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Abstract

Abstract

Subduction zones are the largest recycling systems of our planet. Subduction zones
involve recycling of water from hydrated oceanic crust and lithosphere to the upper mantle.
Water plays a key role in subduction zone processes, including plate tectonics, magma
generation, elemental transport and earthquake generation. The chemical composition, H,O
content of oceanic lithosphere sinking to the mantle, age and geometry of subducting oceanic

slab are the main factors controlling subduction zone processes including dehydration.

The principle aim of this dissertation is to investigate the behavior of iron and other ions
capable for electron-exchange and to describe the regime of water release from the oceanic
plate in subduction settings. The experimental approach of my work allows one to compare
chemical and mineral changes occurring during dehydration of serpentinites with different
composition. A number of analytical techniques were applied to study the influence of bulk
rock composition on the mineral chemistry of produced assemblages. The experimentally
investigated pressure-temperature ranges, i.e. 2 GPa and 450-900°C, are representative for hot
subduction zones. The extrapolation to other common geothermal gradients was done through
thermodynamic modeling. The investigated serpentinite compositions correspond to natural

serpentinized peridotites described for oceanic lithosphere.

Bulk Fe content was demonstrated to decrease thermal stability of Fe-Mg-antigorite by
25°C on average compared to stability of Mg-antigorite. Dehydration of Fe-bearing
serpentinites, consequently, occurs at lower temperatures compared to Fe-free assemblages.
Dehydration reactions observed in Fe-free systems are univariant reactions, while in Fe-bearing
systems, serpentinites dehydration appears over a range of temperature through divariant
reactions. Moreover, the presence of Al in serpentinite stabilized clinochlore, which retains
15% of water initially contained in serpentinite down to ~120 km (820°C/2 GPa) within hot
subduction. Such a dependence of serpentinite dehydration on bulk Fe and Al brings importance
of considering not only geometry and the age of the slab, but also a composition of slab
lithologies while modeling and interpreting processes in subduction zone. A comparison of the
depths of serpentinite dehydration and seismicity revealed a strong correlation and, therefore,
a potential contribution of water release to seismicity in the case of hot subduction zones (i.e.,

Chili type subduction).

X-ray absorption spectroscopy measurements revealed a progressive reduction of Fe

and S in with increasing PT conditions investigated serpentinites. The initially high bulk



Abstract

Fe’'/Feww ratio in serpentinite is shown to decrease in anhydrous and high temperature
assemblages due to magnetite and Fe’*-bearing antigorite breakdown at <550°C and 700°C,
respectively. The presence of pyrite in serpentinite, which transforms to pyrrhotite below
450°C, imposes a release of 4 of initial sulfur, in the H,S form. The presence of magnetite and
pyrite in serpentinite, is crucial and responsible for the production of highly oxidized fluids and
volatile sulfur species, which can be transported from the subducting slab into the mantle
wedge. Application of the results, obtained in the present study, to natural systems demonstrates
that fluids rising from subducting slab are responsible for oxidation of overlying mantle, and in
addition, magnetite and antigorite breakdown which occurs with at least 150°C difference may
cause a release of chemically different fluids at shallow (low-T) and deep (high-T) parts of

subduction.

Keywords: serpentinite, dehydration, subduction, iron reduction, sulfur mobility,

seismicity, X-ray absorption, experimental petrology, thermodynamic calculations
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Abstract

Les zones de subduction sont les plus grands systémes de recyclage de notre planéte.
Elles permettent le recyclage de l'eau contenue dans la crolte océanique hydratée et de la
lithosphére du manteau supérieur. L'eau joue un role clé dans de nombreux processus associés
aux zones de subduction, comme la tectonique des plaques, la production de magma, le
transport élémentaire et la génération de tremblement de terre. La composition chimique, le
contenu H,O de la lithosphére océanique, I'dge et la géométrie de la plaque océanique sont les

principaux facteurs contrdlant les processus de subduction, y compris la déshydratation.

L'objectif principal de cette these est d'étudier le régime de la libération de I'eau depuis
la plaque océanique subductante et le comportement du Fe et du S en contenus dans les
serpentinites, qui représentent la principale lithologie de roche hydratées océaniques.
L'approche expérimentale de ce travail permet d’étudier les changements chimiques et
minéralogiques associés lors la déshydratation des serpentinites de différentes compositions.
Un certain nombre de techniques d'analyse ont été utilisées pour étudier ’influence de la
composition de la roche totale sur la composition des assemblages produits. Les intervalles de
pression de température expérimentalement étudi€s, a savoir 2 GPa et 450-900°C, représentent
des zones de subduction chaudes. L'extrapolation a d'autres gradients géothermiques communs
a été faite par thermodynamique. Les compositions de serpentinite étudiées correspondent aux

péridotites serpentinisées naturelles décrites pour la lithosphére océanique.

Mon travail indique que la teneur en Fer contrdle a stabilit¢ thermique d’antigorite.
Déshydratation de serpentinites avec Fe, par conséquent, pasee a des températures plus basses
par rapport aux assemblages Fe-libres. La déshydratation observée dans les systémes sans Fer
se fait le long d'une réaction univariante, alors que dans les systémes contenant du Fer, la
déshydratation se fait sur un domaine de température (réactions de déshydratation divariantes).
De plus, la présence de Al dans serpentinite stabilise clinochlore, qui conserve 15% de 1'eau
initiale jusqu'a ~ 120 km (820°C/2 GPa) dans subduction chaud. Cette dépendance sur Fe et Al
apporte importance de considérer non seulement la géométrie et 1'age de la plaque océanique,
mais aussi une composition de lithologies lors de la modélisation et d’interprétation de
subduction. Une comparaison entre la profondeur des séismes et la profondeur de
déshydratation des serpentinites indique une possible contribution de la libération de I'eau a la

sismicité dans les zones de subduction chaudes et a pente faible.



Abstract

La spectroscopie d'absorption des rayons X montre une réduction progressive de Fe et
de S dans des serpentinites. Le rapport Fe*/ Fe, de la roche totale, élevé dans la serpentinite,
diminue dans les assemblages anhydres de haute température par décomposition de la magnétite
(<550°C) et de I’antigorite (700°C). La pyrite des serpentinites se transforme en pyrrhotite en-
dessous de 450°C et induit une libération de Y de soufre initial, probablement sous forme de
H,S. La magnétite et la pyrite présentes dans des serpentinites, sont des phases cruciales pour
la production de fluides trés oxydés et d’espéces volatiles soufrées qui peuvent étre transportés
depuis la plaque subductée vers le coin mantellique. Application des résultats montre que les
fluides s’¢levant de la plaque océanique sont responsables de l'oxydation du manteau; et
décomposition de la magnétite et 1’antigorite avec au moins 150°C différence peut provoquer
une libération de fluides chimiquement différents a peu profond (basse-T) et profondes (T-

¢levé) parties de subduction.

Mots-clés: serpentinite, déshydratation, subduction, réduction du fer, mobilité de

soufre, sismicité, pétrologie expérimentale, calculs thermodynamiques
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I Introduction

I Introduction

Subduction zones are convergent margins which stretch over 55000 km around the
Earth. Descend of oceanic or continental plate into the mantle in subduction zones control plate
tectonics, birth of volcanic arcs and seismicity. The geological processes, which are generated
in subduction zones, have a great impact on human life, mainly because the most destructive
natural hazards occur within convergent plate boundaries. On the other hand, most of mineral
deposits are associated with subduction settings and, thus, subduction plays also a significant

role in human society as a source of economically important ore deposits.

Sedimentary, volcanic and metamorphic rocks of the subducting oceanic or continental
plate, undergo metamorphism at elevated pressure and temperature conditions, dehydrate and
release large amounts of aqueous fluid which rise to the overlying mantle wedge and interact
with the mantle. Fluids formed in subduction zones are responsible for the transport of
economically important fluid-mobile elements (FME) which become mobile under certain
environment conditions, at high pressure and temperature. Thus, subduction zones are large
recycling systems, which deliver material from the surface to the deep mantle and back to the
subsurface and surface. The fluids released from the slab are the main transporting agents in
the elemental recycling. Aqueous fluids released at deep levels of subduction decrease melting
temperature of mantle rocks and, consequently, cause partial melting and generate magmas
below the front of arc volcanism. Seismicity in subduction zones has been also proposed to be
a consequence of slab dehydration and release of fluids (e.g., Okazaki and Hirth, 2016;
Faccenda et al., 2012). Hence, slab dehydration and consequent release of the aqueous fluid are
the main driving forces for (1) global elemental cycling within the Earth’s lithosphere; (2)
partial melting and generation of arc volcanism; (3) seismicity; (4) mobilization and transfer of
economically important elements and their deposition in subsurface conditions. The term
“subduction factory” (Eiler, 2003), which is often used among petrologists, perfectly describes
the complex systems which process and recycle “raw” crustal and lithospheric material and

“manufactures” magmas and continental crust as products.

Understanding dehydration mechanisms, composition of the released fluids and
dependence of dehydration on the slab composition, age and subduction geometry will bring

light on fundamental questions about functioning of the subduction “factory”.



I Introduction

I.1 Composition of subducting slab

H,0 content

Three main rock lithologies composing modern subducting oceanic lithosphere:
sediments, volcanic layers that mainly consist of basalts and gabbro, and peridotites (Fig. I.1-
1). The alteration of the oceanic crust taking place on the oceanic floor and in fault zones results
in hydration of the mentioned lithologies. Sediments which compose the upper layer of the
oceanic crust contain 5 wt.% H,0O on average (Kerrick and Connolly, 2001a). Metabasalts and
metagabbro compose a thicker layer of the crust compared to sediments, ~6 km thick, and the
amount of H,O in altered volcanic lithologies does not exceed 3 wt.% (Kerrick and Connolly,
2001b). Main hydrous phases presented in oceanic sediments and metabasalts are clay minerals,
chlorite, lawsonite and glaucophane. Clay minerals dehydrate at temperatures below 400°C at
1 GPa and below 300°C at higher pressures (Vidal and Dibacq, 2009), which corresponds to
depths of 40-60 km depending on the slab geotherm. Chlorite is stable up to ~400°C and 2 GPa
within sediment and metabasalt mineral assemblages (Schmidt and Poli, 1998; Kerrick and
Connolly, 2001a), glaucophane and lawsonite breakdown at about 400-500°C below 1.5 GPa,
glaucophane breaks down at 300-400°C at about 3 GPa (Kerrick and Connolly, 2001a),
whereas, lawsonite can be stable up to 6-7 GPa (Ravna et al., 2010; Kerrick and Connolly,
2001a). According to the pressure and temperature stability limits of the mentioned hydrous
phases, depths of sediments and metavolcanic rocks dehydration are from 60 km up to 160 km
for hot and cold geothermal gradients, respectively. Lawsonite, whose amount can reach ~20-
25 wt.% (Kerrick and Connolly, 2001b), is the only stable H,O-bearing phase in dehydrated
metasediments and volcanic lithologies at pressures over 3 GPa. Lawsonite breaks down to
phengite at 7-8 GPa (Schmidt and Poli, 1998; Auzanneau et al., 2010) and thus about 2-3 wt.%
of H,O can be transported within the upper layer of the slab to depths of ~200 km typical of

cold subduction.

