
isotopes equilibrium fractionation between sulfates and elemental sulfur (A34Sso4_sg) and the
corresponding fractionation equation given by Sakai (1968) at around 223°C £ 17°C in each
studied site (Fig. 13). Thanks to similar calculations Alonso-Azcarate et al. (2001) obtained
the same temperatures for elemental sulfur precipitation in evaporites from Cameros Basin
(NE Spain). A temperature around 225°C associated to a pressure of 5 kbar, which
corresponds to the lowest pressure conditions recorded by K-mica (see Section 5.1.4. for
details), match the phase transition between liquid to solid elemental sulfur (Meyer, 1976).
The elemental sulfur, or the observed dissolved polysulfides (S37, Sn’, S»*) produced by TSR
(see below) stayed in the liquid phase during maximum burial and part of the exhumation
phase as well. In solution, dissolved elemental sulfur and polysulfides homogenize their
isotopic composition in equilibrium with the sulfates. Finally, once the 225°C isotherm was
crossed during cooling (i.e. exhumation of the “Nappe des Gypses”) the polysulfides were
destabilized and the elemental sulfur recorded its crystallization temperature during the D3

event (westwards tilting; Fabre et al., 1982; Bertrand et al., 1996; Schwartz et al., 2009).

Figure 12 shows that the maximum and minimum temperatures recorded by the nappe des
Gypse formation follow a trend with an increase from the Southwestern (Névache) to the
Northeastern (Tignes) of the “Nappe des Gypses”. This trend is in agreement with the paleo-
subduction setting described by Gabalda et al. (2009). Moreover, the sequential exhumation

described by these authors is also observed here. Indeed, geothermometers used here record
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the following metamorphic stages: 1) first the transition between burial and exhumation phase
at the metamorphic peak, ii) second the transition between a top-to-the north thrusting to a
top-to-the east shearing regime at the D1-D2 transition, and iii) third an uninterrupted record
of temperature evolution from the D1-D2 transition to the elemental sulfur precipitation

highlights a continuous exhumation during D2 and D3.

5.1.4. Pressure record in the “Nappe des Gypses"

The peak of pressure is recorded by the core of K-white micas crystals from the
micaschists layers. It lies between 10 and 14 kbars in the “Nappe des Gypses” (Fig. 7; Section
4.3.). Maximum pressure determined in each studied site are in agreement with the previous
peak of pressure determined in the “Schistes Lustrés” formation (Rolland et al., 2000; Agard
et al., 2001; Yamoto et al., 2007) stratigraphically located above the “Nappe des Gypses”.
Moreover, these values lie between the estimated pressure of the Briangconnais zone (Lanari et
al., 2012; Strzerzynski et al., 2012) and the Ambin basement (Ganne et al., 2007) which
corresponds respectively to the top and the base of the Carnian evaporites. Our pressure
calculations suggest that the “Nappe des Gypses” belongs to the base of the Briangonnais
cover, thus confirming previous assumptions made by Ganne et al. (2007) and Strzerzynski et

al. (2012).

In addition, micaschist K-white micas from Bramans and Mont-Cenis outcrops also
presented a chemical zoning from core to rim leading to pressure values at 5 £2 kbars and 4
+1 kbars, respectively (Fig. 7C). These latter pressure values are lower than the maximum
pressure recorded by the core of K-white mica and may be related to the end of the D2
tectonic phase as described by Ganne et al. (2006, 2007) and Strzerzynski et al. (2012), and
interpreted at Mont-Cenis as a shear zone. This implies that K-white micas continuously
recrystallized from the metamorphic peak to the end of the D2 event (top-to-the east
shearing). The coupling of these pressures conditions with the homogenization temperatures
around 260°C of the fluid inclusions hosted in the carbonates-quartz-sulfides veins from the
Mont-Cenis Lake, may thus constrain the P-T conditions of the D2-D3 transition around 4

kbar and 260°C.
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5.2. TSR occurrence

The Carnian evaporites present a typical paragenesis of sulfate reduction which can be
explained by only two different processes: Bacterial Sulfate Reduction (BSR) or
Thermochemical Sulfate Reduction (TSR). In the following sections we present several line
of evidences for TSR as the reaction mechanism controlling the sulfur behavior and fate in the
“Nappe des Gypses” formation: 1) the secondary minerals paragenesis, ii) the temperatures
>100°C, iii) the nature of the reagents (H,S initiator and organic matter as reducing agent), iv)
the aqueous sulfur speciation, v) the composition of the residual hydrocarbons present in the
fluid inclusions, and finally vi) the S, O, C isotopic signature of sulfur-bearing minerals and

carbonates.
5.2.1. The secondary minerals paragenesis

Hydrogen sulfide is the main sulfur by-product of TSR, it generally reacts with dissolved
base metals (e.g., Fe, Pb, Zn, Cu) to precipitate sulfides minerals (here pyrite and minor
chalcopyrite). In addition, elemental sulfur associated to sulfate minerals is also commonly
described as by-product of the TSR process (Machel et al., 1995; Yao and Millero, 1996;
Machel, 2001). Its accumulation is classically explained either by 1) H,S latte oxidation (Cline
and Richards, 1969; Ruckmick et al., 1979; Machel, 2001), ii) sulfate incomplete reduction
due to either the limited availability of reducing agent (here hydrocarbons), or the too slow
supply of the reactive hydrocarbons (Worden et al., 1997; Alonso-Azcérate et al., 2001;
Machel, 2001), or iii) by precipitation during the cooling of a sulfate-sulfur bearing fluid
(Worden et al., 1995; Thom and Anderson, 2008).

Here, fluid inclusions of each phase of the “Nappe des Gypses” still contain low
concentrations of residual soluble hydrocarbons (see Section 4.8.) and methane (Barré et al.,
2017). Therefore, the limited availability of reducing agent cannot be invoked here. In
addition, H,S is stable in the redox conditions of the formation, as demonstrated by its
presence together with sulfates and elemental sulfur in fluid inclusions (Table Al in Chapitre
1A. Supplementary material; see Chapitre 2 for more details). In addition, the oxygen fugacity
is equal or lower than the one imposed by SO4-H,S equilibrium because of the presence of
hydrocarbons and associated sulfate reduction (Barré et al., 2017), therefore H,S cannot be

oxidized.
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Elemental sulfur is also generally proposed as an intermediate species in its aqueous form
(So(aq)) during TSR (Worden et al., 1995; Thom and Anderson, 2008). Its solid form tend to
disproportionate in aqueous phase at temperature >150°C (Robinson, 1973). However, S°.q
is not observed by in-situ Raman spectrometry in fluid inclusions at temperature
representative of the entrapment. Instead, it is the trisulfur ion S;~ and other polymeric sulfur
species (S,"; see Chapitre 2 for more details) that form under the representative entrapment
temperatures. It has been demonstrated that S;” and polymeric sulfur species (S,") play a
major role during the TSR process as they drive the electron transfer from S®' to S*, and that
these dissolved S species are stable in a local equilibrium as long as sulfides and sulfates are
present in aqueous phase (Truche et al., 2014; Barré et al., 2017). Therefore elemental sulfur
may form from the reequilibration and disproportionation between dissolved sulfates, sulfides
and polymeric S species (mainly S;~ and S,*) during the exhumation and cooling of the

“Nappe des Gypses”.

Here, elemental sulfur is only observed in the anhydrite facies and sulfides are only
observed near micaschists layers. Soluble hydrocarbons are found in similar abundance in
both, the anhydrite facies and the carbonates-quartz-sulfides veins associated to the
micaschists. The only difference between in the fluid chemistry associated to the anhydrite
facies or to the micaschists is the significant presence of dissolved metals in fluid inclusions
associated to the micaschists. It means that TSR occurs in a similar magnitude over the entire
formation and the produced H,S either reacts and precipitates with soluble metals released by
the micaschists layers or remains in the formation. Or no metals are available inducing
elemental sulfur formation during cooling by reequilibration between sulfates, sulfides and

polymeric sulfur species.

The TSR process also generates CO, which generally induce the precipitation of secondary
carbonates in association with sulfides as milky white, medium to coarse-crystalline saddle
dolomite cement and rarely well crystallized (Machel, 2001). Here, typical white TSR
dolomites are always observed in association with sulfides (Fig. 6F, H). Its 8"°C isotopic

feature is discussed below.
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5.2.2. Temperatures >100°C

Almost all micro-organisms cease to metabolize at temperature >80°C implying that the
BSR process mainly occurs during the early stages of diagenesis (Machel, 2001). Meanwhile,
TSR starts to be kinetically significant at temperature above 100 to 140°C in sedimentary
basins (Worden et al., 1995; Machel, 2001). However, this process is also described in
geological contexts at higher temperatures (up to 750°C) such as mid-oceanic ridge with
contribution to the formation of Volcanic-Massive Sulfides deposits (VMS) and seafloor
hydrothermal vent sulfides deposits (Shanks et al., 1981; Ohmoto, 1996; Huston et al., 2001;
Shanks, 2001; Tornos, 2006; Ono et al., 2007), in metamorphic ore deposits (Alonso-
Azjcarate et al., 2001; Mcgowan et al., 2003; Eglinger et al., 2014) or gemstones formation
(Giuliani et al., 2017 and references therein). Here, all the determined temperatures range
between 100°C and 475°C (see Section 5.1. for details). Such temperatures prevent any BSR
occurrence. Therefore, it is assumed that the observed reduced sulfur species (sulfides and

elemental sulfur) result from the TSR process.
5.2.3. The nature and source of the reagents

In order to start and sustain the TSR process, two conditions have to be fulfilled: the initial
presence of a reduced sulfur species like H,S and a reducing agent (here hydrocarbons),
respectively. Petroleum source-rock may provide these two ingredients and this is why we

searched for them in the “Nappe des Gypses” formation.

The black-shale samples show TOC values between 2 and 10%, with obvious high
maturity residual kerogen now occurring as graphitic material (see Section 4.6. and 4.8.). This
lithology is thus a first candidate for providing hydrocarbons to the system upon burial.
Despite the lack of significant results from Rock-Eval, the Py-GCMS analysis of gray
dolomite facies allowed detecting hydrocarbons (this was not the case for black-shales). The
Py-GCMS profiles are dominated by aromatic hydrocarbons, suggesting the presence of
residual high maturity kerogen. The “Nappe des Gypses” formation was deposited in a marine
domain submitted to evaporitic conditions during Carnien. This is consistent with the
presence of petroleum source-rocks, either as black-shale or as dolomites, which have

generated hydrocarbons during burial and metamorphism.

Such source-rock types have been deposited under evaporitic conditions similar to those

observed in other sedimentary deposits of Carnian age (Warren, 2006 and references therein).
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Upper Triassic (Carnian) age evaporitic depositional conditions are known to potentially host
sulfur rich kerogens (Cota and Baric, 1998). Therefore, they may have contained sulfur rich
kerogen which has liberated H,S during burial, a reduced sulfur species allowing the initiation
of TSR. This is in agreement with the minor oxygenated and sulfurized aromatics observed in
the stromatolitic dolomites. This hypothesis corroborates the existence of a theoretical pool of
H,S from thermal cracking H,S used in the isotopic two components mixing curve, which
served to explained the two sulfides values apart of the mixing zone between sulfates and

elemental sulfur from Névache and Bramans sites (Fig. 13A, B; see Section 5.4.2 for details).
5.2.4. The aqueous sulfur speciation

To occur, the TSR process requires the presence of dissolved intermediate sulfur valence
species to transfer the eight electrons from sulfate (S®") to sulfide (S*) (Cross, 1999; Machel,
2001; Thom and Anderson, 2008; Truche et al., 2009). The nature of these intermediate
valence sulfur species remains debated. However, a recent study has evidenced the major role
played by the radical ion S;™ in the TSR process (Truche et al., 2014). In the “Nappe des
Gypses” formation, the presence of the S;™ ions together with other polymeric sulfur species
has been demonstrated by Raman spectrometry performed on quartz-hosted fluid inclusions
present in the anhydrite facies at temperature above 100°C (Barré et al., 2017). These
intermediate stable sulfur valence species are formed at temperature >100°C when sulfates
and sulfides are both present in the aqueous phase. All the fluid inclusions hosted in the
anhydrite facies show identical sulfur-rich fluid (SO,*-H,S-Sg). Barré et al. (2017)
demonstrated that at temperature >100°C, the fluid that circulated in the anhydrite facies
contained S;” and other polymeric sulfur species at significant concentration during the

metamorphic history of the “Nappe des Gypses” allowing the TSR occurrence.
5.2.5. The composition of the residual hydrocarbons present in the fluid inclusions

It is well known that sulfate reduction alters the hydrocarbons composition (Goldstein and
Aizenshtat, 1994; Manzano et al., 1997; Kelemen et al., 2008; Zhang et al., 2008; Walters et
al.,, 2011). To an increase of the TSR rate corresponds an increase of the concentration of
aromatic, organo-sulfur and oxygenated organic compounds (Machel et al., 1995; Manzano et
al., 1997; Kelemen et al., 2008; Zhang et al., 2008; Walters et al., 2011). Sulfurized
hydrocarbons derived from sulfate reduction contain thiols, aromatic S (e.g., thiophene), and

condensed aromatic S (e.g., polynuclear thiophene; Amrani, 2014 and references therein).
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Gvirtzman et al. (2015) also described adamantanone, adamantanol, dibenzofuran and methyl
phenol as major oxidized intermediate hydrocarbons product during TSR in the Smackover
Formation (USA), and Said-Ahmad et al. (2013) observed ketones in their pyrolysis

experiments performed under representative conditions of TSR.

The organic sulfurs species observed in the “Nappe des Gypses” are present in lesser
proportion than awaited in the black shales and gray dolomite. They were probably thermally
destroyed by the metamorphism due to their low stability at high temperature allowing H,S
release (Katritzky et al., 1991-1992-1994; Krein and Aizenshtat, 1995; Amrani, 2014).
However, residual oxygenated (phenols, C;-C, phenols and dibenzofuran) and sulfurized
(thiophene) components are only found in fluid inclusions, in higher proportions than in the
dolomites. In fluid inclusions from the anhydrite facies, the hydrocarbons detected are mainly
aromatics, oxygenated aromatic compounds with minor sulfurized compound (as thiophene
and benzothiophene). Furthermore Barré et al. (2017) showed by Fourier Transformed
Infrared (FTIR) that these soluble hydrocarbons are systematically present in fluid inclusions
of all the studied outcrops, thus suggesting that the released hydrocarbons have percolated
through the entire “Nappe des Gypses” formation. The only other organic compounds found
in the “Nappe des Gypses” are aromatics, probably as kerogen, in the primary stromatolitic
dolomite (see Section 4.8.). Thus the more probable explanation is that the oxygenated and
sulfurized organic components observed in the fluid inclusions of the Nappe des Gypse

anhydrites were produced by TSR.
5.2.6. TSR typical isotopic signature

The white dolomites directly associated to sulfides present the same range of A0 but
show negative 8'°C values (down to -5.31%oppg) Whereas the recrystallized white dolomite
associated to the gray dolomite present positive 8'°C values (at 3.36%opps + 0.62; Fig. 10).
The only other carbon source of the Carnian evaporite is hydrocarbons from the stromatolitic
gray dolomites and the black shales layers. The hydrocarbons are oxidized into CO; during
sulfate reduction and CO, may be precipitated as carbonates having thus an organic 8"°C
signature (i.e. negative 8'°C values). Furthermore, the values of the 8'°C organic matter from
the black shales are around -26.31%oppg, @ much more negative than that of the white
dolomites. Therefore, the isotopic composition of the white dolomite associated to sulfides
results from mixing between organic carbon and carbon derived from the dissolution of gray

dolomites that are present in large excess compared to hydrocarbons. Moreover, petrographic
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observations (Fig. 6H) coupled to crystallization temperatures of white dolomite and sulfides
determined by isotope fractionations show that sulfides and white dolomite are formed

syngenetically (see Section 5.1.1. and 5.1.2.).

The &**S values recorded in sulfates range from 11.97 to 18.39%o s cpr. Such a range may
be due to the influence of biological processes during early diagenesis of the evaporites as it is
suggests by Boschetti et al. (2011). However, biological processes also induce an increase of
the A’®S values up to 0.2%. for the reduced sulfur by-product compared to the source
(Farquhar et al., 2007; Johnston et al., 2007). Here, all the A*S values are very homogeneous
and lie between 0.09%o and -0.02%o (Fig. 13). In addition, all the A*’S values of the reduced
sulfur species (sulfides and elemental sulfur) are equal or inferior to the initial sulfates A*’S
values (Fig. 13). Therefore, we suggest that the small variation in 8°*S is not due to biological
process. The sulfates isotopic variation simply corresponds to variation of the S isotopic value
during gypsum deposit. Such isotopic sulfates deposition variations have been already

observed in the Khuff formation of Abu Dhabi (Worden et al., 1997).
5.3. Evidences for TSR in closed system

All the fluid inclusions hosted in the anhydrite facies (noted sulfidic fluid inclusions) show
identical salinity and liquid/vapor composition and low concentration of dissolved
hydrocarbons. In addition, Grappin et al. (1979) analyzed the CI/Br, Na/Br and K/Br ratios
from fluid inclusions hosted in quartz from the Carnian evaporites of the Arc Valley. They
show a mixing between the initial evaporitic brines and the brines from halite dissolved by

water derived from the gypsum to anhydrite dehydration reaction.

The sulfated fluid inclusions hosted in the carbonates-quartz-sulfides veins and albite and
quartz associated to the micaschists layers display the same salinity, eutectic and
homogenization temperatures. However, they are depleted in H,S and CO,, and they contain
high amount of dissolved base metals (Fe, Zn, Pb and Cu). They also contain several solids of
calcite, thenardite (Na;SO4) and/or anhydrite (CaSQO4). The presence of sulfate solids is a
marker of the presence of previously high concentration of dissolved sulfates in the fluid
inclusions. Yet due to the Raman detection limit of dissolved sulfates (0.002 mol/kgm2o;
Dubessy et al., 1982; Barré et al., 2017) they were not detected. Thenardite precipitates
because the major part of the Ca is consumed by calcite and dolomite precipitation. Dissolved

metals where probably supplied by the micaschists layers. Such high metals concentrations
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are found in geothermal and metamorphic fluids (Yardley, 2005; Smith et al., 2013). This
suggest that the fluid associated to micaschist layers has high metal transport capabilities
owing to its high salinity, temperature and ideal redox conditions, which correspond to the
fluid composition percolating in the anhydrite facies (e.g., neutral to slightly acid conditions,

hematite-magnetite oxygen fugacity; see Chapitre 2 for details on the fluid geochemistry).

These observations coupled to the fact that sulfide minerals are only found in the vicinity
of the micaschists layers further support the hypothesis of a single fluid circulating within the
“Nappe de Gypses” formation. A primary highly saline, sulfate-rich fluid is generated by the
mixing of the initial marine brine and water from the gypsum dehydration. This fluid further
reacts in closed system with hydrocarbons through TSR and generates reduced sulfur species
which either remain in the fluid (sulfidic fluid inclusion) or combine with the released metals
from the micaschists layers (sulfated fluid inclusion) and allow the sulfides precipitation (as
pyrite and minor chalcopyrite) together with white dolomite and quartz (SiO, being released
from the micaschists together with metals) as showed by their similar temperature of
precipitation (see Section 5.1.). Sulfides precipitation may thus explain the H,S depletion of
the fluid trapped in the vicinity of the micaschist layers. The high metal concentration in the
fluid inclusions nearby the micaschists layers is in turn explained by the limited availability of
hydrogen sulfide (which abundance is controlled by the limited supply of hydrocarbons for
the TSR). The fact that dissolved metals remain near the micaschists is another evidence of

the absence of fluid mixing or contamination in the “Nappe des Gypses” formation.
5.4. Age and S-reservoirs mixing recorded by S isotopes fractionations
5.4.1. The Carnian age of the “Nappe des Gypses”

Carbon and oxygen isotopes values of the gray dolomites are in agreement with values of
marine carbonates described by Bowman (1998), whereas stromatolitic dolomites present
values between marine and Carnian carbonates (Veizer et al., 1999; Fig. 10). In addition, the
8°*S values obtained on sulfates from all studied sites show values consistent with the
seawater sulfates of Carnian age (6348 =15.22%0 = 1.66; Fig. 9; Claypool et al., 1981; Rick,
1990; Utrilla et al., 1992). These two stable isotopes analysis are in agreement with the age
previously determined from the presence of Equisetum fossils (Debelmas et al., 1989a; Fudral

et al., 1994).

66



Chapitre 1

5.4.2. Sulfides sources determined by multiple S-isotope analyses

Multiple sulfur isotope analyses are generally used to observe Sulfur Mass Independent
Fractionations (S-MIF). The main reaction process proposed to produce S-MIF is the SO,
photolysis (Farquhar et al., 2000a-2001; Farquhar and Wing, 2003; Savarino et al., 2003;
Baroni et al., 2007; Philippot et al., 2012; Tostevin et al., 2014). However, few laboratory
experimental studies have also proposed that the TSR process can yield significant S-MIF up
to +2.1%o in A**S (Watanabe et al., 2009), and that ion-radical pair mechanism can generated
a magnetic isotope effect to produced S-MIF up to +13.1%o for A**S (Oduro et al., 2011). In
addition, a natural study on Paleoproterozoic sediments shows anomalous sulfur fractionation
up to +1.25%o for A**S (Young et al., 2013). These S-MIF were interpreted by the authors as
resulting from the TSR process. Recent studies have also proposed that the radical ion S3™ can
generate S-MIF (Pokrovski and Dubrovinsky, 2011; Truche et al., 2014; Pokrovski and
Dubessy, 2015; Barré et al., 2017) due to its interesting symmetry properties comparable with
those of ozone that are known to be at the origin of oxygen-MIF (Gao and Marcus, 2001;
Michalski and Bhattacharya, 2009; Thiemens, 2006). However, despite the fact that the
“Nappe des Gypses” has been affected by TSR and that S;™ has existed in the fluid during its
burial-exhumation history (Barré et al., 2017), no S-MIF are observed in this formation
(A Sanhydrite= 0.03%o0 £ 0.03, ASquige 0.00%o0 =+ 0.03, A”Sgg = 0.02%o0 =+ 0.01; Table A2). This
implies that the TSR process do not systematically produced S-MIF. S-MIF induced by TSR

in natural geologic setting remains to be demonstrated.

Nevertheless, multiple S-isotopes analyses also allows to study small mass-dependent
fractionations and to determine the associated processes such as BSR, TSR, or mixing of
different S sources (Ono et al., 2006, 2007; Farquhar et al., 2007; Peters et al., 2010;
Kamyshny et al., 2014; McDermott et al., 2015).

Here, the mass fractionation exponents calculated between sulfates and sulfides (33 0504-H28)
reveal that only three samples are controlled by equilibrium exchange reactions. The other
samples present >0go,.11s values with significant deviations compared to 0.515 (up to 0.524).
Such values may be due to kinetically controlled S fractionation during the precipitation of
sulfide. However, a kinetic mechanism implies deviation of >0 at the percent level (Ono et
al., 2006). In the present study, the deviations are too small to be interpreted by kinetic

mechanism and too large to represent equilibrium reaction exchange. Alternatively, a two
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component mixing model can be used to interpret the A*™S vs 8°*S’ plots for sulfides which

are not in isotopic equilibrium with sulfates (Fig. 13).

Our mixing model considers the sulfate as well as the elemental sulfur reservoirs. A mixing
domain for the non-equilibrated sulfides may then be considered in the A*™S vs §°*S’ diagrams
for each site studied (Fig. 13). This mixing occurs between the elemental sulfur (that may also
stand for the dissolved polysulfides) and the H,S, both produced by TSR. In this
representation, all the sulfides which are not controlled by equilibrium exchange reactions
correspond to a mixing between sulfates and elemental sulfur, except for two sites. Indeed, for
Névache and Bramans two sulfides present lower A*S values than the other localities (Fig.
13A and B). For these two values, an estimated mixing curve suggests another theoretical
sulfur reservoir (than elemental sulfur) with low 83s signature around -30%oys cpr (Névache)
and -25%oys cpr (Bramans). Such low 8°*S values are consistent with values found in HS
organic source from several sour gas field (Werne et al., 2004 and references therein).
Therefore, we interpret the low &°*S signature as influenced by organic sulfur derived from
the thermal maturation of kerogen from stromatolitic dolomites and black-shales as well as
secondary cracking of sulfur bearing hydrocarbons. This results in a mixing of organic
derived sulfur pool (probably inherited from BSR occurring during sulfurization of kerogen

during sedimentation) and H,S produced by sulfate reduction.

In addition, a recent study predicts theoretical variations of the mass fractionation
exponents around 0.00003 for *°0 for equilibrium exchange reactions in aqueous systems
(Eldridge et al., 2016). Our study shows that in nature equilibrium slope deviations can reach
up to 0.00121 (Fig. 13E) during TSR. The theoretical calculations do not take into account all
the intermediate sulfur species involved in the TSR process (in particular S;~ and the other
polymeric sulfur species), and their role on mass-dependent fractionations remains to be

investigated.
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Figure 13: Plots of *'S vs. A*S for sulfates, sulfides and elemental sulfur from each studied site. Outcrops are
plotted from South to North: (A) Névache, (B) Bramans, (C) Ambin stream, (D) Solliéres I’Envers, (E) Mont-
Cenis Lake and (F) Tignes. In each site the mass fractionation exponent at equilibrium (near 0.515) between
sulfates and elemental sulfur (3 39504_58) and between sulfates and sulfides (33 0s04-1125) are calculated (show in the
insert boxes). When **6 exponent show that the minerals are in equilibrium, temperature based on A*S and
fractionation equations from Ohmoto and Lasaga (1982) and Sakai (1968) is determined for SO4-Sg (green
arrow) and SO4-H,S (red arrow) equilibriums. Grey shaded area in each site represents the calculated mixing
zone between sulfates and elemental sulfur. In (A) and (B) dashed line shows the mixing line between sulfates
and a theoretical pool of reduce sulfide (probably organic H,S produced during thermal cracking). Errors bars
represent 1o for dual-inlet mass-spectrometry measurements. Errors for 3**S are comprised within the size of the

symbols.
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5.5. Relationships between tectonic evolution, metamorphism and TSR of the Carnian

evaporites

Though no evidences of the prograde stage (the major part of the D1 event) was recorded
in the “Nappe des Gypses”, boudinage and partial dissolution of sedimentary dolomites
occurs conjointly with hydrocarbons and organic H,S generation from source-rocks.
Meanwhile, the primary gypsum is progressively dehydrated into anhydrite which produced
water (Heard and Rubey, 1966) which is then mixed with the initial marine brine trapped
during the evaporite deposition (Grappin et al., 1979). Mixing of the aqueous phase together
with hydrocarbons and organic H,S initiates the TSR process (Fig. 14A).

Since no evidence of these phenomena were found from our samples, we may suggest that
all geochemical indices of the prograde phase were erased during peak of metamorphism at
~450°C and 15 kbars. The metamorphic transformations of the sedimentary clay layers lead to
micaschist formation and K-white micas crystallization. This process releases silica, fluorine,
aluminum and base metals such as Fe and Cu. TSR reaches its maximum rate at this step (Fig.
14B). At the end of peak metamorphism, all the dissolved species liberated from the
micaschists or generated by TSR are concentrated in the available porosity of deformation
structures (tension gashes, folding and fractures in the dolomite “boudins” and the micaschists

layers).

In the late stages of DI (after the metamorphic peak) temperature and pressure start to
decrease. Thus, from the D1-D2 transition (the top-to-the north thrusting regime changes in a
top-to-the east shearing regime) to the end of the D2 event (transition between the top-to-the
east shearing regime to a westwards tilting), white dolomites and sulfides gradually
precipitate (Fig. 14C). Isotopic signatures are acquired by the mixing of different isotope
sources, yet the pool present in highest concentration in the brine will act as isotopic buffer.
Here the fluid compositions are dominated by the dissolution of the minerals inherited from
sedimentation: 1) the gray dolomite for the carbonates with 8'°C and 3'%0 values around +3%o
and +23%o, respectively, and ii) anhydrite for the sulfur-rich minerals with 8**S values around
+15%o. It implies the crystallization of white dolomites recording preferentially the isotopic
fractionation temperature between the gray and the white dolomite (which isotopic

composition is around +2%o and +18%o for 8'°C and 8'*0; Fig. 10).
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Sulfides record the isotopic signatures of the mixing between the sulfates pool and the
elemental sulfur pool generated during the prograde and the metamorphic peak with §**S
values between -5%o0 and +6%o (Fig. 13). Meanwhile, the TSR process still goes on and
continu to generate CO, having a negative 8°C signature while sulfides record the
temperature dependence of the S isotope fractionation between sulfate and sulfide. When
these components are produced in direct association with micaschists layers they immediately
precipitate thus limiting the buffering effect of the dominant fluids previously generated. It
allows the observation of white dolomite presenting negative 8'"°C values (Fig. 10) together
with sulfides in isotopic equilibrium with sulfates (characterized by their >*0 near 0.515; Fig.

13).

Finally, at the beginning of the D3 event, all the elemental sulfur crystallizes when
temperature crosses its liquid-solid phase transition around 225°C and 8 kbars (Meyer, 1976).
With 8**S values around -15%o, elemental sulfur thus records the temperature dependence of
sulfur isotope fractionation temperature relative to sulfates (Fig. 14D). At this step TSR 1is
stopped or considerably slowed down for two reasons. First no more reducing agent is
available: the source-rocks hydrocarbons potential is totally consumed (residual kerogen is at
the graphitic stage) and the soluble hydrocarbons found in the fluid inclusions are too stable to
be used by TSR (mainly aromatics). Second, the exhumation occurs fast enough to induce a

rapid temperature decrease preventing the TSR occurrence in the end of the D3 event.

All of these processes occur in a single aqueous phase in closed system. This may induce a
fluid overpressure which can help for the decollement role of the “Nappe des Gypses”. The
“lubrication” role of water associated to evaporites was already proposed (Heard and Rubey,

1966; Grappin et al., 1979; Vearncombe, 1982) and this study supports this hypothesis.
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Figure 24: Schematic representation of the metamorphic steps associated to the paragenesis and geochemical evolution during time. (A) Burial history of the early D1 event
inducing deformation and beginning of carbonates dissolution, hydrocarbons (HC) liberation and TSR beginning. (B) Metamorphic peak at the end of D1 event. It induces
base metals (mostly Fe) liberation from micaschists layers and carbonates dissolution and reprecipitation by pressure solution creep. TSR reaches its maximum rate. (C) The

D2 event marks the beginning of the exhumation and induces deformation and thrusting coupled to pressure and temperature decrease. TSR still occurs as well as sulfides and
white dolomite continuously precipitate. (D) The D3 event marks the end of the exhumation associated to eastward tilting. With the sudden drop of temperature below 200°C,

TSR stops, the last white dolomites precipitate and all the elemental sulfur crystallize.
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5.6. Geological implications

Classical petrographic and geochemical techniques are often used on natural contexts to
trace the TSR signatures (Worden et al., 1996 — 2000; Manzano et al., 1997; Yang et al.,
2001; Jiang et al., 2014). Sulfur stable isotope analysis is used in particular to determine the
sulfur source. However, this usual technique cannot shows if the TSR by-product is in the
isotopic equilibrium with the initial sulfate. This implied that the isotopic equilibrium is
attained to calculate the crystallization temperature based on A**S fractionation. The use of
multiple-sulfur isotopes measurements is required for the sake of the exercise. Here,
equilibrium sulfur isotopes fractionations between sulfates and each sulfide sample were
calculated in every studied site. Only three samples showed consistent temperatures (the three
samples in isotopic equilibrium, see Section 5.1.1.). All the other samples present
temperatures higher than the metamorphic peak of temperature, and therefore inconsistent
values. This exercise confirms that multiple isotopic analyses on natural contexts are essential
to understand the real sulfur behavior in a geological formation. To our knowledge it is the

first multiple sulfur isotope analysis in none biological derived Phanerozoic sediments.

This study opens up new perspectives on the understanding of the TSR-related
metamorphosed ore where the sulfur behavior is less known (McGowan et al., 2003;
Mandeville, 2010; Eglinger et al., 2014) and gems deposits genesis (Faryad, 2002; Giuliani et
al., 2003; Garnier et al., 2008; Feneyrol et al., 2013; Giuliani et al., 2017). Indeed, numerous
metamorphic contexts invoked meta-evaporites as source of sulfur-rich fluid circulation
required for metal transport and deposition in ore and gemstones deposits. Moreover, the TSR
process is often proposed to explain the reduced sulfur species present in all of these contexts.
In the Zambian Copperbelt the coupling of classical 5°*S (McGowan et al., 2003) and fluid
inclusions studies (Eglinger et al., 2014) support the fact that the TSR process has triggered
the sulfides precipitation. More recent evaporites formations have undergone TSR under
similar metamorphic conditions than the “Nappe des Gypses” with elemental sulfur

crystallization (Grishina et al., 1992; Alonso-Azcérate et al., 20006).

Some gemstone formations also involved meta-evaporites and TSR such as Colombian
emeralds deposits (Ottaway et al., 1994; Giuliani et al., 1995 — 2000; Cheilletz and Giuliani,
1996; Banks et al., 2000), marble-related rubies (Giuliani et al., 2003 — 2015; Garnier et al.,
2008), tsavorite deposits (Feneyrol et al., 2013) or lapis-lazuli (Hogarth and Griffin, 1978;

Faryad, 2002). In all of these contexts, fluids react in quasi-closed system and present similar
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metamorphic conditions than those observed in the “Nappe des Gypses” (Giuliani et al.,

2017).

In addition, lapis-lazuli owes its blue color to the incorporation of the trisulfur S;™ in the
sodalite cage structure with the increase of temperature (Reinen and Lindner, 1999; Gobeltz-
Hautecoeur et al., 2002; Ostroumov et al., 2002; Tauson et al., 2012). The trisulfur played a
crucial role as intermediate sulfur species in the TSR (Truche et al., 2014) and is stable under
the metamorphic conditions undergo by lapis-lazuli during its formation (Pokrovski and
Dubessy, 2015; Barré et al., 2017). However, the sulfur behavior and its role in the gems

formation remain unclear.
6. Conclusions and perspectives

The coupling of both the geochemical and the geodynamic history of the Carnian
evaporites allowed a consistent conciliation of tectonic, thermal, petrographic and
geochemical datasets to identify that the TSR process is the reaction controlling the behavior
and fate of sulfur in the "Nappe des Gypses" during Alpine orogeny. This study thus
represents a very complete documentation for the TSR reactions in the geological
environment and corroborates the reaction pathway of the TSR involving particular sulfur
speciation (Truche et al., 2014; Barré et al., 2017). The classical petrographic approach
associated with a detailed study of fluid inclusions, stable isotopes (S, C, O) and organic
matter allowed to determine the main reagents in the studied formation. These different
approaches demonstrate that only a single fluid has circulated throughout the formation,

suggesting that the "Nappe des Gypses" reacted in a closed system.

This study opens up new perspectives on the understanding of the TSR-related
metamorphic ore, in particular gems deposits genesis. The coupling of the classical analytic
techniques to multiple isotopic analyses in these metamorphic contexts could resolve the
sulfur behavior and its role in the formation of gems in meta-evaporites-related geologic

settings.
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Chapitre 1A. Supplementary material

Table Al: Microthermometric and Raman spectroscopic results on 56 fluid inclusions from the “Nappe des Gypses” formation. Nd = not determined; 7h = Homogenization
temperature; Te = eutectic temperature; 7m,.. = ice melting temperature.