The process of serpentinization, which results in hydration of mantle peridotites, takes
place in mid-ocean ridges and continues in normal faults of the oceanic plate when it bends
before sinking into subduction (Kerrick, 2002; Ranero et al., 2003). Olivine-pyroxene
assemblages of peridotite transform into serpentine and magnetite and hydrogen since
serpentinization is a redox reaction (Andreani et al., 2013). Due to the presence of Al in natural
peridotites, chlorite is also present in serpentinized lithologies. Serpentine and chlorite contain

~12 wt.% and 16 wt.% of H,O respectively. The average degree of peridotite serpentinization

10
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is about 60-70 vol.% (Christensen, 1972; Hacker, 2003), which corresponds to ~8 wt.% H,O in
the ultramafic lithologies of the slab. Stability of serpentine and chlorite during subduction will
be discussed later. However, we can claim that the amount of H,O, which is carried by
serpentinites into subduction, is much higher compared to the H,O content of metasediments,
metabasalts and metagabbro. Taking into account that slab serpentinites are ~6 km thick (e.g.
Guillot et al., 2015; Boudier and Nicolas, 1985), HO amount in serpentinites is about 3 times

higher than in overlying altered volcanic lithologies and sediments.

Thickness H20 content

Sediments 0.3 km 5 wt.%
Basalts
| Sheeted dike complex
6 km 3 wt.%
Gabbro
Moho
A
o
B 12 Wt.%
® |2
N
£
et
o
o . up to
5 Ultramafic 7 km
(7]
S
[S)
o
o
D
o (+]
als 0 Wt.%

Fig. I.1-1. Lithology, thickness and water content of an average oceanic lithosphere after Boudier and Nicolas,
1985. The Moho border indicated by a thick line between the gabbro complex and the ultramafic mantle.

Composition of slab serpentinites

The principal mineral composition of oceanic serpentinites comprises lizardite,
magnetite, brucite and chlorite. Primary mantle minerals, olivine and pyroxene, can be present
in lithologies (e.g., Debret et al., 2014) with low degree of serpentinization at deep parts of the
lithosphere. Serpentinites can vary in composition depending on the chemical composition of
the initial peridotites. Table I.1-1 reports major oxides of several abyssal serpentinized

peridotites from different localities. The comparison reveals that major element content is
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I Introduction

consistent in different serpentinites. Significant variations can be noticed in FeO (Fe,03), MgO,

CaO and H,O contents, however, differences do not exceed 2 wt.%.

Table I.1-1. Bulk rock major oxide (wt.%) compositions of serpentinized peridotites from various localities.

Lz- Atg- Lz- Lz- Atg- Opx-0l- Lz-Atg-
serpentinite  serpentinite  serpentinite serpentinite serpentinite  serpentinite  serpentinite
Debret et al., 2014 l;ﬁz}ﬁ?zlar;a gg?‘zg etal, Padron-Navarta et al., 2011 lié SZ al.,
Northeast Southwest Nevado-Filabride Complex, Zermatt-
Western Alpes . . . . Saas
India Indian Ridge Southern Spain ..
ophiolite
SiO, 38.80 39.00 41.04 40.42 40.34 45.07 39.43
Al O3 2.00 2.40 2.18 2.72 2.81 2.19 2.72
Fe,0; 8.10 8.40 8.97 7.47 4.26 3.08 -
FeO - - - - 2.87 3.78 6.80
MgO 37.80 38.10 37.48 35.64 37.48 36.98 38.28
CaO 1.00 0.00 1.03 1.38 0.07 0.16 0.59
Na,O 0.00 0.30 0.04 0.10 0.04 0.05 0.00
K,O 0.00 0.30 0.07 0.03 0.00 0.01 0.00
TiO, 0.10 0.10 0.06 0.06 0.10 0.08 0.05
MnO 0.10 0.00 0.20 0.09 0.09 0.09 0.11
P,0s 0.00 0.00 0.02 0.01 0.00 0.00 0.00
LOI 12.10 11.30 9.16 11.84 11.47 7.71 10.37
Total 100.10 100.10 99.50 99.75 99.50 99.20 99.10

A range of Fe**/Fe ratios in serpentinites is found to be about 0.7-0.8 (Evans, 2008;
Debret et al. 2014; 2015). Sulfur is present in serpentinites as a minor element and mainly in
form of Fe-Ni sulfides (Evans et al., 2014; Alt et al., 2013). Total sulfur content in serpentinites
changes from ~0.03 to ~1 wt.% (Alt et al., 2013). Ni and Cr, as minor elements, are contained
mainly in sulfides and oxides, and their content in bulk rock reaches 0.2 wt.% (Deschamps et

al., 2013) and 0.6 wt.% (Zeng et al., 2012), respectively.

Trace element composition of abyssal oceanic serpentinites is variable (e.g., Deschamps
et al., 2013; De Hoog et al., 2014; Hattori and Guillot, 2007) from one locality to another. Such
elements as Sr, Zn and Li were shown to have higher concentrations, 200 ppm, 50 ppm and 30
ppm respectively, compared to other trace elements (Rb, As, Sb, B), which in turn do not exceed
10 ppm in average (Deschamps et al., 2013; Krishnakanta Singh, 2013; Zeng et al., 2012; De
Hoog et al., 2014; Hattori and Guillot, 2007).

Variable compositions of oceanic serpentinites may provide different types of fluids
while dehydrating in subduction zones. Some trace and minor elements can become mobile in
a fluid at elevated P-T conditions, and thus their presence is crucial regarding chemical
composition of the fluids released from serpentinites. High Fe’*/Fey ratios of serpentinites,

total Fe content and the presence S™ incorporated in pyrite are significant for the oxidizing
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potential of the released fluids.

1.2 Serpentinite dehydration in subduction zones and the stability of
hydrous phases

Dehydration of serpentinites starts with destabilization of main hydrous phases,
serpentine minerals and chlorite. Lizardite, the low temperature variety of serpentine, is the
dominant hydrous mineral of the seafloor serpentinites (Mével et al., 2003), chrysotile can be
also found in minor amounts. As the oceanic plate subducts and P-T conditions increase,
lizardite and chrysotile transform to antigorite (e.g., Schwartz et al., 2013) which is the only
serpentine mineral stable at elevated pressure and temperature, typically above 400°C (e.g.,
Evans, 2004; Fig. 1.2-1). The common reaction that is assumed to be responsible for the

lizardite-antigorite transition is described as following:
17 Lizardite = Antigorite + 3 Brucite (I.2-1)

Other reactions, involving production of olivine and H,O were also suggested by Evans

(2004):

16 Lizardite + 2 SiO, = Antigorite + H,O (1.2-2)
Lizardite + Brucite = 2 Forsterite + 3 H,O (1.2-3)
20 Lizardite = Antigorite + 6 Forsterite + 9 H,O (1.2-4)

Consequently, lizardite-antigorite transition may already initiate dehydration at low P-
T conditions. No experimental work has been done on the lizardite-to-antigorite reaction and
thus, this process is poorly understood. It has been shown that lizardite is more enriched in Fe"
and Al compared to antigorite (e.g., Wicks and O’Hanley, 1988), also differences in crystal
structures of antigorite and lizardite results in the loss of an octahedral site in antigorite (Mével
et al., 2003). Comparative look at mineral chemistry and crystallography of these two
serpentine varieties suggests that lizardite-antigorite transition is not a polymorphic transition.
Moreover, systematically higher Fe’*/Fey values of lizardite relative to antigorite may apply

the occurrence of redox reaction during lizardite-antigorite transition.
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At temperature above ~400°C, antigorite is the only stable serpentine variety, it can
coexist with minor amounts of chlorite if the Al content of the rock is higher than ~2 wt.%.

Thus antigorite is the main mineral that controls serpentinite dehydration.
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Fig. 1.2-1. Phase relationships of serpentine species and related minerals in a T-P diagram. Continuous lines
represent stable reaction curves, dashed lines- metastable reaction curves. Atg - antigorite; Brc - brucite; Ctl -
chrysotile; Fo - forsterite; Lz - lizardite; Tc - talc. (after Mével et al., 2003).

Based on experimental studies of antigorite breakdown (Ulmer and Trommsdorft, 1995;
Bose and Ganguly, 1995; Wunder and Schreyer, 1997; Bromiley and Pawley, 2003; Perrillat et
al., 2005; Padron-Navarta et al., 2010) upper thermal stability limit of antigorite was defined as
700°C at 2GPa. The field of antigorite stability narrows at pressures below and above 2 GPa,
as it is shown in Figure 1.2-2. Figure 1.2-2 summarizes selected experimental results on
antigorite breakdown reaction and shows that geothermal gradients of two common types of
subduction slabs widely overlap with a field of antigorite. And thus, dehydration of
serpentinites which follow subduction along the geotherms occurs at 600-650°C at 2.5-3 GPa
(100 km) for hot subduction and 550-600 °C at ~5 GPa (200 km) for cold subduction.