Microthermo. - . cqy . .
Samples GPS Locali Host Th Te Tmi. total salinity wt%  wt% :f,(?lll)l(r);/ehlflalgg infllllll;?on f(l)lrlllld (l)lsllctlll;;l(::
P localisation ty mineral (°C) (°C) (°0O) (wt% eq. NaCl CaC(Cl, o P o
NaCl) at 25°C type 25°C
MC.5.1t3 46505154,(;526,,5 Mont-Cenis  Quartz - -68.8 -28.1 28.0 13.1 14.8 3% Sulfated nd
45°14'56"N . . Sulfated
MC.5.1 t4 6°55'02"E Mont-Cenis  Quartz - -73.0 -35.7 - - - 8% nd
MC.5.1 t5 4650 5154(;5265 Mont-Cenis Quartz ~ 256.4 -75.7 -36.6  44.6 32.4 12.2 5% Sulfated nd
45°14'56"N . . Sulfated
MC.5.2 t1 6°55'02"E Mont-Cenis  Quartz - -68.4 - - - - 9% nd
MC.5.2 2 4650 5154 05265 Mont-Cenis Quartz -  -66.1 -36.1 ] ] ] 3% Sulfated 6y - \,: Halite
45°14'56"N . o Sulfated CO,; N»; Halite;
MC.5.2 t3 6°55'02"F Mont-Cenis  Quartz - -64.4 - - - - 9% Sulfate solid
MC.5.2 t4 4650 5154,0526,,5 Mont-Cenis Quartz -  -678 219 - ] ] 10% Sulfated COx N,
MC.5.2 t5 4650 515“526%\1 Mont-Cenis  Quartz - -66.4 -383 - - - 3% Sulfated 6y - \,: Halite
45°14'56"N . o Sulfated CO,; N,; Halite;
MC53t1 ooy Mont-Cenis  Quartz  >230 -65.4 -34.1 373 21.5 15.8 4% Caloite
45°14'56"N . o Sulfated N,; Halite;
MC.5.3 t2 6°55'02"E Mont-Cenis  Quartz ~ >250 -70.4 -29.8 - - - 4% Hematite
45°14'56"N . o Sulfated  Halite; Calcite;
MCS3-1t1 “ooooup  Mont-Cenis  Quartz 2632 -69.4 -36.9 462 34.9 112 4% Thonardite
MC.5.3-1 t2 4650 5154, 0526,,5 Mont-Cenis  Quartz ~ 262.3 -69.8 -34.6  44.7 33.5 113 9% Sulfated N,; Halite
MC.5.3-1 t3 4650 515405261? Mont-Cenis ~ Quartz - =685 -356 - - - 10% Sulfated 11 ite: Calcite
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MC.5.3-1 t4 46551540526§ Mont-Cenis  Quartz  233.6 - - ; ] ] 8% Sulfated TigéarNdfte
MC.5.3-2 t1 465005154,'0526,:%\1 Mont-Cenis  Quartz ~ 276.4 -67.2 -344 298 8.9 20.9 8% Sulfated ) . N, Halite
MC.5.3-2 2 46551540526§ Mont-Cenis  Quartz 2869 -67.0 -37.5  40.6 25.1 15.5 5% Sulfated ) . N, Halite
MC.5.3-2 63 465515405265 Mont-Cenis Quartz -  -669 -314 289 104 185 ] Sulfated nd
MC.5.3-3 t1 465:5154,'0526,%\1 Mont-Cenis  Quartz  260.6 -48.6 -24.7 - - - 6% Sulfated 5 . \,: Halite
MC.5.3-3 t2 46551540526§ Mont-Cenis Quartz -  -574 250 - ] ] 7% Sulfated nd
MC.5.3-4 t1 465005154,'0526,%\1 Mont-Cenis  Quartz - - - - - - 10% Sulfated . Halite
MC.5.3-4 t2 4650051 ;;)526,:%\1 Mont-Cenis  Quartz - - - - - - 8% Sulfated CO»; Ny; Halite
MC.5.3-4 t3 465515405265 Mont-Cenis Quartz 2764 - - ] ] ] 10% Sulfated nd
MC.5.3-4 t4 465"051 54,'6526,:%\1 Mont-Cenis  Quartz - - - - - - - Sulfated CO,; Thenardite
Am. 1 ql 42£§IEN ‘:;;L‘Z;E quartz 2931 -52.0 -294 282 1.7 165 4% Sulfated Theﬁ:{giet;"ffoZ;
Am. 1q2 421‘?§§1EN 3;‘;2’:2 quartz 2443 -582 -28.0  33.7 21.5 12.1 6% Sulfated Theﬁ:{gi‘eﬁfoﬁ
Am. 1 q3 42}%219 ‘:gre":;l quartz 2931 - - ; ; ; ; Sulfated o5 - palite
Am.1t1 42;§§1EN ‘:;?;ZI‘E quartz 2045 - - ; ; ; 7% Sulfated nd
Am. 1Al 42£§1EN 3;2:;1 quartz 2034 - - - - - - Sulfated nd
Am. 2 pl 422}‘%%,1,;:}1 ‘:;?;Z;l Quartz - - - - - - - Sulfated Dissolved salts
Am. 2 t1 42£§1EN 222113 Quartz - 520 -264 274 151 123 9% Sulfated nd
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45°1321"N

Ambin

Sulfated

Am. 11 t4 6°48'5"F stream quartz 144.2 - - - - - 9% CO,; Halite
45°1321'N Ambin . Sulfated
Am 111 ®2 SO quartz - S ; ; ; 5% o,
tGasze O UN Bamans  Abite 3403 - - . . . 6% Sulfated 0,: Ny; Halite
tGas3ar D OHN Bramans  Abite 3206 - - i . . . Sulfated ¢, Halite
tG.15.3 A2 4650 4153 41:,,%\1 Bramans  Albite 3302 - - - - - 11% Sulfated 0, Halite
asie D UN Bamans  Abite 3368 495 237 387 342 45 4% Sulfated CO,
45°13'14"N . Sulfated
tG.15.1 2 6°45'44"F Bramans Albite - - =237 26.7 19.7 7. 7% nd
tGasae D UN Bamans  Abite - 475 232 266 210 56 8% Sulfated CO,
45°13'14"N . Sulfated
tG.15.1 t4 6°45'44"E Bramans Albite - - =234 - - - 8% nd
tG.16 t1 4650 4153 41:,,1? Bramans  Quartz 1243 -52.3 -225  43.0 41.0 2.1 10% Sulfated N,; Halite
tG.16 €2 4650 4153 41;‘,,5 Bramans  Quartz 1523 -52.5 224 260 223 3.7 7% Sulfated COx N>
{G.16 (3 4650 4153 41:,,5 Bramans  Quartz 1477 -51.7 -255  27.3 166 107 7% Sulfated 1y 1 ardite
{G.16 t4 4650 4153 41;‘,,5 Bramans ~ Quartz 1482 -58.5 -284 473 407 65 8% Sulfated o) - \fagnetite ?
45°15'6'N N . .
So0.6 Al 6°49'T"E Solliéres Fluorite 168.2 -65.9 -25.5 59.9 58.9 1.0 5% Sulfidic nd
So6a2 PO Sollieres  Fluorite - 534 266 - i i 4% Sulfidic nd
So.61tl  WISON . giisres  Fluorite - -57.5 -255 313 21.8 9.5 20% Sulfidic  B(OH)s; CO; Ny;
6°49'T"E H,S
45°15'6"N ) . Sulfidic  B(OH)s; CO;
So0.6.1 2 6°49'T"E Solliéres Fluorite - - - - - - - H,S
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Table A2: Multiple sulfur isotopes compositions (in %o) on sulfur-bearing minerals from each studied site.

Sample Mineral 8S-CDT +033 §'S-CDT +034 &°S-CDT *036 APS A¥S
Névache
Né.1.1 Anhydrite 6.13 0.013 1197  0.006 2293  0.068 -0.02 0.07
Né.1.2 Anhydrite 8.02 0.012 1564  0.007 3026  0.030 0.00 0.34
Né.2 Pyrite 2.06  0.005  -399  0.006 -626  0.116 0.00 131
Né.3.1 Pyrite 1.15 0.008 2.34 0.006 4.52 0.092 -0.06 0.06
Né.3.2 Pyrite 1.15 0.010 2.36 0.005 4.56 0.083 -0.06 0.08

N¢é.S8.1  Elemental sulfur  -7.09 0.013 -13.71 0.008 -24.82 0.255  0.00 1.06
N¢.S8.2  Elemental sulfur  -6.97 0.008 -13.51 0.006 -25.29 0.070  0.01 0.22

Bramans

tG.1.1 Anhydrite 8.49 0.019 16.43 0.035 30.5 0.115 0.06 -0.95
tG.1.2 Anhydrite 7.80 0.014 15.08 0.011 27.74 0.091 0.06 -1.11
tG.11 Anhydrite 7.29 0.012 14.07 0.012 25.88 0.075 0.06 -1.04
tG.16.1 Gypsum 8.52 0.006 16.57 0.012 31.6 0.162 0.02 -0.11
tG.12.1 Pyrite -0.15 0.009 -0.30 0.002 -0.41 0.128  0.00 0.16
tG.12.2 Pyrite 0.08 0.012 0.08 0.004 1.59 0.38 0.04 1.45

tG.16.52 Chalcopyrite 3.31 0.013 6.47 0.006 12.57 0.132  -0.02 0.23
tG.S0.1 Elemental sulfur  -8.22 0.011 -16.00 0.009 -31.03 0.111 0.05 -0.85
tG.S0.2  Elemental sulfur  -7.83 0.013 -15.26 0.004 -29.74 0.030  0.06  -0.95

Ambin stream

Amb.4.50.1 Anhydrite 7.54 0.036 14.52 0.041 26.70 0.178  0.09 -1.07
Amb.4.S0.2 Anhydrite 9.49 0.012 18.39 0.011 34.19 0.064 0.06 -1.04
Amb.1 Gypsum 7.19 0.014 13.99 0.004 26.63 0.084  0.01 -0.11
Amb.2.1 Pyrite 3.56 0.017 6.84 0.017 12.12 0.105 0.04 -0.92
Amb.2.2 Pyrite 3.48 0.009 6.77 0.002 13.17 0.089  0.00 0.28
Amb.4.82.1 Pyrite -0.91 0.006 -1.88 0.006 -4.53 0.092 0.05 -0.97
Amb.4.52.2 Pyrite -0.55 0.015 -1.18 0.022 -3.10 0.098 0.06 -0.86
Amb.B.S.1 Pyrite 0.91 0.009 1.77 0.006 4.18 0.358  0.00 0.82
Amb.B.S.2 Pyrite 0.82 0.005 1.62 0.003 3.23 0.066  -0.01 0.15

Amb.3.1  Elemental sulfur  -7.40 0.007 -14.34 0.007 -26.03 0.324  0.01 1.03
Amb.3.2  FElemental sulfur  -7.10 0.010 -13.77 0.005 -25.82 0.133  0.01 0.18

Solliéres-1'Envers

So0.D.1.50 Anhydrite 7.95 0.014 15.47 0.006 29.71 0.090  0.02 0.12
aSo.3 Anhydrite 7.66 0.006 14.91 0.008 28.70 0.217  0.01 0.18
0S0.2.2 Pyrite -2.82 0.008 -5.44 0.011 -9.49 0.273  -0.01 0.82

S0.S50 Elemental sulfur ~ -6.62 0.011 -12.90 0.014 -25.43 0.124  0.04 -1.06
0S0.2.3  Elemental sulfur  -6.80 0.011 -13.17 0.003 -24.24 0.191  0.00 0.63
So.4 Elemental sulfur ~ -7.68 0.010 -14.90 0.002 -27.42 0.204  0.02 0.71
S0.D.1.S8  Elemental sulfur  -8.64 0.006 -16.72 0.005 -30.82 0.217  0.01 0.71

Mont-Cenis Lake

MC.2 Anhydrite 8.33 0.008 16.20 0.008 30.71 0.122  0.02 -0.30
MC.4.S0.1 Anhydrite 7.21 0.011 14.00 0.004 26.74 0.111  0.02  -0.03
MC.4.S0.2 Anhydrite 8.88 0.011 17.28 0.005 32.76 0.074  0.01 -0.33

MC.3.1.1 Pyrite 3.10 0.005 6.04 0.006 11.68 0.076  0.00 0.17

MC3.1.2 Chalcopyrite 2.29 0.007 4.45 0.004 8.47 0.111 0.00 0.00
MC3.1.3 Chalcopyrite 2.24 0.012 4.34 0.005 8.79 0.192  0.01 0.53
MC.4.S8  Elemental sulfur  -7.36 0.010 -14.25 0.004 -25.95 0.220  0.01 0.96

Tignes
Ti.1.SO Anhydrite 8.36 0.007 16.27 0.006 32.40 0.093  0.02 1.26
Ti.2.SO Anhydrite 6.56 0.015 12.74 0.006 24.52 0.052  0.02 0.17
Ti.3.1 Pyrite 2.06 0.007 4.03 0.010 8.31 0.171  -0.02  0.64
Ti.3.2 Pyrite 1.77 0.010 3.48 0.008 6.87 0.081 -0.02 0.25

Ti.1.88.1  Elemental sulfur  -9.52 0.009 -18.43 0.006 -33.71 0.230  0.02 1.01
Ti.1.88.2  Elemental sulfur  -9.72 0.005 -18.82 0.004 -34.69 0.175  0.02 0.77
Ti.2.S8  Elemental sulfur  -8.98 0.011 -17.39 0.005 -32.79 0.123  0.01 -0.01
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Table A3: Carbon and oxygen isotopic compositions of dolomites samples from each studied site.

. . 3"0 3" C
Samples Mineral Locality (% V-SMOW) to (%, V-PDB) to
So.1.1 White dolomite Solliéres 1'Envers 19.38 0.03 343 0.03
19.38 0.04 3.46 0.02
So.1.2 Gray dolomite Solliéres 1'Envers 22.06 0.03 332 0.01
21.90 0.03 3.31 0.02
So.2 Gray dolomite Solliéres 1'Envers 23.55 0.01 3.40 0.01
So.3.1 White dolomite Solliéres 1'Envers 19.80 0.03 3.30 0.02
19.81 0.03 3.31 0.02
So0.3.2 Gray dolomite Solliéres 1'Envers 22.87 0.02 3.36 0.03
22.77 0.04 3.40 0.02
So.4.1 White dolomite Solliéres 1'Envers 19.77 0.04 3.50 0.02
21.08 0.05 3.07 0.02
So0.4.2 Gray dolomite Solli¢res 'Envers 22.77 0.04 3.57 0.03
22.17 0.07 3.86 0.04
So.5 Gray dolomite Solliéres 1'Envers 24.00 0.06 3.79 0.04
So.D.1.1 White dolomite Sollieres 1'Envers 20.77 0.07 3.79 0.04
So.D.1.2 Gray dolomite Solliéres 1'Envers 24.67 0.06 3.06 0.03
So.D.2 Gray dolomite Solliéres 1'Envers 24.01 0.07 4.01 0.04
So.D.3 Gray dolomite Solliéres 1'Envers 23.95 0.07 4.02 0.04
0So.2.1 White dolomite Solliéres 1'Envers 15.31 0.06 1.83 0.03
15.21 0.08 1.85 0.04
Gray dolomite Solli¢res 'Envers 22.36 0.05 3.01 0.03
0S0.2.2 22.27 0.06 2.96 0.04
aSo.3 White dolomite Solliéres 1'Envers 16.78 0.06 2.71 0.03
16.63 0.06 2.72 0.04
tG.1 Gray dolomite Bramans 25.12 0.03 3.83 0.02
tG.2 Gray dolomite Bramans 25.46 0.02 2.92 0.02
tG.3 White dolomite Bramans 18.34 0.02 -5.21 0.03
associated to sulfides 18.39 0.04 -5.31 0.02
tG.4 Gray dolomite Bramans 23.98 0.03 3.46 0.02
23.83 0.02 341 0.02
tG.5.1 White dolomite Bramans 20.29 0.04 1.19 0.02
tG.5.2 Gray dolomite Bramans 23.59 0.02 1.04 0.01
tG.6.1 White dolomite Bramans 18.10 0.05 0.60 0.05
17.13 0.05 1.04 0.05
tG.6.2 Gray dolomite Bramans 23.45 0.02 3.52 0.01
tG.6.3 Gray dolomite Bramans 23.55 0.03 2.79 0.01
23.34 0.03 2.75 0.03
tG.7.1 White dolomite Bramans 18.57 0.04 3.20 0.03
18.68 0.07 3.12 0.04
tG.7.2 Gray dolomite Bramans 24.99 0.05 3.68 0.03
25.02 0.09 3.64 0.04
tG.8.1 White dolomite Bramans 17.31 0.05 2.58 0.03
tG.8.2 Gray dolomite Bramans 26.35 0.05 2.97 0.03
tG.9 Stromatolitic dolomite Bramans 24.70 0.06 3.88 0.05
tG.10.1 White dolomite Bramans 14.42 0.10 1.30 0.08
15.37 0.13 1.56 0.06
tG.10.2 Gray dolomite Bramans 22.64 0.02 3.72 0.01
22.60 0.02 3.70 0.02
tG.10.3 Gray dolomite Bramans 21.06 0.05 3.52 0.03
21.06 0.04 3.50 0.03
tG.11.1 White dolomite Bramans 19.87 0.09 1.14 0.05
19.58 0.06 1.14 0.05
tG.11.2 Gray dolomite Bramans 21.84 0.06 1.36 0.04
tG.12 White dolomite Bramans 19.82 0.07 1.82 0.04
19.81 0.06 1.84 0.05
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tG.13 White dolomite Bramans 19.03 0.07 -1.90 0.04

associated to sulfides 19.15 0.07 -1.98 0.05

tG.14 Stromatolitic dolomite Bramans 26.23 0.02 4.09 0.02

26.31 0.04 4.10 0.02

MC.1.1 White dolomite Mont-Cenis lake 19.08 0.07 3.46 0.04

19.16 0.09 3.55 0.06

MC.1.2 Gray dolomite Mont-Cenis lake 22.11 0.07 3.63 0.04

Mont-Cenis lake 22.02 0.07 3.62 0.04

MC.2 Gray dolomite Mont-Cenis lake 24.94 0.05 4.19 0.04

MC.3.1 White dolomite ;0 Cenis lake 19.56 0.08 -4.03 0.06
associated to sulfides

MC.3.2 White dolomite Mont-Cenis lake 19.98 0.08 -3.89 0.03
associated to sulfides

MC.3.3 Yellow dolomite Mont-Cenis lake 19.24 0.01 1.54 0.02

19.80 0.03 2.24 0.02

MC.3.4 White dolomite Mont-Cenis lake 19.79 0.11 -2.17 0.07

associated to sulfides 20.16 0.04 -2.29 0.03

MC4.1 White dolomite Mont-Cenis lake 21.81 0.06 3.86 0.03

MC.4.2 Stromatolitic dolomite =~ Mont-Cenis lake 24.12 0.06 4.10 0.04

Ne.l Gray dolomite Névache 23.59 0.06 3.52 0.03

23.67 0.04 3.56 0.03

Amb.1.1 White dolomite Ambin stream 17.08 0.06 3.79 0.03

16.96 0.06 3.85 0.03

Amb.1.2 White dolomite Ambin stream 20.19 0.04 1.12 0.02

20.76 0.02 1.33 0.02

Amb.2 White dolomite Ambin stream 20.68 0.02 -2.80 0.02

associated to sulfides 20.77 0.04 -2.83 0.02

Amb.3.1 White dolomite Ambin stream 17.98 0.05 1.78 0.03

Amb.3.2  Stromatolitic dolomite Ambin stream 25.50 0.05 4.04 0.02

Amb.4 White dolomite Ambin stream 16.98 0.03 2.18 0.02

Ti.1 Stromatolitic dolomite Tignes 25.03 0.07 4.19 0.04

25.31 0.07 4.20 0.04

Ti.2 Gray dolomite Tignes 23.55 0.06 3.51 0.04

23.35 0.08 3.46 0.04

Ti.3 Stromatolitic dolomite Tignes 26.46 0.04 3.96 0.02

26.49 0.05 4.00 0.04
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Figure Al: Authigenic albites incorporated in gray dolomite associated to micaschists layers. Pyrite crystals are
also observed in association to the micaschists. Anh = anhydrite; Py = pyrite; Ab = albite; G-Dol = gray
dolomite.
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Le Chapitre 2 intitul¢ "First evidence of the trisulfur radical ion S;~ and other sulfur

polymers in natural fluid inclusions", est un article publié¢ dans le journal Chemical Geology.

L'objectif de cette étude est de mettre en €vidence les especes de valence intermédiaire du
soufre dans des fluides naturels et en particulier, l'ion radicalaire S;". L'originalité de cette
¢tude réside dans l'analyse in-situ a différentes températures (entre 25°C et 350°C) par
spectroscopie Raman couplée a une platine microthermométrique, de chaque phase présente
dans les inclusions fluides contenant uniquement des sulfates et des sulfures (avec parfois du
soufre élémentaire) a 25°C. Les inclusions fluides étudiées proviennent principalement des
évaporites carniennes des Alpes francaises et les analyses présentées ici viennent donc
compléter I’étude présentée au Chapitre 1. Des standards de différentes concentrations de
solutions soufrées (sulfatées ou sulfurées), ont permis de produire des coefficients de
calibration basés sur l'intégration des aires de pics des spectres Raman pour chacune des
especes analysées. Ces coefficients de calibration ont ensuite ét¢ appliqués sur les spectres des
especes soufrées provenant des inclusions fluides, permettant ainsi la mesure de la
concentration des dites espéces dans des inclusions individuelles et a température donnée. A
noter qu’une étude préliminaire d’inclusions fluides provenant d’autres environnements

géologiques qui ont aussi révélé la présence de 1’ion S;™ est également jointe a ce chapitre.
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Abstract

Sulfur plays a key role in numerous processes occurring in the Earth’s crust. However, its
speciation in deep and hot geological fluids remains poorly constrained. Here, we used
quantitative in-situ Raman spectroscopy on natural fluid inclusions from deep sedimentary
environments where thermochemical sulfate reduction (TSR) occurred to determine the sulfur
speciation at temperatures representative of their entrapment conditions (100-300°C). Results
unambiguously demonstrate the presence of the trisulfur ion S5~ and other polymeric S species
(Sa> £S,°) at temperature (T) > 100°C, whereas only sulfide and sulfate were detected at
25°C. From 200 to 300°C, sulfate and sulfide, the two dominant S species, contribute to 41 +
9% and 59 £ 9% of the mean total dissolved S concentration ([Stot] = 0.25 mol/kgpnz0 = 0.8
wt%), respectively. The S;™ concentration accounts for 0.2 to 3% of Stot in this T range, with
a maximum recorded concentration of 2.9x107 mol/kgmo (2780 ppm) at 300°C. This
observation implies that the TSR process occurs under physico-chemical conditions that
enhanced the stability of S;” and other polymeric S species. This conclusion has important
consequences for the genesis of base metal sulfide deposits and sour gas fields where reduced

sulfur originates from TSR.

Keywords: S;7; Fluid inclusion; Raman spectroscopy; Sulfur speciation; Thermochemical

Sulfate Reduction

1. Introduction

Sulfur speciation and concentration in deep basinal brines play a crucial role in the
formation of sour (H,S-bearing) gas field (Orr, 1974; Worden and Smalley, 1996; Machel,
2001; Walters et al., 2015; Cai et al., 2016) and the genesis of many sedimentary-hosted ore
deposits (Heydari and Moore, 1989; Basuki et al., 2008; Thom and Anderson, 2008). One of
the most important reactions controlling the sulfur behavior in deep sedimentary
environments is the abiogenic reduction of sulfate to sulfide coupled with the oxidation of
hydrocarbons, which is termed thermochemical sulfate reduction (TSR). This reaction occurs
at temperature above 100-140°C and is under strong kinetic control (Kiyosu and Krouse,
1993; Goldhaber and Orr, 1995; Cross et al., 2004; Thom and Anderson, 2008; Zhang et al.,
2008; Truche et al., 2009; Yuan et al., 2013). The sulfur speciation has also a major impact on

the rate and extent of TSR, because both the reactivity of dissolved sulfate compounds (e.g.
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SO42', HSOy, CaSO4O, MgSO4O) and the relative stability of intermediate valence sulfur
species (e.g. thiosulfate, polysulfides, labile organic sulfur compounds) drive the electron
transfer from S to S* (Goldstein and Aizenshtat, 1994; Cai et al., 2003; Amrani et al., 2008;
Ma et al., 2008; Gvirtzman et al., 2015). Most of our knowledge of sulfur speciation in saline
brines from deep burial diagenetic environments relies on measurements made on quenched
fluids from surface springs, water/oil production wells, and fluid inclusions entrapped in
minerals. Sulfate and sulfide are the dominant dissolved sulfur species in these environments,
with concentrations up to 0.5 mol/kgy,0 (Boiron et al., 1999; Horita et al., 2002; Worden et
al., 2003). Other intermediate valence sulfur species such as sulfite (SO5"), thiosulfate (S,05*
), polythionates (Sn0¢%), polysulfides (S,Y) or dissolved elemental sulfur (S°) have been
found in surface hydrothermal springs, and sulfide rich water well (Boulégue, 1978; Takano,
1987; Webster, 1987; Veldeman et al., 1991; Takano et al., 1994; Xu et al., 1998; Kamyshny
et al., 2008; Nordstrom et al., 2009; Kaasalainen and Stefansson, 2011). However, their
speciation and concentration may not reflect the true sulfur chemistry in deep geological
fluids that is known to be very sensitive to temperature (T), pressure (P), redox, and pH

conditions (Giggenbach, 1974; Ohmoto and Lasaga, 1982; Barnes, 1997).

The recent discovery of the trisulfur ion S;” in aqueous S-rich fluids from laboratory
experiments using in-situ Raman spectroscopy at T > 200°C, acidic-to-neutral pH (2-6), and
redox condition enabling coexistence of sulfate and sulfide has challenged our interpretation
of sulfur behavior in hydrothermal fluids (Pokrovski and Dubrovinsky, 2011; Chivers and
Elder, 2013; Jacquemet et al., 2014; Truche et al., 2014; Pokrovski and Dubessy, 2015).
Nevertheless, little attention has been given to the sulfur speciation in natural geological
fluids, and the concentration of intermediate sulfur species at relevant T-P is unknown. To our

knowledge there is no study on sulfur speciation in natural fluid inclusions at elevated T.

Here, we performed quantitative in-situ analysis of sulfur speciation in well-preserved
natural fluid inclusions from a geological setting where TSR occurred. We used in-situ
Raman spectroscopy coupled to a heating stage to analyze samples under temperatures

representative of their entrapment conditions.
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2. Geological setting

For the purpose of this study, rock samples were selected from the Carnian evaporites
(upper Triassic), named “gypse nappe” formation, outcropping in the Arc Valley (French
Alps), between Modane and Sollie¢res-1’Envers (Fig. 15). This geological formation exposes
to the surface a world-class evidence of TSR occurrence in previously deeply buried
evaporites, with coexistence of sulfate (anhydrite), sulfide (pyrite), and native sulfur at both
macro (Fig. 16) and microscopic scale (not shown). The Carnian evaporites belong to the
Triassic formation marking a major Alpine structural discontinuity between the Permian
basement and the allochtonous Piedmont unit of Cretaceous age (Fig. 15, see also Debelmas
et al.,, 1989a; Strzerzynski et al., 2012 and reference therein). They are characterized by
massive anhydrite embedding dolomite layers and smaller intercalations of micaschist.
Elemental sulfur occurs as vugs within the anhydrite or associated to the white well-
crystallized dolomite as fracture infillings within the brownish cryptocrystalline dolomite
layers. Fluorite and quartz crystals (mm to cm in size) are also found disseminated within the
anhydrite or the brownish cryptocrystalline dolomite (Fig. 16b). The Carnian formation is
tectonically deformed. Anhydrite shows schistosity and folding while dolomite shows
boudinage levels from still recognizable layers to totally isolated blocs. The formation has
been affected by the Modane-Aussois metamorphic event that recorded an isothermal
exhumation during the Paleogene. The peak of metamorphism led to maximum temperature
and pressure around 350°C and 7.5 kbar (Gabalda et al., 2009; Lanari et al., 2012;
Strzerzynski et al., 2012). The fluid inclusions studied here are preferentially located in the
anhydrite + quartz + fluorite veins that intersect the dolomitic “boudins”, and are distributed
in plane, clusters or as isolated inclusions. They do not display any deformation. These
textural features strongly suggest that the fluid inclusions were trapped during the retrograde

metamorphic pathway under brittle conditions, and not during the prograde pathway.
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Figure 15: Simplified geological map of the Arc Valley (France) with the sampling locations (modified from
Debelmas et al., 1989b).

Figure 16: (a) Typical outcrops of the sampled Carnian evaporite from the Arc Valley (France) showing
schistosity in the anhydrite and up to 2 m in diameter dolomitc “boudins”. (b) Uncolored to purple fluorite
crystals in association with native sulfur disseminated in anhydrite or located in fractures affecting the
cryptocrystalline dolomite. (c) Native sulfur occurrence in association with anhydrite and dolomite. (d) Pyrite
associated to anhydrite and crystalline white dolomite. Abbreviations: CcD = cryptocrystalline dolomite; Anh =
anhydrite; S = elemental sulfur; F1 = fluorite; WD = white dolomite; Py = pyrite.

92



Chapitre 2

3.Samples and methods

3.1. Choice of the host mineral

The natural fluid inclusions studied here are hosted in quartz, fluorite or anhydrite. Quartz
and fluorite minerals are present as small crystals (100 um to 1 cm of diameter) embedded in
the anhydrite matrix. Fluorite is the best host mineral to study sulfur speciation by Raman
spectroscopy, because of the absence of peaks overlap between fluorite and sulfur species.
However, thermal dilatation of fluorite may slightly change the liquid-vapor ratio in the fluid
inclusion (Bodnar and Bethke, 1984) and therefore change the sulfur speciation at elevated T.
Having in mind this limitation, and despite the fact that the evolution of sulfate and sulfide
concentration in quartz hosted fluid inclusions are identical within errors to those measured in
fluorite, we advise the reader that our quantitative concentration measurements of the various
sulfur species concentration in fluorite-hosted fluids inclusions at T above 200°C are given
for indicative purpose. Quartz has a lower thermal expansion than fluorite, but it has some
Raman peaks in the low wavenumber region that may hide the potential presence of
polymeric sulfur species. No fluid inclusions hosted in anhydrite were retained for sulfur
speciation investigations, owing to numerous peaks overlap between the host mineral and the

dissolved sulfur species.
3.2. Fluid inclusions analysis

A total of 72 fluid inclusions from 3 different outcrops located in the Arc Valley (Fig. 15
and Supplementary Table Bl and B2) were analyzed by microthermometry, Raman
spectrometry, and Fourier Transform Infrared spectrometry (FTIR, specific details in the
Supplementary material). The salinities and homogenization temperatures (71,) of the fluid
inclusions were obtained by microthermometry and Raman spectroscopy. Raman analyses
were performed at 25-300°C using a heating stage in order to study in-sifu the composition of
the trapped paleofluids. External standard solutions of HSO4, SO.”, and H,Sq, were
performed to establish Raman calibration coefficients allowing quantitative analysis of each
of these sulfur forms. Calibration coefficients of S;~ were derived from Pokrovski and

Dubessy (2015). The complete analytical procedure is described below.
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3.2.1. Microthermometric analysis

Microthermometric measurements were performed on a Linkam THMSG600 heating-
cooling stage connected to an Olympus BX51 microscope allowing the analysis of fluid
inclusions above 5 pum in size. Homogenization temperatures and salinities were deduced
from these measurements. The stage was calibrated using natural and synthetic fluid inclusion
standards with the following phase transitions: the melting temperature of a CO;, = Ar mixture
at -56.9°C, the ice melting and the critical homogenization temperatures of pure H,O at 0.0
and 374.0°C, respectively. According to the calibration curves, temperatures of phase changes

have an accuracy of about +0.1°C for ice melting and +1°C for total homogenization.

The composition of fluid inclusions in the H,O-NaCl-CaCl, system was calculated using
the Microsoft Excel-based calculation sheet of Steele-MacInnis et al. (2011). We used the
combination of the measured temperatures of the final dissolution of halite and dissociation of

hydrates, hydrohalite (NaCl-2H,0) or antarcticite (CaCl, -6H,0), as input parameters.

All studied fluid inclusions homogenize into the liquid phase. Total homogenization
temperatures (T;) were measured in fluid inclusions hosted in quartz. Fluorite and anhydrite-
hosted fluid inclusions are not suitable for 73, measurements because of the deformation of the
crystal, and change of the internal volume of the inclusion upon heating (Bodnar and Bethke,
1984; Vanko and Bach, 2005). However, their 7} are also given in Fig. 17 and Table B1 for

indicative purpose.

The fluid inclusions liquid-vapor ratio was estimated on two-dimensional sections by
measurements of the greatest area fraction for liquid and vapor phase for each fluid inclusion

using Imagel (free software at http://rsb.info.nih.gov).
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Figure 17: Microthermometry results of fluid inclusions from the Arc Valley (France). (a) Histogram of
homogenization temperatures (Th). (b) Histogram of last ice melting temperatures (Tm ice).

Raman spectra were recorded at the GeoRessources laboratory (Nancy, France) with a
Labram HR spectrometer (®Jobin-Yvon, Horiba) coupled with a heating-stage dedicated to
fluid inclusion (®Linkam, THMS-600) or capillary (*Linkam, CAP 500) studies. Raman
spectra were mainly obtained using the 514 nm (green) Ar' laser excitation, with a laser
power of 200 mW implying a maximal laser power at the sample around 20 mW. Some

spectra were also recorded at lower laser power (0.7 to 7 mW at the sample) using filters, and
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compared with the full power spectra to ensure the absence of laser-induced phenomena such
as sample overheating or photochemical reaction. Some spectra were also obtained with the
488 nm (blue) line of the Ar™ laser for a better identification of sulfur species exhibiting
Raman resonance phenomena such as Ss’, Snz' or Sno ions (Steudel, 2003). As demonstrated by
Pokrovski and Dubessy (2015), the use of multiple excitation wavelengths allows more robust
identification and quantification of sulfur species that exhibit Raman resonance phenomena,
such as S3’, because their Raman signal is selectively enhanced at specific laser wavelengths,

whereas that of non-resonant species such as sulfate and sulfide is little affected.

The spectrometer was calibrated using the Raman stretching vibrations of a Si wafer
(520.7 cm™ at 20°C), and oxygen (1555 cm™) and nitrogen (2331 cm™) gas from the air. The
acquisition was performed using a grating of 1800 lines/mm, a slit width of 200 um and a
confocal hole of 500 um providing a spectral resolution of 0.5 to 1 cm™. Spectral acquisition
was collected with a time of 15 to 60 s per spectral window and 2 to 4 accumulations in the
wavenumber interval 100 to 4200 cm™. The use of an Olympus 100x objective coupled to the
Raman spectrometer, allowed the identification of the different phases (solid, liquid and
vapor) present in the fluid inclusions and to analyze them with a 1 um laser spot size on the
sample. In addition, the focus was tuned to optimize the intensity of the water O-H stretching
band between 2800 and 3700 cm™. The ratio of the area of a Raman band of an aqueous
solute to the OH stretching band of water is proportional to the solute concentration in the
molarity scale at each temperature. Raman spectra were processed using the LabSpec 5.64.15
software (®Jobin-Yvon, Horiba). This software allows the baseline-subtraction and peak
integration with a combination of Lorentzian and Gaussian functions (pseudo-Voigt function)

to determine precisely the frequency position and the integrated peak area.

The samples were further heated step-by-step up to 300°C by steps of 50°C. Each
analysis was performed after at least 15 minutes of down time at each step to allow the system
to equilibrate. The duration of Raman measurements carried out at 100°C and 300°C was
increased to 2 hours to ensure that a steady state was established. Salinities were also
determined by Raman spectroscopy according to the technique developed by Dubessy et al.
(2002) and Caumon et al. (2013), which is based on the deformation of the water stretching

vibration band.
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3.3. Raman spectra calibration

Sulfate (SO4%), hydrogen sulfate (HSO4), and hydrogen sulfide (H2S(aq)) concentration in
the liquid phase present in the fluid inclusions was derived using calibration equations
established from measurements in standard solutions (see Supplementary material for details
on the calibration procedure). Each standard solution was loaded in fused silica capillary
capsule (FSCC) purchased from Polymicro Technologies, LLC. This cell enables in-situ
Raman measurements up to ~500°C and ~2 kbar (Chou et al., 2008; Truche et al., 2014;
Pokrovski and Dubessy, 2015). It consists of round cross section silica-fused capillary tubing
of 360 um external and 100 um internal diameters. The capillary is sealed at both ends with a
micro-torch under vacuum and with frozen solution inside the capillary. The cell was heated
step-by-step up to 300°C on a heating-stage ("CAP-500 Linkam) which ensure a very good
thermal stability (£1°C) and negligible temperature gradients (<1°C over the cell length of 10-
15 mm). To increase the accuracy of concentration determination, the calibration solutions
were measured and processed identically to the fluid inclusions to establish calibration
relationships allowing quantitative analysis of SO4*, HSO,, and H>S(g). In addition, the
effect of salinity on the calibration was evaluated at three different NaCl concentrations: 0, 3
and 5 molar. To allow quantitative comparisons of Raman peak areas in the liquid phase at
different temperatures, the spectra were normalized to the O-H stretching band of water
between 2800 and 3700 cm™. We used the linear relationship between the concentration of
each species (Cj, mol/L) at given temperature and its H,O-normalized Raman peak area (A;)
given by Pokrovski and Dubessy (2015) to determine calibration coefficients of the major

sulfur species:
Ci = kl(T) X Ai (1)

where k; is the calibration coefficient for sulfate, hydrogen sulfate and H»S(,q) at a given T
(Fig. 18a and Supplementary Table B6). Equation 2 was then applied to convert the

corresponding species concentration to molality units:
m; = (Ci/paia) X F (2)

where m; is the molality of sulfate, hydrogen sulfate or H>Sqq) (in mol/kgmao), Ci, their
corresponding volumetric concentration (in mol/L), paua the density (in g/cm’) of aqueous
liquid at given T and P, and F, the molinity to molality conversion factor, F = 1000/(1000-W),

where W is the mass in grams of total dissolved solutes per 1 kg of liquid fluid.
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Figure 18: Raman calibration coefficients (k;) for the 514 nm laser excitation for sulfur species as function of
temperature (°C). (a) Calibration coefficients for the major sulfur species as deduced from standard solutions.
Note the slight effect of salinity on the calibration coefficients of SO4>. (b) Calibration coefficients for S (kgs.)
deduced and used in this study and kg;. from Pokrovski and Dubessy (2015). Calculations are done according to
equation 3 assuming the same temperature dependence as for H,S.
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As there is no standard for S;, the kS; coefficient was calculated in the 200-300°C
temperature range assuming the same temperature dependence as for the corresponding H,S

coefficient (see Supplementary material for details) according to:
kg3- (T) = kg3- (500°C) x kpas (T) / kips (500°C)  (3)

with kS; (500°C) = 0.020 £ 0.002 mol/L and ks (500°C) = 15.8 £ 1 mol/L calculated from
Pokrovski and Dubessy (2015) (Fig. 18b; Supplementary Table B7).

The empirical Raman calibrations established on standards measured in the silica
capillary are perfectly applicable to our natural fluid inclusions for the following reasons: 1)
there is no significant difference in refraction index between quartz (n = 1.544) and fused
silica glass (n = 1.458), ii) the normalization of the Raman peaks area to the water stretching
band avoids any effect of sample geometry on the signal transmission, iii) the standards and
the fluid inclusions were processed identically (same configuration of the Raman
spectrometer for signal acquisition), iv) our standard solutions have salinity similar to that of
the fluid inclusions, so the effect of chlorinity on the shape/area of the water stretching band

use to normalize the spectra is accounted for.

The calibration coefficients reported here for sulfate, sulfide and S;’, combined with the
quantification limits for the Raman peak integrated area allow quantitative analysis down to
0.02; 0.01 and 0.0001 mol/kg0 respectively. The detection limits for these species is about
10 times lower than the quantification limits. The overall uncertainties of the reported
concentrations for S-species in the fluid inclusions are between 5 and 30% of the value
depending on the calibration coefficient uncertainties and the signal-to-noise ratio, as
estimated by fitting multiple spectra acquired at the same T-P at steady state, or using

different baseline choices and normalized peak areas.
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4. Results

4.1. Fluid inclusions characterization

At 25°C, all studied fluid inclusions contain several phases: aqueous liquid, gas, spherules
of native sulfur, and crystals of halite. All fluid inclusions display similar salinities (25 + 4
wt% eq. NaCl, with three times more NaCl than CaCl;) and fluid composition
(Supplementary Table B1 and B2). T;, values ranged from 98 to 355° C, with a quasi-gaussian
distribution centered at 176°C (Fig. 17).

Fluid inclusions composition at room temperature (25+2°C) was analyzed by Raman
spectroscopy for each phase present: vapor, liquid and solids (Fig. 19). The vapor phase (Fig.
19a, b) is dominated by CO, and H,S as shown by their intense C-O and S-H stretching
vibrations respectively at 1282-1386 cm™ and 2603 cm™. These two gases are the by-products

of TSR according to the general reaction:
SO4” + CH4 +2H" = H,S + CO, + 2H,0 4)

Minor amount of N, (un.n at 2330 cm'l), CHy4 (vcgat 2916 cm'l) and H, (vg.gat 4154 cm’
") are also detected. The presence of H, in the vapor phase of the fluid inclusions implies both
very limited diffusion of H, and no or very poor post-entrapment modifications. The diffusion
of H,, into and out of fluid inclusion has already been described at temperature above 450°C
(Mavrogenes and Bodnar, 1994), but such high temperature has never been reached in our
geological context. The presence of both CH4 and H, indicates that the reducing conditions
were preserved. The N-N stretching vibration of N, presents two peaks (at 2330 cm™ and
2327 em™). The first one is due the presence of air along the path of the laser between the
sample and the microscope. The second one, more intense and slightly shifted to lower
wavenumbers, is a clear indication of the presence of N, under pressure inside the fluid

inclusion (Wang and Wright, 1973).
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Figure 19: Raman spectra of the several phases in the fluid inclusions at room temperature. (a) Typical Raman spectrum
of the vapor phase of fluid inclusions hosted in fluorite. CO, and H,S are the main component of the gas phase. Raman
spectra were acquired using the 514 nm (green) Ar™ laser excitation. N,, CH, and H, are also present. The broad, but
weakly intense, O-H stretching band of liquid water between 2800-3700 cm™ is also visible on this Raman spectrum,
because the gas bubble moves slightly during the measurements, and the liquid phase may be impacted by the laser beam.
(b) Zoom on the 2280-2380 cm™' region and comparison with a Raman spectrum of air (green curve). The splitting of the
N, band (red curve) demonstrates the presence of N, under pressure in the gas phase of the fluid inclusion (see above). (c)
Typical Raman spectra of the aqueous phase of fluid inclusions hosted in quartz and fluorite. Note that the composition of
fluid inclusions is similar whatever the host mineral. (d) Our measurement allows resolving the contribution of HS™ and
H,S stretching vibration (2570 and 2582 cm™, respectively) in the Raman peak located at 2400-2700 cm™. (e), (f) and (g)
Raman spectra of the solids phases observed in the fluid inclusions hosted in fluorite and comparison with their reference
in the RRUFF database (http://rruff.info/). Native sulfur spherule is always observed. (e) Anhydrite, (f) calcite and (g)
celestine are also observed in few fluid inclusions.
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The aqueous liquid phase is characterized by the broad O-H stretching band of water at
2800-3700 cm™. SO,*, H,S and HS™ are ubiquitous dissolved sulfur species in the aqueous
phase of the fluid inclusions (Fig. 19¢, d) as indicated by their most intense Raman peaks at
~980 cm™, ~2590 cm™ and ~2570 cm™, respectively. Hydrogen sulfate (HSO4') characterized
by the S-O and S-OH stretching modes at ~1050 cm™ and ~860 cm™, respectively, is not
observed in the fluid inclusions at 25°C. Dissolved CO; and, to a lesser extent, HCOj3" are also
identified by their C-O stretching vibrations at 1380 and 1015 cm™, respectively. Another
important feature observed in the liquid phase is a small peak at 875 cm™. This band belongs
to the B-O stretching vibrations of boric acid B(OH); (Servoss and Clark, 1957). Salinity
values measured by Raman spectroscopy (25 + 2 wt% eq. NaCl) are similar to those derived

by microthermometry.

In addition, the fluid inclusions contain spherule of elemental sulfur clearly identified by
the characteristic features of the Sg ring molecules at ~150 (S-S bend), ~219 (S-S bend) and
~470 (S-S stretch) cm™ (Fig. 19e, f). In some rare occasions, tiny crystals of celestine
(SrSO4), anhydrite (CaSO4) and calcite (CaCOs) are also observed in fluid inclusions hosted
in fluorite only. A comparison with the RRUFF reference (RRUFF database, http://rruff.info/)

is shown in Fig. 19e, f, g. The presence of these weakly soluble sulfate minerals together with
the high detection limit for dissolved sulfates (0.002 mol/kgy,0; Dubessy et al., 1982) explain

the fact that SO42' is not always detected in fluorite-hosted fluid inclusions.

Fourier Transform Infrared spectroscopy (FTIR) was also performed on some fluid
inclusions in order to identify potential organic compounds. The typical vibrations of a CH,
functional group at 2849 and 2920 cm™ are clearly visible on the spectra displayed in
Supplementary Fig. B1. They may indicate the presence of a dissolved organic compound, but

the absence of other characteristic vibrations prevents a better identification.
4.2. Sulfur speciation at elevated temperatures

Below 100°C, the Raman spectra show no changes with heating, even after 2 hours of
continuous heating. At 100°C, native sulfur spherules begin to dissolve according to its
disproportionation reaction under hydrothermal conditions yielding mainly sulfate and

sulfide:

4S() +4H,0 = H™ + HSO4 + 3HSwq) (5)
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Figure 20: Raman spectra of the aqueous phase of fluid inclusions hosted in fluorite (a) and quartz (b and
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Simultaneously, a new Raman band appears at 532 cm™ and increases in intensity upon
heating up to 300°C in the liquid phase of fluid inclusions (Fig. 20). This main peak is
associated with resonant higher-order overtones 2v, 3v and 4v at 1068, 1608, 2133 em™.
These characteristic features correspond without ambiguity to the resonance spectrum of the
trisulfur S;™ ion induced by the enhanced symmetric S-S stretching vibration (Pokrovski and
Dubrovinsky, 2011). The trisulfur ion S;  is unambiguously identified by the main S-S
symmetric bending (8) vibration at ~240 cm™ and stretching (v) vibration at ~532 cm’, in
agreement with previous work (Pokrovski and Dubrovinsky, 2011; Chivers and Elder, 2013;
Pokrovski and Dubessy, 2015). Because S;* absorbs at ~600 nm, it exhibits a resonance
Raman phenomenon with laser frequencies close to its absorption wavelength (Ar+, 514 nm).
The characteristic progression of the overtones d+v, 2v, 3v, 4v, 5v and even 6v (~780, 1070,
1600, 2130, 2665 and 3198 cm’, respectively), is clearly visible in all Raman spectra
recorded at T >100°C (Fig. 20).

Another important Raman feature clearly visible in the liquid phase is a broad peak at 407
cm” with a shoulder at 440 cm™, accompanied by another poorly resolved band at 800-850
cm’ (Fig. 20a, c), which increases in intensity from 150 to 300°C. These Raman bands
belong to S-S stretching vibrations (Steudel, 2003). All these features are better visible with
the blue laser (488 nm) because of the much lower overlapping with the v;(S;”) band
compared to green-laser spectra and enhanced Raman signal at this laser wavelength
(Supplementary Fig. B2). These Raman features strongly suggest the presence of polysulfide
ions (vs, cm™: S3”~590, S, ~451, S3* ~476, S5 ~384 and 439, S4* ~482, Ss* ~432, S¢* ~373
and 453; Chivers and Lau, 1982). Polysulfide ions (S,>) are known to promote S3” formation
through their dissociation/disproportionation (Chivers and Elder, 2013). Zero-valent sulfur
polymeric molecules, S,’, other than Sg’(,q) may also display similar Raman characteristics (v,
em™: S,° ~717, S50 ~583, S, ~352 and 674; Chivers and Lau, 1982). S, species were also
detected by Pokrovski and Dubessy (2015) in K,S,03 + HCI solutions at T above 200°C.
However, we believe that S42' or S62' ions are the major species accounting for the 400-440
cm”' Raman bands because these polysulfides absorb light at 440-450 nm and therefore have a
pronounced Raman resonance of their S-S stretching bands with 488 nm laser excitation
(Chivers and Lau, 1982). The characteristic H-S Raman vibrations at 2400-2600 cm™ of HS,~
or HgSn0 species (Dubessy et al., 2008) are not detected in our fluid inclusions. The existence
of HS, ions in our fluid inclusions at elevated temperatures cannot be excluded; however we

have neither clear spectroscopic evidence nor any thermodynamic data to support their
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presence. Indeed, the stability constants of HS,” ions are available only at 25°C (Boulégue and
Michard, 1978; Millero, 1986; Williamson and Rimstidt, 1992). At 25°C, the maximum
concentration of HS,, ions is reached at pH ~ 7, but it remains 3 orders of magnitudes lower

than that of S,> ions. Polysulfides concentrations decrease under acidic conditions.

Heating-cooling cycles were performed in order to ensure that the formation of S;™ and
polymeric S species was reversible (Supplementary Fig. B3). A fluid inclusion was first
heated to 300°C, cooled down to 100°C and heated again to 300°C. The appearance and
disappearance of S3” and S,> (£S,.") species are clearly visible along this temperature path. On
re-heating the fluid inclusion to 300°C (i.e. after cooling), one can observe that the Raman
peak area ratio of these species is exactly the same than the one recorded previously at the
same temperature (Supplementary Fig. B3). Because the aqueous sulfur speciation is
dominated by sulfate and sulfide in our fluid inclusions (see below), the reversible formation
of S3”and S,> (£S,") does not affect significantly the concentration of sulfate and sulfide. In
addition, the Raman spectra acquired at T up to 300°C show no changes over 2 hours at a
constant temperature. The rapid (few tens of minutes) establishment of a steady state
concentration of S;” and polymeric S species, and their reversible formation indicate that

chemical equilibrium is likely to be attained for these intermediate valence sulfur species.
4.3. Sulfur species concentration in fluid inclusions

The calibration coefficients established above enable estimation of SO4>, H>S and Sy
concentration from normalized integrated area of their Raman bands in the fluid inclusions
(Eq. 1). These concentrations are then converted in molality using Equation 2. The fluid
density needed to convert molarity to molality is estimated to be about 1.19 g/cm’ at 25°C.
This estimation is based on the salinities of the fluid inclusion with the assumption that NaCl
is the principal constituent in the system (Haas, 1976; Pitzer et al., 1984). Fluid density
evolution with T was further calculated using the model provided by Mao and Duan (2008).

The mean total dissolved sulfur concentration (S) is 0.14 £ 0.03 mol/kgmo (i.e. 0.45
wt%) at 25°C, with sulfate and sulfide contributing to 67 £ 2 % and 33 = 2 % of S,
respectively in all inclusions. Upon heating above 100°C, both sulfate and sulfide
concentrations increase due to elemental sulfur disproportionation. From 200 to 300°C, Sy
concentration remain constant around 0.25 £+ 0.13 mol/kgpo (~0.8 wt%), with sulfate and

sulfide being the predominant dissolved sulfur species, and contributing to 41 £9 % and 59 +
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9 % of S respectively. This change in the sulfate/sulfide ratio from 25°C to 200°C is in line
with elemental sulfur disproportionation, which produces 3 times more sulfide than sulfate
(Equation 5). The temperature behavior of sulfate and sulfide is identical within errors in all
studied fluid inclusions. The established calibration coefficients for S5~ allow the calculation
of its concentrations from 200 to 300°C and reasonable extrapolation down to 150°C. S5
accounts for 0.2 to 3 % of S in this T range with corresponding mean concentrations
increasing from (4.7 + 2.1) x10™ to (7.3 + 5.6) x10” mol/kguo (Fig. 21, Table 5). The

maximum measured concentration of S3™ is 2.9x 107 mol/kg0 (2780 ppm) at 300°C.

—

—
Q
|

S dissolved, mol/kg ...,
Q

10'4 T llﬁ _ T T T
25 150 20 250 300 350
Temperature (°C)

Figure 21: Temperature evolution of sulfur speciation in natural fluid inclusions from the Carnian evaporites
formation (French Alps). At high temperature, trisulfur radical ion S;™ (blue circles) and S, +S,” (estimated in
grey shaded area) attain significant concentrations. During cooling, their concentrations drop and only sulfates
and sulfides are detected at 25°C.
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Table 5: Sulfur species concentrations (mol/kgy,o) measured in natural fluid inclusions representative for TSR
processes in the Arc Valley (French Alps).

z 2-
Host = Fluid — poc) A S/ (nllii/]kg A SO,”/ ([rif))ljkL AHS/ (r[nl-(l)zl/sl!g
mineral Inclusion A H,O H,0) A H,O H,0) A H,0 H,0)
Quartz  So. 10 t1 25 - - 0.0020 1.06x10"  0.0009 4.80x107
200 0.0057 6.58x10* 0.0039 1.55x10" 0.0009 7.72x107
250 0.0097 1.05x10° 0.0039 1.51x10" 0.0013 1.14x10"
300 0.0312 2.51x10%  0.0053 1.96x10" 0.0024 1.55x10"
Quartz  So.10 t3 25 - - 0.0015 7.64x10% 0.0007 3.53x10°
200 0.0027 3.10x10* 0.0019 7.63x107% 0.0012 1.06x10"
250 0.0125 1.36x10° 0.0018 7.04x107% 0.0021 1.80x10"
300 0.0199 1.61x10° 0.0008 2.87x102 0.0021 1.32x10"
Quartz  So. 10 t4 25 - - 0.0020 1.01x10" 0.0008 4.24x10°
200 0.0028 2.91x10* 0.0031 1.11x10" 0.0015 1.25x10"
250 0.0112 1.05x10° 0.0038 1.26x10" 0.0016 1.18x10"
300 0.0068 4.49x10* 0.0021 6.53x102 0.0007 3.75x107
Quartz  So.10t5 25 - - 0.0013 6.81x10% 0.0009 4.67x10°
200 - - 0.0020 8.09x10% 0.0027 2.47x10’
250 0.0142 1.55x10%  0.0011 4.43x102 0.0014 1.20x10"
300 0.0068 5.47x<10* 0.0008 3.01x102% 0.0021 1.37x10"
Quartz  So. 10 t6 25 - - 0.0020 1.06x10"  0.0010 5.11x107
200 0.0030 3.46x10* 0.0019 7.79x10% 0.0012 1.06x10"
250 0.0027 2.94x10* 0.0007 2.75x102 0.0015 1.33x10"
300 0.0051 4.08x10* 0.0020 7.60x102 0.0013 8.37x107
Quartz  So.2.4 t1 200 0.0069 7.12x10* - - 0.0111 8.98x10"
250 0.1047 1.09x1072 - - 0.0110  9.05x10™
300 0.3842 2.91x1072 - - 0.0148  9.05x10"
Fluorite So. 10.1 2 25 - - 0.0025 1.32x10" 0.0017 8.40x10°
200 - - 0.0018 7.37x10% 0.0019 1.69x10™
250 0.0073 7.87<10* 0.0029 1.14x10" 0.0017 1.48x10"
300 0.0391 3.32x10°  0.0056 2.58x10" 0.0050 3.10x10"
Fluorite Se. 10.1 t1 25 - - 0.0018 9.26x10% 0.0010 5.09x10°
200 0.0043 4.97<10* 0.0024 9.74x10% 0.0014 1.31x10"
200 0.0040 4.63x10* 0.0015 6.09x102 0.0026 2.32x10"
Fluorite Seo.10.1t3 250 0.0091 9.92x10* 0.0013 4.93x10° 0.0010 8.68x107
300 0.0311 2.51x10% 0.0033 1.22x10" 0.0015 9.64x107
Fluorite Se. 10.1 t5 25 - - 0.0021 1.07x10"  0.0006 3.30x10°
Fluorite So. 10.1 t6 25 - - 0.0014 7.31x10% 0.0007 3.32x107
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Polymeric S species, other than S;°, are more difficult to quantify because of the absence of
standards and important discrepancies associated to mass balance calculations, but a rough
estimation can be deduced using some assumptions on the calibration coefficients values. We
apply either the calibration coefficient of a resonant species (kss.) or the mean value of the
non-resonant sulfur species (estimated by extrapolation of the kyps and the ksos) to the
normalized area of the main peaks of Su¥ (£S4)) species at 407 cm™, according to Equation 1.
These two calibration coefficients (Supplementary Fig. B5) provide two extreme boundaries
for the S,” (£S,’) concentration: the upper one is given by the non-resonant calibration
coefficients and the lower one is given by S;™ calibration coefficients. This approach provides
a wide range of S,” (£S,”) species concentrations covering two orders of magnitude from
2.2x107 to 1.2x10" mol/kgo at 300°C (Fig. 21). Despite important uncertainty, it is

noteworthy that the concentration of the polymeric species is far from being negligible.
5. Discussion

5.1. Representativeness and preservation of the fluid inclusions

Here, all the studied fluid inclusions display the same textural and chemical features
irrespective of their host minerals: 1) same irregular shape, ii) same liquid-vapor ratio (=8% =+
4%) and chemistry, iii) same salinities, and 1v) same sulfur speciation. The fluid inclusions
contain H, and CH4, demonstrating that the reducing conditions have been preserved. This
observation does not contradict with the presence of sulfate in the geological fluid because its
reduction is under strong kinetic control, and because it is constantly supplied by sulfate
minerals dissolution, most notably anhydrite. These characteristics together with the absence
of secondary inclusion halo provide strong evidences for very limited post-entrapment
modifications (Bodnar, 2003). The relatively large range of 7} contrasts with the narrow range
of measured salinities. It may indicate different entrapment temperature of a single fluid type
during the retrograde metamorphism phase with the lowest T as the limit of fluid entrapment
and the highest one the peak of metamorphism conditions around 350°C (Strzersynski et al.,
2012). We therefore assume that we analyzed the fluid composition trapped during the
exhumation of the evaporites in a closed system (no fluid mixing, and degassing). H,S
migration from deeper reservoirs is highly improbable in the present case, because the fluid
inclusions located in the white quartzite from the lower Trias, which is stratigraphically below

the carnian evaporites (Strzerzynski et al., 2012), are free of H,S (Supplementary Table B2).

108



Chapitre 2

Sulfur speciation investigated here at T above 100°C after few hours of equilibration time
is probably far from sulfate-sulfide equilibrium for the two following reasons: 1) the reducing
conditions imposed by the presence of both H, and CHy in the fluid inclusions imply that H,S
is the thermodynamically predicted stable sulfur redox end member, and that the TSR process
was not completed, and ii1) more than 10 years are required to attain 90% of equilibrium
between sulfate and sulfide in aqueous solution at 200°C, neutral pH condition and S = 0.1
mole/kgipo (Ohmoto and Lasaga, 1982). By contrast, a local equilibrium between S-S,’-S3
and the dominant sulfate and sulfide forms may be achieved rapidly (within minutes) as
demonstrated here by the reversible formation (Supplementary Fig. B3) and the steady state
concentration of these sulfur species at T > 200°C in our fluid inclusion. In addition, it has
been experimentally demonstrated that S;™ is formed upon heating sulfate—sulfide mixtures at
T > 100°C within few tens of minutes (Truche et al., 2014), without any elemental sulfur or
thiosulfate in the system initially. The same conclusion has been reached by Pokrovski and
Dubessy (2015) at T > 300°C. In this study, S;™ has been also observed in some natural fluid
inclusions containing only sulfates and sulfides at room temperature and no elemental sulfur
(Supplementary Table B1). These independent observations imply that the initial
disproportionation of elemental sulfur or thiosulfate is not mandatory for S;™ and polysulfides
to appear and, more importantly, that sulfate cannot be considered as a non-reactive species at
the time scale of these experiments, even at temperatures as low as 100°C. Thus, these stable
intermediate valence sulfur species will form and remain in solution as long as sulfate and
sulfide coexist, and their concentrations can be predicted by thermodynamic modeling (see

section 5.2. below).
5.2. Thermodynamic calculations

Equilibrium concentrations of sulfur species in the fluid phase were modeled using the
Phreeqc software (Parkhurst and Appelo, 1999) and an updated version of the lInl database
(Johnson et al., 1992). The stability constants for S37, Sg’ and S,> were updated using the HKF
equation of state and HKF parameters estimated for these species (Johnson et al., 1992;
Kamyshny et al., 2007; Pokrovski and Dubessy, 2015 and updated databases at

http://geopig.asu.edu/?q=tools; specific details in the Supplementary materials). In the first

round of modeling (Fig. 22a), sulfate-sulfide concentrations correspond to our Raman
measurements at room temperature (0.09 mol/kgp,0 and 0.05 mol/kgm,0, respectively), and

the initial amount of elemental sulfur in the system (0.11 mole S) is proportional to the one
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calculated in the fluid inclusions based on geometrical considerations. The redox potential is
imposed by the sulfate-sulfide coexistence. The fluid acidity is buffered by fluid equilibrium
with calcite and 10 bars of P(CO,) that imposed a pH around 5 at T >100°C. Such a pH value
is in agreement with the speciation of sulfate (only SO4>), sulfide (H,S and minor HS") and
carbonate (CO, and minor HCO;3) observed in the fluid inclusions at elevated T
(Supplementary Fig. B8). We advise the reader that this pH value is close to neutrality at T
>100°C, because of the strong decrease of the dissociation constant of water (the neutrality
decrease from pH = 6 to pH = 5.5 with temperature increasing from 100 to 250°C). This range
of pH is compatible with the very low HSO4 concentration observed in natural sedimentary
formation waters (a typical range of pH is between 6.5 and 8.5 at 25°C; Collins, 1975). The
salinity is fixed at 3.3 mol/kgmxo NaCl and 1.6 mol/kgnzo CaCl, to mimic the salinity of our
fluid inclusions. The extended Debye-Huckel equation for activity coefficients of NaCl- and
CaCl,-dominated electrolytes can be applied to such high ionic strengths with reasonable
accuracy in the range of temperature explored in this study (Helgeson et al., 1981).
Simulations performed at lower ionic strength (i.e. 1 mol/kg,0) provide very similar results.
Over the entire T range (25-300°C) the dominant species are sulfates and sulfides. At T >
100°C, S5 is the third most abundant sulfur species predicted in the system with
concentrations rising up to 1.37x107° mol/kgmo at 200-300°C. These thermodynamic
predictions are in perfect agreement with our quantitative measurements using in-sitzu Raman
spectroscopy (Table 5 and B10). Concerning other polymeric sulfur species, our preliminary
Raman estimations, based on Raman calibration coefficients assumption, give S, (£S,’)
concentrations (10~ — 107 m, Fig. 21) far above those predicted thermodynamically (10° —
10* m, Fig. 22) and much higher than that of Sgg). Such conclusions imply that S,> and S,
species must not be ignored in natural fluids and that further studies are needed to determine

properly their thermodynamic stability at high T-P.

In a second round of modeling (Fig. 22b, c, d), Si« was fixed at a given value without any
specification on the sulfate-sulfide concentrations (elemental sulfur solubility providing the
upper limit for Sy concentration in Fig. 22b). The sulfur speciation was then modeled as a
function of three different physical-chemical parameters (S, f{O2) and pH). The choice of
f(O,) value buffered by Hematite-Magnetite (HM) equilibrium is in line with expectation
from typical hydrocarbon reservoirs in nature (Seewald, 2001; Richard et al., 2005). Note that

Hematite-Magnetite-Pyrite assemblage, also relevant in the context of deep sedimentary
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settings gives the same f{O;) as the HM assemblage, but also control the f{H,S). In our case,

the f(H,S) is not buffered, because iron is clearly limiting.

$(6€) = 0.09m; S(-2) = 0.05m; 0.11m S__,;; 3.3m NacCl; 1.em CacCl,

(a) HM buffer; Calcite equilibrium; P (CO,) = 10 bar; pH=5 (b) [200°C; 3.3m NacCl; 1.6m CaCl,; HM buffer; pH=5
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Figure 22: Thermodynamic modeling of sulfur speciation as a function of (a) temperature at pH ~ 5 (buffered by
fluid equilibrium with calcite and 10 bar CO,) and redox controlled by sulfate/sulfide equilibrium; (b) total S
content at 200°C, pH = 5 and f{O,) buffered by the hematite-magnetite (HM) assemblage; (c) oxygen fugacity at
200°C and pH = 5; (d) pH at 200°C and f{O,) of HM. All calculations (lines) are performed for Psat and fluid
salinity of 4 m NaCl and 1 m CaCl,. Symbols represent S species concentrations measured in the natural fluid
inclusions. PPM = Pyrite—Pyrrhotite-Magnetite and HM = Hematite—Magnetite.

Whatever the chosen conditions in the sedimentary studied domain, sulfate and sulfide are
always the dominant S species. However, S;~ may represent a significant contribution to the
sulfur budget if the following conditions are satisfied: 1) total sulfur concentration above 0.1
m, 2) T > 150°C, 3) redox potential or f{O,) enabling sulfate-sulfide coexistence, i.e. close to
the hematite-magnetite buffer, and 4) slightly acidic to neutral pH. Such a conclusion has also
been reached for temperatures higher than 200°C by Pokrovski and Dubessy (2015). Figure
22c and d show that when concentration of sulfates is much higher than that of sulfides, S5
and other intermediate valence sulfur species have concentrations lower than 10 mol/kgio.

The same scenario is observed, albeit less pronounced, when sulfides concentration is much
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higher than that of sulfates. However, in this latter case, S3~ concentration is one or two order

of magnitude higher than those of the other intermediate valence sulfur species.

Note that S,> and S, species probably contribute to the sulfur budget in a similar, or even
more important, proportion as S3” in the range 100-300°C, but their thermodynamic properties

are currently poorly constrained at elevated T or unknown and require further studies.
5.3. Geochemical implications

The characteristic blue color of the S3° chromophore ion and its UV-visible and Raman
spectral patterns in aqueous solutions has already been noticed in numerous experimental
studies involving sulfate and sulfide mixtures at T above 100°C (Giggenbach, 1968; Uyama et
al., 1985; Pokrovski and Dubrovinsky, 2011; Jacquemet et al., 2014). However, the discovery
of both S;” and other polymeric S species at the millimolar concentration level at T as low as
100°C in natural fluid inclusions associated with a sedimentary formation where TSR
occurred is a new finding. These new data from natural samples corroborate the experimental
discovery that S;™ is a major stable intermediate valence S species involved in the reaction
path of abiogenic sulfate reduction (Truche et al., 2014), and support the fact that
disproportionation reaction of sulfur is a key step for TSR (Yuan et al., 2013). The onset
temperature of TSR in nature around 100—-140°C corresponds remarkably well to the rise of
S;” and S,’ concentrations (Fig. 21 and Fig. 22a). Therefore, S;” is an important reactive
species in the TSR process for the following reasons: i) the radical nature makes it very
reactive, i1) the high concentration compared to the other potential intermediate valence sulfur
species taking part in the TSR process increases the contact probability with the reducing
agent, and iii) the TSR process itself results from an interaction between S; and the electron

donor that shift the equilibrium between sulfate and sulfide (Truche et al., 2014).

This study opens up new perspectives on TSR isotopic record (Watanabe et al., 2009;
Oduro et al., 2011; Gvirtzman et al., 2015; Cai et al., 2016; Meshoulam et al., 2016). Indeed,
there are numerous similarities between the reaction mechanisms of sulfate-sulfide isotope
exchange and the multistep change in oxidative state of sulfur during the TSR process
(Ohmoto and Lasaga, 1982; Goldstein and Aizenshtat, 1994). The kinetics of both reactions
are strongly dependent upon temperature, pH and sulfate-sulfide concentrations, because
these parameters play a primary role on the speciation and concentration of the intermediate

valence sulfur species, which act as a bridge for electron transfer between sulfate and sulfide.
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We suggest that the rapid formation of S5, S,> and S,.° species is a stage allowing TSR and
sulfur isotope exchange to occur, and not thiosulfate, or polythionates as believed previously
(e.g., Ohmoto and Lasaga, 1982). The rapid decrease of S;~ and S.% concentration at pH
above 6 at 200°C (Fig. 22d; Chu et al., 2004) reflect well the decrease of the reaction rate of
sulfate-sulfide isotope exchange and TSR under alkaline condition. Under strongly acidic
condition, it is probable that S, together with sulfate speciation (dominated by HSO4™ a non-
symmetric, so more reactive species) and the abundance of proton (TSR imply a net
consumption of H', see Equation 4) explain the increase of the TSR reaction rate (Truche et
al., 2009; Pokrovski and Dubessy, 2015). These intermediate valence sulfur species may also
facilitate electron transfer between carbon species and enhance the rates of reaction between

hydrocarbons, methane and CO, (Seewald, 2003).

Despite its complexity, TSR is a common reaction in numerous geological settings and
represents a key geochemical process in many environments where mass transfer and
chemical fractionation are involved. The high concentrations of these intermediate valence S
species at T >100°C place significant constraints on the formation of sour gas fields (Machel,
2001; Cai et al., 2003) and sulfide ore deposits (e.g. Mississippi Valley-type deposits,
Volcanogenic-Massive Sulfide deposits) where reduced sulfur originates from TSR (Huston
et al., 2001; Thom and Anderson, 2008). In geologic conditions, bacterial sulfate reduction at
the earliest stage of diagenesis, or the thermal decomposition of sulfur bearing organic
compounds, or fluid mixing with sulfide-rich solution, or elemental sulfur disproportionation
may provide the necessary reduced sulfur to initiate TSR at T >100°C (Fig. 23; Machel,
2001). The TSR process itself may occur under physico-chemical conditions that enhance the
stability and concentration of S and S, (+S,") species: high sulfate-sulfide concentration, T
>100°C, and circum-neutral pH conditions. The direct effect of S;” and polymeric S species
on base metal solubility (e.g. Pb, Zn, Cu) were only broadly estimated by Pokrovski et al.

(2015) but remains to be more evaluated.
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Figure 23: Conceptual model of TSR and associated processes in deep sedimentary settings highlighting the role
of intermediate valence sulfur species.

The presence of non-negligible concentrations of S;” and polymeric species in deep
sedimentary brines may also have important consequence for petroleum alteration and
organosulfur compounds (OSCs) formation during the TSR process (Seewald, 2001 and 2003;
Amrani, 2014). There is currently a significant research effort to document the effect of TSR
on non-volatile high molecular weight aromatic and polar organic species (e.g. Walters et al.,
2015; Meshoulam et al., 2016). It has been suggested that H,S reacts with hydrocarbons to
form OSCs (e.g., thiols, sulfides, thiophenes, and condensed thiophenes) that in turn catalyze
TSR (Amrani et al., 2008; Zhang et al., 2008). Intermediate oxidation-state S species such as
elemental S, polysulfides, sulfites or thiosulfates have been also proposed as possible sources
for OSCs formation during TSR (Goldstein and Aizenshtat, 1994; Lewan, 1998). However,
elemental S and thiosulfates are poor nucleophiles and break down into sulfate and sulfide at
T >100°C, which make them unfavorable candidate for the reaction with organic matter under
deep sedimentary conditions. By contrast, the strong nucleophile character of polysulfides and
the S;™ ion (Chivers and Elder, 2013), suggests that these species are more prone to react with

hydrocarbons than H,S or elemental S. Sulfur isotope fractionation associated with the
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formation of OSCs is a potential tracer for the occurrence and extent of TSR (Amrani, 2014;
Gvirtzman et al., 2015; Cai et al., 2016; Meshoulam et al., 2016). However, important
mechanistic details about the overall TSR process are still missing and prevent full
explanation of the sulfur isotope records. We suggest that polymeric sulfur species and, in
particular, the S;™ ions should be considered in the sulfur isotopic fractionation model to bring

back together laboratory and field observations.

6. Conclusions and perspectives

The main conclusions from this study are:

1. We reveal for the first time the formation of the trisulfur S;” ion and other
polymeric S species (Sy> £S,°) at T >100°C in natural fluids from typical deeply
buried sedimentary environment where TSR occurred.

2. The concentration of S;” ion can reach 2800 ppm at 300°C in fluid inclusions
containing sulfate-sulfide concentration above 0.1 mol/kg»o.

3. This work confirms the previous findings that S;” is a major stable intermediate
valence S species involved in the reaction path of TSR. The onset temperature of
TSR in nature around 100-140°C corresponds remarkably well to the rise of S3
and other polymeric S species concentrations in the fluid inclusions.

4. The TSR process itself occurs under physico-chemical conditions that enhance the
stability and concentration of S;~ and S, (£S,’) species: high sulfate-sulfide
concentration, T >100°C, and circum-neutral pH conditions.

5. This study opens up new perspectives on TSR isotopic record and into the S-chain
radical reactions involved in organic-inorganic interactions, where sulfur speciation
play a key role.