Most of the mentioned studies performed dehydration experiments within MgO-SiO,-
H,0 systems. Bromiley and Pawley (2003) and Padron-Navarta et al. (2010) showed that even
small amounts of Al can increase the antigorite stability field to higher temperatures. The effect
of Fe on antigorite stability was not studied experimentally. However, incorporation of Fe*" in
antigorite is likely to have the same effect on its stability as Al (Evans, 2012; Diener and Powell,
2010). On the contrary, ferrous Fe (Fe*") usually decreases mineral stability (Ganguly, 2008)

and thus, expected to decrease temperature of antigorite breakdown.
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Discrepancies in antigorite stability fields between experimental studies on serpentinite
dehydration result from the use of different starting materials, such as synthetic gels (Wunder
and Schreyer, 1997), mixtures of antigorite with forsterite and enstatite (Ulmer and
Trommsdorff, 1995; Bromiley and Pawley, 2003; Perrillat et al., 2005) and different mineral

compositions in terms of Fe and Al contents.
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Fig. 1.2-2. Selected experimental limits of antigorite stability. Arrows indicate P-T paths of geotherms relevant for

Moho boundary below the crust for hot and cold subduction (from Syracuse et al., 2010). Atg — antigorite, Ol —
olivine, En — enstatite.

Chlorite, hydrous Al-bearing phyllosilicate, often accompanies antigorite in natural
serpentinites (e.g., Debret et al., 2015; Padron-Navarta et al., 2010). In addition, because natural
antigorite may contain significant amount of Al, chlorite is a product of antigorite dehydration
reaction (Bromiley and Pawley, 2003; Trommsdorff et al., 1998), and this way chlorite appears
to be stable at higher temperatures than antigorite. The maximum temperature of chlorite
stability is 900°C at pressures between 1.5 GPa and 3 GPa (Staudigel and Schreyer, 1977,
Bromiley and Pawley, 2003), at higher temperatures chlorite reacts with orthopyroxene and
produces garnet and olivine. High thermal stability of chlorite may indicate that this mineral is

the main water-carrier in the mantle and deep parts of subduction zone after antigorite is no

longer stable.
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1.3 Composition of subduction fluid

Subduction of oceanic lithosphere leads to the release of fluids from sediments, meta-
volcanic rocks and serpentinites at depths from 50 to 200 km. Each lithology contains
significant amounts of trace elements (e.g., Ba, Rb, Sr, B, U, As, S; Tenthorey and Hermann;
2004; Ribeiro et al., 2013), which become mobile in a fluid. Aqueous fluids released from the
breakdown of hydrous minerals may uptake fluid mobile elements and transport them to the
mantle wedge. Although, the composition of the slab-originated fluid is still poorly understood,
the concentration of REE (rare-earth elements), LILE (large-ion lithophile elements), As, S and
other minor and trace element in subduction fluid is derived based on experimental work and
natural observations, such as composition of fluid inclusions from mantle wedge and

composition of arc magmas (e.g., Bali et al., 2011; Ribeiro et al., 2013).

Sediments are considered to contain a significant amount of carbonate, and
consequently they should be a major source of CO,, which can be volatilized and dissolved in
aqueous fluid. But Kerrick and Connoly (2001a) demonstrated that in order to devolatilize CO,
infiltration of H,O-rich fluid through sediments is required. If H,O infiltration is absent, then
carbonates may be subducted to the deep mantle. In addition, fluid released from sediment
dehydration at depths ~50-80 km, were shown to contain significant amount of trace elements
such as LILE, Th and U (Plank and Langmuir, 1998; Tenthorey and Hermann, 2004). The
presence of these trace elements in sediment-derived fluids was also highlighted by correlations
between compositions of sediments and arc magmas. This suggests that aqueous fluids can

potentially carry the mentioned elements into the mantle wedge (Elliott, 2003).

Dehydration of metabasalts may also produce fluids enriched in CO,, since metabasalts
contain up to 3 wt.% of CO; (Kerrick and Connoly, 2001b). The presence of minor sulfides and
phosphates in metabasalts (Kerrick and Connoly, 2001b; King et al., 2004) suggests that sulfur
and phosphorous can be volatilized during dehydration. Metabasalts are characterized by much
lower REE and LILE content and, thus, fluids released from meta-volcanic rock dehydration

are assumed to be poor in FME (fluid-mobile elements).

Serpentinites, main hydrous lithology in the oceanic slab, have a capacity to carry
significant amount of FME such as B, Cs, Li, As, Sb, U, Rb, Ba, Sr, S (Tatsumi and Nakamura,
1986; Hattori and Guillot, 2003; Tenthorey and Herman, 2004; Ribeiro et al., 2013; Evans and
Powell, 2015). The dehydration of serpentinites below the fore-arc suggests the release of
aqueous fluids rich in FME (e.g., Ribeiro et al., 2015; Hattori and Guillot, 2003; 2007), since
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these elements are incompatible in olivine and pyroxene, which are products of serpentine

decomposition.

The composition of fluid directly depends on a rock lithology from which it is released
and consequently fluid composition may vary along the slab from ~50 km down to 200 km.
Mobility and compatibility of FME carried by subducting slab into the fluid may be dependent

on redox conditions in subduction zones (Parkinson and Arculus, 1999; Bali et al., 2011).

1.4 Redox state of subduction zones

The oxygen fugacity (fO,) in subduction zones is an important parameter that controls
phase stabilities, mobility of volatile species in slab lithologies, released fluid and overlying
mantle (Arculus 1985; Parkinson and Arculus, 1999). Oxygen fugacity of mantle rocks can
vary from QFM (quartz-fayalite-magnetite oxygen buffer) -3 to QFM +2 (Frost and
McCammon, 2008); the value of fO, depending mostly on temperature, pressure and rock
composition of a rock. The redox conditions in subduction zones are still a poorly investigated
question; however, some attempts to interpret the redox conditions that occur in such complex

environments have been made by various authors (e.g., Evans and Powell, 2015; Evans, 2012;

Debret et al., 2016).

Thanks to its ability to accommodate different valence states for iron, serpentinite is the
lithology that represents the principal redox buffer, i.e. fO,, in subduction zones. When olivine
and pyroxene, which are primary minerals in oceanic peridotite, react with sea water at
hydrothermal temperatures (<300°C; Marcaillou et al., 2011; Andreani et al., 2013) in mid-
ocean ridge settings, serpentine and magnetite are produced (Andreani et al., 2013).
Subsequently, Fe*"-rich serpentinite enters subduction zones. Some other oxidized components,
such as sulfates, can be present in serpentinite (Alt et al., 2012) and increase its oxidizing
potential. The presence of Fe’*-bearing serpentine and magnetite and sulfates in serpentinites
suggest that they were formed under high fO, conditions. However, no fO, calculations state
have been done in such mineral systems. Based on the study of natural chlorite-harzburgite
assemblages produced by serpentinite dehydration, Debret et al. (2015) estimated the fO, value
at about QFM+2. Moreover, Debret et al. (2014; 2015) demonstrated a decrease of bulk
Fe*'/Fewwm from serpentinites to chlorite-harzburgites, which suggests that O, of initial

serpentinites was even higher than QFM+2. The dehydration of serpentinites and associated
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decrease of Fe’/Feyoul (Debret et al., 2014; 2015) may lead to a transfer of oxidized components
to the overlying mantle through release of fluids (Frost and McCammon, 2008). And this way,
fO, of the subducting slab can be decreased. However, exact mechanisms of the redox change

in subduction zones are still debated.

Evidence for oxidized fluids released from the slab has also been demonstrated by high
Fe*'/Feww ratios and, respectively, high oxygen fugacity (QFM+2) of arc basalts, which
inherited these high parameters from slab-derived fluids (e.g., Kelley and Cottrell, 2009). The
fact that arc volcanic rocks are more oxidized than MORB (mid-ocean ridge basalts) and OIB
(ocean island basalts) (Kelemen et al, 2003; Parkinson and Arculus, 1999; Brandon et al, 1996;
Wang et al., 2007; Kelley and Cottrell, 2009; Evans et al., 2012) indicates that subducting slab

provides oxidizing conditions for arc magma generation.

Some ultramafic massives from ophiolites and subduction zones record fO, conditions
from FMQ-3 to +2 (Frost and McCammon, 2008). Peridotites from these ultramafic massifs
could be originated by dehydration of slab serpentinites. Such a diversity of peridotite redox
state may indicate that the reduction of the slab can occur in a different extent: oxidized
components may be retained in the slab after dehydration and thus subducting slab records high
fO,, or oxidized species may be released and recycled to the lower mantle leaving the slab

residue with a low fO,.
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II Open questions and strategy

The complexity of subduction zones and their inaccessibility for direct observations and
measurements raise a number of unsolved problems regarding subduction zone functioning.
Despite many experimental, natural and thermodynamic studies dedicated to serpentinite
dehydration and redox state in subduction, there is still a large number of uncertainties in these
topics. Discrepancies between experimental studies pose questions: what is the main factor
affecting antigorite destabilization? Which serpentinite compositions used in experiments
better correspond to natural systems? Simplified experimental and thermodynamic models
require their extrapolation to complex natural settings. Natural serpentinites are very diverse in
terms of chemical and mineral compositions, and, thus, there cannot be one unique solution for
interpreting serpentinite dehydration. Progress in thermodynamic modelling allows to establish
serpentinite dehydration models for various compositions and, what is equally important, for
different geothermal gradients. Advanced thermodynamic modelling which can describe
processes in natural settings demands robust thermodynamic databases. However, data sets
present within computational packages and available for thermodynamic modelling do not
include all mineral end-members, in particular Fe-antigorite. At this stage, experimental work
can help to constrain the stability of mineral phases to allow their introduction to the
thermodynamic databases. Few experimental and thermodynamic studies have made successful
attempts to model dehydration of serpentinites including Fe- and Al-bearing antigorite. But,
redox changes have not been quantified yet due to the absence of knowledge about Fe’ and S
behavior in serpentinites during dehydration. Experimental setups used by petrologists may
intrinsically differ in oxygen fugacity that potentially affects experimental conditions and thus

causes discrepancies in the interpretation of results.

In this context, several open questions dedicated to dehydration and compositional

evolution of serpentinites are raised in the present thesis:

1. How much water is released from the slab, and serpentinites in particular, at different
depths of subduction zones? What is the correlation with intermediate and deep
earthquakes?

2. How does serpentinite composition affect the stability of antigorite and dehydration

process?
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3. What is the behavior of major elements capable for electron exchange such as iron
and sulfur during serpentinite dehydration?
4. What are consequences regarding the properties of the fluids released and their

transport to the mantle wedge?

The main objective of this thesis is to experimentally investigate the dehydration of
serpentinite with different compositions, in terms of Fe and S content, in order to compare the
effect of serpentinite composition on dehydration regime and on a chemistry of released fluid.
The experimental results were compared with thermodynamic modelling and models were

corrected by the introduction of Fe-bearing antigorite end-member.

To study the effect of bulk composition on the temperature of antigorite stability and on
the redox potential of serpentinites ex-situ and in-situ experiments were performed at P-T
conditions relevant for subduction zone settings. Detailed characterization of experimental
products provided information about changes in mineral chemistry and mineral modes as a
function of temperature. Thermodynamic calculations were performed to extrapolate
experimental results to different geothermal gradients relevant to “hot” and “cold” subduction
zones. One of the goals of the study was to develop theoretical antigorite solid solution,
including Fe*" and Fe’"-end-members, to model processes with rock and mineral compositions
close to natural and apply the developed model to natural rock study. X-ray absorption
spectroscopy measurements were applied to investigate bulk Fe and S speciation changes
during serpentinite dehydration. Analysis of spectroscopic measurements allowed to quantify
the oxidizing potential of different compositions of serpentinites. The Fe and S redox
information was used to derive fluid properties and composition. The comparison of
experimental results with natural rock observations provides new insights into subduction zone

processes and opens new perspectives for further investigations.
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I1I Outline of the thesis

The manuscript contains 4 chapters, accompanied with a general introduction and conclusions.

Chapter 1 is dedicated to presentation of the experimental and analytical methods used
in this study to investigate serpentinite dehydration. Detailed descriptions of ex-situ
experiments, performed with the use of piston-cylinder apparatus, and in-situ experiments,
carried out at the synchrotron radiation facility with the use of several types of diamond-anvil
cells, are provided. Analytical techniques applied in this study are also described, including

basic principles of X-ray absorption spectroscopy.

Chapter 2 is based on the article, which is published in Lithos journal, and devoted to
the effect of Fe on antigorite stability and serpentinite dehydration. Nine HP-HT experiments
are described, which were performed with the starting material contained mixture of antigorite
and magnetite. Electron probe microanalysis, X-ray diffraction characterization and mass
balance calculations of the experimental products provide information on mineral chemistry, as
well as the amount of released fluids. Thermodynamic modelling performed with introduced
Fe-bearing antigorite was compared with experimental results. Good agreement between
thermodynamic and experimental data allowed to model serpentinite dehydration along two
typical P-T paths of the slab Moho. A comparison of earthquake hypocenters depths and water-
release events along the geotherms demonstrated a potential link between dehydration and

seismicity in hot subduction zones.

Chapter 3 presents results regarding the behavior of Fe and S during serpentinite
dehydration. This chapter includes the manuscript of article, which is prepared for submission
to Earth and Planetary Science Letters journal and describes the evolution of serpentinite redox
state during dehydration and the effect of Fe and S reduction on the composition of the released
aqueous fluids. The second part of the Chapter is devoted to results on Fe reduction evidenced
during in-situ diamond-anvil cell experiments. Redox reactions were also investigated during
the partial breakdown of two serpentine varieties, antigorite and lizardite. The third part of the
Chapter describes the results on sulfur mobility that occurred in ex-situ experiments and incudes

a discussion about S oxidation states in the released fluid.

Chapter 4 summarizes the main approach of thermodynamic calculations, development

of the antigorite solid solution, and application of the modelling to subduction zone processes.
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This chapter also includes an article, published in Doklady Academii Nauk journal on the topic

of mantle wedge hydration.
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Chapter 1 Experimental techniques and analytical
methods
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1.1. Experimental techniques

1.1.1. High pressure experimental techniques.

With a progress in high-pressure high-temperature experimental techniques, geologists,
in particular petrologists, have an opportunity to investigate the behavior of rocks and minerals
under conditions relevant to deep Earth’s mantle. Two principal experimental apparatuses were

used in the present work — press piston-cylinder and diamond-anvil cell (DAC).

Piston-cylinder apparatus is aimed to perform experiments at relatively high pressure
(up to 6 GPa) and temperature (up to 900-1200°C depending on pressure medium and the cell
assembly materials; Shilling and Wunder, 2004; Moore et al., 2008). The first advantage of the
piston-cylinder experiments is the use of a large sample volume (~0.5 cm’) and therefore a
possibility of using different analytical techniques on the same quenched sample. Another
advantage is a possibility to perform long runs, from few hours up to few weeks, because of the
precisely controlled pressure and temperature and stability of these two parameters. A limitation
of the piston-cylinder experiments is an inability of performing in-situ experiments, which
allows to follow phase transitions and mineral chemistry during pressure and temperature

increase and with time at stable experimental PT conditions.

Recent analytical and experimental advances have allowed to perform in-situ
experiments in diamond-anvil cells. Diamond-anvil cell can reach much higher pressures than
piston-cylinder apparatus (up to 300 GPa; Loubeyre et al., 2002) and temperatures (900 —
5000°C depending on heating system; Bassett et al., 1993; Jeanloz and Heinz, 1984). Another,
and the most important for us, advantage is that DAC allows the direct observation of the
sample changes under pressure and temperature thanks to transparency of the diamond anvils
in the visible domain. The observation of the sample in the DAC can be performed by using
optical microscopes, diffraction and spectroscopic techniques. There are two main methods of
reaching high temperature in DAC, which are electrical resistive heating and laser heating. In
the present study, we carried out experiments in a few types of DACs using electrical resistive
heating. The typical temperature range that was targeted in the present work is between 350°C
and 900°C. Due to this reason electrical heating in DACs is more efficient to use for
temperatures below 1000°C compared to laser heating. Electrical heating allows to increase
temperature from 0 to ~1000°C with a rate from few degrees per hour to 100°C per minutes.

Moreover, the electrically heated DAC provides homogenous heating inside the sample
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chamber. Another advantage of the electrically heated DAC is a compact size which can be

installed on different X-ray beamlines without dismantling the beamline setup.

1.1.2. Piston-cylinder experiments

In order to study phase relations, mineral chemistry and bulk rock Fe and S speciation
changes of serpentinites, their anhydrous analogues and transitional assemblages three series of
piston-cylinder experiments were performed at ISTerre (Grenoble). The results of piston-
cylinder experiments were also used for thermodynamic modelling. In particular, the results
were employed for developing new parameters in thermodynamic dataset and for calculating

phase diagrams in model chemical systems related to experimental ones.

Experimental setup

Experiments were carried out in an end-loaded piston-cylinder apparatus. Figure 1.1.-
la. demonstrates the piston-cylinder apparatus and indicates main parts of the press. The main
part of the apparatus is the pressure vessel, which is composed of a steel bridge and so-called
“bomb”. The bridge contains a piston that advances into the “bomb’” when the pressure applied.

The “bomb” consists of a steel frame, tungsten carbide (WC) core and a pressure assembly.

The piston cylinder assembly used in this study is shown schematically in Figure 1.1.-
1b. Capsules for all experiments were made of gold, two types of capsule dimensions were
used: 1. 15 mm length and 3 mm inner diameter; 2. 12 mm length and 2 mm inner diameter.
After starting material was placed in a capsule, capsule was welded shut. The capsule was then
fitted into a pyrophyllite sleeve and loaded in a NaCl-based pressure cell with a graphite
furnace. Temperature was measured with a Pt-Rh thermocouple (S-type), the junction of which
was placed at ca. Imm from the sample top (see Brunet et al., 2003). Uncertainties on
temperature are within = 9.3°C. Pressure was controlled by oil pump and calibrated according

to the ratio: Pressure on the sample [bars] = Oil pump pressure [bars]*74.88 [bars].

The pressure could change due to cell assembly relaxation and room temperature

oscillations during an experiment. Uncertainties on pressure are within = 0.07 GPa.
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Fig. 1.1.-1. a. Piston-cylinder apparatus. b. press assembly.

Each experimental run was isobarically quenched, the recovered capsule was weighed
and pierced to check that the water produced during mineral reactions, if any, had not escaped
in the course of the experiment. The experimental products were divided in three parts for (1)
X-ray powder diffraction characterization; (2) electron microprobe analyses and scanning

electron microscope observations; (3) X-ray absorption spectroscopy measurements.

Experimental conditions, starting materials and experimental products of performed

piston-cylinder run are given in Table 1.1.-1.
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Table 1.1.-1. Experimental conditions, composition of starting material and experimental products. No water was
added to starting materials.

Run # T, C P, Gpa  Starting material Duration  Solid run products
Set#1

Atg 15 600 2 Atg 100% 7 days Atg, O], Clc, Cpx
Atg 16 700 2 Atg 100% 5 days Ol, Clc, Opx, Cpx
Atg 17 800 2 Atg 100% 6 days 0Ol, Opx, Clc, Cpx
Atg 18 550 2 Atg 100% 7 days Atg, O], Clc

Atg 19 650 2 Atg 100% 5 days Atg, O], Clc, Cpx, Tr
Atg 20 850 2 Atg 100% 6 days Ol, Cpx, Opx, Clc
Atg 22 875 2 Atg 100% 7 days 0l, Cpx, Opx, Clc
Set#2

Ant Mgt5 01 600 2 Atg 95%, Mag 5% 9 days Atg, Clc, Ol, Cpx
Ant Mgt5 02 700 2 Atg 95%, Mag 5% 5 days Ol, Opx, Tr, Clc

Ant Mgt5 03 650 2 Atg 95%, Mag 5% 6 days Atg, O], Cpx, Clc, Adr
Ant Mgt5 06 750 2 Atg 95%, Mag 5% 4 days Ol, Opx, Clc, Cpx
Ant Mgt5 07 800 2 Atg 95%, Mag 5% 4 days Ol, Opx, Clc, CPx
Ant Mgt5 08 675 2 Atg 95%, Mag 5% 4 days Atg, O], Clc, Tr, Cpx
Ant Mgt5 09 725 2 Atg 95%, Mag 5% 4 days Ol, Opx, Clc, Cpx
Ant Mgt5 11 850 2 Atg 95%, Mag 5% 4 days Ol, Opx, Prp

Ant Mgt5 12 550 2 Atg 95%, Mag 5% 5 days Atg, Clc, Ol

Set#3

Atg Py 15 550 2 Atg 98.5%, Py 1.5% 4 days Atg, Clc, Py, Po

Atg Py 16 700 2 Atg 98.5%, Py 1.5% 5 days Atg, Tr, Clc, O], Cpx Po
Atg Py 17 850 2 Atg 98.5%, Py 1.5% 6 days Ol, Opx, Cpx, Clc, Po
Atg Py 18 450 1.5 Atg 98.5%, Py 1.5% 8 days Atg, O], Cpx, Clc, Py
Atg Py 19 600 2 Atg 98.5%, Py 1.5% 6 days Atg, O], Cpx, Clc, Po
Atg Pyt 20 900 2 Atg 98.5%, Py 1.5% 6 days Fo, Opx, Cpx, Po, Prp
Additional

experiments

Py-Po 700 2 Py, 10 ml H,O 5 days Py

Hem-Mgt 700 2 Hem 93%, Mgt 7% 6 days Hem 25%, Mag 75%
T calibration 100-900 2 Qz 100% 1 day -

Temperature gradient

The temperature gradient across the capsule was determined from double-thermocouple
experiment which was carried out at temperatures from 100 to 900°C at 2 GPa. During this
experiment the temperature was measured above and inside the gold capsule every 100°C. The

results show that the maximum temperature difference within the capsule is less than 10°C.