The discovery of the trisulfur S;™ ion and other polymeric S species, in natural geological
fluid at T >100°C, may also encourage new investigations on sulfur speciation in natural
geological fluids associated with metamorphism, mid-oceanic ridge hydrothermal fluid

circulation and magmatic/porphyry settings where sulfate and sulfide often coexist.
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Chapitre 2B. Supplementary material

B1. Fluid inclusions composition

B1.1. Fourier Transform Infrared spectroscopy

Fourier Transform Infrared spectroscopy (FTIR) was performed on some fluid inclusions
in order to identify potential organic compounds (Fig. B1). The infrared spectra (IR) were
recorded in transmission mode using a Bruker Equinox 55 Fourier transform infrared
spectrometer coupled to a Bruker A590 microscope. The microscope was equipped with a
MCT (mercury-cadmium-telluride) detector having a 100 um diameter window cooled at 77
K. The diameter of the beam can be reduced down to 20 pum with a X15 objective
magnification. The IR spectra were obtained in the mid-infrared region with a 2 cm™ spectral
resolution. Each sample was scanned during 90 seconds, and the influence of atmospheric

water and carbon dioxide was always subtracted.
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Figure B1: Typical infrared spectra of the aqueous phase observed in a fluorite-hosted fluid inclusion at room
temperature. CO, and H,S bands are clearly visible at 2343 and 1356 cm’! respectively. In addition, two small
bands belonging to a CH, functional group are also visible at 2849 and 2920 cm™. They probably indicate the
presence of a dissolved organic component.
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Table B1: Results of microthermometry and Raman spectroscopy analysis of 65 fluid inclusions from the Carnian evaporites formation in the Arc Valley (French Alps). nd =
not determined; nh = not heated.

Salinity Ra.m an .. - . Sulfur species
Samples G‘PS. Locality I:Iost Th Tmye, wt% wt% wt% salinity Vapor/hquld Flllld‘ 1.nclusmn observed in the
localisation mineral (°C) O eq. NaCl Cad(Cl, (wt% ratio at 25°C composition at 25°C range 150-300°C
NaCl) eq. NaCl)
So.2.2 q1 25421;55;1]2 ?%glve:s fluorite  134.6 -21.44 >23.18 - i i 6% nd
S0.2.2 12 254;55;113 ?‘EIIII‘V‘::: fliorite 2113 -21.44 >23.18 - i : 9% nd
So0.2.2 t1 25::;55?]5 ?%glf;f: fliorite  273.1 - - - i : 7% nd
So.3.1 q1 ‘;54;55;1]3 ?%11111\?:: fliorite - -21.84 >23.18 - i : 4% nd
So0.3.1 12 254};55;1]2 ?%g‘veéfss fluorite 2044 - - ; i : ; nd
so.316 oLl ?(1)31311::: fluorite 2283 - - - i i - nd
So0.3.1t4 252:;55?1«: ?%111115:: fluorite 2086 - ; - i : ; nd
S0.3.2 q2 254};55;1]2 ?%g‘veéfss fluorite - -2046 2220 1636 584  22.08 6% I{S;SBa(n%I;()i;tSOczalgie nh
So.3201 o 1 SONS uorite . . - 23.36 12% 5% E(zogz)é o ssaHsS
So.3262 ol SONS uorie . . - 22.79 6% 5% gg?&fg%gjiczof S, S5 SO, HyS
S0.3.2 3 254:1;55;1]3 ?%lrllféf: floorite - - - - i 2155 18% Ss; Bé%?;)ﬂgcof Sy: HyS
S0.3.3 ql 254:1;55;1]3 ?‘élrllf:: fliorite - -22.04 >23.18 - i : 8% nd
So.3.3 q2 254;5;13 ?%11111::: fluorite - 2325 >23.18 - ; ; 6% nd
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-17.03

-13.78
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45°15'6"N  Sollieres Ss; B(OH)3; SO, - 2.
S0.105€2 o cve pnvers  dUartz  169.2 - - - - - - O NoHS Sy SO,%; H,S
45°15'6"N  Sollicres .
So. 11 bl 6°49'7"E  I'Envers quartz  >300.0 - >23.18 - - - 11% nd
45°15'6"N  Solliéres . B(OH);; SO~ - a2,
So.11b2  “Sioinp  [Envers  duartz - 107.7 - - - - - 4% COy. LS Sy SO4%; H,S
45°15'6"N  Sollieres . . B(OH)s; SO a2
So.1t1 6°49'"T"E  1'Envers anhydrite - - - - - 24.04 4% CO»: calcite S;7; SOy
45°15'6"N  Sollieres . . Sg; B(OH);; CO,
So.3 t1 6°49'7"E  I'Envers anhydrite - - - - - - 6% Ny H,S nh
o ren 1A
So. 3 bl 4650 41;76,,3 ?%11111:;:: anhydrite >2500 - ; ; ; 24.18 5% Ss; B(OH)s; SO.%; CO, nh
45°15'6"N  Sollieres . . Sg; B(OH)3; SO~ e 2
So.9 t1 6°49"7"E I'Envers anhydrite - - - - - 26.28 16% N,: H,S S5 SO, H,S
(o] wn 1A
So. 10 b1 4650 4195,76,,§ ?‘Eﬁféf: anhydrite - ; ; ; ] ; 4% Ss: B(OH)s; COy; H,S nh
45°15'6"N  Sollieres . . B(OH);; SO4*; CO,
So. 10 b2 6°49'7"E  1'Envers anhydrite ) ) ) ) i i 3% H,S; halite nh
o r4i] 1A
So. 11 t1 465" 41;,76,,3 ?‘%11111\?:: anhydrite - - - - - - 7% Sg; SO,%; CO, nh
o ren 1A
So. 11 2 465" 4195,76,,]? ?‘(]::]111?;:: anhydrite - - - - - - 5% Sg; S04 CO, nh
45°15'6"N  Sollieres . Sg; B(OH)3; SO~
So. 10.1 b1 6°49"7"E  I'Envers dolomite - - - - - 27.67 - COy: HoS nh
o \J ”
Bra. 1.2 q1 4;, 4153 pgen Bramans florite 1847 2478 3182 2381 801 i 5% Halite ; S nh
(o] \J ”"
Bra. 1.2 t1 465° 4153, 41:,,5 Bramans fluorite  100.8 - - - - - 8% nd
(o] \J "
Bra.12e2 0 NN Brmans fluorite 998 2496 3203 2375 827 : 5% Halite ; S nh
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Table B2: Results of microthermometry and Raman spectroscopy analysis of 7 fluid inclusions from the white quartzite from the lower Trias stratigraphically below the
carnian evaporites formation in the Arc Valley (French Alps). nd = not determined; nh = not heated.

GPS . Host Th Salinity wi%  wi% .R.aman Vapor/liquid Fluid 1n.cl'us1on Sulfur species
Samples localisation Locality mineral  (°C) Tm;.(°C) (Wt% eq. NaCl CaCl salinity (wt% ratio at 25°C composition at observed in the
NaCl) 2 eq. NaCl) 25°C range 150-300°C
o "n
Mo. 1 bl 25 45,24;,,1]\; Modane  quartz - - - - - - 11% S0,”; CO, nh
(o] "n
Mo. 1 b2 2? 4(1),24;"1; Modane quartz - - - - - - - S0,%; CO, nh
o """
Mo. 2 1 25 4(1),24;,,1;:1 Modane quartz - - - - ] 229 9% S0.%; CO, nh
o "n
Mo.2 2 ‘6‘5 4(1),24;,1; Modane quartz - ; ; ; ; 22.94 15%  B(OH)y; SO,%; CO, nh
o """
Mo. 2 t3 25 45,24;,,1]\; Modane  quartz - - - - - 19.84 7% S0,”; CO, nh
(o] "n
Mo. 2 p1 2? 4(1),24;"1; Modane quartz - - - - - 19.11 - S0,%; CO, nh
o mn
Mo. 3 b2 25 4(1),253,,: Modane calcite - - - - - - 9% CO, nh
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B1.2. Additional Raman spectra acquired at elevated temperature

300°C

vSZ+So VS, VS,
| |

Intensity (arbitrary units)

T T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000 1100 1200
Wavenumber (cm")
Figure B2: The effect of the laser wavelength on Raman spectra of the aqueous phase of a fluid inclusion hosted
in fluorite. Spectra were acquired with the blue (488 nm) and green (514 nm) laser at 300°C with identical
focusing and acquisition parameters and were normalized to the water stretching band to facilitate comparison.

A vS; T(°C) AS,/AHO
(534 em™) Heating 290 0.00731
2vS; 3vS, 4v S, 5vS; 300 0.32344
(1070 cm™) (1601 cm™) (2133 cm™) (2665 cm™) Cooling 200 0.00651

Heating 300 0.32817

VH,S +Hs '
I (2582cm) | v OH (H,0)

! ' 1 300°C heating

1 I

: 1 200°C cooling
.= A

I

Intensity (arbitrary units)

300°C

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800
Wavenumber (cm™')

Figure B3: Raman spectra of the aqueous liquid phase of a fluid inclusion hosted in quartz obtained during
heating-cooling cycles. The resonant spectrum of S is clearly visible at 300°C, the intensity of the Raman bands
decreases at 200°C upon cooling. On heating again, the Raman spectra recorded at 300°C is identical to the first
one recorded 20 minutes before cooling. The insert shows the normalized Raman peak areas of S;™ at 200 and
300°C during heating-cooling cycles. The area is similar at the same temperature before and after heating and
cooling. Thus, the steady state for S3” is likely to be obtained after 10 minutes at 300°C.
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B2. Raman spectra calibration

B2.1. Sulfates calibration

We used standard solutions at different concentrations of Na,SO4 (0.05, 0.1, 0.3, 0.6, 0.9
and 1 mol/L) or H,SO4 (0.025, 0.05, 0.3, 0.5 and 1 mol/L) to calibrate SO42' and HSO4
respectively. The strongest stretching band of sulfate (981 cm™) and hydrogen sulfate (~1050
cm™) were used for calibration of SO,* and HSO4 content in the liquid phase (Fig. 18a in
main text, Table B3 and B6). In the Na,SO4-NaCl-H,O system, the stretching vibration of
sulfate corresponds to the sum of the free sulfate ion (SO4>) and the sodium sulfates ion pairs
(e.g., NaSOy, Na,SO,"). The contribution of the ion pairs to the sulfate stretching band is
undistinguishable within the spectral resolution, so our calibration coefficients correspond to
the total sulfates species concentrations.

The sulfate calibration coefficients increase slightly with addition of NaCl. Sulfate
concentration in the fluid inclusions was thus derived using calibration coefficients obtained
in 5 mol/L NaCl solution because this latter salt concentration is representative of the
chlorinity of our fluid inclusions. HSO, is never observed in our Raman spectra, therefore we
have not evaluated the effect of salinity on the calibration coefficient of HSO4". The detection
limit of the dissolved sulfate species by Raman spectroscopy is 0.002 mol/kgmo (Dubessy et
al., 1982). The quantification limit for SO,4* is 0.02 mol/kgm»o as deduced from the calibration
coefficients reported in Table B3 and the quantification limits for the sulfate Raman peak

integrated intensity.

B2.2. Sulfides calibration

To calibrate the aqueous H,S, we used standard solution of thioacetamid (CH;CNH,S;
0.1, 0.5, 0.9 mol/L) that rapidly breaks down above 150°C yielding stoichiometric amounts of
H,S and buffering pH between 4.3 to 4.5 at 200-300°C (Pokrovski et al., 2008).

CH;3CNH,S(5q) + 2 HoO = CH3COOH5q) + NHj3(aq) + H2S(g) (S1)

The effect of salinity on the calibration coefficients of H»S(,q) was also accounted for with
standard thioacetamid solutions at 5 mol/L NaCl (Fig. 18a in main text and Table BS, B6).
The strongest S-H stretching vibration of aqueous and gaseous H,S at ~2585 and ~2605 cm’™
were used for calibration of hydrogen sulfide content in the liquid and vapor phase,

respectively. A fraction of H,S produced by thioacetamid breaks down at T above 150°C is
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transferred to the vapor phase. Therefore, H,S concentration in the aqueous phase must be
corrected for H,S partitioning in the vapor phase using mass balance, and H,S vapor-phase
density directly determined from pure H,S liquid-gas standards. The H,S density in the 25-
300°C temperature range was determined according to vapor-liquid equilibrium properties of

pure H,S (http://webbook.nist.gov/chemistry/fluid/) loaded cryogenically in pure H,S

capillary (see Truche et al., 2014 for detailed procedure). Above the homogenization
temperature of the capillaries (ranging from 92.6 to 95.1 °C), the density remains constant.
Therefore, H,S density can be calculated along an isochore at a given temperature, and
calibration coefficient for H>Sy, (Fig. B4 and Table B4) can be deduced according to:
dios gas = Kios gas X AHos gas (S2)

where dups is the HoS density (g/mL), kuos gas 1s the calibration coefficient and Apps the
absolute H,S peak area. Because there is no internal standard in the pure H,S system, the
thioacetamid capillaries and the pure H,S capillaries were analyzed with exactly the same
condition during the same Raman session. H,S density in the thioacetamid capillaries (Table
B5) was further converted into moles of H,S, based on volumetric measurements. Aqueous
concentration of H,S was deduced by mass balance and volumetric measurements. The
quantification limit for sulfide is estimated around 0.01 mol/kgmo as deduced from our

calibration coefficients and the quantification limits for the sulfide Raman peak integrated

intensity.
4.5x10° L ' ' '
3_5)(10'6 il dHZS gas (g/mL) = kH2S X AHZS, absolute |
0
>
q)N 2. 5%10° 1 i
I
4
1.5%10° + -
O == =20 =~y
5.0x107 T r T T T
0 50 150 200 250 300 350

Temperature (°C)

Figure B4: Calibration coefficients for gaseous H,S from pure H,S liquid/vapor capillary as a function of
temperature (°C). The acquisition parameters are identical to those used for the thioacetamid standard solutions.
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B2.3. Trisulfur calibration

S;™ calibration coefficient can only be deduced by mass balance between sulfate, sulfide
and total sulfur assuming that the other potential S-bearing species are negligible according to
Pokrovski and Dubessy (2015):

m(S3’) = 1/3 {m(Sior) — MmE(SO4) — mE(HSO4) — m(H,S)} (S3)
where m is the molality of the corresponding species. This situation is never achieved in our
fluid inclusions because of the presence of elemental sulfur or polymeric sulfur species over
the entire temperature range investigated (25-300°C). Therefore, we rely on the calibration
coefficient of S;™ derived by Pokrovski and Dubessy (2015) in their thiosulfate run at 500°C
for the 514 nm laser excitation, where S;°, sulfate and hydrogen sulfide were the major species
detected in the single phase supercritical fluid.

Our Raman calibration coefficients for S;~ are in agreement with those of Pokrovski and
Dubessy (2015) obtained with the 514 nm laser excitation (Fig. 18b in main text and Table
B7). Combined with the quantification limits for the Raman peak integrated intensity of the
resonance-enhanced v, vibration at ~532 cm™ of Sy, the derived calibration coefficients allow

its quantitative analysis down to 0.0001 mol/kg,o (i.e. 10 ppm).

100 1 1 1

Non-resonant species
calibration coefficient

10 c}____?~\\—%

w{:
Yo
w{:
X
0.1 : =
OF-—-=-- _ =
: ' it
Resonant species =
calibration coefficient
0.01 T T T
150 200 250 300 350

Temperature (°C)

Figure BS: Raman calibration coefficients for S, +8,° (ksnp.) for the 514 nm laser excitation estimated by
application of 1) the calibration coefficient of a non-resonant species (by extrapolation of the kypg and the kgoq),
and ii) by the calibration coefficient based on a resonant species (ks3.).
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Table B3: Calibration coefficients for SO,* as a function of temperature. Sulfates concentrations, fluid density,
and integrated intensity of the sulfate Raman peaks, are also provided. Agos norm = water-normalized area of
sulfates; k SO,* = calibration coefficient for sulfates.

Density [SO.7] A SO~/

() 2-
TC0) (g/mL) (mol/L) A H,0 k SO,
Aqueous solution of Na,SO,
25 1.00 0.050 0.00135 36.94
25 1.00 0.050 0.00123 40.58
200 0.86 0.043 0.00149 28.79
250 0.80 0.040 0.00139 28.53
300 0.71 0.035 0.00144 24.52
25 1.00 0.100 0.00294 34.07
200 0.86 0.085 0.00288 29.57
250 0.80 0.079 0.00333 23.67
300 0.71 0.070 0.00531 13.24
200 0.86 0.085 0.00281 30.32
250 0.80 0.079 0.00322 24.49
300 0.71 0.070 0.00313 22.45
25 1.00 0.300 0.00860 34.88
200 0.86 0.249 0.01158 21.49
250 0.80 0.230 0.01190 19.31
300 0.71 0.205 0.01256 16.31
200 0.86 0.478 0.01888 25.33
250 0.80 0.442 0.01981 22.29
300 0.71 0.394 0.01949 20.20
200 0.86 0.478 0.01763 27.12
200 0.86 0.478 0.02043 23.40
250 0.80 0.442 0.02155 20.49
300 0.71 0.394 0.02239 17.58
25 1.00 1.000 0.02683 37.27
25 1.00 1.000 0.02500 39.99
200 0.86 0.757 0.02974 25.45
200 0.86 0.757 0.03018 25.09
250 0.80 0.700 0.03110 22.49
300 0.71 0.624 0.03344 18.65
300 0.71 0.624 0.03344 18.65
200 0.86 0.757 0.03308 22.89
250 0.80 0.700 0.03358 20.83
300 0.71 0.624 0.03455 18.05
Aqueous solution of Na,SO4+ 3M NaCl
25 1.11 0.100 0.00208 48.05
25 1.11 0.100 0.00214 46.74
25 1.11 0.100 0.00215 46.57
200 0.98 0.083 0.00268 30.94
250 0.93 0.079 0.00256 30.69
300 0.88 0.074 0.00264 27.95
200 0.98 0.083 0.00248 33.42
250 0.93 0.079 0.00272 28.88
300 0.88 0.074 0.00278 26.52
200 0.98 0.083 0.00254 32.52
250 0.93 0.079 0.00258 30.39
300 0.88 0.074 0.00284 26.01
25 1.11 0.300 0.00757 39.61
200 0.98 0.242 0.00847 28.62
250 0.93 0.230 0.00895 25.70
300 0.88 0.216 0.00932 23.19
200 0.98 0.242 0.00881 27.54
250 0.93 0.230 0.00902 25.52
300 0.88 0.216 0.00973 22.22
Aqueous solution of Na,SO,+ SM NaCl
200 1.05 0.080 0.00235 34.05
250 1.00 0.077 0.00246 31.16
300 0.95 0.073 0.00253 28.86
200 1.05 0.456 0.01784 25.56
250 1.00 0.436 0.01861 23.44
300 0.95 0.415 0.01955 21.24
200 1.05 0.663 0.02085 31.82
250 1.00 0.635 0.02200 28.86
300 0.95 0.604 0.02279 26.52
200 1.05 0.663 0.02334 28.42
250 1.00 0.635 0.02316 27.41
300 0.95 0.604 0.02435 24.82
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Table B4: Calibration coefficients for H,S(gas) as a function of temperature. The H,S,, density (g/mL)
corresponding to pure H,S liquid/vapor equilibrium and the absolute H,S(gas) Raman peak area are given at T.
Absolute Ay,s = absolute area of HySgas; k HaSqq = calibration coefficient for H,S gas.

d H;,S,, Absolute

0,
TCO  gmb) Ay KM
Pure H,S (liquid/vapor)
23 0.032 13502.5 2.39x10°°
23 0.032 13813.8 2.33x10°¢
200 0.217 195595.0 1.11x10°¢
200 0.217 201290.0 1.08x10°
250 0.217 184582.0 1.17x10°
250 0.217 175249.0 1.24x10°°
250 0.217 183073.0 1.18x10°°
300 0.217 185585.0 1.17x10°®
300 0.217 203214.0 1.07x10°®
300 0.217 192577.0 1.13x10°®
24 0.033 10711.8 3.09x10°°
24 0.033 13584.3 2.43x10°°
24 0.033 12473.5 2.65%x10°°
200 0.217 180853.0 1.20x10°°
200 0.217 186223.0 1.16x10°°
200 0.217 177215.0 1.22x10°®
200 0.217 183790.0 1.18x10°®
200 0.217 179735.0 1.21x10°¢
250 0.217 183415.0 1.18x10°°
250 0.217 185753.0 1.17x10°°
300 0.217 181856.0 1.19x10°
300 0.217 192528.0 1.13x10°°
300 0.217 181316.0 1.20x10°°
24 0.033 8183.4 4.04x10°°
24 0.033 8013.6 4.12x10°¢
200 0.217 164564.0 1.32x10°
200 0.217 169472.0 1.28x10°
250 0.217 166450.0 1.30x10°°
250 0.217 179185.0 1.21x10°°
250 0.217 168886.0 1.28x10°°
300 0.217 183651.0 1.18x10°°
300 0.217 192911.0 1.12x10°®
300 0.217 190845.0 1.14x10°°
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Table BS: H,S,, density (g/mL) in the thioacetamid capillaries as determined from: i) the k H,Sy, given in
Table B4, and ii) the respective absolute area of H,S gas Raman peak. Dissolved H,S is determined by mass
balance and volumetric estimation. Absolute Ay,s stands for the absolute integrated area of H,S gas Raman
peak; Appsaq norm stand for the integrated area of aqueous H,S normalized to the water stretching band; k H,S,q

stand for calibration coefficient of dissolved H,S.

° Absolute d st as A HZS(aq)/ [HZSaq]
TCO) Ams (g/ng) A H,0 (mol/L) k HyS,q
Thioacetamid 0.1M-NaCl 5M n°1

23 616.2 1.45x107 8.10x10

23 577.1 1.36x107 8.22x102

24 0.0018 45.29

24 0.0019 43.11

200 0.0012 66.40

200 0.0011 74.33

200 722.9 7.90x10™ 8.28%102

250 738.6 8.85%x10™ 7.95%102

250 712.9 8.54x10™ 7.97x102

250 658.2 7.89x10™ 8.02x102

250 0.0012 65.53

250 0.0012 66.56

250 765.3 9.17x10* 7.93x107

300 0.0020 38.67

300 0.0018 43.23

300 826.6 9.26x10™ 7.67x10

300 914.0 1.02x107 7.62x10

300 900.0 1.01x107 7.63x102

Thioacetamid 0.5M-NaCl 5M n°2

24 2104.2 8.59x107 3.52x107"

24 2009.8 8.20x107° 4.89x10!

24 0.0105 40.00

24 0.0105 40.20

200 0.0079 63.66

200 0.0072 69.26

200 4144.0 5.38x10° 4.98x10!

200 4059.1 5.27x10° 4.99x10™

200 3484.9 4.52x10° 5.08x10"!

250 3970.9 5.02x107° 4.87x10

250 3897.3 4.93x107 4.88x10!

250 0.0082 59.47

250 0.0082 59.57

300 0.0097 48.24

300 0.0095 49.37

300 4682.0 5.37x10° 4.67x10™

300 4409.8 5.06%107 4.70x10™

300 4380.1 5.02x107° 4.70%10!

Table B6: Raman calibration coefficients used in this study.
k SO,* k SO, k H,S,,
Tem?o‘g't““ kSO + 3M + 5M + KkHSO, + S5M %
NaCl NaCl NaCl

25 3729 262 4524 381 - - - - 42.15 2.53
200 25.94 2.96  30.61 2.50 29.96 3.74 36.30 3.30 68.41 4.56
250 22,76  2.88 2823 249 2772 324 3207 245 6278 3.79
300 18.85 3.30 25.18 2.39 25.36 3.20 29.61 2.05 44.88 4.92

130



Chapitre 2

Table B7: Calibration coefficients for S3- as a function of temperature calculated from Equation 3 in main text
with data from this study and from Pokrovski and Dubessy (2015).

Temperature k S5 o . k S3-. o el
o . uncertainities  Pokrovski and  uncertainities
€ This study Dubessy (2015)
200 0.0867 +0.0058 - -
250 0.0795 +0.0048 - -
300 0.0569 +0.0062 0.0846 +0.0477
350 - - 0.0542 +0.0073
400 - - 0.0476 +0.0062
450 - - 0.0444 +0.0050
500 - - 0.0377 + 0.0090

B3. Thermodynamic calculations

Thermodynamic calculations in this study were performed using Phreeqc code (Parkhurst
et al., 1999). In addition, some extrapolations of low-T data to higher T-P were performed
with HCh code (Shvarov, 2008) consistent with the revised HKF equation of state (Shock and
Helgeson, 1988; Sverjensky et al., 1997). The original lInl database (Johnson et al., 1992)
integrated into Phreeqc was modified for the following species: S5, S,~ and Sg’q. The
modifications are described below. Thermodynamic data of S; aqueous species were
introduced into lInl database according to the recent data of Pokrovski and Dubessy (2015).
These authors proposed the set of stability constants at 25-500°C for the following reaction:

2 HySaq + SO4* + H =837+ 0.75 Oy + 2.5 Hy0. (S4)

Using the stability constants at corresponding temperatures from the initial 1lnl database for
the reaction:

Oae) = O2ag) (S5)
we calculated the values of logK for the reaction:

2 HyS%uq + S04+ H' = S37+ 0.75 Oy + 2.5 H,0. (S6)

The values of the log K(S6) at 25-300°C were fitted by the polynomial function according to
the Phreeqc code formalism:

logK=A1+A2xT+ A3/T+ A4 xlog T + A5/T? (S7)
where Al to A5 are the analytic coefficients, given in Table B8, and T is the temperature in

Kelvin.
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Thermodynamic properties of S, species (n = 2 — 8) were taken according to the recent
study of Kamyshny et al. (2007). They provided the values of log K (25 — 53 °C) for the
following reactions:

HS + (n-1)Se;=Sp” + H (S8)
and proposed the values AfGqug, AfHozgg and Sozgg for S, species (n =2 — 8). To estimate the
role of these species in our solutions at higher temperatures (up to 300°C), we used the
revised HKF equation of state (Helgeson et al., 1981; Shock and Helgeson, 1988). The HKF
parameters of S,” species were retrieved using the OptimB computer code (Shvarov, 2015)
and theoretical correlations between 80298 and Cop(zgg), 80298 and V0298. (i.e. simple linear
relations y = ax+b proposed for S, species by Shock and Helgeson (1988)). More precisely,
we used the correlation equations proposed for by Shock and Helgeson (1988) and S%uos
values from Kamyshny et al. (2007) in order to estimate the values of Cop(zgg) and V%5 (see
Fig. B6). These main functions AfGOzgg, 80298 Cop(zgg) and Vozgg allow to obtain the full set of
HKF parameters for each S, species (n =2 — 8, Table B9) using OptimB computer code. We
calculated the log K (25-300°C) for the following reactions:

0.5(n-1)Oy0sq + (n-2)H" + nHS = S,> + (n-1)H,0 (S9)
using HCh code (Shvarov, 2008). Then, the values of the log K(S9) at 25-300°C were fitted
by the polynomial function (Eq. S7) and introduced into llnl database. Please note that the
reaction S9 is related to the reaction S8 via:

Osaq) + 2HS + 2H" = 2H,0 + 2S; (S10)
for which the log K values are available in the original llnl database. Thermodynamic
properties of Sg’(aq) were taken from Pokrovski and Dubessy (2015; Table B9).

The calculated concentrations of Snz', S¢’ and S;™ are shown in Figure B7 as a function of T

in the typical fluid inclusion geological context investigated in this study.
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Table B8: Analytic coefficients used in Equation S7 to calculate the log10 K value of S5, S,Zand S’ as a
function of temperature (in Kelvin) over the 25-300°C temperature range.

Equation Al A2 A3 Ad A5 log K (25°C)
2H,S+S0Z +H =S; +0.75 Oyaq T 2.5H,0| -1722 0.000 -8078.5 61.2 0.0 -48.0
40,+8H +8HS =8z + 8 H,0 -440.8 0.000 128338.9 147.0 0.0 353.5
0.5 Oypq +2HS = S,” +H,0 21.7 -0.001 10098.0 -8.881 157.6 33.3
Osq) + H'+3HS =S;* +2H,0 -51.6 0.007 31797.0 11.927 | -642490.0 79.4
1.5 Og(aq) + 2 H +4HS =8, +3H,0 208.8 0.058 33278.0 -85.833 519.2 125.3
2 Oy +3 H +5HS =S +4H,0 303.3 0.088 44739.0 | -124.710 698.0 171.0
2.5 Ogpq + 4 H +6HS =S¢ +5H,0 -245.2 0.000 79424.7 78.679 0.0 215.7
3 Oguq +5 H'+7HS =S +6H,0 -309.3 0.000 96263.3 99.756 0.0 260.2
3.5 Oyaq+ 6 H'+8HS =S¢ +7H,0 -372.2 0.000 112884.2 | 120.600 0.0 304.6
0 70 O Shock and Hel 1988
ockand Helgeson,
10 1 (a) OSh.ockand Helgeson, 1988 4 m
M this study 60 M this study
220 A ——y=-0.8x-37.8 — y=x+124 =
% 30 A 520
£ u £
= -40 - [ ] o 40
S £
—_ Q
§ -50 A1 S‘: 30
2 -60 - 3
© > 20
70 - ]
10
- - (b)
-90 T T T 0 T T
-20 0 20 40 60 0 20 40 60

$9%9g,cal/molK

$%,45,cal/molK

Figure B6: Linear correction used in this study: (a) correlation of the standard heat capacities (COlD 208)) and
entropies (S’s) of aqueous S,” species; (b) correlation of the standard partial molal volumes (V'y5) and
entropies (Sozgg) of aqueous Sz species. The values of S0 of S, species (n =2 — 8) used in this study are from
Kamyshny et al. (2007), the equations are from Shock and Helgeson (1988).
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Table B9: Standard thermodynamic properties at 25°C and 1 bar and parameters of the HKF equation of state for S3- and Sn-2 species used in this study.

Thermodynamic function S; ion® Sz'z ion S3'2 ion S4'2 ion 85'2 ion S6'2 ion S7'2 ion Ss'2 ion Sso a
Gibbs energy A/G"505, cal/mol 132x10° 185x10° 17.0x10° 16.0x10° 15.8x10° 16.1x10° 169x10° 17.9x10° 10.3 x 10’

Entropy, S%os, cal/(molxK) 28.6 5.3 22 15.1 23.9 33.2 40.9 50.9 64.9

Heat capacity, C’yu0g), cal/(molxK) 62.3 -33.6 -39.5 -49.8 -56.9 -64.4 -70.5 -78.5 43.4

Volume, V%5, cm’/mol 37.7 7.1 14.6 27.5 36.3 45.6 53.3 63.3 124.1
HKF coefficients

a; x 10, cal/(molxbar) 2.5 3.9 4.8 6.5 7.7 8.9 9.9 11.3 25.6

a, x 107, cal/mol 19.9 1.7 4.0 8.2 11.0 14.0 16.5 19.7 20.2

ay , cal*K/(molxbar) 9.2 5.1 42 25 1.4 0.2 -0.7 2.0 -11.7

a, x 10, calxK/mol 3.6 2.8 2.9 3.1 3.2 3.4 3.5 3.6 3.6

¢y, cal/(molxK) 50.2 17.1 12.6 4.8 -0.6 -6.3 -11.1 -17.1 84.8

¢, x 107, calxK/mol 9.6 99 -11.1 -13.2 -14.6 -16.2 -17.4 -19.0 -20.0

o x 107, cal/mol 0.8 3.3 3.2 3.0 2.9 2.7 2.6 2.5 0.08

* Pokrovski and Dubessy, 2015
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$(6) = 0.09m; $(-2) = 0.05m; 0.11m S__.,; 3.3m NaCl; 1.6m CaCl,
HM buffer; Calcite equilibrium; P (CO,) =10 bar; pH= 5

10—2 L L 1 1 I
10°-
8104

510 - -

1 0—12 .

50 100 150 200 250 300
Temperature (°C)

Figure B7: Thermodynamic modeling of the S,7, Sg’ and Sy as a function of temperature in the similar
conditions than Fig. 22a in the main text. These conditions are representatives to a typical fluid inclusion
investigated in this study.

Table B10: Mean concentrations (mol/kgy,0) of each sulfur species measured in the natural fluid inclusions and
calculated with Phreeqc software.

Measured Calculated Measured Calculated Measured Calculated

TCO CSy CSy C xS0/ CXSO CZIH,S C ZH,S
25 - 4.08x10°  9.59x102  2.07x10%  4.60x107  1.60x107
200 448x10"%  7.91x10"  9.58x10%  7.72x107  2.39x10"  1.71x10"
250 2.20x10°  1.06x10°  8.32x10%  7.71x107  2.21x10"  1.70x10"
300 498x10°  1.37x10°  1.11x10"  7.69x107  2.29x10"  1.69x10"
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Figure B8: Predominance diagrams of aqueous sulfates, sulfides and carbonates as a function of pH at 25 and
200°C and 5M NaCl. The grey shaded zone underlines the pH range that satisfies to the speciation of carbonate,
sulfate and sulfide observed in our fluid inclusions (Table B1).
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Chapitre 2C. Perspectives

Cette ¢tude quantitative de la spéciation du soufre dans des inclusions fluides naturelles
ouvre de nouvelles possibilités d’analyses pour démontrer I'ubiquité de I’ion S;™ dans des
contextes naturels ou la TSR se produit. Dans ce but des inclusions fluides issues du dome
salifére de Nordvik-Taimyr (Russie) et d’un gisement de type Mississippi Valley Type
Deposit (MVT) du bassin de Sabinas (Mexique) ont également été étudiées en température.
Ces sites ont €té choisis car ils ont subi le processus de TSR et parce que des sphérules de
soufre ¢élémentaire sont observés dans les inclusions fluides (Pokrof’ev et al., 2006 ;

Gonzalez-Sanchez et al., 2009).

Les inclusions fluides de ces formations ont été chauffées et analysées par spectroscopie
Raman suivant le protocole décrit dans le Chapitre 2. Dans les deux contextes la formation de
I’10on radicalaire S3™ a été observée a des températures comprises entre 200 et 300°C (Fig. C1).
Cette observation démontre que I’ion S;  est ubiquiste dans les fluides hydrothermaux

associés aux contextes géologiques ou la réaction de TSR se produit.

Ce type d’études sur inclusions fluides naturelles doit maintenant étre étendue a d’autres
environnements géologiques comme les gisements de type porphyres ou I’existence de 1’ion
S;” est prédite par des calculs thermodynamiques et par des expériences censées Etre
représentatives de ces contextes (Pokrovski et al., 2015). Les gisements de lapis-lazuli sont
également des cibles de choix pour de nouvelles études sur ces especes de valence
intermédiaire du soufre grace a leur couleur bleue liée a la présence du trisulfure dans le
systéme cristallin de la sodalite et de I’haliyne (Reinen and Lindner, 1999 ; Gobeltz-

Hautecoeur et al., 2002 ; Tauson et al., 2012).
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i (5;252""‘) Fluid inclusions composition, 25°C
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Figure C1: Spectres Raman de la phase aqueuse présente dans les inclusions fluides de trois sites géologiques

différents: (1) "Nappe des Gypses" (Alpes occidentales, France), (2) dome salifére de Nodvik-Taimyr (Russie) et

(3) gisement de type MVT du bassin de Sabinas (Mexique). Les spectres sont obtenus entre 200 et 300°C. Dans
les trois cas, les inclusions fluides sont encaissées dans de la fluorite, les étoiles représentant les pics de celle-ci.
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Chapitre 3. Etude expérimentale du role de la spéciation
du soufre (organique et inorganique) lors de la Thermo-
Réduction des Sulfates

1. Contexte de I’étude

L’expérimentation a pour but de reproduire les processus observés dans la nature pour en
comprendre leur fonctionnement et ainsi, pour ce qui concerne les ressources minérales et
énergétiques, améliorer notre connaissance sur la genése des gisements métalliféres ou
pétroliers. Toutefois, de trés nombreux facteurs rentrent en jeu dans ces processus
géologiques (température, pression, réaction avec ’encaissant, nature du fluide, perte ou
apport de matériel etc...). Ces facteurs complexifient de maniere significative le systéme et il
est donc quasiment impossible de reproduire de manicre exacte la nature. L’expérimentateur
doit donc simplifier le systéme géologique pour étudier quelques paramétres a la fois (le plus
souvent la pression, la température, le pH ou la nature des réactifs) et petit a petit mieux
comprendre le systeme dans son ensemble. Grace aux avancées technologiques sur les outils
analytiques, de nouveaux paramétres peuvent €tre pris en compte lors d’expériences en
conditions hydrothermales. C’est pourquoi, dans cette étude nous nous basons sur de
précédentes expériences décrites dans la littérature pour en compléter les données
préalablement obtenues et ainsi mieux contraindre le systéme d’étude. Un nouveau protocole
expérimental couplant 1) des techniques analytiques classiques (réacteurs hydrothermaux et
analyses des solutions prélevées), ii) des techniques d’analyses in-situ (spectroscopie Raman
et Infrarouge couplée a des autoclaves ou des capillaires de silice) et iii) des mesures multi-

isotopiques du soufre, est ainsi mis en place.