The double-thermocouple experiment was conducted using the same cell assembly as
for the serpentinite dehydration experiments. A schematic drawing of the cell assembly for the
temperature calibration experiment is shown in Figure 1.1.-2a. The only difference from the
usual experiments was the use of open capsule filled with crushable quartz which was filled up
to the middle of the capsule. The upper part of the capsule was filled with a pyrophyllite piece

which had an axial hole for the thermocouple. Two Pt-Rh (S-type) thermocouples were used
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for temperature measurements. The thermocouples were placed in a four-bore tube insulator.
One side of the insulator was grinded away to expose two of the holes at 8 mm from the end
(Fig. 1.1.-2b), then two sets of thermocouple wires were placed in the insulator and welded.
This way the junctions of the thermocouples were positioned at 8§ mm from each other; one

being placed in the center of the capsule, and the second 8 mm above the capsule (Fig. 1.1.-2b).

T1 (inside |
the capsule) | T2 (above
‘ the capsule) .
d. C.
]
]
@
-4
3]
2 12 mm
S
)
center | 8
(the hottest)
10
2 thermocouple junctions 4-bore tube insulator
b. == e
o gmm 4 g

55 mm

Fig. 1.1.-2. a. Schematic drawing of the cell assembly used for temperature-calibration experiment; b. photograph
of the 4-bore ceramic tube with two thermocouples; c. photograph of the cut capsule after performed temperature-
calibration experiment.

The experiment was carried out at 2 GPa, maximum temperature was 900°C. The
thermocouples were connected to a Eurotherm temperature controller one after another at each
temperature step and the temperature of both thermocouples was measured every 100°C. After
the experiment was cooled down, the capsule was recovered and cut along in order to check
positioning of the thermocouple junctions. Photographs of the cut capsule (Fig. 1.1.-2¢) reveal
that the bottom junction of the thermocouple was displaced and located 2 mm lower the capsule

center. The displacement occurred due to the capsule squeezing during the experiment.

The results of the experiment are shown in Table 1.1.-2. Figure 1.1.-3 displays
temperature values inside the capsule versus temperature above the capsule. The results
demonstrate that the temperature is 2-13°C lower in the center of the capsule compared to the
temperature measured above the capsule. The thermal gradient along the length of the capsule
is getting smaller with temperature increase. Deviation of temperature value in the middle and

above the capsule at 100-600°C is 2.5%, whereas at 700-900°C the deviation is only 1.4%. The
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average difference on temperature is + 9.3°C, this value was taken as the temperature

uncertainty for all experiments presented in the study.

Table. 1.1.-2. Temperature difference and relative % deviation between two T measurements during temperature-
calibration experiment.

T T difference rel. %
100 2 2.00
200 6 3.00
200 5 2.51
300 8 2.67
400 10 2.50
500 11 2.19
600 12 2.00
700 7 1.00
700 12 1.72
800 12 1.50
800 12 1.50
900 10 1.11
800 12 1.49
700 11 1.58
600 12 2.00
500 11 2.17
500 13 2.55
400 10 2.53
300 9 2.98
200 7 3.45
100 3 3.00
average T 9.2 2.16
900 +
800 +
700 +
o 600 - +
£ 500-] +
G
" 400 +
300 +
200 - -+
1004 +
100 200 300 400 500 600 700 800 900
Tinside, °C

Fig. 1.1.-3. Plot showing correlation between two simultaneous temperature measurements (inside and above the
capsule) during temperature-calibration experiment.
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Starting materials

The antigorite sample that was chosen as a major component for all starting material
mixtures in the experiments is a natural antigorite collected in at the Mont-Cenis massif, French
Alps (Mufioz et al., 2013; Debelmas et al., 1980). Mont-Cenis massive includes an exhumed
ophiolite partly consisted of serpentinites from which the antigorite used in this study is
originated. Therefore, the antigorite sample represents a principal mineral of serpentinized
oceanic lithosphere. This sample was chosen in part because of its homogeneity, and in part

because it is well crystallized and available in sufficient quantity for experimental petrology.

The antigorite was analyzed by XRD and EPMA. The diffraction pattern of the
antigorite is shown in Fig. 1.1.-4 and reveals main peaks of antigorite (2 theta = 12.13, 24.64).
In addition, minor phases are observed, such as clinochlore and andradite in amounts of 6 wt.%
and 6.4 wt.% respectively in according to Rietveld refinement of the XRD pattern. The presence
of clinochlore and andradite can be explained by the natural origin of the chosen antigorite. The
observed together with antigorite minor phases are known to be present in natural serpentinites

(Debret et al., 2014, Plumper et al., 2014).

16000

Atg Atg Atg Atg
] i i

14000
12000 4
10000 -

8000

Intensity
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2000
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T T T

A T . T
5 10 15 20 25 30 35 40 45
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Fig. 1.1.-4. XRD pattern of antigorite used in starting material for piston-cylinder experiments. Atg — antigorite,
Clc — clinochlore, Adr — andradite.

The electron microprobe analyses reveal that the antigorite is atypically depleted in iron
and contains 1.37 wt.% of FeO (Table 1.1.-3). The comparison of the antigorite from Mont
Cenis massive with antigorite from other ophiolite complexes (Table 1.1.-3) demonstrates that

Fe content in the antigorite used in this study is 2.5-6 times lower than in antigorite from other
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localities. Moreover, Mufioz et al. (2013) showed that iron is mainly incorporated as ferric iron

in this antigorite, which will be also shown later in the manuscript (see Chapter 3.2).

Table 1.1.-3. Major-oxide chemical composition of starting material for piston-cylinder experiments and

Atg Mt Cenis Debret et Debret et  Schwartz et
al., 2014 al.,, 2015  al, 2013 Atg+Mgt Atg+Py

Oxide wt. %

SiO, 44.12 40.10 42.46 43.98 39.02 35.99
TiO, 0.02 0.70 0.00 0.01 0.45 0.00
AL O; 0.72 1.80 2.65 0.40 1.92 1.96
FeO 1.37 8.00 3.61 4.52 6.07 3.24
MgO 41.49 37.80 37.87 37.82 38.52 42.50
Ca0 0.01 0.70 0.00 0.00 2.43 1.99
Cr,0; 0.00 0.00 0.25 0.01 0.16 0.16
NiO 0.00 0.00 0.20 0.24 0.04 0.00
H,0 12.14 11.60 11.99 12.95 11.50 12.00
S03 0.00 0.00 0.00 0.00 0.00 1.94
Total 100.00 100.70 99.03 99.93 100.12 100.00
Fe''/Feqy 0.96 0.96 0.82

Three starting material mixtures were prepared for the experiments: (1) 100 wt.%
natural antigorite; (2) 95 wt.% natural antigorite + 5 wt.% magnetite; (3) 98.5 wt.% natural
antigorite + 1.5 wt.% natural pyrite. For reasons of simplicity experiments with 100 % of
antigorite in the starting material will further be called “set#1”, with magnetite - “set#2”, and

with pyrite - “set#3”. The same natural antigorite was used in all three starting mixtures.

The starting material for experimental set#2 is represented by a mixture of the finely
crushed antigorite with 5 wt.% of synthetic magnetite (Magnox powder, 99% purity). The
prepared mixture was ground in an agate mortar for 10 minutes. The bulk composition of the
starting material displays 6.07 wt.% of FeO, and matches typical oceanic serpentinites (e.g., Li

et al., 2004).

For the experimental set#3 a starting material consisted of the Mont Cenis antigorite and
natural pyrite in the amount of 1.5 wt.% was. The bulk FeO content of the third starting material
is 3.24 wt.% according to XRF measurements (Table 1.1.-3).

Open-like system conditions and intrinsic oxygen fugacity in the cell assembly

The experimental setup of the present work and NaCl-pyrophyllite cell assembly
including graphite heater imposes intrinsic oxygen fugacity (fO,) related to C-CO-CO, (CCO)
buffer. The values of fO, in such conditions was reported to be between QFM and QFM-2 (e.g.,
Truckenbrodt et al., 1997).
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Gold capsules were chosen for piston-cylinder experiments of this study. Gold as a
material for capsules has an advantage over other materials (e.g., Pt, AgPd alloys), such as low
permeability for hydrogen. The study of Chou (1986) shows a comparison of hydrogen
permeability through different capsule materials, gold capsules occurred to be less permeable
for H, (at up to 812°C). Nevertheless, gold is usually taken as the best shielding material against
H, leakage, hydrogen still can transfer through walls of gold capsules, especially at elevated
temperatures (Chou, 1986). Thus, we performed an experiment on H, permeability in our

experimental setup in order to quantify the amount of H; passing through the capsule walls.

The experiment consisted of hematite-magnetite transformation in the presence of
hydrogen. Starting material for the experiment was prepared as a homogeneous mixture of
synthetic hematite (93 wt.%) and natural magnetite (7 wt.%) with a drop of water. The
experiment duration was 6 days, temperature and pressure were 700°C and 2 GPa, respectively.
The run was quenched and the capsule was weighed, the weighing indicated that no mass loss
occurred during the experiment. Experimental products were characterized by XRD. XRD
patterns of the starting material and experimental product together with the results of the
Rietveld refinement are shown in Figure 1.1.-5. The results demonstrate that part of the hematite
was reduced into magnetite. Such a reduction evidences a presence of hydrogen in the capsule.

The following reaction describes the Hematite-Magnetite reduction:

3F€203 + Hz = 2F€304 + Hzo (11-1)

- hematite
magnetite

700°C
2 GPa

Mag=75 wt.% l d

SM
Hem=93 wt.%
Mag=7 wt.%

T T T T T T T T T T T
15 20 25 30 35 40 45 50 55 60 65 70

2 theta

Fig. 1.1.-5. XRD patterns of starting material (SM) and experimental product at 700°C, 2GPa. Wt.% obtained from
Rietveld refinement. Green dotted lines indicate peaks of magnetite, red dotted lines indicate peaks of hematite.
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The Hem/Mag wt% ratios of starting material and experimental product allow to
calculate mole amount of H, that is required for the Hem-Mag transition based on Reaction
(1.1.-1). Results of the calculation are shown in Table 1.1.-4. Thus, 7x10” moles of H, were
present in the capsule. Further calculations of O, moles, released in the experiments of this
work, will show that the maximum amount of released O, from the experimental starting
material is 8x10~° moles per sample, which is enough to be coupled with H, coming from the

outside of the capsule. The following reaction is responsible for the mentioned O, consumption:
1/20, + H, = H,0 (1.1.-2)

Therefore, piston-cylinder experiments of the present work were performed under an
“open-like” condition, since H, was shown to be able to pass through the Au capsule and react
with O, formed due to phase transitions and mineral chemistry changes of the starting material.

Table. 1.1.-4. Mineral composition (wt.%, grams and moles) of starting material and experimental product at
700°C of magnetite-hematite experiment. SM — starting material.

wt% g weight g/mole moles
SM 700°C SM 700°C molar mass SM 700°C
Mag 7 75 0.00351 0.03750 232 0.00002  0.00016
Hem 93 25 0.04669 0.01250 160 0.00029  0.00008
H; needed - - - 0.00015 - - 0.00007

Py-Po transition experiment

An additional experiment was carried out in order to check the permeability of the gold
capsule for H, and therefore to check the influence of the cell assembly on pyrite reduction,
which will be described in Chapter 3.2. The starting material consisted of 100 wt.% natural
pyrite, and 8 mg of H,O were added. The starting material mixture was left in the oven
overnight (12 hours) to check that capsule is hermetic and no water leakage occurred. The
pressure and temperature of the experiment were 1.5 GPa and 700°C, respectively. After 5 days,
the experiment was quenched and capsule was recovered. The experimental product was
crushed in agate mortar for XRD characterization. Figure 1.1.-6 presents two XRD patterns,
one of the starting pyrite, and the second — of the experimental product. As it is shown, both

XRD patterns are identical and no pyrrhotite or other sulfur-bearing phases were detected.

Such an observation can be explained by insufficient amount of H,O in the capsule and
consequently saturation of sulfur in H,O. Several reactions of pyrite-pyrrhotite transition may

occur in the capsule:
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FGSZ+H202F€S +st + 1/202 (11-3)
3FeS; + 2H,0 = 3FeS + SO, + 2H,S (1.1.-4)
FGSZ + Hz =FeS + st (11-5)

All mentioned reactions result in a release of fluid sulfur-bearing phase, which
systematically requires either H,O or H,. The amount of H,O present in the capsule turned out

to be insufficient for the reaction with visible and detectable products.

Py [r—
Py - pyrite
Po - pyrrhotite

Py

Py
700°C, 1.5 GPa py Py
P Py py Py
Y Py
-

Py

Starting material

...........................................................................

26 (deg)
Fig. 1.1.-6. XRD pattern of starting material and experimental product of Py-Po transition experiment.

Alternatively, the absence of pyrrhotite formation in the experiment also can be
explained by the absence of Fe source for pyrrhotite growth at such conditions. This process of

pyrrhotite formation will be discussed later.
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1.1.3. Diamond anvil cell experiments

Diamond anvil cell experiments were performed to investigate in-situ continuous phase
transformations and Fe speciation using X-ray absorption near edge structure (XANES)
spectroscopy and X-ray diffraction (XRD) at the European Synchrotron Radiation Facility
(ESRF) in Grenoble. Three types of DAC were used: hydrothermal internally heated DAC,
internally resistively heated DAC (RH-DAC) and externally RH-DAC.

Diamonds which are usually used in DAC experiments have thickness about 1-2 mm,
such thick diamonds significantly absorb X-rays. At the Fe K-edge (7112 eV), the absorption
of X-rays by diamonds is close to 100 %. In order to minimize the absorption, fully perforated

diamonds were used for the experiments of this work.

Hydrothermal diamond anvil cell

Hydrothermal diamond anvil cell (HDAC) used in the present study is a Bassett-type
diamond anvil cell (Bassett et al., 1993) which is able to exceed temperature up to 1000°C with
slow heating rate and pressures up to 4.5 GPa. A schematic cross section of the HDAC is shown
in Figure 1.1.-7. The diamond anvil cell is designed in the following way. The HDAC consists
of two metal anvil holders, which have similar set up. The upper metal holder equipped with a
pressurizing nut. Both anvil holders have adjustable seats different in shape. The upper seat has
a square shape, whereas the bottom seat has a round shape. Such a design allows one to align
the anvils in x and y axis position and adjust the tilt using upper and bottom adjustable seats
respectively. Lower and upper WC (tungsten carbide) anvil holders are mounted on the
adjustable seats. WC anvil holders are covered with ceramic plates which have 8 holes for WC
electrodes. Electrical current provided by a power supply goes through wires, which are
connected to the screws in the cell body, then through wires and springs (in the spring holder)
that touch the electrodes. To provide heating of the diamond anvils, a new coating technique
was developed and performed in Institute Néel in Grenoble. The technique included: (1)
covering diamond anvil with tape and leaving uncovered area only about 2 mm on the side of
the diamond; (2) itching diamond anvils in oxygen plasma for 1 hour; (2) spattering of 200 nm

of WTi alloy on the anvils. Figure 1.1.-8 demonstrates the resulting coating on the diamond.

Rhenium gaskets well-polished on both sides were drilled in the center to make a hole
1-2 mm in diameter which is used as a sample chamber. To isolate the sample from the rhenium

gasket, which may provide reduced conditions, a gold foil was inserted inside the sample
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chamber.

One full diamond and one fully perforated diamond were used during the experiments

in HDAC. A diamond plate was placed and stick on the top of the drilled diamond.

Fig. 1.1.-7 a. schematic cross-section of the HDAC. b. Photograph of HDAC. a. Upper plate. b. Lower plat, c.
Diamond anvils, d. Upper adjustable seat, e. Lower adjustable seat, f. Pressurizing nut with sprocket, g. Worm
drive, h. Ball bearing, i. Upper Bellville springs, j. Lower Bellville springs, k. Upper anvil holder, 1. Lower anvil
holder, m. Adjusting screws, n. Ceramic plate guiding the electrode, o. Tungsten carbide electrodes, p. Steel wire
springs, q. Thermal isolation plate, r. Cooling conduit, s. Inlets of the cooling system, t. Protective gas inlet, u.
Electrical connectors, v. Electric wire, w. Guiding posts, x. Holes for the guiding posts.

WTi alloy on itched
diamond
surface

diamond

por

: gc;ld

Fig. 1.1.-8. Diamond coated with WTi alloy and gold.
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After alignment of the diamonds a sample was loaded. A drop of water was put in some
experimental runs together with the sample to assure pressure homogenization in the sample

chamber.

The HDAC used in this study is equipped with water-cooling and gas-flowing systems.

Ar gas flow was used in the experiments in order to protect cell pieces from oxidation during

heating.

The procedure of temperature determination was based on temperature calibration.
Temperature was measured by a chromel-alumel thermocouple (K-type), junction of which was
placed in the sample chamber. Voltage controlled on the power supply was slowly increased,
while current was changed automatically with voltage. Voltage values were calibrated with
associated temperature. Figure 1.1.-9 demonstrates a typical calibration curve, which is used to

determine temperature during further sample heating.

O top heater
600 O bottom heater

Temperature, °C
S
o
o
1

n

o

o
|

Voltage, V

Fig. 1.1.-9. Temperature calibration curves for bottom and top heater. Circles — measured values, black curves —
fits.

Once temperature calibration is done, the thermocouple can be removed and sample and
water are loaded, the pressurizing can be started. The pressurizing nut is used to increase
pressure (Fig. 1.1.-7) by screwing the nut with a worm drive. The heating may be started after
the pressurizing nut is screwed tight. Air bubble that appears in the sample chamber should be
monitored in optical microscope while heating in order to trace the temperature of its
disappearance (homogenization temperature). Water equation of state (Bassett et al., 1996) is
used to determine the pressure from the measured temperature of homogenization (Fig. 1.1.-
10). The accuracy of a pressure determination depends on the accuracies of the temperature
measurements and the equation of state of H,O. Further, pressure can be traced using P-T

diagram of the equation of state of H,O.
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Fig. 1.1.-10. P-T diagram of equation of state for H,O (Bassett et al., 1996).

Resistively heated DAC

Resistively heated diamond anvil cells (RH-DAC) used for experiments was provided
by high pressure lab of ESRF (collaboration with A. Rosa). The RH-DAC was developed at
ID27 beamline of ESRF (Rosa et al., 2015; Petitgirard et al., 2015). Figure 1.1.-11 shows the
design of the RH-DAC. The RH-DAC is a membrane driven DAC based on the LeToulec
design (LeToulec et al., 1988). The use of this design of DAC allows for the pressure and
temperature to be changed independently and remotely. The insert made of Zirconia (ZrO, from
Sceram, France) is mounted in the WC seats to ensure a better thermal insulation of the

diamonds and the sample.

Two different resistive heater designs are used for two RH-DAC. Internally RH-DAC
is equipped with two heaters consisted of graphite rings adapted from Du et al. (2013) (Graphite
grade 2020 from Mersen). The graphite heaters are mounted around each diamond anvil. Two
holes of 0.5 mm diametrically opposite are drilled in the graphite rings and are used to connect
the 0.5 mm molybdenum wires for the current supply. This design of the internally RH-DAC
allows to heat each graphite heater, which permits to reach temperature up to 1200°C. Type K
thermocouples used to measure the temperature are placed in contact with each of the graphite
heaters. An electrically conductive graphite glue was used to fill the void between the diamond

anvil and the graphite heater to ensure better thermal conduction.