Cette ¢tude repose sur deux séries d’expériences distinctes. Dans un premier temps des
expériences de Thermo-Réduction des Sulfates (TSR) classiques ont été reproduites portant
une attention particuliére a la spéciation et au fractionnement multi-isotopique du soufre au
cours de I’avancement de la réaction. Dans un second temps, des expériences originales de
TSR ont été réalisées en capillaires de silice couplées a la spectroscopie Raman et Infrarouge

in-situ afin d’étudier la spéciation et le fractionnement des différentes especes soufrées entre
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phase aqueuse et phase hydrocarbonée (octane). Une attention particuliere est portée a
I’incorporation du soufre dans les hydrocarbures dans des conditions ou I’ion radicalaire S3 et

d’autres especes polymériques du soufre (formées lors de la TSR) sont présents.
1.1. Etat de ’art sur les expériences de TSR

Notre connaissance du processus de TSR s’est considérablement améliorée depuis une
dizaine d’années grace a de nombreuses ¢tudes expérimentales. La plupart de ces études se
concentrent sur la TSR en contexte pétrolier (Krouse et al., 1988; Goldstein and Aizenshtat,
1994; Worden and Smalley, 1996; Ma et al., 2008; Zhang et al., 2007-2008; Amrani et al.,
2008), en portant attention soit a la phase aqueuse, soit a la phase hydrocarbonée, mais aucune
ne considere le systéme multiphasique dans son entier. Il en résulte une vision parcellaire des
mécanismes réactionnels et donc une impossibilit¢ d’extrapoler les résultats expérimentaux
aux cas naturels. De plus, la plupart de ces expériences ne sont interprétées qu’au travers
d’analyses réalisées a postériori apres refroidissement et dépressurisation du systeme. Ainsi
seuls les produits de réactions stables dans les conditions ambiantes de pression et de
température sont analysés, mais pas les intermédiaires réactionnels, notamment les espeéces

transitoires ou instables lors du refroidissement des réacteurs.

Ces derniéres années des études spectroscopiques in-situ a chaud ont ét¢ développées sur
inclusions fluides synthétiques (Jacquemet et al., 2014) ou naturelles (Barré et al., 2017) afin
d’analyser les différentes phases présentes dans un systéme a haute température. D’autres
études se sont basées sur la technique des micro-capillaires de silice comme inclusions fluides
synthétiques pour étudier des réactions inorganiques et organiques (Chou et al.,, 2008 ;
Caumon et al., 2013 ; Yuan et al.,, 2013). Notre €quipe avait utilisé¢ cette technique des
capillaires couplée a la micro-spectroscopie Raman pour révéler le role de 1’ion trisulfure S;°
dans le processus réactionnel de la TSR (Truche et al., 2014 ; Chapitre 3D). De plus, les
dernic¢res avancées sur les analyses multi-isotopique du soufre (e.g., Farghuar and Wing,
2003 ; Ono et al., 2006 ; Farquhar et al., 2010 ; Johnston, 2011) ouvrent de nouvelles
possibilités d’interprétations des signatures isotopiques laissées par la TSR et notamment du
role des especes de valence intermédiaire du soufre dans le processus réactionnel. C’est
pourquoi, la premiere partie de cette étude s’est focalisée sur le lien entre spéciation et

fractionnement multi-isotopique des especes soufrées en solution.
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1.2. La sulfuration des hydrocarbures

Les hydrocarbures sont les agents réducteurs les plus couramment admis dans la réaction
de TSR. La réaction est donc tres étudi¢e dans des contextes de bassin pétrolier car elle induit
la génération d’H,S, dont la présence est pénalisante pour 1’exploitant a double titre, d’abord
elle induit une dégradation quantitative et qualitative des hydrocarbures, ensuite elle engendre
des difficultés opérationnelles liées a la corrosion des installations de forage et a la sécurité
des personnels (haute toxicité de 1’H,S). L occurrence de la TSR dans les bassins pétroliers
peut donc affecter la viabilité économique de I’exploitation. Le lien entre cette génération
d’hydrogene sulfuré et la quantité de soufre incorporé dans les hydrocarbures qui y sont
associés est bien connue (Orr, 1974 ; Krouse et al., 1988 ; Heydari and Moore, 1989 ; Machel
et al., 1995 ; Worden et al., 1996 ; Manzano et al., 1997 ; Cai et al., 2003-2016 ; Amrani and
Aizenshtat, 2004 ; Amrani et al., 2008-2012 ; Wei et al., 2012 ; King et al., 2014). Cependant,
malgré de nombreuses études sur ’incorporation du soufre dans les phases hydrocarbonées
(Orr, 1985 ; Hanin et al., 2002 ; Werne et al., 2004), le mécanisme et le chemin réactionnel de
cette réaction reste trés spéculatif. Les expériences précédentes correspondent majoritairement
a des études de pyrolyses mettant en présence une phase hydrocarbonée, une phase soufrée
(principalement H,S ou du soufre élémentaire) et parfois de I’eau (Nguyen et al., 2013-2015 ;
Amrani et al., 2008 ; Kowalewski et al., 2010 ; Said-Ahmad et al., 2013). Dans chaque étude
les produits de réactions organiques et inorganiques (principalement H,S et le soufre
¢lémentaire) ont été analysés a froid. H,S et le soufre élémentaire sont les deux especes
communément admises pour induire la sulfuration des hydrocarbures (e.g., Powell and
Macqueen, 1984; Amrani and Aizenshtat, 2004; Zhang et al., 2008; Kowalewski et al., 2010;
Walters et al., 2011; Amrani et al., 2012; Amrani, 2014; Meshoulam and Amrani, 2017).
Toutefois, la source et le chemin réactionnel d’incorporation de ces especes dans les
hydrocarbures restent a démontrer.

C’est la raison pour laquelle la seconde partie de cette étude concerne des expériences de
TSR en présence d’octane. Grace a la technique des micro-capillaires de silice couplée a la
spectrométrie Raman et infrarouge in-situ, la composition de la phase aqueuse et de la phase
hydrocarbonée est analysée simultanément afin de déterminer la nature des especes soufrées

dans chacune des phases et leur réle dans la sulfuration des hydrocarbures.
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2. Matériels et méthodes

2.1 TSR en autoclave sous conditions hydrothermales
2.1.1. Réacteurs hydrothermaux

Un réacteur hydrothermal de marque Parr® a été utilisé pour la réalisation des expériences
de TSR. Ce réacteur de 450 mL en titane pur de grade 4 est utilis€é pour sa résistance a la
corrosion en présence d’H,S. Ce réacteur permet d’atteindre des températures jusqu’a 300°C
et des pressions de 900 bars. L’autoclave intégre un dispositif de prélevement et d’injection de
gaz et de liquide ainsi qu'une sonde optique (la lentille en saphir est sertie sur un tube en
titane) reliée par une fibre optique a un spectrometre Raman Kaiser RXN4 de marque Kaiser
Optical Systems Inc. (Ann Arbor, MI ; Fig. 24 et 25). Le saphir est préféré au verre pour son
absence d’interaction avec la solution utilisée comme décrit par Bondarenko and Gorbaty
(1997). Ce systéme Raman est équipé d’une source diode émettant un laser d’une longueur
d’onde de 532 nm et une puissance d’environ 400 mW. Les spectres ont été acquis sous une
couverture spectrale de 150 4 4350 cm™ avec une résolution de + 5 cm™ . Chaque spectre a été
acquis avec un temps d’exposition de 15 s accumulé 10 fois. La température de 1’expérience
est ajustée a £ 1°C grace a la mesure in-sifu par un thermocouple couplée a une régulation

¢lectronique.
2.1.2. Programmes expérimentaux

Deux expériences typiques de TSR ont été réalisées sur la base des travaux de Kiyosu and
Krouse (1993 ; expérience nommée TSR 1) et de Goldhaber and Orr (1995 ; expérience
nommeée TSR 2). Dans la premiere expérience (TSR 1), 270 mL d’une solution de Na;SO, a
0.1 M (mol/L) ont été introduits dans la cuve de 1’autoclave ainsi que 0.5 g de soufre
¢lémentaire. Le réacteur est ensuite barboté (condition anoxique) et pressurisé a 1’argon puis
chauffé a 250°C pour atteindre une pression autour de 45 bars. Apres 4.5 jours de chauffe, 52
mL d’acide acétique (CH3COOH ; agent réducteur) a 3 M sont également introduit a chaud
dans I’autoclave a I’aide d’une presse cabestan. La concentration d’acide acétique dans la
cuve est alors de 0,5 M. La chauffe a été maintenue a 250°C sur toute la durée de I’expérience

(15 jours).
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Temperature
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Raman
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Figure 24 : Photo du réacteur Parr en titane et des systémes de prélévements et injections de fluide couplé a un
spectrometre Raman. La barre rouge correspond au bord de la hotte sous laquelle se trouve 1’autoclave.
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Figure 25 : Schéma représentant les méthodes de prélévements des expériences en autoclave couplé a un
spectrométre Raman via sonde optique (en saphir) a immersion et une fibre optique. Le gaz est prélevé et analysé
par titration a I’iode tandis que la phase aqueuse est récupérée dans de I’acétate de zinc permettant de précipiter
les sulfures dissous et de récupérer, en une seconde étape, les sulfates.
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La seconde expérience (TSR 2) débute avec une solution de 300 mL de (NH4),SO4 a4 0.1 M
et un ajout de 3 bars d’H,S pur apres barbotage et dégazage du réacteur a I’argon. Elle est
ensuite portée a une température de 250°C et une pression de 38 bars pendant 2 jours puis
montée a 51 bars par un ajout supplémentaire d’argon (surpression nécessaire pour s’assurer
de I’absence de fuite au cours de 1’expérience). Apres 6 jours de chauffe, 10 bars de CHy
(agent réducteur) sont introduits dans le systéme, portant la pression totale a 62 bars. Il est a
(1995) car ce dernier entraine un effet de fluorescence en spectroscopie Raman qui
empéecherait ’analyse in-situ des especes dissoutes. La température est augmentée jusqu’a

270°C apres environ 20 jours de manipulation. La durée totale de 1’expérience est de 25 jours.

Dans chaque expérience, des préleévements de gaz et de liquide sont régulierement réalisés
a chaud. Lorsque ceux-ci induisent une baisse trop importante de pression, de 1’argon est
introduit dans le réacteur pour maintenir la pression autour de 45 et 60 bars pour TSR 1 et

TSR 2 respectivement.

2.1.3. Procédure de prélevement

Durant chaque expérience plusieurs prélévements de liquide ont été régulicrement réalisés
(tous les 3 a 6 jours). Chaque prélévement de liquide est précédé par une purge de 2 mL pour
se soustraire a d’éventuelles impuretés présentes dans le tube de prélévement. Dans un
premier temps, 2 mL de liquide sont prélevés puis sont immédiatement dilués par deux avec
une solution d’acétate de zinc a 0.5 M pour faire précipiter les especes sulfurées dissoutes
(H:S, HS", S? suivant le pH). Aprés filtration, une partie de cette solution maintenant
dépourvue de sulfures est mise a réagir avec une solution de chlorure de baryum a 0.6 M pour
précipiter les sulfates en solution sous forme de sulfate de baryum qui seront ensuite utilisés
pour des analyses isotopiques. L’autre partie est diluée par de I’eau milliQ pour ensuite étre
analysée par chromatographie ionique (Dionex, AS-DV Autosampler) pour un dosage des

sulfates en solution.
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Dans un second temps deux nouveaux aliquotes distincts de solution expérimentale sont
prélevés. Le premier sert & déterminer la concentration des especes sulfurées présentes dans le
réacteur par titrage volumétrique a I’iode et au thiosulfate. Pour ce faire, le prélévement (de 2
mL environ) est réalis¢ dans une solution d’iode (I;) a 0.05 M dans laquelle les especes
sulfurées (sous forme de H,S grace a I’acidification par ajout d’HCI dans la solution iodée)

vont étre oxydées sous forme de soufre élémentaire suivant la réaction suivante :
L+HS=2T+8"+2H (1)

Aucun dégazage de H,S n’est possible lors de ce prélévement car la solution expérimentale
est directement transférée dans I’iode préalablement acidifié. Ensuite la solution résultante est
immédiatement dosée en retour a 1’aide d’une solution de thiosulfates de sodium. Lorsque la
solution passe d’une couleur jaune-brune a une couleur blanchatre 1’équivalence est atteinte.

Ensuite grace a 1’équation 2 la concentration d’H,S en mol/L est recalculée.

Ciizs = [(Cra X Vo) — (0.5 X CNazs203 X VNa2s203)] / VEchantilion (2)

avec Cp, = 0.05 M, Cnas20; = 0.05 M, Vi, = 2.5 mL, VEchantilion = Volume de 1’échantillon dosé

(en mL) et VNas:0; qui est déterminé lors du dosage (en mL).

Le second prélévement se fait dans une cellule de 50 mL contenant environ 15 mL d’une
solution d’acétate de zinc a 1 M. Ce prélévement de 35 mL permet de n’avoir aucune perte de
maticre et H,S dissous va ainsi directement précipiter sous forme de sulfure de zinc. Le tout
est ensuite filtré pour récupérer les sulfures qui vont étre analysé€s par multi-isotopie du
soufre. Le résidu de fluide est lui mélangé a de I’hexane pour tenter de séparer les
polysulfures et le soufre élémentaire (extraction solvant/solvant) qui pourrait rester en
solution (voir Dadze and Sorokin, 1993 pour la méthode) en vue d’une analyse multi-

isotopique du soufre.

En fin d’expérience la phase gazeuse est mise a barboter dans une solution d’AgNO; afin
de faire précipiter I’H,S restant sous forme de sulfure d’argent (Ag,S) pour étre ensuite

analysé par multi-isotopie du soufre.
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2.1.4. Analyses multi-isotopique du soufre

Les solides de sulfates de baryum et de sulfures de zinc précipités lors de chaque
prélévement ont été analysés par multi-isotopie du soufre. La méthode d’analyse est
exactement la méme que celle utilisée sur les échantillons naturels décrite dans le Chapitre 1.
Une premiere étape d’extraction du soufre présent dans les solides par attaque acide en chimie
humide est nécessaire pour transformer le soufre des échantillons en Ag,S qui permettra
ensuite leur analyse isotopique par fluorination (Fig. 26). Les sulfates sont extraits grace a une
solution d’un mélange d’acide iodhydrique et hypophosphoreux fortement réductrice (dite
"Strongly Reducing Hydriodic Hypophosphorous acid solution", STRIP ; Kitayama et al.,
2017). Tandis que les sulfures sont extraits par la méthode du "Chromium Reduced Sulfides"
(CRS) basée sur I’étude de Canfield et al. (1986). Ces attaques acides permettent la libération
du soufre des échantillons sous forme d’H,S et son acheminement via un pi¢ge a acide
jusqu’a une solution de nitrate d’argent (AgNOs) dans laquelle il précipite sous forme de
sulfure d’argent (Ag»S). Il faut attendre plus d’une heure pour que tout I’H»S soit libéré et
réagisse avec la solution d’AgNOs; pour avoir des rendements d’extraction acceptables

supérieurs a 80% ; Fig. 27).
g

L’analyse multi-isotopique du soufre de 1’Ag,S préalablement récupéré, se fait par analyse
du gaz SFg (ionisé sous forme SF°" dans le spectrométre). Le fluor présente 1’avantage de
n’avoir qu’un seul isotope et élimine donc les interférences isobariques, c’est-a-dire que les
rapports d’abondances des isotopologues du SFg (ex : S**F¢/ S**F°) sont égaux aux rapports
d’abondance isotopique n’ayant qu’un seul isotope. En injectant du SF¢ dans le spectrometre
cela permet d’analyser les différents isotopes du soufre présent en soustrayant la masse du

fluor de la masse analysée permettant une trés haute précision de mesure.
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Figure 26 : Schéma récapitulatif de la ligne d’extraction du soufre.

L’analyse se déroule en plusieurs étapes sur une ligne de fluorination (Fig. 28) : (1)
fluoriner I’Ag,S au fluor (Fy)) toute une nuit a 350°C pour former le SFe, (2) éliminer et
passiver le F» en exces sous forme de KF) en réaction avec du KBry;), (3) extraire uniquement
le SF¢ en piégeant les impuretés du systeme a 1’aide de pieges cryogéniques (le SF¢ se
condensant a des températures inférieures a -127°C) et d’une colonne chromatographique, (4)
injecter le SF¢ pur dans le spectrométre de masse. Le spectrométre a une précision interne de
+ 0.008%o pour les valeurs de A*S. Toutes les valeurs de 8°*S données sont rapportées au
CDT. L’erreur pour chaque valeur est estimée par rapport & la somme des erreurs internes
(liées a la machine d’analyse) et externes (liées aux erreurs de manipulations notamment)
apres I’ensemble des procédures d’extraction, de purification, d’analyse et aprés comparaison
au standard International Atomic Energy Agency (IAEA)-S1 and —S2. Cela induit une erreur

autour de 0.1%o, 0.01%o et 0.1%o pour les valeurs de &3 4S, APS et A*°S, respectivement.
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Figure 27 : Evolution au cours du temps de la solution de nitrate d’argent (AgNO;) permettant la précipitation
de I’H,S produit par extraction par attaque acide sous forme de sulfure d’argent (Ag,S). La solution devient de
plus en plus marron au fur et a mesure de ’apport d’H,S couplé a la précipitation de I’Ag,S au fond du tube.
L’ensemble de I’H,S a réagi lorsque la solution s’éclaircie de nouveau, indiquant la fin de réaction, le plus
souvent aprés plus d’une heure.
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Figure 28 : Schéma récapitulatif de la ligne de fluorination du soufre permettant la séparation du SF¢ d’un
échantillon suivi par son analyse multi-isotopique.
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2.1.5. Caractérisation semi-quantitative des espéces en solution par spectroscopie Raman

in-situ

Pour chaque spectre Raman acquis lors des expériences, les aires des pics des sulfates, des
sulfures, de I’ion S;°, du méthane et de I’acide acétique (lorsque présent) ont été intégrées en
utilisant le logiciel LabSpec 5.64.15 (“Jobin-Yvon, Horiba) par une combinaison de fonctions
Lorentzienne et Gaussienne (fonction pseudo-Voigt). Chaque intégration est rapportée a 1’aire
de la bande de I’eau autour de 3500 cm™ qui sert de standard interne et permet ainsi la
comparaison des proportions relatives de chaque espeéce au cours de 1’expérience. Avant
chaque intégration, la ligne de base est soustraite pour permettre une détermination précise

des positions et des aires de pics intégrées.
2.1.6. Analyse des gaz par chromatographie en phase gazeuse

Durant I’expérience TSR 2, 4 prélévements de la phase gazeuse ont été réalisés entre 194 et
608 h de chauffe. Le gaz a ensuite ét¢ analysé par chromatographie en phase gazeuse (GC)
couplé a un détecteur de conductivité thermique (TCD), préalablement calibré en utilisant
différents mélanges d’Ar + H, + CO, a différentes concentrations et pressions injectées via
une boucle d’injection de 20 pL. La colonne utilisée de marque Carbobond (Agilent, 50 m de
longueur avec un diametre interne de 0.53 mm et une épaisseur de film de 10 pum) est soumis
a une pression d’hélium de 1.03 bar servant de gaz vecteur et permettant une identification
précise des gaz analysés. Le programme de chauffe aprés injection comprend une chauffe a
30°C pendant 2 min suivi par une chauffe a 50°C/min jusqu’a 180° C suivi par la tenue de

cette température durant 5 min.
2.2. TSR en micro-capillaire de silice
2.2.1. Choix des systemes expérimentaux

Le but de cette étude est d’observer in-situ le comportement du soufre entre une phase
aqueuse et d’une phase hydrocarbonée. Pour cela il est nécessaire d’avoir un matériau
transparent a la fois a I’ceil et a la spectrométrie Raman et Infrarouge, et ce a la fois pour le
contenant et pour le contenu. En tant que contenant, les micro-capillaires de silice (Fused
Silica Capillaries Capsules, FSCC) de la marque Polymicro Technologies, LCC, d’un
diametre interne de 100 et 200 um et d’un diamétre externe de 360 um (Fig. 29), satisfont les

trois critéres. Pour le contenu, la phase aqueuse ne pose pas de probléme pour chacun des
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trois criteres. Tandis que la phase hydrocarbonée entraine souvent un phénomeéne de
fluorescence lors d’analyses par spectrométrie Raman (Dubessy et al., 2012 ; Panczer et al.,
2012 et références incluses). L’octane a donc été préférentiellement choisi car il est I’'un des
rares hydrocarbures qui n’induit pas de phénoméne de fluorescence lors d’analyses par

spectrométrie Raman.

)

.'\__—‘*-H_._.-[ )

1cm

Figure 29: Capillaire de silice présentant une phase gazeuse (au centre) et une phase aqueuse a chaque extrémité
(d’aprés Caumon et al., 2013).

Chaque solution aqueuse utilisée a été choisie pour permettre la formation de I’ion
radicalaire S;~ et 'initiation de la TSR. Ce choix s’est basé sur les résultats obtenus par
Truche et al. (2014) qui ont montré qu’un mélange sulfate-sulfure induit systématiquement la
formation du trisulfure a température >150°C. C’est pourquoi deux systémes permettant de
générer simplement ces deux valences du soufre ont été utilisés. Le premier consiste au
couplage entre une solution de sulfate de sodium (Na,SO4) a du soufre natif solide qui se
dissocie en phase aqueuse en une molécule de sulfate et trois molécules de sulfure

d’hydrogene a température >150°C (Robinson, 1973) d’aprées la réaction suivante :
4 S(S) +4 H,O=2H++ SO42_ +3 HzS(aq) (3).

Le second systéme consiste en une solution de thiosulfate de sodium (Na;S,;03) qui se
décompose autour de 150°C en proportion égale de sulfate et sulfure a un pH neutre suivant la

réaction suivante :
N2128203(aq) + H20 = SO42_ + HzS(aq) +2 Na+ (4)

Dans les deux cas les solutions ont été introduites a 0.2 et 1 M pour observer le role de la

concentration en soufre totale sur la réaction.

A chaque solution aqueuse est associée a une phase octane. Chaque phase est introduite
individuellement dans le capillaire puis I’ensemble est ensuite cryogénisé et relié a une ligne a
vide afin d’évacuer I’air résiduel. Le capillaire cryogénisé est ensuite scellé piégeant ainsi les
différentes phases et permettant leur observation dans le capillaire (Fig. 30). Aprés une
période de chauffe a 200°C s’étalant de 24h a plus d’un mois, les capillaires ont été analysés

in-situ par spectrométriec Raman et Infrarouge (voir détails ci-apres).
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Figure 30 : Capillaire présentant les trois phases présentent dans le capillaire une fois scellé : aqueuse,
hydrocarbonée et gazeuse.

Des capillaires contenant du soufre élémentaire et de 1’octane avec ou sans présence d’eau
ont également été réalisés pour observer le comportement du soufre élémentaire vis-a-vis de
I’octane en présence et en absence d’eau dans les mémes conditions que les solutions
précédentes. Ce type de manipulation est similaire a de nombreuses études mélangeant du
soufre ¢lémentaire et une phase hydrocarbonée en présence ou absence d’eau (Amrani et al.,
2008 ; Kowalewski et al., 2010 ; Said-Ahmad et al., 2013). La Table 6 résume I’ensemble des

systémes introduits dans les capillaires.

Table 6 : Liste des expériences octane + H,O =+ soufre ¢lémentaire + thiosulfate + sulfate réalisées en capillaire
de silice.

Sample Total heating time (h) Maximum temperature (°C)
Water + octane 1h 300°C
Sg + octane 168 h 300°C
Water + Sg + octane 888 h 200°C
Na,S,05 0.2 M + octane 672 h 200°C
Na,S,05; 1 M + octane 672 h 200°C
Na,S0,4 0.2 M + Sg + octane 672 h 200°C
Na,SO4 1 M + Sg + octane 672 h 200°C

2.2.2. Parametres d’acquisition spectroscopique

Pour permettre 1’analyse in-situ en température, les capillaires ont été placés sur une platine
microthermométrique couplée soit & un spectrometre Raman soit & un spectrometre
Infrarouge. Ces deux techniques spectroscopiques ont ¢ét€é combinées pour leur

complémentarité. En effet, la spectroscopie infrarouge est plus sensible aux phases organiques
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que le Raman, mais est bien moins efficace pour les solutions aqueuses car elle souffre de
gros effets d'absorption par 1’eau. Les spectres IR peuvent étre collectés de 400 a 5000 cm™,
mais ici, la silice provenant des capsules FSCC utilisées dans cette étude induit un effet
d'absorption élevé, limitant I’observation du signal entre 2000 et 5000 cm™. Le Raman quant
a lui ne souffre pas de ces effets d'absorption. Il présente également l'avantage de générer des
spectres moins affectés par les changements de température et de concentration. De plus, la
concentration d’une espéce donnée est directement proportionnelle a l'intensité de son pic
Raman. Malheureusement, les spectres Raman peuvent facilement étre perturbés par des
phénomenes de fluorescence induits par les doubles liaisons conjuguées de molécules
aromatiques par exemple. L’utilisation conjuguée de la micro-spectroscopie Raman et

Infrarouge permet d’identifier a la fois les espéces aqueuses et les espéces hydrocarbonées.

Le spectrometre Raman (Labram HR, ®Jobin-Yvon, Horiba) utilisé lors de ces analyses est
couplé a un microscope optique (® Olympus) avec un objectif 20x permettant 1’observation et
la focalisation précise du laser sur la phase a analyser. Le réseau (1800 traits par mm), la
distance focale (800 mm), le trou confocale (500 um) et la largeur de fente (100 pm) du
spectrométre donnent une résolution spectrale de 0,5 cm™. Les spectres Raman sont obtenus
grace a un laser a excitation d’Ar" d’une longueur d’onde de 514 nm (vert) et un laser a diode
de fréquence unique a 785 nm (rouge). La puissance laser sur échantillon est d'environ 20
mW pour le laser a 514 nm et de 70 mW pour le laser a 785 nm. Les spectres sont recueillis

"et 3200 cm™ pour le laser

entre 100 cm™ et 4200 cm™ pour le laser vert et entre 100 cm’
rouge. Différentes durées d'exposition du faisceau laser et de puissance laser ont été utilisées
afin de s'assurer qu'aucune réaction photochimique induite par le laser n'a influencé la
solution lors de D’acquisition. Des premieres séries de mesures in-situ sont effectuées
directement sur la platine entre 22°C et 300°C. Les séries suivantes sont réalisées sur les
capillaires mis en chauffe dans un four a 200°C pour observer 1’évolution de la réaction au
cours du temps. Malheureusement, dans de nombreux cas des phénoménes de fluorescence
ont été observés avec le laser a 514 nm (Fig. 31). Toutefois, suivant la nature de la longueur
d’onde du laser utilisée, I’effet de fluorescence peut étre diminué (Dubessy et al., 2012). C’est

pourquoi, le laser a diode a 785 nm (proche infrarouge) a ensuite été utilisé¢ pour limiter I’effet

de la fluorescence par les composés organiques produits lors de I’expérience.
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Figure 31 : Comparaison des spectres Raman de la phase aqueuse et hydrocarbonée & 200°C (chauffe sur la
platine) obtenus avec I'utilisation du laser vert (514 nm) et du laser rouge (785 nm). La phase aqueuse présente
une forte fluorescence & 514 nm comparé au 785 nm. L’intensité du signal des espéces aqueuses est toutefois
bien moins importante avec le laser rouge que le vert. Inversement, I’intensité est plus importante pour les
espéces hydrocarbonées avec le laser rouge qu’avec le laser vert. Les ¢toiles représentent les pics de la silice du
capillaire.

Les spectres infrarouges (IR) ont été enregistrés en mode transmission a l'aide d'un
spectrometre Infrarouge a Transformée de Fourier Bruker Equinox 55 couplé a un microscope
Bruker A590. Le microscope a été équipé d'un détecteur MCT (mercure-cadmium-tellurure)
ayant une fenétre de 100 um de diametre refroidie a 77 K. Le diametre du faisceau peut étre
réduit jusqu'a 20 pm avec un grossissement x15. Les spectres IR ont été obtenus dans le
moyen infrarouge avec une résolution spectrale de 2 cm™. Chaque échantillon a été balayé
pendant 90 secondes, et l'influence de 1'eau atmosphérique et du dioxyde de carbone a

toujours été soustraite. Les spectres IR ont été traités a 1’aide du logiciel Opus.
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3. Résultats

3.1 Expériences de TSR en autoclave : spéciation et fractionnement multi-isotopiques du

soufre
3.1.1. Evolution des espéces dissoutes

Dans chacune des expériences en autoclave (TSR 1 et TSR 2), des spectres Raman ont été
réguliérement collectés en phase aqueuse pour observer I’évolution de la spéciation des
especes dissoutes au cours de la réaction (Fig. 32 et 34). Chaque expérience contient
initialement a la fois des sulfates et des sulfures permettant la formation de I’ion Sj3
(caractérisé par son pic 4 532 cm™) qui est observable dans les deux expériences directement

apres 1’atteinte des 200°C (apres 15 minutes de chauffe environ).

TSR 1 (Na,SO, 0.1 M + 0.5 g 8" 4 250°C). Les spectres Raman indiquent que les sulfates

se trouvent uniquement sous la forme SO4* au début de 1’expérience puis sous la forme
HSOy4 apres 10 h de chauffe (Fig. 32, 33B). La spéciation des sulfates ne varie plus jusqu’a
I’injection dans le réacteur de 1’acide acétique apres 101 h de chauffe a 250°C (Fig. 33B).
Immédiatement apres 1’injection de 1’acide, la concentration en SO4* chute tandis que celle
d’HSO," augmente de maniére similaire entrainant une proportion quasiment égale des deux
especes en solution (en considérant une section efficace similaire pour les deux espéces ;
Barré et al., 2017 ; Schmidt and Seward, 2017). De maniére générale la concentration en
sulfate totale (SO4* + HSO4) diminue progressivement apres I’injection de 1’acide acétique.
Toutefois, cette diminution globale est entrecoupée par des pics de concentration a 130 h et
185 h de chauffe. Ces pics sont visibles a la fois grace aux spectres Raman (Fig. 33B) et aux

analyses par chromatographie ionique (Fig. 33D).
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Figure 32 : Evolution au cours du temps (jusqu’a 366 h) de réaction des spectres Raman de la phase aqueuse

collectés dans 1’expérience TSR 1 (0.1 M Na,SO, + 0.5 g S%) a 250°C. Les étoiles indiquent les pics du saphir de
la sonde optique.

Les spectres Raman présentent également une concentration constante en sulfure dissous
(sous la forme H,S(,q)) tout au long de I’expérience. Tandis que la mesure de I’H,S par titrage
iodométrique montre une diminution de la concentration en sulfure dissous quasiment d’un
facteur 3, passant de 2.8x102 M jusqu’a 1.0x10% M (Fig. 33C). Les spectres Raman montrent
une chute rapide de la concentration en S;” durant les 20 premicres heures de chauffe puis une

stabilisation. Apres 130 h de manipulation le trisulfure n’est plus observé dans 1’expérience
(Fig. 33B).

Il est a noter que des solides de sulfates ont été récupérés sur les parois de 1’autoclave aprés
I’arrét de 1’expérience.
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Figure 33 : Evolution des espéces en solution de I’expérience TSR 1 : 0.1 M Na,SO, + 0.5 g S” 2 250°C avec un
ajout de 52 mL d’acide acétique a 3 M apres 108 h de chauffe. (A) Estimation du volume de liquide présent dans
le réacteur au cours du temps. (B) Evolution de la concentration relative des especes présentent dans 1’autoclave
basée sur le rapport des aires de chaque espéce par rapport a I’aire I’eau de leur spectre Raman respectif. (C)
Concentration de H,S dissous en fonction du temps analysé par titrage iodométrique. (D) Concentration des
sulfates dissous en fonction du temps analysés par chromatographie ionique.

TSR 2 ((NH4),S04 0.1 M + 3 bars H,S a 250°C puis 270°C). Les spectres Raman n’ont

pas pu étre enregistrés tout au long de 1’expérience suite a I’indisponibilité du spectrometre
entre 66 et 339 h et entre 537 et 607 h de chauffe. Toutefois, 1’enregistrement des spectres
durant le reste de 1’expérience permet d’avoir un bon suivi de I’évolution des especes
dissoutes. Les spectres Raman montrent que SO4> et HSO4 présentent des concentrations
constantes entre I’initiation de 1’expérience et 66 h de chauffe (début de la période sans
spectrometre ; Fig. 35B). Au début de la deuxiéme session d’analyse Raman apres 339 h de
réaction, les concentrations en méthane et bisulfate (HSO4") sont quasiment inchangées. Par
contre la concentration en sulfate a nettement diminuée tandis que la concentration en H,S
dissous a augmenté. En effet, les spectres Raman indiquent une concentration en H)S(yq)
constante du début de I’expérience jusqu’a 45 h de chauffe avant 1’ajout de 10 bars de
méthane. Apres 1’ajout de CHy, la concentration en H,S dissous augmente progressivement au

fur et a mesure de I’avancement de I’expérience.
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L’augmentation de température de 250 a 270°C aprés 385 h de réaction, entraine une forte
diminution de la concentration en SO,* corrélée a une augmentation proportionnelle de la
concentration d’HSO,". L’analyse des sulfates par chromatographie ionique (Fig. 35D) montre
une faible diminution progressive de la concentration en sulfate entre 1’injection en méthane a
45 h et ’avant dernier prélévement a 475 h de chauffe. La fin de I’expérience est marquée par
une forte augmentation de la concentration en sulfate suite a une fuite de I’autoclave induisant

une évaporation de la solution.

TSR 2
(NH,),$SO,0.1 M
+ 3 bars H,S

Intensity (arbitrary unit)

45 h = Methane injection

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800
Wavenumber (cm)

Figure 34 : Evolution au cours du temps (jusqu’a 537 h) de réaction des spectres Raman de la phase aqueuse
collectés dans I’expérience TSR 2 (0.1 M (NH4),SO,4 + 3 bars H,S) a 250°C puis 270°C. Les étoiles indiquent les
pics du saphir de la sonde optique.

L’augmentation de température a 385 h ne semble pas influencer la concentration en
H>S(aq)- Les mesures par spectroscopie Raman in-situ (Fig. 35B) et par iodométrie (Fig. 35C)
sont en accord sur ce point. Aprés I’injection du méthane dans le systéme, le dosage par
titrage iodométrique montre une augmentation de I’'H,S dissous de 1.9x107 a prés de 2.4x107
mol/L entre 45 et 194 h de chauffe (Fig. 35C). Entre 194 et 476 h de chauffe la concentration
en H,S diminue ensuite progressivement jusqu’a 1.8x102 mol/L. La fin de I’expérience est
marquée par une diminution plus importante de la concentration jusqu’a 6.9x10~ mol/L suite

a la fuite de 1’autoclave.
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La concentration en S3’, suivie grace aux spectres Raman, reste constante du début de
I’expérience jusqu’a I’ajout de CHy4 a 45 h de chauffe. Le trisulfure se stabilise ensuite a une
concentration légérement plus élevée que sa concentration initiale jusqu’a I’augmentation de
température a 270°C a 385 h qui entraine une légere diminution de sa concentration. Sur la
Figure 34, il est a noter ’apparition d’un pic autour de 211 cm™ a partir de 17 h de chauffe
dont I’intensité augmente significativement a partir de 339 h de chauffe. Ce pic correspond
probablement a du soufre élémentaire aqueux (Sgaq) et reste présent tout au long de
I’expérience sans qu’il y ait eu d’ajout initial de soufre élémentaire. Il est a noter que les
analyses de la phase gazeuse (entre 194 et 608 h de chauffe) par chromatographie en phase

gazeuse ont mis en évidence la formation de CO; lors de 1’expérience.
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Figure 35 : Evolution de la concentration des espéces en solution en fonction du temps lors de 1I’expérience TSR
2 (0.1 M (NHy),SO4 + 3 bars d’H,S) a 250°C pendant 385 h puis a 270°C pendant 152 h avec un ajout de 10 bars
de CHy apres 45 h de chauffe. (A) Estimation de la baisse du volume de solution présente dans le réacteur au
cours du temps, suite aux différents prélévements. (B) Evolution de la concentration relative des espéces
présentes dans 1’autoclave basée sur le rapport des aires des pics Raman de chaque espéce sur 1’aire de la bande
de I’eau a 3500 cm™ (attention aux ruptures d’échelle de temps entre 66 et 339 h et entre 537 et 607 h de
chauffe). (C) Concentration d’H,S dissous en fonction du temps analysé par titrage iodométrique. (D)
Concentration des sulfates dissous en fonction du temps analysés par chromatographie ionique.
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3.1.2. Evolution de la composition isotopique des espéces soufrées en fonction du temps

Pour I’expérience TSR 1, la composition en &>*S des sulfates augmente linéairement en
fonction du temps (8°*Ssos = 0.02 x (temps de chauffe) + 8.4 ; §*Sys = -0.06 x (temps de
chauffe) + 17.5) de 9.71 a 14.92%oys cpr- Tandis que celle des sulfures diminue de 14.25 a -
5.38%oys cor (Fig. 36A). La composition en A™S des sulfates et des sulfures reste constante
autour de 0.069%o0 £ 0.013%0 et de 0.054%o0 + 0.029%o, respectivement (Fig. 36C). Pour
I’expérience TSR 2, la composition en 5°*S des sulfates augmente linéairement au cours du
temps (8°*Ssos = 0.01 x (temps de chauffe) + 3.5 ; 5**Sps = -0.01 x (temps de chauffe) — 1.6)
de 3.04 a 12.29%oys cpr et celle des sulfures diminue proportionnellement aux sulfates de -
0.04 a -10.89%oys cpr €n fonction de I’avancement de la réaction (Fig. 36B). La composition
en A*’S des sulfates et des sulfures reste constante autour de 0.060%o = 0.014%o et de 0.046 +
0.009%o, respectivement (Fig. 36D). La Table 7 résume l’ensemble des analyses multi-

isotopiques réalisées sur les sulfates et les sulfures en solution lors de ces deux expériences.
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Figure 36 : Evolution de la composition isotopique du soufre (5°*S) en fonction du temps de réaction des
sulfates et des sulfures en solution récupérés par précipitation (BaSQO, et ZnS respectivement) lors des différents
prélévements réalisés au cours de I’expérience TSR 1 (A) TSR 2 (B). Représentation de la composition en A**S
en fonction de 8**S des sulfates et sulfures en solution prélevés au cours des expériences TSR 1 (C) et TSR 2
(D). L’erreur sur les valeurs en 8*'S est comprise dans la taille des symboles.