Externally RH-DAC is equipped with a heater ring which is placed around the cell body.
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Using such a design, the maximum temperature that can be reached is about 600°C. Two K-
type thermocouples are used to measure the temperature, one thermocouple is mounted on top

of the heater ring and the second is placed close to the sample inside the cell.

Temperature during the experiments was remotely regulated by a digital power supply
and Eurotherm temperature controller which provides a remote temperature control and

temperature stability.

The RH-DAC, whatever the heater design, is placed in a vacuum chamber that permits
a secondary vacuum of 10® mbar. The use of a vacuum limits the oxidation of the different
parts of the DAC and specifically prevent the graphitization of the diamond anvils. The vacuum
chamber is connected to a vacuum pump. Mylar windows with low absorption of the X-rays
compared to other window materials, e.g. sapphire, are mounted on both sides of the vacuum

chamber. To maintain mylar windows at room temperature, an air cooling system is mounted.

Gaskets used for RH-DACs are made of rhenium. The initial thickness of the gasket is
200 um. To isolate a sample from the gasket two different isolation materials were used:

amorphous boron epoxy and gold powder.

For the experiments in internally RH-DAC, gasket was pre-indented to 80 um thickness
and a hole 320 um in diameter was drilled. The hole in the gasket was filled with amorphous
boron epoxy (aBE) and the gasket was pre-indented to 90 um. Then a hole 150 pum in diameter
was drilled and used as a sample chamber. The use of amorphous boron epoxy in DAC
experiments was shown in previous studies (e.g., Wang et al., 2011; Funamori and Sato, 2008;
Merkel et al., 2002; Rosa et al., 2013; Morard et al., 2007) to reinforce the gasket strength,

which allows to maximize the sample thickness and to reach higher pressures.

Gasket used for externally RH-DAC was pre-indented to 80 um and a hole ~350 um
was drilled. The hole was filled with powdered gold, then the gasket was pre-indented again

and a hole of 150 um in diameter was drilled and used as a sample chamber.

Pressure in RH-DACs was increased using a membrane system connected to a portable
gas (He) pressure controller. Gold (Au) and NaCl were used as pressure markers in experiments
in both, internally and externally RH-DAC. A piece of Au and a pellet of NaCl were loaded

together with a sample and P/T conditions were obtained using the thermal equation of state of
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gold from Shim et al. (2002) and for NaCl from Masanori et al. (2012). The use of both, Au

and NaCl, gives cross-calibration and more reliable pressure values.

In both cases, i.e., using internally and externally RH-DAC, fully perforated diamonds
were used for the X-ray absorption measurements. A diamond plate was placed on each

diamond cullet and stick with a graphite glue.

Fig. 1.1.-11. 3D model and photographs of the RH-DAC and its vacuum chamber. a) A cross section view of the
CAD 3D model of the HT DAC. 1. opening for electrical connections; 2. conical diamonds; 3. conical seat; 4.
guiding post; 5. gas membrane; 6. welding-free connector for inlet gas to the membrane (after Petitgirard et al.,
2015); b) Picture of the DAC with final assembly of furnace and thermocouple. 7. graphite ring furnace; 8. Mo
connector; 9. ceramic holder for electrical connections; 10. thermocouple in contact with the diamond; 11. ZrO,
seat (after Petitgirard et al., 2015); c) Picture on the beamline with the RH-DAC inside its vacuum chamber. 12.
window (Mylar or saphire); 13. membrane connector; 14. air cooler for the windows; 15. vacuum or gas
connector; 16. Thermocouple feedthrough; 17. electrical feedthrough.
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1.2. Analytical methods

Results shown in this study are obtained thanks to a variety of analytical techniques
available at ISTerre (Grenoble, France), synchrotron facilities (ESRF, SLS, SOLEIL) and at
the University of Ottawa (Canada). Mineral phases formed in experimental products resulting
from piston-cylinder experiments were identified by X-ray powder diffraction. Back-scattered
electron images of experimental products were performed by scanning electron microprobe.
Major-element compositions of minerals were analyzed by electron microprobe using
wavelength-dispersive spectrometer. X-ray fluorescence spectrometer was used to analyze
major-element bulk composition of starting materials and reference minerals. The speciation of
Fe and S was measured by X-ray absorption near edge structure spectroscopy using synchrotron
X-ray radiation. In addition, concentration of S and sulfur isotopic ratio (5°*S) in sample

contained sulfides were determined by isotope ratio mass spectrometer.

In case of DAC experiments, the analytical techniques were applied in-situ at ESRF
(Grenoble). XANES spectroscopy was used to determine Fe oxidation state, while synchrotron

XRD was used simultaneously to characterize mineral phases.

1.2.1 X-ray Powder Diffraction (XRPD)

X-ray powder diffraction is one of the most common and direct techniques to identify
crystalline phases. In this work X-ray powder diffraction was performed using a Bruker D8
diffractometer available in ISTerre (Grenoble). Samples of piston-cylinder experiments were
finely crashed in an agate mortar in order to obtain an average bulk phase composition. Cu-Kal
radiation was used running at 40 kV and 40 mA. Intensities were measured from 5 to 90° 20-
angle, with a step angle of 0.03° and a dwell time of 6 to 8 s per step. The Eva software (Bruker)
was used to identify peaks on XRPD patterns.

1.2.2 Scanning electron microscope

The back-scattered electron (BSE) imaging can provide a qualitative phase composition
by displaying different phase contrast on BSE images. BSE images are useful to assess
homogeneity of mineral phases and for textural description of samples. Electron probe JEOL
JXA-8230 EPMA available at ISTerre (Grenoble) can provide high resolution scanning BSE
imaging by the use of BSE detector. Samples for scanning electron microscope (SEM)

observations and for further electron probe micro-analysis were mounted in epoxy and polished.
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Back-scattered electron images of the piston-cylinder experimental products are shown

in Annex (Fig. 1.-S1).

1.2.3 Electron probe microanalysis

Electron probe microanalysis (EPMA) is an analytical technique that allows to analyze
chemical composition of a single mineral. The use of focused electron beam permits to analyze
mineral grains 5-10 um size, which is useful in case of experimental petrology since the average
size of minerals in experimental products is ~10 um. Wavelength dispersive spectrometer used
for EPMA provides quantitative and high precision analyses. In order to quantify chemical
compositions, the intensities of characteristic X-rays fluorescence lines emitted from samples

must be compared with intensities from known standards, which are listed further.

The analyses shown in this study were performed on a JEOL JXA-8230 EPMA at
ISTerre (Grenoble, France). Operating conditions for analyses were 15 kV accelerating voltage,
12 nA beam current with a focused beam. The standardization was made using certified natural
minerals and synthetic oxides: wollastonite (Si, Ca), olivine (Si, Fe, Mg), corundum (Al),
orthoclase (K), rhodonite (Mn), albite (Na), rutile (Ti), sphalerite (S). The San-Carlos olivine
USNM111312-44 was used for olivine and serpentine calibration of Mg, Fe, Si (Jarosewich et
al., 2002). The on-peak counting time was 30 s for each element and 30 s for two background
measurements on each side of the peak. ZAF correction procedure was applied using the JEOL
software for quantitative analysis. The San-Carlos olivine and an in-house Cr-Augite standards
were run as unknowns (3 points) after each 30 analyses of samples to monitor instrumental drift
and estimate accuracy of analyses. A drift correction was made when necessary, using a

regression equation.

1.2.4 Elemental and isotope ratio analysis of sulfur

The determination of sulfur concentration and sulfur isotope ratios in piston-cylinder

experimental products were performed at G.G. Hatch Lab (Ottawa, Canada).

The procedure of elemental analysis consisted of mixing a sample with tungsten oxide
(1:2) and placing the mixture in a tin capsule, which is loaded to Vario Micro Cube (Elementar)

for S % analysis using a calibration with internal standards.

For isotope ratio analyses, the tin capsule with a sample is flash combusted at 1800°C

with the addition of oxygen. The SO is separated for analysis by the chemical adsorption "trap
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and purge" method (Vario Micro Cube). The SO, gas carried then introduced into a Thermo
Finnigan DeltaPlusXP IRMS spectrometer for the analysis. The isotopic delta measurements

are made relative to Vienna Cafion Diablo troilite (VCDT) and expressed as:

8°*S (in %o) = ((*S/**Ssampie)/C*S/**Syear)-1) ¥1000

Standard reference materials used for the analysis are sulfides IAEA-S1, IAEA-S2 and
AG-2. The analytical precision is +/- 0.2 %o. The analytical method is explained in details in
Grassineau et al. (2001).

Using the described methods the relative abundance of two stable isotopes of sulfur, i.e.
isotope ratios (5°*S) and precise concentration of total S are provided for 4 experimental

products containing sulfides.

1.2.5 X-ray absorption spectroscopy (XAS)

A large part of the results presented in this work are based on X-ray absorption
spectroscopy, which therefore deserves a more detailed technical description compared to the

other analytical methods outlined above.

XAS is one of the most powerful atomic probes. The physical quantity that is measured
by XAS is X-ray absorption coefficient u(E). The coefficient u(E) describes how X-ray is
absorbed by an atom as a function of X-ray energy (E) (Bunker, 2010). XAS is performed by
scanning the energy range corresponding to the K or L-absorption edge of the selected element
using a synchrotron X-ray beam. An absorption edge characterizes a sharp rise in absorption
(Fig. 1.2.-1) when the incident X-ray has an energy equal to that of the binding energy of a
core-level electron. Analysis of the fine structure of the absorption coefficient pu(E) provide
information about the chemical properties of the absorbing atom and its structural environment.
A typical X-ray absorption spectrum is divided into two regions: 1). X-ray absorption near-
edge structure (XANES) spectrum within 30 eV of the main absorption edge, and 2). Extended
X-ray absorption fine-structure (EXAFS) spectrum, which has energies above the edge
(typically hundreds of eV; Fig. 1.2.-1). XANES part is sensitive to oxidation (e.g., Fe*" vs. Fe’")
state and coordination (e.g., octahedral, tetrahedral coordination) of the absorbing atom,
whereas the EXAFS part of the spectrum is used to quantify the distances, coordination

numbers, and to determine species of the neighbors around the absorbing atom.
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XAS experiments are performed at synchrotron radiation sources. XAS measurements
can be carried out in two modes: transmission and fluorescence. Transmission includes
measurements of the X-rays before and after the sample, when X-ray beam passes through the
sample. Whereas fluorescence mode involves measurement of the initial incident X-ray flux
and the fluorescence X-ray which is emitted by the sample. In order to minimize contribution
of scattered radiation fluorescence detector is usually placed at ~90° to the incident beam in the

horizontal plane.