161



Chapitre 3

L’extraction a I’hexane des différents prélévements pour tenter de récupérer le soufre
¢lémentaire et les polysulfures présents en solution a laissé différentes proportions d’une
poudre blanche aprés évaporation. Malheureusement, aucune espeéce soufrée n’a été extraite
de cette poudre par la méthode d’extraction CRS + éthanol utilisée habituellement pour
extraire le soufre ¢lémentaire (Groger et al., 2009). Aprés analyse par spectrométrie Raman il
s’est avéré que la poudre était principalement constituée de sulfates.

Table 7: Résultats des analyses multi-isotopiques du soufre (en %o) obtenues sur les sulfates (précipités en

BaS0,) et les sulfures (précipités en ZnS) récupérés lors des différents prélevements réalisés au cours des
expériences TSR 1 et TSR 2.

Sample name  Times (h) 37'S +0633 8%'S + 0634 8%S +636 A®S A¥S
CDT CDT CDT

TSR 1270 mL 0,1 M Na,SO, + 0,5 g S°

P2 TSR1 SO4 108.0 5.05 0.014 971 0016 1744 0.162 0.06 -1.09
P3 TSR1 SO4 113.3 5.95 0.012 11.43 0.010 2052 0.146 0.08 -1.30
P4 TSR1 SO4 185.8 5.88 0.017 11.32 0.014 20.51 0.121 0.06 -1.11
P5 TSR1 SO4 281.1 7.60 0.020 14.64 0.007 27.27 0.175 0.08 -0.74
P6 TSR1 SO4 371.0 7.72 0.015 14.92 0.012 2746 0.081 0.06 -1.09
P1 TSR1 ZnS 353 7.34 0.072 1425 0.114 2638 0415 0.03 -0.87
P2 TSR1 ZnS 108.0 6.19 0.195 11.99 0324 21.79 1.030 0.03 -1.11
P6 TSR1 ZnS 371.0 -3.46 1.015 -6.87 0.007 -13.34 0.112 0.09 -0.32
FIN TSR1 ZnS 376.5 -2.71 0.024 -5.38 0.034 -11.19 0.064 0.07 -0.99
TSR 2 300 mL 0,1 M (NH4);SO4 + 3 bars H,S

P1 TSR2 SO4 3.0 1.62 0.016 3.04 0.023 5.02 0047 0.05 -0.75
P2 TSR2 SO4 44.5 2.39 0.018 455 0.027 7.63 0117 0.05 -1.03
P5 TSR2 SO4 355.8 4.88 0.009 935 0.004 16.74 0.039 0.08 -1.09
P7 TSR2 SO4 607.6 6.37 0.094 12.29 0.180 22.31 0221 0.06 -1.17
P2 TSR2 ZnS 44.5 0.06 0.007 0.04 0021 -0.55 0.042 0.04 -0.62
P4 TSR2 ZnS 193.6 -2.28 0.013 -4.51 0013 -926 0.066 0.04 -0.71
P5 TSR2 ZnS 355.8 -3.94 0.007 -7.74 0.015 -1536 0.053 0.05 -0.71
P6 TSR2 ZnS 475.6 -5.56 0.011 -10.89 0.011 -21.28 0.059 0.06 -0.70
FIN TSR2 ZnS 617.6 -2.62 0.020 -5.14 0.035 -10.55 0.051 0.04 -0.80

3.2. Expériences de TSR en capillaire de silice : comportement du soufre entre phase

aqueuse et phase hydrocarbonée (octane)
3.2.1. Solubilité du soufre élémentaire dans [’octane avec ou sans eau jusqu’a 200°C

Systéme Sg + octane. La technique des capillaires de silice a permis d’observer 1’état
physique du soufre élémentaire préalablement introduit a 1’état solide en fonction de la
température. Lors de I’augmentation de la température de 25°C a 200°C (avec des paliers de

température tous les 50°C), le soufre ¢élémentaire passe progressivement de 1’état solide a
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I’état liquide en formant une sphérule de soufre liquide dans I’octane (Fig. 37A). Des spectres
Raman ont été réalisés sur la phase hydrocarbonée au fur et a mesure de la chauffe du
capillaire. A toute température, du soufre élémentaire dissous dans 1’octane est également
observé (Fig. 37B). Lors de la chauffe I’intensit¢ des pics du Sg dissous dans 1’octane
augmente puis revient a son état d’origine aprés refroidissement a 25°C, indiquant une
solubilisation réversible du soufre élémentaire dans 1’octane. Le soufre élémentaire non
dissous se trouve a 1’¢état liquide dans la phase octane a température ambiante apres sa chauffe

4200°C (Fig. 37A).

Dans chaque cas, le pic le plus intense de Sg a été intégré puis normalisé a I’air du pic de
I’octane 4 966 cm™ (v C-C) pour suivre I’évolution relative de la concentration dissoute dans
la phase hydrocarbonée. L’octane reste présent en large exces dans le systéme méme apres
son altération partielle par différents processus d’oxydo-réduction. Ceci fait donc de ’octane
le meilleur standard interne pour une normalisation des aires de pics Raman dans nos
expériences. Différents tests de normalisation avec d’autres pics de 1’octane ont été réalisés

mais il s’est avéré que ce pic était le plus stable en fonction de la température.

Systéme Sg + octane + eau. Des capillaires contenant du soufre ¢lémentaire et de I’octane
ont été comparés a des capillaires similaires contenant aussi de I’eau. Dans le systeme Sg +
octane, 1’évolution de 1’aire des pics de Sg en fonction de la température montre une forte
augmentation de sa solubilisation dans la phase hydrocarbonée entre la température ambiante
et 100°C (Fig. 37C). Entre 100 et 200°C la concentration du soufre dissous dans la phase
hydrocarbonée reste stable. Lors du refroidissement a température ambiante I’aire du soufre

dans I’octane revient a la méme intensité qu’a 25°C avant le début de la chauffe.

Dans le systétme Sg + octane + eau, le soufre élémentaire est également initialement
introduit a 1’état solide dans le capillaire et passe a 1’état liquide lors de la chauffe a 200°C.
Toutefois, la concentration en soufre ¢élémentaire dissous dans la phase hydrocarbonée
augmente tres légerement entre 25°C et 200°C comparativement au méme systéme sans eau.
De plus, lors du refroidissement a température ambiante, la concentration en Sg dissous dans

I’octane est moins importante que la concentration initiale avant la chauffe (Fig. 37C).
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Figure 37 : (A) Photos de I’évolution de 1’état physique du soufre ¢lémentaire en fonction de I’augmentation de
la température dans le systéme Sg + octane. (B) Spectres Raman obtenus avec le laser rouge (785 nm) de la phase
hydrocarbonée d’un capillaire contenant du Sg et de 1’octane. Il est a noter ’augmentation de 1’intensité des pics
correspondant au soufre élémentaire dissous dans I’octane avec 1’augmentation de la température. (C) Evolution
de Iaire des pics de soufre élémentaire dissous en phase hydrocarbonée normalisés au pic de I’octane a 966 cm™.
11 est a noter que dans le systéme Sg + octane + eau, la concentration en soufre élémentaire dissous dans I’octane
a 25°C aprés une chauffe a 200°C est plus faible que la concentration avant chauffe a cette méme température.
Cette diminution correspond a la dissociation du soufre élémentaire en phase aqueuse et probablement aussi a la
réduction des sulfates (provenant de la dissociation du Sg) par TSR.
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3.2.2. Spéciation du soufre dans les phases aqueuse et hydrocarbonée en fonction du temps

a 200°C

Plusieurs séries de capillaires de trois systémes différents ont été réalisées dans le but
d’étudier la réaction de TSR : i) Sg + octane + eau, ii) NayS,0; (0.2 et 1 M) + octane, et iii)
NayS04 (0.2 et 1 M) + octane. Chaque série a été chauffée a 200°C sur des durées maximales
variables, allant de 192 a 888 h de chauffe, puis analysée in-situ a chaud par spectrométrie

Raman et Infrarouge.

Grace a la technique des capillaires de silice, il a été possible d’observer pour chaque
expérience un changement de couleur de la phase aqueuse passant rapidement d’incolore a
une couleur marron-jaune d’intensité variable au cours de la chauffe (Fig. 38A). D¢s lors que
le changement de couleur a lieu, la phase aqueuse provoque un effet plus ou moins marqué de
fluorescence lors de son analyse par spectrométrie Raman. Dans les capillaires présentant la
plus forte concentration en soufre total (Na,S,03 1 M + octane et Na;SO4 1 M + octane) la
phase aqueuse se colore en bleu durant les premicres heures de chauffe (Fig. 38B). Ensuite la
couleur devient marron-jaune apres 72 h de chauffe. La plupart des capillaires (sans
différenciation de solutions initiales), voient se former des solides amorphes dans la phase
aqueuse (Fig. 38C) correspondant probablement a des composés organiques du fait de leur

fluorescence par spectroscopie Raman.

Des spectres Raman ont été réguli¢rement réalisés au cours de 1’avancement des différentes
réactions. Tout au long de chaque réaction 1’octane est toujours observé ainsi que les sulfates

et H,S en solution (initialement issu de la dissociation du soufre élémentaire et du thiosulfate).

Le suivi de la réaction se fait principalement via la phase hydrocarbonée car la phase
aqueuse présente différentes intensités de fluorescence empéchant une intégration de pic
précise, et ce malgré 1’utilisation du laser rouge limitant 1’effet de fluorescence. Ainsi apres
144 h de chauffe, du CO, dissous dans I’octane est également observé dans les trois systémes

expérimentaux.
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Solid organic
compounds

Figure 38 : Sélection de photos représentatives des différentes variations de phase observées dans les différents
capillaires de TSR. (A) Photo de trois phases (aqueuse, hydrocarbonée et gazeuse) d’un capillaire de Na,S,0;
0.2 M + octane a 200°C. Le changement de couleur de la phase aqueuse d’incolore en marron-jaune est notable.
(B) Phase aqueuse de couleur bleue induite par la présence d’une forte concentration en S; et la phase
hydrocarbonée incolore d’un capillaire de Na,S,03; 1 M + octane & 200°C. (C) Phase hydrocarbonée contenant
des gouttes de phase aqueuse présentant des solides organiques. Aq = phase aqueuse; HC = phase
hydrocarbonée ; Gas = phase gazeuse.
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La Figure 39 montre les spectres Raman des 3 phases (aqueuse, hydrocarbonée et gazeuse)
de capillaires représentatifs des différentes solutions aprés 648 h de chauffe a 200°C. Dans
chacun des cas il est toujours observé en plus de 1’octane, les sulfates (en phase aqueuse sous
la forme SO,”), H,S (dans toutes les phases) et CO, dans les phases gazeuse et
hydrocarbonée. Dans les solutions présentant les concentrations en soufre total les plus
importantes (Na,S,03 1 M + octane et Sg + Na,SO4 IM + octane), I’ion S3™ est observé en
phase aqueuse (Fig. 39). Un pic autour de 445 cm™ est également observé en phase aqueuse et
hydrocarbonée dans les deux types de solutions. La phase hydrocarbonée présente également
un pic similaire autour de 400 cm™. Ces deux pics peuvent correspondre a des espéces
polymériques du soufre (S, ou S,”) comme décrites dans Barré et al. (2017). Du méthane est
systématiquement observé dans la phase gazeuse. De 1’éthyléne (C,Hy) est observé en phase
gazeuse dans une solution de Na;S;03 1 M + octane (Fig. 39A), et de I’éthane (C,Hg) est
observé en phase gazeuse et hydrocarbonée dans une solution de Sg + Na,SO4 1M + octane

(Fig. 39B).

Les spectres infrarouges des solutions de Na,S,03 0.2 M + octane et Na,SO4 1 M + Sg +
octane étaient initialement contenus dans des capillaires de 50 um de diameétre interne. La
silice constitutive du capillaire absorbe le signal des basses longueurs d’ondes (dés 100 cm™)
jusqu’a 2000 cm™ et le signal spectroscopique présente un bombement entre 3500 et 3800 cm™
! induit par la présence d’eau (Fig. 40). De plus, le faible diametre interne induit une faible
résolution des espéces mineures comparé a I’octane. C’est pourquoi, des capillaires d’un
diamétre interne supérieur (100 um) permettant I’analyse d’une quantité de solution plus
importante (le signal infrarouge traversant ’ensemble du capillaire et donc également de son
contenant) ont été utilisés. Cela permet de mieux observer les especes de faibles
concentrations dans le systtme comme le montre 1’augmentation d’intensité du pic de CO;
dissous dans I’octane entre le capillaire a 50 pm comparé a celui a 100 um de diameétre interne

sur la Figure 40.
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Figure 39 : Spectres Raman obtenus avec le laser rouge (785 nm) pour les phases aqueuse, hydrocarbonée et
gazeuse dans les capillaires des systémes Na,S,0; + octane (A) et Sg + Na,SO,4 + octane (B). Dans les deux cas
les spectres Raman correspondent a des solutions chauffées a 200°C pendant 648 h. Les étoiles montrent les pics
induits par la silice du capillaire. Aq = phase aqueuse ; HC = phase hydrocarbonée ; Gas = phase gazeuse.
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Figure 40: Comparaison des spectres infrarouge de la phase hydrocarbonée de capillaires de Na,S,0; 1 M +
octane de 50 et 100 pm de diamétre interne. Le capillaire de 100 um présente un effet de saturation sur les
bandes principales de 1’octane mais permet d’avoir une intensité plus importante pour observer les espéces
dissoutes dans 1’octane (comme ici le CO,).

Chaque phase (aqueuse, hydrocarbonée et gazeuse) présente dans les capillaires a été
indépendamment analysée dans chaque systéme. Dans chaque cas, la phase aqueuse est
dominée par la bande de 1’eau entre 2700 et 3800 cm™ masquant d’éventuels pics dans cette
région (Fig. 41). Du CO, dissous est observé en phase aqueuse dans les solutions de Na,SO4 1
M + Sg + octane au bout de 408 h. La phase hydrocarbonée de chaque systéme présente
majoritairement les pics de I’octane entre 2850 et 3000 cm™ et ses harmoniques entre 4000 et
4500 cm™. Le CO, dissous est la seule autre espéce observée dans la phase hydrocarbonée
(Fig. 41). Comme pour la phase hydrocarbonée, les spectres infrarouges de la phase gazeuse
sont dominés par I’octane et présentent des concentrations variables en CO,. Lorsque la
concentration en CO, est importante, un pic de méthane est également observé vers 3014 cm™

(Fig. 41B).
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Figure 41 : Spectres infrarouges des phases aqueuse, hydrocarbonée et gazeuse de capillaires typiques des
systémes Na,S,0; 0.2 M + octane (A) et Na,SO4 1 M + Sg + octane (B) chacun aprés 408 h de chauffe a 200°C.
Ces capillaires ont des diamétres internes de 100 pm, impliquant la saturation des pics principaux de 1’octane.
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4. Discussion

4.1 Concentrations des espéces du soufre : analyses ex-situ versus analyses in-situ

TSR 1 (Na,SO, 0.1 M + 0.5 g S 4 250°C) : L’expérience a souffert de nombreux

artefacts dus notamment a une précipitation de sulfates a ’interface liquide/vapeur dans la
cuve de I’autoclave et une fuite sur une pastille de sécurité (corrosion de I’inconel par I’H,S
en phase vapeur malgré la protection de la pastille par une feuille d’or). Ces artefacts ont donc
compliqué le suivi de la cinétique de réduction des sulfates et des fractionnements isotopiques
associ¢s. Cependant, une comparaison entre mesure in-situ et ex-situ de la spéciation du

soufre est toujours possible.

Sulfates. Les prélévements réalisés avant I’injection d’acide acétique (CH3;COOH) ont
entrainé une baisse du liquide total dans la cuve de 270 mL a environ 250 mL (Fig. 33A).
L’ajout a chaud de 52 mL d’acide acétique dans le réacteur au bout de 101 h de chauffe induit
donc une dilution de la solution injectée par 5. La concentration de 1’acide acétique dans
I’autoclave est alors de 0.5 M. CH3COOH (acide faible) est en large excés par rapport aux
autres réactifs et son produit de dissociation a 250°C impose donc un pH autour de 4 (Cross et
al., 2004). Cette estimation de pH est confirmée par le trés bon accord entre d’une part des
calculs thermodynamique de spéciation des sulfates a pH 4 (calcul Phreeqc couplés a la base
de données thermodynamique lInl ; Parkhurst et al., 1999 ; Johnson et al., 1992) et d’autre
part, les mesures Raman in-sifu de la spéciation des sulfates (Fig. 32 et 33B). Les deux

approches montrant une proportion respective sulfates-bisulfates de 1’ordre de 60% - 40%.

Les mesures Raman in-situ montrent que la concentration en sulfate totale (SO42' et HSOy)
reste constante durant les 100 premicres heures de réaction (Fig. 33B). Tandis que le dosage
par chromatographie ionique indique une légeére augmentation de la concentration totale en
sulfates en solution sur la méme période de temps (Fig. 33D). La concentration en sulfate est
donc affectée par le refroidissement, notamment a cause de la déstabilisation des polysulfides
détectés a chaud par spectroscopie Raman in-situ qui se dissocient en partie en sulfates apres

refroidissement (Fig. 32B).

Lors de I’injection de 1’acide acétique a 101 h de chauffe, I’analyse chromatographique des
sulfates montre une baisse de la concentration liée a la dilution provoquée par 1’ajout de 52
mL de solution. Les spectres Raman montrent également une baisse de la concentration en

sulfates lors de I’ajout de I’acide acétique mais ils permettent aussi d’observer le changement
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de spéciation des sulfates : HSO, devenant I’espéce prédominante au détriment de SO4>.
L’analyse chromatographique ne tient pas compte de cette différence de spéciation étant

donné qu’elle regroupe 1’ensemble des espéces sulfatées.

Les pics de concentration en sulfates a 130 et 185 h sont respectivement corrélés avec une
fuite de l’autoclave et un prélevement de fluide. Il est supposé que ces variations de
concentration sont liées a un phénomeéne de précipitation et de dissolution des sulfates sur les
parois de la cuve de I’autoclave a I’interface liquide/vapeur (i.e. au niveau du ménisque) au
cours de D’expérience. Des précipités de sulfate sous forme d’anneaux concentriques sont
observés en fin d’expérience sur les parois de la cuve. Ce phénoméne est li¢ a une
surconcentration locale en sulfate au niveau du ménisque dans la cuve de 1’autoclave aggravée
par I’absence d’agitation — agitation n’ayant pu étre installée par manque de place sur

I’autoclave — et par la solubilité rétrograde des sulfates (Blount and Dickson, 1969).

Sulfures. Les spectres Raman montrent que la concentration en H,S dissous reste constante
tout au long de I’expérience, tandis que le dosage iodométrique indique une diminution
constante de la concentration de cette espece. Comme pour les sulfates, le refroidissement de
la solution affecte également la concentration en H,S, mais de fagon opposée. La perte d’H,S
par dégazage n’est pas 1’explication de ce désaccord entre mesure in-situ et ex-situ car notre
protocole de prélévement empéche toute perte de ce gaz. La encore I’explication la plus
plausible est une ré-équilibration de la solution au moment du refroidissement (équilibre
liquide/vapeur et déstabilisation des polysulfures). La mesure in-situ de la spéciation du
soufre en conditions hydrothermales montre donc toute son utilité comparée a la mesure ex-

situ.

Polysulfures. Pendant les premiéres heures de I’expérience le systéme est trés dynamique
du fait de la cinétique de dissociation du soufre élémentaire a 250°C. L’ion S3™ apparait des
les premiers stades de dissociation du S’ puis sa concentration diminue progressivement
pendant les 25 premiéres heures de chauffe. Durant cette période le pH n’évolue pas comme
le montre I’absence de changement dans le rapport SO,*/HSO4. La diminution de la
concentration en S;” n’est donc pas liée a un changement du pH ni a un changement de
rapports SO4*/HSO,/H,S. 11 est donc supposé que la cinétique de dissociation du S° et
I’abondance des polysulfures associés controlent la concentration en S;” pendant les premicres

25 h de chauffe. Aprés cette période initiale transitoire, la concentration en S;™ se stabilise.

Cette espece du soufre devient indétectable aprés 120 h de chauffe lors de 1’augmentation de
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la concentration en sulfate dans la cuve, correspondant vraisemblablement au phénomene de
dissolution — re-précipitation des solides de sulfates sur la paroi de la cuve. Seule 1’analyse in-
situ de ’expérience permet d’observer I’espéce trisulfure S;”. A noter qu’aucune autre espece

polymérique du soufre (Sg(ag), S.%, Sa’, HSy), n’a été détectée dans cette expérience.

TSR 2 (NH4);SO4 0.1 M + 3 bars H,S a 250°C puis 270°C) : Prés de 300 h de réaction

sur un total de 608 h a 250°C n’ont pas pu étre suivies par spectrométrie Raman du fait de
I’indisponibilité du spectrométre. Toutefois, I’expérience permet tout de méme de suivre de

manicre précise 1’évolution des especes en solution.

Sulfates. Les spectres Raman et I’analyse chromatographique des sulfates montrent tous
deux une baisse de la concentration en sulfates au cours de 1’avancement de la réaction (Fig.
35B-D) de I’ordre de 20%. Les mesures Raman in-situ permettent ¢galement de suivre la
spéciation des sulfates lors de 1’augmentation de la température (de 250 a 270°C) apres 384 h
de chauffe. En effet, la hausse de température entraine une augmentation de la concentration
en HSO,™ et proportionnellement une diminution de celle de SO4> (en considérant une section
efficace similaire pour les deux espéces ; Barr¢ et al.,, 2017 ; Schmidt and Seward, 2017).
Cette variation de spéciation avec la hausse de température est en accord avec les données
thermodynamiques qui prédisent la méme variation de spéciation avec une augmentation de

température de 250 a 270°C.

Sulfures. La concentration en H,S dissous augmente au cours du temps comme 1’indique
les mesures Raman in-situ (Fig. 35B). Le suivi de la concentration en H,S dissous par dosage
iodométrique montre également une augmentation de la concentration en H,S dissous apres
I’ajout de méthane (apres 45 h de chauffe) jusqu’a 194 h, puis une baisse de la concentration
jusqu’a la fin de I’expérience (Fig. 35C).Comme lors de I’expérience TSR 1, un désaccord
entre mesure in-situ et ex-situ est donc observé. La encore, ce désaccord montre clairement
que le refroidissement de la solution affecte de facon non-négligeable la concentration des
principales espéces du soufre en solution (sulfate et sulfure), notamment a cause du

changement de spéciation et d’abondance des espéces de valence intermédiaire du soufre.

Polysulfures. L’ion S; est présent tout au long de I’expérience et sa concentration
augmente méme avec le temps. Cette espéce peut jouer le role d’intermédiaire dans le
transfert électronique entre S° et S* lors de la réduction des sulfates par le méthane (Thom

and Anderson, 2008 ; Truche et al., 2014). Son abondance aura donc un réle important sur la
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vitesse de la réaction de TSR. De plus, il est supposé que la concentration en S;~ est corrélée a
la concentration de 1’ensemble des especes de valence intermédiaire du soufre a une condition
donnée (voir Figure 22 et B7 du Chapitre 2). L’augmentation de la concentration en trisulfure
en solution pourrait donc étre liée a 1’augmentation relative de la vitesse de réduction des

sulfates.

Entre 70 et 300 h de chauffe environ, un nouveau pic est détect¢ correspondant
probablement a Sgq) (Fig. 34), mais I’absence d’autres pics caractéristiques de cette espece

empéche son identification précise.

Occurrence de la TSR. La diminution de la concentration en sulfate associée a une
augmentation de la concentration en H,S (analyse Raman ; Fig. 35B), et a I’apparition de CO,
en phase gazeuse (analyses GC) sont des preuves robustes et indépendantes de 1’occurrence

de la TSR dans les conditions de cette expérience.

A noter que sur la Figure 35, le dernier prélévement a été réalisé a 607 h de chauffe et
présente une baisse significative de la concentration en H>Snq) (Fig. 35C) corrélée a une
augmentation de la concentration en sulfate en solution (Fig. 35D). Ce phénomeéne est li¢ a
une fuite qui a eu lieu en fin de manipulation (I’'H,S ayant altéré un joint en or présent sur
I’arbre d’agitation de 1’autoclave) et qui a entrainé la perte des gaz et de la vapeur d’eau et

donc I’augmentation relative de la concentration en sulfate en solution par évaporation.

Ces expériences démontrent 1’utilité du suivi continu in-situ de la concentration et de la
spéciation des espéces en solution comparé aux mesures ex-sifu qui ne peuvent pas refléter
I’évolution fine des espéces en solution entrainant ainsi la perte de certaines informations

essentielles.
4.2. Suivi isotopique de la TSR en autoclave

L’étude préliminaire de multi-isotopie du soufre sur les sulfates et sulfures prélevés au
cours de 1’avancement de la réaction de TSR permet de voir I’enrichissement progressif en
isotope **S des sulfates tandis que les sulfures sont progressivement appauvris en 348 au cours
du temps lors des expériences TSR1 et TSR 2 (Fig. 36A, B). L’analyse en 8°*S montre aussi
que la composition isotopique du sulfate et du sulfure en solution évolue linéairement au
cours du temps (voir la Section 3.1.2. pour les équations liant 1’évolution de la composition

isotopique au temps de réaction). Cette observation est en parfait accord avec les mesures de
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Kiyosu and Krouse (1990) réalisées lors d’expérience de TSR initiées par du soufre

¢élémentaire.

La représentation de la composition isotopique dans un diagramme A*S vs 8°*S permet de
mettre en évidence de nouvelles informations sur la composition isotopique de ces espéces
soufrées. Lors de 1’expérience TSR 1 il est clairement visible que le A*S des sulfates ne suit
pas une évolution continue & 1’inverse de la représentation en 8°*S (Fig. 36A-C). En effet, les
sulfates présentent une composition en 5>'S et en A*S stable. Ceci est li¢ au phénoméne de
dissolution-reprécipitation des solides de sulfates sur la paroi du réacteur qui entraine la
remise en solution cyclique des sulfates initiaux. C’est pourquoi, la composition des sulfates

ne varie pas significativement au cours de I’avancement de la réaction.

De méme, la représentation de la composition isotopique des sulfures dans ce méme
diagramme A>’S vs §**S montre deux péles de composition isotopique des sulfures, un situé
autour de +13%o et un second autour de -6%o en &°*S. Le premier pole correspond a la
composition initiale des sulfures issus de la dissociation du soufre élémentaire. Le second
pole (appauvris en *S) pourrait étre le marqueur de 1’occurrence de la TSR, méme si les
mesures de 1’évolution de la concentration en sulfate ou en sulfure en solution n’indiquent
rien de probant a ce sujet. Dans les deux cas les valeurs en A*S des sulfures sont similaires et

présentent de treés grandes barres d’erreur.

L’expérience TSR 2 présente quant a elle la méme tendance d’enrichissement des sulfates
et d’appauvrissement des sulfures en **S que ce soit sur une représentation du 8°*S en fonction
du temps (Fig. 36B) ou sur un diagramme A>’S vs 8°*S (Fig. 36D). Toutes les valeurs en A*S
(sans distinction entre sulfates et sulfures) sont similaires (autour de 0.05%o). Cela montre que
la réaction de TSR suit un fractionnement dépendant de la masse dans ces expériences. Rien
dans ces expériences ne permet de dire que la TSR induit des anomalies de fractionnement

isotopique du soufre dites "indépendantes" de la masse (S-MIF).

Il existe dans la littérature deux références (Watanabe et al., 2009 et Oduro et al., 2011)
reportant des fractionnements isotopiques du soufre dit indépendant de la masse (S-MIF) lors
de la TSR. Watanabe et al. (2009) ont réalisé des expériences de TSR avec des acides aminés
comme agent réducteur et ont montré des anomalies de fractionnement allant jusqu’a 2.1%o en
A*S sur le sulfure produit. Cependant, leurs manipulations reposent sur un procédé similaire

a la méthode d’extraction du soufre par attaque acide. Ils ont réalisé la réaction de TSR dans
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un ballon ouvert pour récupérer au fur et a mesure I’H,S produit dans une solution d’acétate
de zinc. Ce qui signifie que I’H,S est continuellement extrait du systéme au cours de
I’avancement de la réaction. Ce procédé ne refléte pas les conditions naturelles de TSR ou les
produits de réactions ne sont jamais extraits de maniére continue. Les acides aminés sont en
outre présents sous forme solide dans leurs expériences, ce qui complique encore le
mécanisme de réduction et d’échange ¢électronique car des processus aux interfaces (sorption,
diffusion, co-précipitation) ne peuvent pas €tre exclu pour la formation de fractionnements
indépendants de la masse comme décrit par Lasaga et al. (2008). De plus, cette expérience ne
tient absolument pas compte des produits de réactions dissous. Chose étonnante, les valeurs
en 8°*S et A™S des sulfures (les sulfates n’ayant pas été analysés en cours d’expérience) ne
suivent pas une tendance réguliére comme observé lors de I’expérience TSR 2 (Fig. 36B-D).
Or pour une réaction sous fort contréle cinétique comme la TSR, une corrélation entre le 3°*S
et A*®S devrait étre observée. De plus, les auteurs ne présentent pas les valeurs en A*S de
leurs expériences, ce qui empéche de vérifier si les valeurs en A*S et A*°S sont corrélés avec
des tendances similaires (comme observé dans ’expérience TSR 2; voir Table 7). En
conclusion, la complexité de 1’expérience et la nature des conditions expérimentales (acides
aminées pure sous forme solide et extraction continue) ne permettent pas de conclure si les S-

MIF mesurées résultent véritablement de la TSR.

Oduro et al. (2011) proposent également la formation de S-MIF par un effet magnétique
sur les isotopes (Magnetic Isotope Effect ; MIE) grace a la formation d’ions radicalaires tels
que des thiols durant la TSR. Toutefois, les auteurs concluent que la TSR n’est pas envisagée
comme mécanisme induisant des S-MIF dans des échantillons de la Terre précoce. Dans nos
expériences la présence de 1’ion radicalaire S;” est démontrée mais aucune variation en A*’S ni
en A’®S n’est observée dans nos manipulations. Ce qui implique i) soit que le trisulfure n’est
pas une espece radicalaire susceptible de produire des anomalies isotopiques, ii) soit que ce ne
sont pas les sulfates et les sulfures qui enregistrent ces anomalies et que ce seraient les
polysulfures présents en solution a chaud (voir ci-dessous), ou iii) soit qu’un autre processus
permet la formation de S-MIF. Le rdle des espéces radicalaires sur la formation de S-MIF par

MIE reste donc a4 démontrer.

L’analyse multi-isotopique du soufre sur des espéces de valence intermédiaire pourrait
donner de nouvelles informations sur la formation de S-MIF. Cependant, un autre protocole

de récupération des especes de valence intermédiaire du soufre doit étre développé pour
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pouvoir analyser leur composition isotopique et ainsi savoir si ces especes peuvent induire la
formation de S-MIF. Notre tentative d’extraction du soufre élémentaire par 1’hexane
immédiatement apres le prélévement des solutions n’a pas permis de récupérer efficacement
cette espece. Le soufre élémentaire se forme au moment du refroidissement notamment a
cause du disproportionnement des polysulfures (S, S»°, Sn’) présents en condition
hydrothermale. Le soufre élémentaire est donc susceptible d’enregistrer la composition
isotopique de ces polysulfures. Malheureusement, dans les conditions de nos expériences la
concentration de ces especes de valence intermédiaire du soufre a chaud est trop faible pour
permettre une formation significative de soufre ¢lémentaire lors du refroidissement, et donc
une récupération aisée. La réalisation d’expériences contenant des concentrations en sulfates

et sulfures plus élevées permettrait de résoudre ce probléme.
4.3. La TSR en microcapillaire en présence d’octane

4.3.1. Effet de la présence d’une phase aqueuse sur le comportement du soufre élémentaire

vis a vis de [’octane

En ’absence d’eau, une partie du soufre élémentaire est directement dissoute dans 1’octane
a 25°C sans qu’aucune chauffe préalable ne soit nécessaire (Fig. 37B). Ensuite, le soufre
¢lémentaire solide se liquéfie avec 1’augmentation de la température et la partie dissoute sous
forme de Sg dans 1’octane augmente de pres de 2 ordres de grandeurs entre 25 et 100°C puis
reste stable jusqu’a 200°C (Fig. 37C). La concentration dissoute dans I’octane de soufre
¢lémentaire apres refroidissement a 25°C est strictement identique a la concentration initiale
avant chauffage, ce qui montre qu’il y a un équilibre réversible entre le soufre liquide

(sphérule) et le soufre dissous dans la phase hydrocarbonée dans le systéme Sg + octane.

En présence d’eau, du soufre ¢lémentaire dissous est toujours observé dans 1’octane deés
25°C. Toutefois, la concentration en soufre élémentaire dissous dans la phase hydrocarbonée
n’augmente pas lors de la chauffe contrairement a ce qui est observé dans le systéme sans eau.
De plus, aprés le refroidissement, la quantité de soufre €¢lémentaire dissous dans la phase
hydrocarbonée a 25°C est pres d’un ordre de grandeur plus faible que la concentration initiale
avant la chauffe. Ceci montre qu’une partie du soufre élémentaire a ét¢ consommé lors de la
chauffe jusqu’a 200°C (Fig. 37C). Ce phénoméne est magnifi¢ dans la méme expérience
réalisée a 200°C mais sur une durée de 888 heures. En effet, plus aucune trace de Sg n’est

observée que ce soit dans 1’octane ou dans la phase aqueuse apres 888 heures de réaction. Par
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ailleurs, CO;, et H,S sont observés en grande quantité en phase gazeuse en fin d’expérience
(Fig. 42). La formation couplée de ces deux especes montre clairement que la TSR se produit.

L’interprétation de ces observations est la suivante :

1) une partie du soufre élémentaire est immédiatement dissous dans 1’octane et la phase
aqueuse a 25°C,
2) la fraction dissoute en phase aqueuse se dissocie en sulfate et en sulfure a T>150°C

(Equation 3),
3) les sulfates sont en partie réduits en H,S par 1’octane a 200°C sur 888h,

4) D’équilibre entre soufre ¢lémentaire dans I’octane et soufre ¢lémentaire dans 1’eau est
donc déplacé et I’octane s’appauvrit peu a peu en soufre élémentaire dissous, comme le

montre 1’absence de soufre élémentaire aprés plusieurs jours de manipulation.
4.3.2. Les produits de réaction de la TSR en présence d’octane

Pour détecter I’éventuel craquage thermique de ’octane lors des expériences de TSR
(NazS;05 (0,2 et 1 M) + octane — Sg + Na,SO4 (0,2 et 1 M) + octane et Sg + eau + octane), des
capillaires contenant de I’octane et de 1’eau en présence et absence de soufre élémentaire ont
¢été réalisés puis chauffés jusqu’a 300°C (Fig. 42). Aucune espéce n’est observée dans la
phase aqueuse du capillaire sans soufre élémentaire. Tandis que dans le capillaire en présence
de soufre élémentaire la phase gazeuse présente de nombreux composés organiques
principalement composés d’aliphatiques (méthane, acétyléne, éthyléne, éthane, propane,
propene) et inorganique (CO,, H,S et H,). Comme aucun composé n’est observé en chauffant
I’octane en présence d’eau pure, il en est déduit qu’aucun craquage thermique de I’octane ne
se produit lors des réactions. Les nouveaux composés organiques et inorganiques observés en

présence de soufre correspondent donc a des produits de réaction : sulfuration et TSR.

I1 est probable que la TSR entraine 1’oxydation de 1’octane et sa dissociation en composés
organiques de chaines de plus en plus courtes jusqu’a atteindre le méthane qui peut également

étre utilisé comme agent réducteur pour réduire les sulfates en sulfures.
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Figure 42: Comparaison des spectres Raman obtenus avec le laser vert (514 nm) de la phase gazeuse aprés une
chauffe a 300°C (1 heure sur la platine) entre un capillaire du systéme Sg + octane + eau et un capillaire octane +
eau. En présence de soufre €élémentaire de nombreux composés organiques (méthane, acétyléne, éthyléne,
éthane, propane, propéne) ainsi que CO,, H,S et H, ont été produit. Alors que dans le second cas aucun composé
n’est observé, montrant qu’aucun craquage thermique n’a lieu lors de la chauffe de I’octane en présence d’une
phase aqueuse.

L’observation, dans chaque expérience, d’espéces polymériques du soufre (S,")
préférentiellement dans la phase organique comparée a la phase aqueuse est parfaitement
logique. En effet, il est bien connu que ces especes présentent une forte solubilité dans les
phases organiques (Zannikos et al., 1995 ; Kamyshny et al., 2004-2008). Etant donné que ces
especes tres réactives sont préférentiellement solubilisées dans la phase organique, cela fait de
ces especes les plus probables pour sulfuriser les hydrocarbures. De plus amples études
doivent étre réalisées pour discriminer les espéces responsables de la sulfuration des
hydrocarbures, entre les polysulfures, le soufre élémentaire et H,S qui sont couramment
admises pour induire la sulfuration des hydrocarbures (e.g., Powell and Macqueen, 1984;
Amrani and Aizenshtat, 2004; Zhang et al., 2008; Kowalewski et al., 2010; Walters et al.,
2011; Amrani et al., 2012; Amrani, 2014; Meshoulam and Amrani, 2017). Cependant, malgré

sa formation dans la phase aqueuse, le trisulfure S;” ne semble pas intégrer la phase organique.
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4.3.3. Suivi cinétique de la TSR

L’évolution de la concentration en H,S et CO, dissous dans la phase hydrocarbonée par
I’intégration des aires de pics de ces espéces normalisées au pic de I’octane & 966 cm™ a été
réalisée pour suivre la vitesse de réduction des sulfates dans les expériences. Seule la phase
hydrocarbonée permet une bonne intégration des pics de ces deux espeéces, la phase gazeuse
ne présentant pas de standard interne disponible et la phase aqueuse présentant trop de
fluorescence pour un suivi semi-quantitatif précis. Il est toutefois supposé que 1’analyse de la
concentration de ces deux espéces dissoutes dans la phase hydrocarbonée permet d’observer

1I’évolution relative de la concentration globale de ces espéces dans I’ensemble du capillaire.
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Figure 43 : Evolution de 1’aire normalisée a la bande d’octane & 966 cm™ des pics Raman de H,S et CO, dissous
dans I’octane a 200°C dans les différents systémes analysés en fonction du temps de chauffe.

Ce suivi cinétique a été réalisé sur une longue période de réaction (jusqu’a 888 h) sur cinq
expériences différentes a 200°C : Na,S,03 0.2 et 1 M + octane, Sg + H,O + octane and Sg +
Na,SO4 0.2 et 1 M + octane. Ces expériences permettent une analyse cinétique semi-
quantitative de ces deux produits finaux de la TSR. Dans chaque systéme H,S et CO; voient
leurs concentrations augmenter de mani¢re similaire dans une expérience donnée avec
I’avancement de la réaction (Fig. 43). Seule I’expérience Na,S,0; 1 M + octane présente une

baisse de sa concentration en CO, alors que la concentration en H,S augmente. Au vu des
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résultats de toutes les autres expériences qui voient une augmentation corrélée de la
concentration en H,S et CO,, il est probable que les deux mesures réalisées apres 500 h de
réaction lors de cette expérience soient erronées. La concentration en H,S permet tout de
méme de suivre I’avancement de la réaction dans ce systéme. Les systémes présentant des
concentrations en soufre total plus faibles que les autres (Sg + Na,SO4 + octane et Na,S,0;
0.2 M) présentent une augmentation de leur concentration en H,S et CO, plus importante que

les systémes a concentration en soufre total plus élevée (Fig. 43).

La constante de vitesse de réduction des sulfates en fonction du temps peut étre déduite a
partir de ces aires de pics grace a une loi cinétique d’ordre 0 ou d’ordre 1. En accord avec les
données de la littérature, nous avons opté pour une interprétation de nos données suivant une
loi cinétique d’ordre 1 vis a vis de la production de H,S. Cette option a également le mérite de
faciliter la comparaison avec d’autres études. La Figure 44 montre I’évolution linéaire du
rapport Ln(Amss/Aoctane) €n fonction du temps des différentes expériences. La pente des

droites obtenues correspond a la constante de vitesse de la réaction suivant un ordre 1.
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Figure 44 : Evolution des constantes de vitesse de production de H,S basées sur 1’aire des pics de H,S solubilisé
dans la phase hydrocarbonée des différents systémes analysés.
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Etonnamment, les systémes ayant les plus faibles concentrations en soufre total (Na;S;03
0.2 M + octane et Sg + Na,SO4 0.2 M + octane) présentent les constantes de vitesse de

réduction les plus élevées :

- de l’ordre de 0.2x10™ h™' pour les systémes Na;S,03 0.2 M + octane et Sg + Na;SOy4 0.2

M + octane,

- de I’ordre de 0.6x10™ h™' pour les systémes Na;S,03 1 M + octane — Sg + eau + octane et

Sg + Na,SO4 1 M + octane.

Le temps de demi-vie des sulfates dans ces expériences a €té calculé en supposant que la
production de H,S mesurée est inversement proportionnelle a la réduction des sulfates (t;
sulfate = t;» HoS = In k/2). Les valeurs obtenues sont comparées aux données de la littérature
issues d’expériences de TSR utilisant d’autres agents réducteurs comme le méthane, 1’acide
acétique, le dihydrogeéne ou le toluéne (Fig. 45). Nos mesures sont globalement en accord
avec les données de la littérature, cependant les temps de demi-vie du sulfate dans les
solutions les moins concentrées en soufre total sont plus faibles que dans les solutions les plus

concentrées. Cette évolution semble contraire aux observations historiques.

Cette différence peut étre liée a la nature de I’agent réducteur étant donné que 1’octane est
utilisé ici contrairement aux autres ¢tudes. La présence de différentes espéces du soufre
(soufre élémentaire en début de réaction et polysulfures en cours de réaction) dans la phase
organique peut étre un facteur limitant de la réduction des sulfates. Les solutions plus
concentrées en soufre génerent plus d’especes intermédiaires, celles-ci sont préférentiellement
intégrées dans la phase organique et limitent ainsi la vitesse de réduction. De méme, le suivi
de H,S et CO;, dans chacune des phases est nécessaire pour étre certain que ce désaccord
existe vraiment et qu’il n’est pas di a un partitionnement de ces deux produits de réaction
entre les différentes phases en présence. Plus d’expériences sont nécessaires pour pouvoir
expliquer cette différence de taux de réduction en fonction de la concentration en especes

soufrées en solution et en fonction de la nature de I’agent réducteur.
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Figure 45 : Représentation du temps de demi-vie de H,S (Log t1/2 avec t en heures) en fonction de l'inverse de
la température de réaction (10*/T avec T en Kelvin) des expériences de TSR en présence d’octane. Ces données
sont comparées aux données de la littérature sur des expériences de TSR utilisant différents agents réducteurs (le
méthane, l'acide acétique, I'hydrogene ou le toluéne). Un changement du taux de réaction vers des valeurs plus
¢élevées est observé lorsque la teneur totale en soufre (sulfate et sulfure) augmente. Toutes ces caractéristiques
sont cohérentes avec le chemin réactionnel intégrant S;” proposé Truche et al. (2014).

5. Conclusions et perspectives

Cette étude expérimentale préliminaire sur le mécanisme réactionnel de la TSR a permis de
mettre en place différents protocoles d’analyses in-situ adaptés a des expériences en autoclave
et en capillaires de silice. Le couplage d’expériences en autoclave a I’analyse spectroscopique
Raman met en évidence la perte d’information que peut entrainer les analyses ex-situ réalisées
par prélevement de solution. Les analyses par spectroscopie Raman permettent de suivre
1I’évolution de la spéciation et de la concentration des espéces dissoutes en temps réel au cours
de I’avancement de la réaction. La présence du trisulfure S5~ dans ces expériences de TSR a
ainsi été¢ démontrée. La composition isotopique des sulfates et des sulfures en solution a pu
étre mesurée grace a une technique de prélevement a chaud. Aucune anomalie de

fractionnement isotopique du soufre n’a été observée lors de la réaction de TSR.

L’analyse spectroscopique in-situ d’expériences de TSR associées a une phase organique

(ici I’octane) a également permis d’observer la formation du trisulfure lors de la réaction en
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association a d’autres espéces polymériques du soufre (S,*). Les S,* (sauf S37) ont été
préférentiellement observés dans la phase organique faisant d’eux des réactifs alternatifs au
soufre ¢élémentaire et a H,S comme espéces réactionnelles permettant la sulfuration des
hydrocarbures. Les expériences en capillaire de silice ont ¢galement permis un suivi cinétique
de la TSR en présence d’octane. Ce suivi montre un désaccord avec les données de la
littérature sur le temps de demi-vie des sulfates lors de la TSR. Nos expériences montrent un
taux de réduction plus rapide a faible concentration de soufre total qu’a plus forte
concentration, correspondant a I’inverse des précédentes observations de la littérature. Plus

d’études sont toutefois nécessaires pour valider ces mesures préliminaires.

Ces expériences démontrent I’importance de coupler des analyses in-sifu aux analyses ex-
situ dans des expériences en réacteurs hydrothermaux. De méme, pour réaliser un suivi fin de
I’évolution de la composition isotopique de la réaction au cours du temps il est nécessaire
d’analyser les especes du soufre de valence intermédiaire. C’est pourquoi il faut mettre en
place des protocoles d’extraction des especes du soufre de valence intermédiaire adaptés. Une
extraction a chaud est indispensable. L’utilisation de différents solvants permettrait cette
récupération, notamment une extraction par une solution d’hypochlorite de sodium pourrait

étre envisagée.

En ce qui concerne les études en micro-capillaires, il serait intéressant d’utiliser des
capillaires transparents a 1’Infrarouge pour pouvoir se soustraire de 1’absorption de la silice
entre 100 et 2000 cm™. Des capillaires en BaF, permettraient cela mais il reste & déterminer si
de tels capillaires peuvent étre produits et surtout s’ils pourront étre chauffés pour tolérer la
réalisation d’expériences en température. De méme, des analyses par Thermodésorption en
Chromatographie Gazeuse couplée a un Spectrometre de Masse (TD-GCMS) sur les
capillaires de TSR en présence d’octane sont en cours de réalisation afin de déterminer la
nature exacte des composés organiques produits lors de ces réactions. Mais le protocole

nécessite d’étre encore amélioré afin d’obtenir des analyses fines de ces composés.

184



Chapitre 3

Chapitre 3D.
Truche et al. (2014)
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Thermochemical sulphate reduction (TSR) plays a crucial role in the global sulphur cycle in the
Earth’s crust, and may affect current and past sulphur isotopic records. However, the extrapolation of
experimental reaction rates measured at high temperature (above 200°C) towards lower temperatures,
as well as the interpretation of the sulphur isotopic fractionation recorded in natural samples, require
an accurate description of the elementary steps controlling these reactions. We addressed this question
through dedicated experiments. Based on in situ Raman spectroscopy measurements, we show that the
trisulphur ion S5 is the dominant intermediate sulphur valence species involved in abiogenic sulphate
reduction processes initiated by H,S, over a wide range of temperature (100-350°C) and solution
compositions, whatever the electron donor considered. The in situ spectroscopic data reported here
unambiguously demonstrate the presence of S; at temperatures as low as 100 °C. The presence of S5 is
critical to achieve rapid sulphate reduction, especially at low temperature. We propose that any dissolved
constituent which decreases the dielectric constant of water, or which yields favourable S coordination,
will stabilise the trisulphur ion (thus promoting TSR) at T and pH conditions that are less extreme than
previously thought. The importance of S3 in these processes should also be taken into account when
discussing the mass-independent sulphur isotopic compositions recorded in natural and/or experimental

TSR-related samples.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Ubiquitous in nature, and stable in multiple valence states
(from S to S%7), sulphur is involved in numerous inorganic and
biogenic processes occurring over a wide range of scales, environ-
ments and time intervals (Mandeville, 2010). The global sulphur
cycle on Earth is strongly impacted by the significant mass trans-
fer and chemical fractionation processes occurring in the litho-
sphere, biosphere, hydrosphere and atmosphere. By contrast with
other elements, sulphur has a complex speciation depending on
redox conditions, and oxidative/reducing reactions contribute sig-
nificantly to the sulphur cycle in the lithosphere. Thermochemical
sulphate reduction (TSR) is generally related to high temperature
conditions (T > 150°C) by contrast to bacterial induced reduction

* Corresponding author.
E-mail address: laurent.truche@univ-lorraine.fr (L. Truche).

http://dx.doi.org/10.1016/j.epsl.2014.04.018
0012-821X/© 2014 Elsevier B.V. All rights reserved.

(BSR) prevailing at lower temperature. However, abiogenic reduc-
tion may also occur at T < 150°C in some geological settings
(Machel, 2001).

The occurrences and consequences of TSR have been docu-
mented over the past fifty years in numerous geological con-
texts worldwide, at temperatures conditions ranging from 100 °C
to more than 400°C (Machel, 2001; Garnier et al., 2008; Giuliani
et al, 2000). TSR may involve reducing agents such as the fer-
rous iron found in rocks, hydrogen, methane, carbon graphite or
hydrocarbons. High temperature seafloor hydrothermal systems cy-
cle the entire volume of the world ocean through the oceanic
crust over a time scale of tens of millions of years (Elderfield
and Schultz, 1996), and the reduction of seawater-derived sul-
phate by Fe2*-bearing minerals and hydrogen produced by ser-
pentinization (Mayhew et al., 2013; Shanks et al., 1981) repre-
sents a significant contribution to the sulphur cycle in the litho-
sphere (Ono et al, 2007). TSR is common and widespread in
deep burial diagenetic environments (Machel, 2001; Worden et
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al., 1997). Being one of the main sources of H;S in sour gas
reservoirs (Worden and Smalley, 1996), it can critically affect the
economic viability of hydrocarbon resources. TSR plays a crucial
role in the deposition of metal sulphide ore bodies in both mag-
matic/hydrothermal (Ottaway et al., 1994; Huston et al., 20071;
McGowan et al., 2003; Young et al., 2013) and sedimentary settings
(Basuki et al., 2008; Heydari and Moore, 1989; Kesler et al., 1994).
Furthermore, abiogenic reduction of sulphate is known to impact
relative abundances of sulphur isotopes leading to either classic
isotopic fractionation (Farquhar et al., 2010; Krouse et al., 1988;
Ono et al., 2007; Shanks et al., 1981; Worden et al., 1997) or
more rarely to non-traditional isotopic fractionation (i.e. mass-
independent isotopic fractionation of sulphur, usually expressed
as S-MIF and corresponding to §33S £ 0.515 x 84S and §36S =
1.9 x 623S). The exact mechanism involved in the genesis of S-
MIF during TSR is still strongly debated (Oduro et al., 2011;
Young et al., 2013; Watanabe et al., 2009).

Most of our knowledge on TSR reaction rates and mechanisms
relies on quenched experimental studies carried out at temper-
atures above 200°C, under acidic conditions and in the pres-
ence of HyS or elemental sulphur (undergoing disproportiona-
tion at T above 200°C) as initiator (Cross et al., 2004; Gold-
haber and Orr, 1995; Kiyosu and Krouse, 1993; Toland, 1960;
Thom and Anderson, 2007; Truche et al., 2009; Yuan et al., 2013;
Zhang et al., 2008). Several authors (Amrani et al., 2008; Gold-
haber and Orr, 1995; Kiyosu and Krouse, 1993; Ma et al., 2008;
Thom and Anderson, 2007; Truche et al., 2009) have suggested that
the auto-catalytic effect of HyS on TSR is due to its reaction with
sulphate to produce elemental sulphur or various intermediate sul-
phur valence species, which in turn react with the reducing agent
to produce HyS, or act as a bridge for the transfer of electrons
from S®* to S2~. Observed reaction rates are extrapolated to lower
temperatures relevant to geologic conditions via an Arrhenius law,
assuming that the reaction mechanisms remain unchanged. This
assumption is particularly problematic because the speciation of
sulphur species involved in the reaction path strongly depends
on pH and temperature. Although, some studies have been per-
formed without H,S initiation, these experiments were run at very
high temperatures (T > 350°C, e.g. hydrous pyrolysis, Zhang et al.,
2012), or at extremely low pH values (> 1 m H;S04, Kiyosu and
Krouse, 1990), or in the presence of exotic reducing agents (e.g.
amino acids (Watanabe et al., 2009), natives metals (Grinenko et
al., 1969)). These extreme conditions complicate any attempts at
extrapolation, and raise the problem of nascent atomic hydrogen
production due to thermal cracking of organic compounds, native
metal oxidation, or autoclave corrosion. In any case, the direct
reduction of sulphate is known to be several orders of magni-
tude slower than observed TSR rates below 300 °C (Toland, 1960;
Zhang et al., 2012).

A detailed understanding of the mechanisms of H,S initiation
in abiogenic sulphate reduction is necessary to constrain both the
reaction kinetics and sulphur isotopic fractionation models derived
from laboratory experiments, which can then be extrapolated to
geological conditions. However, the nature, activity and stability of
these intermediate sulphur valence species, that are required to
transfer 8 electrons from S®* to S2—, are still unknown because of
the lack of an in situ approach for analysing geological or experi-
mental fluids at elevated temperatures and pressures.

To fill this gap, we used in situ Raman spectroscopy to anal-
yse samples in fused silica capillary capsules (FSCC) at temper-
atures ranging from 25 to 350°C. This setup allowed us, for
the first time, to characterise the identity and stability of sul-
phur species involved in TSR during experimental runs. In the
present study, we performed original kinetic experiments using
methane or acetic acid as a reducing agent, and we reproduced
in FSCC four classical TSR experimental studies (Cross et al., 2004;

Goldhaber and Orr, 1995; Kiyosu and Krouse, 1993; Thom and An-
derson, 2007) carried out originally in batch autoclaves with analy-
sis of the quenched solutions. Altogether, these experiments allow
us to assess the effect of temperature, pH, and sulphur speciation
on TSR reaction rate and mechanism.

2. Materials and methods
2.1. Comments on the choice of experimental systems

Previous published TSR experiments (Cross et al., 2004; Gold-
haber and Orr, 1995; Kiyosu and Krouse, 1993; Toland, 1960;
Thom and Anderson, 2007; Truche et al., 2009; Yuan et al., 2013;
Zhang et al., 2008) have shown that sulphate reduction rate is
greatly enhanced at temperature above 200°C, low pH and high
initial sulphide concentration. The reaction rate of sulphate con-
version obeys a first-order law, making the sulphate concentration
an important parameter. TSR is also favoured under acidic condi-
tion because: (i) the overall reaction implies a net consumption
of protons (e.g. SOﬁ’ + CH4 + 2HT = H3S + CO; + H,0), and
(i) the dominant sulphate species is HSO,, being a non-symmetric
molecule, which is therefore more reactive. The metal-sulphate
contact ion-pairs formation, such as MgSOY, could also destabilise
the molecular structure of sulphate, thereby making it more re-
active (Ma et al., 2008). The transfer of 8 electrons from S®* to
S2- (overall reaction) is controlled by the stability of at least one
intermediate sulphur species (Schoonen et al., 1998). Even if the
nature and stability of this assumed intermediate sulphur species
has not been yet determined, it is likely that pH, sulphate and
sulphide concentrations probably play a major role in controlling
its equilibrium concentration and thus also the overall reaction
rate, as empirically observed. While the reducing agent itself ap-
pears to be of secondary importance (Kiyosu and Krouse, 1993;
Truche et al., 2009), it may play a role in some cases by chang-
ing the properties (e.g. dielectric constant, solvent activity) of
the aqueous phase, thus also affecting the solvation of dissolved
species.

Therefore, we focus on the link between reaction rate and sul-
phur speciation using Raman spectroscopy to measure the identity
and the changing content of S-bearing species in various TSR ex-
periments. We evaluate the role of pH, total sulphur content, tem-
perature, and sulphate speciation in an original set of experiments,
and we reproduce in the FSCC four classical TSR experiments un-
dertaken in batch autoclaves using quench techniques by Kiyosu
and Krouse (1993), Goldhaber and Orr (1995), Cross et al. (2004),
and Thom and Anderson (2007). Two different sets of experiments,
with or without sulphide initiation can be distinguished (Supple-
mentary Table S1).

In the first set of experiments, methane was used as the re-
ducing agent and experiments were performed up to 2 months at
300°C, with sulphate as the only source of sulphur in the system.

In the second set, we used sulphate and four different sources
of sulphide: (1) S° undergoing disproportionation (Robinson, 1973)
at temperature above 200°C (45?5) + 4H,0 = H* + HSO,
+ 3H2S@aq)) (2) NapS;03 which decomposes above 150°C at
near neutral pH yielding equal amount of sulphide and sulphate
(Na2S203(aq) + H20 = SO2™ + HaSpaq) + 2Nat), (3) Naz$, and (4)
H,S gas. Methane and acetic acid were used as reducing agent.
Toluene was also tentatively used as an electron donor, but in-
tense fluorescence and complex interaction with sulphur species
hampered collection and analysis of the Raman spectra (see be-
low for more details). Some specific experiments were designed
to test the effect of pH and sulphur speciation (initial sulphate +
intermediate-valence sulphur species speciation) on TSR reaction
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rate and mechanism (Supplementary Table S1). Thus, the tem-
perature (300°C), the nature of the reducing agent (methane),
and the source of sulphide (S°) were kept constant, except one
experiment performed with thiosulphate as the initial source of
both sulphate and sulphide. Six different experiments were car-
ried out: 5 were monitored for a duration of 72 to 120 h elapsed
time, and one for 1560 h (Supplementary Table S2). Some other
FSCC experiments were aimed at reproducing the four classical
TSR studies previously mentioned. The sulphur speciation was
investigated at temperatures ranging from 25°C to 350°C. For
each capillary capsule of these four latter runs, the temperature
was increased step by step up to the maximum run temper-
ature, with an elapsed time of 30 min to 1 h between each
step.

2.2. Fused silica capillary capsules technique

To obtain high-quality Raman spectra, solutions must be con-
tained in a material that satisfies several constraints. First, the cell
material must have sufficient mechanical resistance at the experi-
mental P-T conditions. Second, it must be transparent in the visi-
ble spectral region and it must not induce fluorescence. Third, the
cell material has to be chemically inert with respect to the aqueous
solutions and must not induce catalytic or redox processes. Fused
silica capillary capsules (FSCC) satisfy all these requirements (Chou
et al, 2008; Yuan et al., 2013). The capillaries were purchased
from Polymicro Technologies, LCC, and have internal diameter of
100 pm and an external diameter of 320 pum. The sample loading
procedure includes the following steps: (1) when used, elemental
sulphur (powder 99.98% purity, Aldrich) is pushed into the capil-
lary with the help of an ultra-thin metal wire (®Hamilton cleaning
wire), (2) the silica tube is sealed at one extremity using a Hy-0»
micro torch (®Elmaflamme), (3) experimental solutions (Supple-
mentary Table S1) are loaded from the open end of the tube and
centrifuged towards the closed end at 12000 rpm, dragging down
any elemental sulphur, (4) the open end of the tube is connected
to a vacuum line, then immersed into liquid nitrogen to freeze the
solution, and the atmosphere above the frozen solution is evacu-
ated, (5) methane, CO, or H,S gas are loaded cryogenically, and
(6) the open end of the capillary is sealed using a hydrogen flame,
while the closed end is kept frozen in liquid nitrogen under vac-
uum.

The volume of elemental sulphur loaded into the FSCC is esti-
mated with an optical encoder coupled to a microscope stage, and
converted into mass assuming a density of 2.07 g/cm3 for elemen-
tal sulphur. The accuracy of this method is considered to be within
20% due to the poor knowledge of the intergranular pore space be-
tween the sulphur crystals.

The pressure of methane, CO,, and H,S loaded cryogenically
is estimated to be 70, 10 and 14 bar, respectively, at 20°C. Par-
tial gas pressures are calculated from the pressure drop in the
source reservoir. The accuracy of this method is considered to be
within 20%, based on volume errors and pressure uncertainty.

2.3. Raman spectra acquisition and data treatment

A heating-stage dedicated to capillary heating (®CAP-500 Lin-
kam) was used to attain the experimental temperature. The
heating-stage was coupled with a Raman spectrometer (Labram
HR, ®Jobin-Yvon, Horiba) and an optical microscope (®Olympus)
using a 20x objective and a 500 pm diameter for the confocal
aperture giving the best compromise between the intensity of the
Raman bands and rejection of the silica glass spectrum.

The grating (1800 grooves per mm), focal distance (800 mm),
and slit width (100 pm) of the spectrometer give a spectral reso-
lution of 0.5 cm~!. Raman spectra were obtained by an excitation

using the 514.532 nm line of an Ar™ laser. The laser power at the
sample was 100 mW, which was sufficient to detect most sulphur
species at concentration above 0.005 m, but low enough to avoid
fluorescence and luminescence phenomena. Spectra were collected
in the wavenumber interval between 100 cm~' and 4200 cm~!.
High-quality spectra were obtained with an acquisition time of
10 s per spectral window and 4 accumulations. Both the laser
beam exposure duration and the laser power were varied to en-
sure that no laser-induced photochemical reaction influenced the
sulphur speciation. In situ measurements were performed first at
25°C and then up to 350°C. Kinetic measurements were carried
out at 300°C, and for a duration of up to 65 days (1560 h) in the
same capillary, without quenching.

The Raman spectra were processed using Labspec software.
Aqueous sulphur species in experimental solution were identified
from the well-known characteristic frequencies and relative inten-
sities of their main S-S, S-O and S-H bond vibrational modes.
A complete and detailed review of sulphur species identification
from Raman spectra, including S5, can be found in Pokrovski and
Dubrovinsky (2011). Typical detection limits for sulphur species in
our experimental setups are < 0.01 mol/kg of analysed species. Af-
ter baseline correction, each Raman peak was integrated (A;) and
normalised to the area of the O-H stretching band of water (An,0)
between 2500 and 4100 cm™'.

2.4. Thermodynamic calculation and in situ pH estimation

In situ pH (Supplementary Table S1) was estimated from
(i) mass balance calculation of the total dissolved sulphate and
sulphide concentrations imposed by the initial solution compo-
sition, (ii) comparison of the relative Raman intensities of the
non-resonant sulphate species (soﬁ— and HSOi_) in experimen-
tal solution with calibrated systems containing known amounts
of either SOi_ or HSO,, and (iii) thermodynamic modelling of the
sulphate speciation as a function of pH and temperature using HCh
software (Shvarov, 2008) and the SUPCRT database (Johnson et al.,
1992).

3. Results
3.1. TSR experiments without sulphide initiation

This set of experiments was performed using sulphate (0.1 m
Na;S04 or 0.1 m MgSO4) as the only source of sulphur in the sys-
tem. They were run at 300 °C, over two months, using methane as
reducing agent. A wide range of pH was tested (from 1.4 to 5 at
300°C), by mixing with various proportion of HCIL.

None of these experiments have shown any clear evidence of
TSR: (i) no HyS production, (ii) no CO, production, and (iii) no
consumption of methane. In addition, experiments performed us-
ing NaySO4 as a source of sulphate, did not exhibit any change in
the sulphate concentration, whatever the pH. However, in the case
of MgS0O4 experiments, we noted the precipitation of magnesium-
hydroxide-sulphate-hydrate (MHSH - nMg(OH);:MgS04:(1 — 2n)
H,O0 with 0<n<0.5). This expected precipitation (Janecky and
Seyfried, 1983) of MHSH led to a decrease of both the pH (around
3) and the concentration of sulphate (around 1 x 10~3 mol/kg)
in solution. Fig. S1 (in the SI) shows the Raman spectra ob-
tained on MHSH precipitated inside the capillaries compared with
MgS0O4-7H,0 (the salt used as initial source of sulphate).

3.2. TSR experiments with sulphide initiation
3.2.1. Kinetic experiments using methane as reducing agent

The influence of pH and sulphur speciation on TSR reaction
rate was investigated in six experiments conducted at 300°C on
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Fig. 1. Raman spectra collected from the aqueous phase after 72 h elapsed time at 300 °C for six different TSR experiments conducted at different pH values using methane
as reducing agent, with various sources of sulphate and sulphide. Vertical dashed lines indicate the vibration mode (v = stretching, § = bending) and position of major
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interpretation of the colours in this figure, the reader is referred to the web version of this article.)

the $8+-$2~-H,0-CHy system. The nature of the sulphur species
present during the reaction was monitored along the reaction
pathway. By contrast with the experiments performed without
sulphide initiation, all the runs in the presence of sulphide ini-
tially have shown evidence for TSR associated with S3 formation
(Fig. 1). This anion is characterised by vibrational modes due to
S-S symmetrical bending (§) and stretching (v) at 235+ 5 and
53545 cm™!, respectively, and corresponding overtones due to the
Raman resonance of Sy at the wavelength of the Ar™ laser. Poly-
meric sulphur molecules (S8) and/or elemental sulphur species,
characterised by S-S symmetric bending at 220 cm~! may be iden-
tified in these experiments conducted with native sulphur, but the
absence of clear stretching mode at 460 cm~!, probably because
of the presence of silica glass bands in this region, makes difficult
a clear assignment.

These short-duration experiments provide merely an approx-
imation of the reaction rates because they were based on only
two measurements, one after 30 min heating at 300°C and an-
other 72 h latter (Fig. 1, Supplementary Table S1). The reaction
is promoted by acidic pH or by the presence of magnesium. In-
terestingly, we can draw a parallel with the abundance of S
in the system, the pH, and the reaction rate, providing addi-
tional evidence that the reaction kinetics is driven by S3 activity
(Fig. 1).

In addition, one particular experiment (0.1 m MgSO4 + 0.1 m S
+ CHg4) of this set was carried out at 300°C over 65 days, with
several measurements performed on the same capillary through-
out the duration of the run (Supplementary Table S2). This ex-
periment allows a semi-quantitative kinetic analysis (Fig. 2), and
clearly demonstrates that S; is produced as a transient sulphur
species, H,S being the final by-product. In the early stage of the
experiment, the pH is buffered at around 3.2 by MHSH solubility

(at least up to 312 h elapsed time). After 1560 h, all sulphate is re-
duced and MHSH no longer exists in the system. Thus, the reaction
rate can be calculated independently from the loss of methane,
or from the increase of sulphide or CO, (methane oxidation by-
product), both in the liquid and gas phases up to 312 h elapsed
time. While sulphate concentration may be also used as an indi-
cator of sulphate reduction, a fraction of sulphate is precipitated
as MHSH in this particular case, thus complicating the mass bal-
ance calculation. The rate constants for a first-order kinetic law
are extracted from the linear relationship between Ln(AA;/An,0)
and the elapsed time, where A; is the area of the Raman peaks
for HyS, CH4 or CO; in the liquid or in the gas phase, with val-
ues ranging from 1.6 x 1073 to 2.1 x 10~3 h™ . Note that pH is no
longer maintained at low values after the complete dissolution of
MHSH.

Fig. 3 shows an Arrhenius plot comparing our rate measure-
ments in the MgS04-S-CH4 system at 300 °C, with previous pub-
lished TSR experimental data (Cross et al., 2004; Goldhaber and
Orr, 1995; Kiyosu and Krouse, 1993; Thom and Anderson, 2007;
Truche et al., 2009). All these experiments have been initiated
with sulphide, but were performed with different reducing agents
(toluene, acetic acid, hydrogen or methane). The reaction rate in-
creases with the total sulphur content, but the activation energy
remains the same. All these features suggest that the reaction is
controlled by the same chemical mechanism, which is, most likely,
the reduction of St to S2~ via the S5 intermediate sulphur va-
lence species.

3.2.2. Kiyosu and Krouse experiments

The experimental conditions used by Kiyosu and Krouse (0.19 m
Na;S04, 016 m SO, 5.24 m CH3COOH) were reproduced, and the
temperature was varied between 200-300°C in order to investi-
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Fig. 2. Kinetic evolution of normalised Raman spectra collected from the aqueous and the vapour phase of a FSCC containing 0.1 m MgSOg4, 0.1 m S and CH4 at 300°C.
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The rate constants for a first-order kinetic law were extracted from the linear relationship between Ln(AA;/An,0) and the elapsed time, where A; is the area of the strongest
Raman band of HyS, CHy or CO; in the liquid or in the gas phase (Supplementary Table S2), with values ranging from 1.6 x 103 to 2.1 x 1073 h™!.

gate the temperature range used by the authors in their origi-
nal work. The pH was buffered at around 4.8 by acetic acid at
300°C. Over the entire temperature range investigated, S; was
unambiguously formed (Fig. 4a), and TSR occurrence was demon-
strated by CO, and H,S production in the vapour and liquid
phases. At 300°C, TSR occurred readily and complete reduction
of sulphate was observed in less than 2 h. Thus, under these
very reactive conditions the reaction rate was extremely fast, and
the S equilibrium concentration was not reached because the
trisulphur anion was probably reduced as soon as it was pro-
duced.

3.2.3. Cross et al. experiments

Cross et al’s experiments (0.05 m NaySO4, 0.06 m S° 027 m
CH3COOH, 0.05 m CH3COONa) were performed at relatively low
total dissolved sulphur content (=~ 0.11 m) in comparison to
the other sets of experiments presented here. In our study,
the temperature was varied between 175 and 350°C, and the
pH was buffered at around 5.2 by acetic acid at 300°C. Un-
der these conditions, S; was observed at temperature as low
as 200°C (Fig. 4b), and evident signs of TSR (i.e. HyS increase
and CO, production) were recorded after 4 h elapsed time at
300°C.
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are coherent with the proposed S; reaction pathway for TSR initiated by sulphide.

3.2.4. Goldhaber and Orr experiments

We first attempted to reproduce Goldhaber and Orr’s experi-
ments in the presence of toluene as a reducing agent to mimic the
original set of conditions (0.2 m (NH4);SO4, 14 bar at H,S at 20°C,
and toluene). However, this complex systems was very difficult to
study using Raman spectroscopy under hydrothermal conditions,
for the following reasons: (i) the solubility of toluene, which is
very low at ambient temperature (470 ppm at 20°C), increases
drastically with temperature and thus changes the properties of
the aqueous liquid phase, (ii) the presence of toluene induces in-
tense fluorescence at elevated temperature indicating the forma-
tion of another organic compound which is fluorescent, (iii) ele-
mental sulphur, sulphide, and polysulphide are highly soluble in
toluene, and (iv) toluene has numerous Raman bands that super-
impose on those of sulphur species, especially S5 (Supplementary
Fig. S2). In addition, interpretation of the spectra was complicated
by the precipitation of black solids and the appearance of a red-
dish liquid mixed with the toluene phase at temperatures above
200°C. We noted that toluene becomes fully miscible with water
at temperature above 250°C. Thus, we point out that, depending
on the choice of the reducing agent (e.g. toluene vs methane) some
experiments may not be comparable, not only because of the re-
activity of the reducing agent itself, but also because of its effect
on the water properties when dissolution occurs, and thus on S5
stability.

Thus, we only recorded Raman spectra in the simplified
(NH4)2S04-H2S-H,0 system, without toluene (Fig. 5). We focus on
sulphur speciation rather than TSR occurrence strictly. In any case,
the presence of weakly soluble reducing agents such as methane
or hydrogen will not change the present observations. In these
experiments, S;° was formed in substantial amounts at tempera-
tures above 175°C, as demonstrated by the very intense Raman
band at 530 cm~!. But the most surprising observation was that
S5 was also found to form in solution at temperatures as low as
100°C. Heating-cooling cycles demonstrated the reversibility (i.e.
appearance and disappearance) of S;* formation at 100 °C. Polysul-

phide ions (Sg_ to Sg_), may be identified in minor amount using

their main stretching vibrations between 350 and 480 cm~! at

T above 100°C. Hydrogen polysulphide ions HS, and uncharged
polysulphanes HZS?, exhibiting S-H vibrations between 2400 and
2500 cm~! were not detected.

To the best of our knowledge, this is the lowest temperature
recorded for existence of S; in aqueous solution. It is clear that
the elevated concentrations of sulphide and sulphate in the sys-
tem contribute to stabilising S;. However, S5 was not observed at
temperatures below 200°C in similar experiments using the same
sulphate and sulphide concentration but with 0.1 m Na;SO4 in-
stead of 0.1 m (NH4)2SO4 as a source of sulphate. Pokrovski and
Dubrovinsky (2011) performed experiment at 1 m K;S;04 as a
source of both sulphide and sulphate, and they also did not ob-
served S5 at T below 200°C. Thus, it is also possible that ammo-
nium could promote S3 formation, either because it is a potential
reducing agent for sulphate or because it changes the solvation of
S5 via dipole shielding and hydrogen bonding. The trisulphur rad-
ical anion has already been identified in liquid ammonia solution
containing elemental sulphur at room temperature (Chivers and El-
der, 2013).

3.2.5. Thom and Anderson experiments

Thom and Anderson’s experiments were reproduced here at ini-
tial pH ~ 2, and at pH ~ 6 by mixing various proportions of HySOy,
Na;S04 and NayS-9H,0, in water. As with Goldhaber and Orr’s ex-
periments, toluene was not used in our study, thus we only report
Raman spectra in the simplified system (H, Na),SO4-Na,S-H;0, fo-
cusing on sulphur speciation rather than TSR occurrence strictly,
because of the absence of a reducing agent.

In our experiments, S; was only observed under acidic condi-
tions (Fig. 6). At pH around 6, the sulphur speciation was domi-
nated by SOi’ and H,S/HS™. Intermediate valence sulphur species
were not detected in this latter case. Thom and Anderson (2007)
have only reported successful sulphate reduction by toluene at pH
ranging from 1.5 to 3.5. The absence of 3>~ formation at neutral pH
condition, may explained the unsuccessful sulphate reduction ex-
periments reported by Thom and Anderson that were carried out
under similar conditions.
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Fig. 4. Raman spectra collected from the aqueous phase of a FSCC reproducing the ex

perimental conditions used by Kiyosu and Krouse (1993), and Cross et al. (2004).

(a) 0.19 m NaS04, 016 m S, and 5.24 m CH3COOH, and (b) 0.05 m Na;S04, 0.06 m S, 0.27 m CH3COOH and 0.05 m CH3COONa. Stars show the band of the silica-glass of

the FSCC.

4. Discussion
4.1. The S5 reaction pathway for thermochemical sulphate reduction

If sulphide is initially absent, there is no evidence of TSR even
after 2 months run time in experiments performed at 300°C us-
ing methane as a reducing agent, whatever the pH and source of
sulphate (Na;SO4 or MgSQ4). By contrast, in the presence of sul-
phide, we observe a decrease and eventual disappearance of the
SOﬁ’/HSO; Raman bands intensity in the aqueous phase as well
as the corresponding increase in the Raman signal for H,S, both in
aqueous and vapour phase, which indicates the occurrence of TSR
in all experiments carried out in the temperature range 200-300 °C
(Figs. 1 and 2). As expected from the previous studies (Cross et
al.,, 2004; Goldhaber and Orr, 1995; Kiyosu and Krouse, 1993;
Toland, 1960; Thom and Anderson, 2007; Truche et al., 2009;

Yuan et al., 2013), sulphate reduction is coupled with a concomi-
tant oxidation of CHy or acetic acid to CO,. In every successful TSR
experiment initiated by H;S, we systematically observe the pro-
duction of substantial amounts of the S; trisulphur radical ion
(Figs. 1, 2, 4, 5 and 6), strongly suggesting that the formation of
this intermediate redox state sulphur species is crucial for the
occurrence of TSR. The trisulphur radical anion is formed read-
ily at the expense of sulphate and sulphide over a wide range
of temperature (200-350°C), pH (1.2-6), and total sulphur con-
tent (0.1-0.7 m). Our Raman data not only confirm the recent
findings of S5 in model aqueous solutions of thiosulphate and sul-
phur (Pokrovski and Dubrovinsky, 2011), but also demonstrate that
S5 is the main intermediate sulphur valence species involved in
the TSR processes initiated by H;S. Previous TSR studies (Amrani
et al., 2008; Goldhaber and Orr, 1995; Kiyosu and Krouse, 1993;
Ma et al., 2008; Thom and Anderson, 2007; Truche et al., 2009)
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have proposed that the reactive intermediates may be elemen-
tal sulphur or any one of a number of intermediate oxidation
state sulphur species such as polysulphides/hydropolysulphides
(S%leSn*). polythionate, or thiosulphate (HSZO;/SZO§_). Owing to
the radical nature of S5, that allows fast electron transfer, its pres-
ence accelerates considerably the reaction rate. In addition, S5 is
far more reactive than sulphate or bisulphate because the S-S bond
(bond strength ranging from 33 to 72 kcal/mol) can be more eas-
ily broken than the S-O bond (bond strength ranging from 125 to
132 kcal/mol, Ohmoto and Lasaga, 1982). It can thus be readily
reduced to H,S, even by weakly reactive reducing agents such as
methane.

Therefore, we propose to summarise the complex TSR reaction
by the juxtaposition of two sub-systems in redox disequilibrium,
involving the sulphur speciation and the electron donor, with an
irreversible redox reaction only taking place between the elec-
tron donor and S3 (Fig. 7). The sulphur sub-system is described
by a simple equilibrium between sulphide and sulphate species
(Pokrovski and Dubrovinsky, 2011): 2H3Saq) + HSO, = S5 +
0.7507(gas) + 2.5H20. The addition of HpS to a sulphate-bearing
system produces S; (and promotes TSR), while S;* does not form
by direct reduction of sulphate in the presence of another electron
donor. This dependence of the TSR reaction pathway on S; forma-
tion illustrates the fact that sulphate reduction is far more compli-
cated than sulphide oxidation, which does not proceed through S
formation; a general feature of sulphur chemistry, which makes
its geochemical behaviour so complex. The TSR process itself re-
sults from an interaction between S5 and the reducing agent; we
present below some examples of balanced equations applied to
several electron donors:

S3 + 5/2Ha(aq) + H20 = 3H2S(aq) + OH™ (1)
Fig. 5. Raman spectra collected from the aqueous phase of a FSCC reproducing the
experimental conditions used by Goldha‘ber and O}‘r (1995):A 0.2 m (NH4)2504 — 53 + 5/8CH4(aq) + 9/4H;0 = 3HZS(aq) + OH™ + 5/8C02(aq)
0.5 m H,S. Note that toluene, the reducing agent, is absent in this latter case be-
cause of induced-fluorescence. The presence of Sy is observed at T ranging from (2)
100 to 250°C. Polysulphide ions (S%’ to Sg’) may be identified in minor amount _ _
using their main stretching vibrations between 350 and 480 cm~! at T above 53 + 5/G(CHZ)(aq) + 8/3H20 = 3H25(aq) + OH™ + 5/6C02(aq)
100°C. Stars show the band of the silica-glass of the FSCC. (3)
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Fig. 6. Raman spectra collected from the aqueous phase of a FSCC reproducing the experimental conditions explored by Thom and Anderson at 250°C. 0.1 m Na;S is used as
a source of sulphide and a mixture of HSO4 and NaSO4 is used to get a sulphate concentration of 0.2 m, and a pH value of either 2 or 6 at 250 °C. Vertical dashed lines
indicate the vibration mode (v = stretching, § = bending) and position of major Raman peaks for the respective species. Stars show the band of the silica-glass of the FSCC.
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l HSO, Equilibrated
sub-system
X
Electron donor
Redox state

'< ----------- >I
Potential of the bulk reaction
Fig. 7. Proposed S; reaction pathway for thermochemical sulphate reduction.

S; + 5/8CH3CO0H aq) + 9/4H,0
= 3H,S(aq) + OH™ + 5/4C05(2q) (4)

Even though S5 acts as a transient species in the TSR process,
its stability and activity are critical to achieving fast sulphate re-
duction, which implies important constraints on the P-V-T-X
conditions required for TSR to occur. The kinetics of the over-
all aqueous reaction depends on the concentration of Sy (Fig. 1),
which itself depends on temperature, as well as on the activ-
ity of sulphate, sulphide, and H*. As demonstrated, by Pokrovski
and Dubrovinsky (2011), the stability field of S; expands with
increasing temperature, total sulphur content, and proton activ-
ity. In this study, we observe that variable amounts of S; are
produced in the different experiments. This variability can be ex-
plained by the intrinsic stability of S under experimental condi-
tions, as well as the behaviour of this species in a dynamic redox
system where it is being continuously consumed and reduced into
HsS.

4.2. The stability of S3 at low temperature and implication for TSR

The thermodynamic stability of aqueous species strongly de-
pends not only on their intrinsic free energy, but also on solvation
and complexation mechanisms yielding energetically favourable
coordination geometries. There is good evidence given in the lit-
erature (Chivers, 1974; Chivers and Elder, 2013) for the forma-
tion of S; in dilute solutions of alkali metal polysulphide in
non-aqueous solvents with intermediate dielectric constants such
as HMPA (hexamethylphosphoramide), DMF (dimethylformamide),
DMSO (dimethyl sulphoxide), acetone, and liquid ammonia. The
stability of S5 in these solutions may be enhanced by the weak-
ening of interactions between the trisulphur anion and the sol-
vent molecules via dipole shielding, resulting from a decrease of
the dielectric constant. The nucleophilicity of Sy is also an im-
portant factor in determining the solubility of elemental sulphur
in ionic liquids as well as producing the bright blue colour of
the solutions (Chivers and Elder, 2013). By analogy, high concen-
trations of dissolved species in aqueous solution such as acetic
acid, toluene, CO, or ammonium in the present cases, could con-
tribute to stabilise S5 at low temperature by decreasing the di-
electric constant of water, favouring charge-dipole interactions and
changing the solvation properties. Goldhaber and Orr (1995) ob-
served that TSR occurred in experiments performed at temper-
atures as low as 175°C in the (NH4),SO4-HS-H,0-C7Hg sys-
tem. According to the above-mentioned processes, we argue that
toluene or dissolved ammonium may effectively stabilise S;* under
these particular conditions. Firstly, toluene is not only an elec-
tron donor and an excellent solvent for elemental sulphur, but
it also becomes highly soluble in water at temperature above
150°C (Supplementary Fig. S2). This could drastically decrease the

hydration of S; by water molecules, and may promote S3 for-
mation under low-temperature conditions. Secondly, the in situ
spectroscopic study reported here unambiguously reveals the pres-
ence of Sy at temperatures as low as 100°C in the simplified
(NHg4),S04-H,S-H0 system (Fig. 5). This is the lowest temper-
ature at which S; has been observed in aqueous solution. NI—ljlr
conspicuously resembles H,O in several respects (molar masses,
bond angles, interatomic distances, partial molar volumes, hydro-
gen bonds strength) and may stabilise S5 owing to its tetrahedral
shape and its ability to form hydrogen bonds (Brugé et al., 1999;
Perrin and Gipe, 1987), or via redox processes (Chivers and Elder,
2013).

Our experimental results illustrate the primary role of S3 in
the TSR reaction pathway. An important issue is to improve our
understanding of the interactions of S; with the solvent and its
dissolved ligands under T and pH conditions that are more com-
patible with the geological context than the conditions classically
used in laboratory experiments. A better understanding of the key
factors controlling the formation and stability field of S; may
help to explain the apparent discrepancies (e.g. TSR onset tem-
perature, pH dependency, reaction rate) between field observations
and previous laboratory experiments. Natural fluids encountered
in various geological contexts may have complex compositions
(e.g. hydrocarbon fluids, hydrothermal fluids, brines, salt melt),
and some environments, such as oil fields (Kohnen et al., 1989;
Lewan, 1998), may promote S -derived TSR at low temperatures.
In geologic conditions, H,S produced by bacterial sulphate at
the earliest stage of diagenesis, or the decomposition of sulphur-
bearing organic compounds, or fault-related sulphide, may pro-
vide the necessary reduced sulphur to initiate TSR through S
formation. In some cases, fluids mixing between basinal brines
that acquired sulphate from adjacent evaporite formation and an
initial source of H,S (e.g. bacterial sulphate reduction, hydro-
carbon thermal cracking or fault-related sulphide) at tempera-
ture above 100°C, may induce the formation of S;, and sub-
sequent sulphate reduction in the presence of a reducing agent
(methane, organic matter, hydrocarbons, hydrogen, ferrous iron).
In sub-seafloor hydrothermal systems, the reduction of seawater
derived-sulphate by ferrous iron or hydrogen produced by serpen-
tinization could be promoted by H,S degassing from the magma
or produced by pyrite reduction into pyrrhotite (Truche et al.,
2010).

5. Conclusions and perspectives
Important findings from this study are summarised below:

1. Using an innovative methodology coupling in situ Raman spec-
troscopy analyses in fused silica glass capillary with hydrother-
mal experiments, we reveal the formation of trisulphur Sy
ions in S-bearing aqueous fluids at temperatures as low as
100°C and evidenced their catalytic effect on TSR.

2. The S5 ion is the key intermediate-valence species involved
in TSR processes. The chemical properties of this radical anion
of intermediate valence state favour the transfer of electrons
during the reduction of sulphate to hydrogen sulphide by elec-
tron donors such as methane, acetic acid, toluene, or hydro-
gen. S; may form in hydrothermal or diagenetic environments
when sulphate and sulphide-bearing fluids are mixed together.

3. The presence of S; is required for TSR to proceed efficiently.
This conclusion put strong constraints on the P-V-T-X prop-
erties of geological fluids where TSR takes place.

4, Its stability is enhanced in fluids having low dielectric con-
stant, or in the presence of dissolved species decreasing the S3
solvation by water molecules such as ammonium ion. The for-
mation of S; over a wide range of temperature and solution
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compositions may bring back together geological and exper-
imental observations (e.g. TSR onset temperature, pH depen-
dency, reaction rate), and may explain the numerous occur-
rences of TSR in nature.

The reaction mechanisms proposed here for TSR also offers
some interesting perspectives for the improvement of sulphur iso-
topic fractionation models applicable to the geological environ-
ments where TSR takes place. First, we need to account for the
potential formation of S; for sulphur isotope exchange mecha-
nisms between sulphate and sulphide involving intra- and inter-
molecular reactions at hydrothermal conditions (Chu et al., 2004;
Ohmoto and Lasaga, 1982; Ono et al., 2007). The blue colour of
the solutions observed above 150°C in many experiments (e.g.
Chu et al.,, 2004; Giggenbach, 1974) involving sulphate, sulphide,
and thiosulphate may have been erroneously attributed to polysul-
phides (5,5%7) and to the hypersulphide ion, S, . The S5 proper-
ties must be taken into account in ab initio calculations to allow
a proper assessment of equilibrium sulphur isotope fractionation
under hydrothermal conditions, because isotopic fractionation de-
pends on quantum mechanical phenomena arising from the dif-
ference in vibrational energies between compounds containing dif-
ferent isotopes (Otake et al., 2008). Second, the formation of Sy
over a wide range of temperature may be compatible with the
mass-independent fractionation of sulphur isotopes during ther-
mochemical sulphate reduction. Recent laboratory studies (Oduro
et al., 2011; Watanabe et al., 2009) have shown significant S-MIF
anomalies (A33S up to +1.47%0) of reduced sulphur species re-
sulting from reactions between amino acids and sulphate at tem-
peratures ranging from 150 to 300 °C. This effect was recorded in
particular when Sg or Na;S;04 was added to catalyse the reaction.
Oduro et al. (2011) proposed a magnetic isotope effect associ-
ated with the formation of thiol-disulphide ion-radical pairs as
a mechanism for the mass-independent fractionation of 33S, the
odd-numbered sulphur isotope. More recently, significant S-MIF
have been reported in sulphides samples from paleoproterozoic
(2.1-1.9 Ga) metamorphosed sediments (Talvivaara metalliferous
black shale, eastern Finland, Young et al., 2013). These findings are
the first experimental and geological evidence for TSR as an alter-
native pathway to the ultraviolet photolysis of volcanic SO, in an
oxygen poor Archean atmosphere, which was previously supposed
to be the only mechanism capable of producing anomalous sul-
phur isotope signatures greater than 0.2%. (Farquhar et al., 2000,
2001; Thiemens, 2006; Ueno et al, 2009). Sy may play an im-
portant role in the hydrothermal processes associated with the
transport and concentration of chalcophile metals present in the
black shale and in the TSR reaction involved in ore deposition
(Mei et al, 2013; Tossell, 2012). The exact role of Sy in non-
traditional isotopic fractionation is unknown. However, it is worth
noting that this compound present interesting symmetry prop-
erties comparable with those of ozone (Gao and Marcus, 2001;
Michalski and Bhattacharya, 2009; Tossell, 2012; Thiemens, 2006).

The existence of S5 in geological fluids awaits analytical con-
firmation, and systematic multiple sulphur isotopic studies are
needed to investigate more fully the isotope fractionation pro-
cesses in S-bearing fluids and minerals formed as by-products of
TSR in numerous geological settings.
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Conclusions générales

L’objectif de ce travail de thése était de déterminer la nature, le rdle et la signature
isotopique des especes de valence intermédiaire du soufre dans des conditions physico-
chimiques favorables a la réalisation du processus de Thermo-Réduction des Sulfates (TSR).
I1 fait suite a la constatation générale que la spéciation du soufre a température ambiante n’est
pas représentative de sa spéciation a haute température. Cet état de fait implique une
méconnaissance du chemin réactionnel des réactions d’oxydo-réduction controlant le
comportement du soufre dans les fluides hydrothermaux. La signature isotopique du soufre
étant également dépendante de la spéciation du soufre, I’évolution des proportions relatives
des quatre isotopes du soufre (**S, S, **S, et *°S) au cours de la réaction de TSR est elle aussi
mal connue. Ces lacunes sont notamment dues aux problémes techniques et analytiques
rencontrés lors des études sur échantillons naturels et en expérimentation. En effet, il est
parfois impossible dans le milieu naturel de retrouver la composition initiale d’un fluide ou
d’un minéral a cause de son histoire géologique qui souvent supprime les indices nécessaires
a la compréhension du milieu naturel. En outre, il est tres difficile d’analyser les fluides et les
minéraux d’intérét dans les conditions de pression et température dans lesquelles ils ont été
formés. De méme, les expériences en laboratoire ne peuvent pas tenir compte de I’ensemble
des paramétres présents dans la nature, induisant parfois une simplification ou une
surinterprétation des données lors de leur application au cas naturel. De plus, les analyses ex-
situ qui sont généralement conduites sur ces expériences entrainent la perte de nombreuses
informations liées au fait que les prélévements provoquent un refroidissement rapide de
I’échantillon entrainant la déstabilisation des espéces qui sont uniquement stables en
conditions hydrothermales. Pour répondre a ces problématiques, le travail de cette thése s’est
fondé sur une démarche combinant des analyses d’échantillons naturels et des expériences de

TSR en autoclave et en capillaires de silice en laboratoire.

La premicre partie de cette thése concerne 1’étude du comportement du soufre des
¢vaporites Carniennes des Alpes francaises (Nappe des Gypses) au cours de 1’histoire
tectonique alpine. Cette étude repose sur différentes approches: i) pétrographiques, ii)
structurales et iii) géochimiques (inclusions fluide, isotopes stables (C, O, S) et matiere

organique). Elle met en évidence que la TSR est le processus contrdlant le comportement du
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soufre dans la formation. Une nouvelle approche par analyse multi-isotopique du soufre (8°*S,
A™S et A*S) a notamment permis de comprendre I’ensemble des deux processus affectant la
signature isotopique des sous-produits de la TSR avec 1’un a 1’équilibre isotopique proche du
pic de métamorphisme et 1’autre sous controle cinétique affecté par un mélange de réservoirs
soufrés durant I’exhumation de la formation. Cette premiere étude multi-isotopique du soufre
dans une formation sédimentaire du Phanérozoique a été déterminante dans la compréhension
de T’histoire géologique de la "Nappe des Gypses". Les données géochimiques et
pétrographiques couplées montrent qu’un seul et méme fluide a circulé dans I’ensemble de la
formation, et laissent penser que la "Nappe des Gypses" a réagi en systeme fermé. Cela fait
des évaporites Carniennes un excellent laboratoire naturel pour I’étude de la TSR dans des

fluides soumis a des conditions typiques du métamorphisme de bas grade.

La seconde partie de ce travail de thése, concerne une description détaillée de la spéciation
du soufre dans les inclusions fluides piégées dans les minéraux de la "Nappe des Gypses".
Elle repose sur une nouvelle approche analytique couplant spectroscopie Raman in-situ et
microthermométrie. Cette technique permet de réchauffer les échantillons aux températures
représentatives des conditions de TSR a la fois sur inclusions fluides naturelles et sur
solutions synthétiques en capillaires de silice. A température ambiante les inclusions fluides
naturelles présentent uniquement SO42' et H,S comme espéces soufrées en solution. Mais a
température >100°C la présence significative de I’ion radicalaire S;~ et d’autres especes
polymériques du soufre (S,") est également mise en évidence. La calibration réalisée sur
solutions synthétiques soufrées permet la quantification des espéces du soufre présentes dans
les inclusions fluides naturelles de la température ambiante jusqu’a 300°C. Cela a permis de
démontrer que I’ion S3™ ainsi que les espéces polymériques du soufre S,* peuvent atteindre des
concentrations jusqu’a 10 mol/kgo et représenter jusqu’a 3 % du soufre total en solution en
contexte hydrothermal. De plus, ces espéces étant extrémement réactives, elles peuvent jouer
un role majeur dans la dynamique des processus affectant la chimie des fluides
hydrothermaux. Par exemple, cette étude confirme le role d’espéces du soufre de valence
intermédiaire tel que I’ion S3™ et les S,* dans les fluides naturels et donc leur réle comme

especes indispensables au transfert électronique entre sulfate et sulfure lors de la TSR.
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La troisiéme et derniére partie de ce travail de thése, complete cette étude d’échantillons
naturels par une étude expérimentale préliminaire qui a permis de mettre en place de
nouveaux protocoles expérimentaux permettant de mieux comprendre le role de la spéciation
du soufre dans le processus de TSR et en particulier lors des interactions entre une phase
aqueuse et une phase hydrocarbonée. Une premiére série d’expériences de TSR connues dans
la littérature a été reproduite en autoclave équipé d’un spectrometre Raman permettant
I’observation in-situ des especes présentes en cours de réaction et leurs variations relatives en
fonction du temps et de la température. Ainsi la présence de I’ion S3™ a ét¢ mise en évidence,
mettant une nouvelle fois en relief son importance dans les processus géochimiques
impliquant le soufre. De plus, grice a différents prélévements du fluide lors des expériences,
le suivi de 1’évolution multi-isotopique des espéces en solution (notamment en A*S) a ainsi
été réalisé. Ces analyses peuvent permettre de mieux comprendre le role des especes

intermédiaires du soufre et de tracer leur signature isotopique dans les fluides géologiques.

D’autres expériences de TSR en présence d’hydrocarbures ont également été réalisées en
micro-capillaires de silice. L’analyse in-situ par spectroscopie Raman et infrarouge couplée a
la détermination moléculaire des produits hydrocarbonés a permis de mettre en évidence les
différentes espéces présentes dans chacune des deux phases. Le suivi de la distribution des
especes soufrées dans les deux phases montre notamment la solubilisation par les
hydrocarbures du soufre natif augmentant ainsi sa stabilisation en condition hydrothermale.
L’étude in-situ des composés présents dans chacune des phases montre 1I’importance de la
nature des especes soufrées qui interviennent lors de 1’oxydation des hydrocarbures par la
TSR que ce soit dans la phase aqueuse ou organique. Ces observations corroborent celles
faites en milieu naturel et démontrent I’importance de la TSR sur la formation de composés

organiques oxygénés.

Ces travaux de theése conduisent a une meilleure compréhension du réle de la spéciation du
soufre lors de la TSR et de son impact sur la dégradation des hydrocarbures en conditions
caractéristiques d’un métamorphisme de bas grade. Cela ouvre de nouvelles perspectives de
compréhension des formations géologiques basées sur le couplage d’études géologiques
classiques et d’études géochimiques plus fines. Ceci afin de mieux déterminer les sources et

I’évolution géochimique de fluides de bassins profonds impliqués dans la formation de
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gisements métalliféres sédimentaires, pétroliers, ou encore dans la genése de certaines

gemmes associées a des méta-évaporites.

Perspectives

1. Détermination de la spéciation du soufre en température lors de la formation de gemmes

L’occurrence de la Thermo-Réduction des Sulfates (TSR) dans de nombreux contextes
géologiques associés a des gisements de gemmes comme les émeraudes (Fig. 46 ; Giuliani et
al., 2003), les rubis (Garnier et al., 2008), les tsavorites (Feneyrol et al., 2013) ou encore le
lapis lazuli (Faryad, 2002) dans des conditions de métamorphisme similaires a celles de la
Nappe des Gypses a déja été¢ démontré. Toutefois, le réle du soufre dans ces gisements reste
méconnu. L’application des techniques analytiques utilisées dans ce travail de theése sur la
formation de ce type de gemmes pourrait permettre de mieux comprendre le role et le
comportement du soufre dans ces contextes souvent liés a des méta-évaporites (Giuliani et al.,
2017). De méme, la présence de 1’ion S;* dans les minéraux constitutifs du lapis lazuli
(Gobeltz-Hautecoeur et al., 2002 ; Ostroumov et al., 2002 ; Manning, 2011 ; Tauson et al.,
2012) laisse a penser que d’autres espeéces de valence intermédiaire du soufre se forment lors
de la genese de ces gisements. Une étude d’inclusions fluides en température, similaire a celle
réalisée dans le Chapitre 2 pourrait ainsi permettre de mieux comprendre la nature et le role
des especes de valence intermédiaire du soufre dans les fluides hydrothermaux

/métamorphiques.
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Figure 46 : Schéma conceptuel de la TSR et des processus associés dans un contexte de formation d’émeraudes
ou de rubis associés a des black shales et des carbonates.

Toutefois, la calibration par spectroscopie Raman de 1’ion S3™ en phase aqueuse nécessite
d’étre améliorée. En effet, Schmidt and Seward (2017) mettent en relief des phénoménes
d’absorption de la lumiere du chromophore bleu induit par la formation du trisulfure, qui
peuvent influencer le signal Raman et donc compliquer la quantification de 1’espece en
solution. Bien que dans nos expériences et lors de nos analyses sur inclusions fluides
naturelles, la concentration en S;™ n’était pas suffisante pour induire une coloration de la
solution (et donc un biais sur 1’étalonnage) une amélioration du systéme de calibration serait
tout de méme importante pour permettre une quantification du trisulfure plus précise. Cela
ouvrirait ensuite la voie a la quantification des espéces polymériques du soufre (S,*) détectées
dans les inclusions fluides de la Nappe des Gypses et dans les capillaires d’étude de la TSR en

présence d’octane.

L’¢étude d’inclusions fluides en température décrite dans le Chapitre 2 n’est qu’un premier
pas dans la quantification des especes de valence intermédiaire du soufre dans les systémes
hydrothermaux de moyennes a hautes températures. Les gisements de gemmes mais
¢galement les gisements de type porphyre sont des cibles toutes indiquées pour ce type

d’analyses en température.
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2. Extraction des polysulfures a chaud pour analyse isotopique

Le Chapitre 3 de ce travail de thése a mis en avant I’importance de I’analyse in-situ par
spectroscopie Raman dans des expériences en autoclave. Toutefois, il est possible d’améliorer
le protocole expérimental en quantifiant les espéces présentes en solution lors du processus de
TSR. En effet, en utilisant dans les autoclaves le méme procédé de solutions de calibration
que celui utilis¢ dans le Chapitre 2, cela permettrait un suivi quantitatif des especes dissoutes
en solution au cours de 1’avancement de la réaction. Cette technique permet également de
quantifier d’autres especes dissoutes que le soufre comme le CO; ce qui permettrait de faire
un suivi plus fin de avancement de la réduction des sulfates. La pression pouvant étre
controlée dans les autoclaves Parr utilisés dans le Chapitre 3, une calibration des gaz dissous
peut ¢également étre réalisée a des pressions de gaz connues. De méme, une fois les
calibrations pour les sulfates et les sulfures faites, il sera également possible de quantifier la
concentration en S3” dans le systéme. En effet, il est maintenant connu (voir Chapitre 2 et 3)
que I’utilisation de solutions de thiosulfates permet la formation du trisulfure en présence de
sulfates et sulfures apres dissociation des thiosulfates. Les sulfates et les sulfures ayant été
calibrés au-préalable, cela permettrait de déterminer par bilan de masse la concentration en S;”
restante (en considérant que S;” est I’espeéce de valence intermédiaire du soufre dominante).
Ce type d’expérience a déja été appliquée avec succes au systéme carbonaté avec comme
application le stockage géologique du CO; et le suivi en temps réel de la spéciation et de la

concentration des carbonates (Truche et al., 2016).

Le Chapitre 3 de ce travail de these a également mis en relief le probléme du
refroidissement des échantillons lors de prélévement de solution depuis des autoclaves. Cela
induit la perte de toutes les especes stables a haute température comme les polysulfures. Or il
est indispensable de pouvoir analyser la composition isotopique des especes de valence
intermédiaire du soufre lors de la TSR pour avoir une vision globale des échanges isotopiques
lors de la réaction. Ainsi un systetme de prélévement a chaud directement dans un solvant
pouvant piéger les polysulfures peut étre réalisé. Un solvant organique (hexane par exemple)
ou inorganique (hypochlorite de sodium par exemple) préalablement introduit dans une
capacité rattachée a une vanne de prélevement de I’autoclave permettrait de récupérer

directement les polysulfures lors du prélevement. Des cordons chauffants ajustés sur les tubes
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de prélevement permettraient de maintenir une température suffisamment €élevée dans les
tubes pour que les polysulfures restent stables lors du transfert entre la cuve et la capacité de

prélévement.

Il serait donc intéressant de reproduire les expériences de TSR en autoclave du Chapitre 3
en augmentant la concentration en sulfate et en sulfure afin d’augmenter la concentration des
especes de valence intermédiaire du soufre et en les complétant avec la calibration des
spectres Raman et un systeme de prélévement a chaud des polysulfures. Cela permettrait de
résoudre le probléme de savoir si la TSR peut réellement produire des anomalies de

fractionnement isotopique du soufre (S-MIF) et dans quelles conditions éventuellement.
3. Analyse des composés organiques produits lors de la TSR en présence d’hydrocarbures

Dans le Chapitre 3, I’é¢tude de la TSR en présence d’octane a montré la formation trés
rapide (1 heure de chauffe) de composés organiques (principalement des aliphatiques).
Toutefois, il est important de pouvoir déterminer de manicre plus précise la nature de ces
composés organiques, d’autant plus que la TSR en contexte pétrolier est connue pour altérer
les hydrocarbures générant des composés organiques typiques de ce processus (Machel et al.,
1995; Manzano et al., 1997; Kelemen et al., 2008; Zhang et al., 2008; Walters et al., 2011).
C’est pourquoi, il est indispensable d’analyser par Thermodésorption en Chromatographie
Gazeuse couplée a un Spectrometre de Masse (TD-GCMS) les solutions ayant réagi dans les
capillaires de silice. La TD-GCMS est particuliérement intéressante dans ce cas-la car elle ne
nécessite pas d’extraction au solvant avant analyse. Ainsi, il est possible d’analyser
I’ensemble des composés organiques présent dans le systeéme en une seule fois. En couplant,
ces analyses tres précises des composé€s organiques aux analyses spectroscopiques in-situ cela
permettra de mieux contraindre le partage des différentes especes du soufre entre les phases
aqueuse, hydrocarbonée et gazeuse. Ainsi, il sera possible de compléter les mécanismes
réactionnels de sulfuration des hydrocarbures en présence d’une phase aqueuse soufrée et

donc de mieux comprendre le role de la TSR sur la sulfuration des hydrocarbures.
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Résumé

L’objectif de cette thése est d’étudier le comportement du soufre dans des fluides hydrothermaux
soumis a un métamorphisme de bas grade. Elle est séparée en trois études interconnectées couplant
étude naturelle et expérimentale : 1) une étude du cycle du soufre dans les évaporites carniennes de la
"Nappe des Gypses" des Alpes frangaises comme cas d’étude naturelle a été réalisée, ii) une étude de
la spéciation du soufre dans les inclusions fluides associées a ces évaporites triasiques, et iii) une étude
expérimentale du rdle de la spéciation du soufre sur le mécanisme de la Thermo-Réduction des
Sulfates (TSR) et I’altération des hydrocarbures associ¢e. La premicre étude repose sur le couplage
d’une approche pétrographique classique et d’une étude détaillée des inclusions fluides, des isotopes
stable (8°'S, 8'S, §°°S, A*”’S, A’®S, §"°C et 5'°0) et de la matiére organique dans la "Nappe des
Gypses". Ces ¢études couplées ont permis d’identifier le processus de TSR comme la réaction
controlant le comportement du soufre dans cette formation en systéme fermé. La seconde étude repose
sur une nouvelle approche analytique couplant spectroscopie Raman in-situ et platine
microthermomeétrique permettant de réchauffer jusqu’a 300°C les échantillons (naturel et synthétique).
Ainsi, a température >100°C la présence de 1’ion radicalaire S;” et d’autres espéces polymériques du
soufre (S,*) a été mise en évidence dans la “Nappe des Gypses”. Cette étude confirme le role
indispensable a la TSR de I’ion S; et des S,* dans les fluides naturels. Cette étude naturelle a été
complétée par une étude expérimentale préliminaire qui a permis de mettre en place de nouveaux
protocoles expérimentaux en autoclave et en capillaires de silice couplés a des analyses
spectroscopiques et isotopiques. Ceci afin de mieux comprendre le role de la spéciation du soufre dans
les interactions entre une phase aqueuse et un fluide hydrocarboné lors de la TSR. Cette these conduit
a une meilleure compréhension du réle de la spéciation du soufre et son lien avec des composés
organiques lors de la TSR en condition métamorphique de bas grade. Cela ouvre de nouvelles
perspectives de compréhension des formations géologiques basées sur le couplage d’études
géologiques classiques et d’études géochimiques plus fines.

Abstract

The aim of this thesis is to study the sulfur behavior in hydrothermal fluids subjected to low grade
metamorphism. It is separated into three interconnected studies linking natural and experimental
study: i) a study of the sulfur cycle in the Carnian evaporites of the "Nappe des Gypses" from the
French Alps as a natural case study is performed, ii) a study of the sulfur speciation in fluid inclusions
associated to these Triassic evaporites, and iii) an experimental study of the role of sulfur speciation
on the Thermochemical Sulfate Reduction (TSR) mechanisms and the associated hydrocarbons
alteration. The first study is based on the coupling of a classical petrographic approach associated to a
detailed study of fluid inclusions, stable isotopes (6348, 538, §%S, A*S, A¥S, §"°C and 8180) and
organic matter in the “Nappe des Gypses”. The coupling study allows to identify the TSR process as
the reaction controlling the behavior of sulfur in this formation in a closed system. The second study is
based on a new analytical approach coupling in-situ Raman spectroscopy and microthermometric
stage. This technique allows to heat up to 300°C samples (natural and synthetic). Thus, at temperature
>100°C, the presence of the radical ion S;” and other polymeric sulfur species (S,) is demonstrated in
the “Nappe des Gypses”. This study confirms the essential role in the TSR process of S; and S,
species in natural fluids. This study natural was completed by a preliminary experimental study
allowed to set up new experimental protocols in autoclave and fused silica capillaries coupled to
spectroscopic and isotopic analyses. This to better understood the role of sulfur speciation in the
interactions between an aqueous phase and a hydrocarbons fluid during the TSR. This thesis leads to a
better understanding of the role of sulfur speciation and its link with organic compounds during TSR
under low grade metamorphic conditions. This opens new perspectives to understand geological
formations based on coupling of classical geological studies and finer geochemical studies.
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