Ex-situ XANES measurements were performed in this study to determine the speciation
of Fe and S in piston-cylinder experimental products. /n-situ XANES measurements were
carried out at Fe K-edge to obtain Fe speciation during phase transitions using a diamond anvil

cell.
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Fig. 1.2.-1. XAS spectrum at Fe K-edge. Blue arrows indicate the two different regions of the spectrum.

Ex-situ XAS measurements

Each run product produced in piston-cylinder experiments was homogenized by fine
crushing in an agate mortar during 10 minutes. A finely ground sample was then prepared as a
5 mm diameter pellet for XANES spectroscopy. Samples containing sulfides were crushed in a

glove bag filled with He/Ar gas to prevent oxidation of sulfides.

XANES analyses of piston-cylinder experimental products and starting materials were
performed at the Phoenix beamline of the SLS (Swiss Light Source) and at the LUCIA beamline
of SOLEIL synchrotron (France). Experimental products from set#2 (Table 1.1.-1) were
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analyzed at the Fe K-edge at the Phoenix beamline. Incident energy was selected from 7050 eV
to 7290 eV using a Si(111) double-crystal monochromator. The spot size on the sample was 1.4
x 1.4 mm. In order to prevent beam damage and possible changes in valence for iron (i.e., photo-
oxidation/reduction) during measurements, XANES spectra were collected in a vacuum
chamber cooled using a liquid nitrogen cryostat. XANES spectra were collected in fluorescence
mode using a 1-element silicon-drifted diode (SDD) located at 90° from the incident X-ray

beam direction.

XANES spectra of experimental products from set#1 and set#3 (Table 1.1.-1) were
collected at LUCIA beamline. Fe K-edge XANES spectra were acquired between 7050 and
7600 eV, using a Si(311) fixed-exit double-crystal monochromator, and the S K-edge XANES
spectra were acquired between 2400 and 2600 eV using the same monochromator equipped
with KTP (KTiOPOy) (011) crystals. The beam size on the sample was ~1 mm in diameter. For
the same reasons of possible beam damage and photo-oxidation/reduction as at Phoenix
beamline (SLS), XANES spectra were collected in a primary vacuum chamber cooled at -70°C
using a liquid nitrogen cryostat. Spectra were collected in fluorescence mode using 4-element

silicon drift diode (SDD) detector located at 86° from the incident beam.

To perform linear combination fits as a post-treatment data analysis, XANES spectra of
9 standard minerals (antigorite, olivine, orthopyroxene, clinopyroxene, clinochlore, andradite,
magnetite, pyrite, pyrrhotite) were collected at SLS (Phoenix beamline) and SOLEIL (LUCIA
beamline) at the Fe K-edge and S K-edge (pyrite, pyrrhotite). Standard minerals were prepared
as powdered pellets of 5 mm in diameter. Silicate and oxide standards (antigorite, olivine,
orthopyroxene, clinopyroxene, clinochlore, andradite and magnetite) come from a personal
collection of M. Mufioz. The pyrrhotite spectrum, used as a reference, was provided by B.

Lassalle (LUCIA beamline scientist).

XANES spectra were normalized using the Athena software (Ravel and Newville,
2005). Quantitative bulk rock Fe’*/Fe,, was obtained from Fe-K pre-edge analysis, which
includes baseline substraction and fitting the pre-peak region (energies between 7110 and 7118
eV for Fe K-edge) of the spectra using a Matlab routine from the XasMap package (Mufioz at
al., 2006; 2008). The Fe’"/Fe, quantification was based on the pre-edge centroid energy
calibration (see Wilke et al., 2001) using the following model phases: olivine, staurolite,

andradite and sanidine (Mufioz et al., 2013).
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In-situ XAS and XRD measurements

In-situ XANES measurements at Fe K-edge were performed at X-ray absorption
spectroscopy beamline BM23 at the European Synchrotron Radiation Facility (ESREF,
Grenoble, France). Experiments of two beamtime sessions were carried out at the BM23
beamline: 1) experiments in HDAC and 2) experiments in RH-DAC. The analytical technique

and beamline optic scheme are the same for both experiments.

The XANES spectra at Fe K-edge were collected together with with XRD patterns and
in-situ optical observations of the experiemnts. The experimental setup is shown in Fig. 1.2-2
XANES spectra were collected at Fe K-edge from 7000 eV to 7250 eV and from 7050 eV to
7350 eV for HDAC and RH-DAC experiments, respectively. A monochromator equipped with
two Si(111) crystals was used to tune energy to the Fe K-edge. Beam was focused to 6x6 pm”.
XAS measurements were performed in transmission mode, the incoming and transmitted
monochromatic intensities were measured using ionization chambers filled with appropriate
gas mixtures of Ar and He to achieve absorption of 30 % in the first, and 70 % in the second
chamber at 7500 eV. The fixed exit monochromator-crystal angles were calibrated to the iron
edge energy 7112 eV using a standard iron foil of 3 um thickness. The Bragg diffraction peaks
arising from the diamond anvils were removed from the energy range of interest by changing
the orientation of the diamond anvil cell. Obtained XANES spectra were normalized using the

Athena software (Ravel and Newville, 2005).

X-ray diffraction images were obtained using a MarCCD detector placed at a distance
of 190 mm from the sample at a wavelength of 0.9537 A (energy of 13 keV) for the experiment
in HDAC and 0.6199 A (energy of 20 keV) for the experiment in RH-DAC. The sample-to-
detector distance, beam center position, detector tilt angles and pixel size ratios were
determined precisely using a CeO, standard and the program DIOPTAS (Prescher and
Prakapenka, 2015). Background substraction and diffraction peak identification were

performed using the program DIOPTAS (Prescher and Prakapenka, 2015).
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Fig. 1.2.-2. Experimental setup at BM23 beamline (ESRF) during in-situ XAS measurements. a. KB mirrors
system, b. first ionization chamber, ¢. vacuum chamber with DAC, d. second ionization chamber, e. microscope,

f. MarCCD detector, g. uXAS station for precise positioning of the DAC (Mathon et al., 2015).
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A series of dehydration experiments in the piston-cylinder apparatus was carried out at 2 GPa and 550-850 °C on a
natural antigorite sample mixed with 5 wt.% of magnetite. Chemical analyses of experimental products show a pro-
gressive decrease of the Mg# in antigorite and clinopyroxene between 550 and 675 °C, whereas the Mg# of olivine
increases. The observed behavior of Mg# signifies Fe-Mg exchange between coexisting minerals. At higher temper-
atures, between 700 and 850 °C, compositions remain stable for all minerals in experimental assemblages.

Keywords: . e -
Seﬂminite Thermodynamic parameters of the ferrous antigorite end-member were refined with the use of Holland and
Dehydration Powell (1998) data set and added to the antigorite solid solution. Good agreement between theoretical calcula-
Antigorite tions performed for the studied bulk composition and experimental results confirms extrapolated thermody-

namic data for Fe-antigorite. Constrained parameters allowed to calculate phase relationships for various
serpentinite compositions. First, we assessed the effect of bulk iron content, from 0 to 10 wt.% FeO, on the stability
field of antigorite. The results show significant decrease of the antigorite thermal stability with increasing bulk Fe
content. Second, we demonstrated the influence of bulk iron content on dehydration reactions in subduction
zones along typical thermal gradients. Dehydration observed in pure MSH (MgO-SiO,-H,0) systems comprised
of antigorite appears as a univariant reaction, which happens at 710 °C/3.7 GPa and 640 °C/6 GPa in “hot” and
“cold” subduction, respectively. In contrast, more complex in composition Fe-bearing serpentinites show spread
dehydration profiles through divariant reactions from ~300 °C/0.8 GPa to 700 °C/3.6 GPa and from 450 °C/4 GPa
to 650 °C/7.4 GPa for “hot” and “cold” thermal gradients respectively.
A comparison between depths of “water-release events” and “earthquake occurrence” in the South Chile slab
(“hot” subduction) highlights a clear correlation between each other, suggesting a possible contribution of the
dehydration of Fe-bearing serpentinites to the occurrence of seismic events. In contrast, and based on the
same comparison applied to the Kermadec slab, our results demonstrate that there is no correlation in depth be-
tween serpentinite dehydration and seismicity in “cold” subduction zones.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction pyroxene, thus releasing aqueous fluids in large amounts (Peacock,

2001; Riipke et al., 2004; Syracuse et al., 2010; Trommsdorff et al.,

Antigorite is the dominant hydrous phase in subducting ocean slabs
and the major water carrier to the deep mantle (Riipke et al., 2004;
Ulmer and Trommsdorff, 1995). Along with metasediments and
metabasalts, serpentinized lithospheric mantle can potentially deliver
large volumes of water into subduction zone and mantle wedge (Riipke
et al.,, 2004; van Keken et al., 2011). The lizardite variety, formed during
peridotite serpentinization in oceanic lithosphere, contains up to
13 wt.% H,0 and transforms into antigorite at elevated pressure and tem-
perature, typically above 300 °C, in subduction zone setting (Evans, 2004,
Schwartz et al.,, 2013). Antigorite is known to breakdown at around
700 °C, in the 150-200 km depth range, to form secondary olivine and
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1998; Ulmer and Trommsdorff, 1995). The “dehydration” of antigorite
may have an important geophysical implication regarding initiation of
intermediate-depth earthquakes in subduction zones, triggering the so-
called process of “dehydration embrittlement” (e.g., Hacker et al., 2003).
Moreover, Peacock (2001) suggested that the formation of the lower
plane of double seismic zone in subducting plates may be explained by
antigorite dehydration in the deeper parts of the oceanic mantle.
Another important issue linked to serpentinite dehydration is a de-
crease of melting temperatures in the mantle wedge due to the release
of hydrous fluids from the slab, which in turn generates arc magmas
(Ulmer and Trommsdorff, 1995). These magmas that originated from
melts above the dehydration front are typically enriched in slab-
derived fluid-mobile elements (FME) (e.g. Stern et al., 2006), which
can be provided by antigorite devolatilization, as antigorite is known
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to be a carrier of FME, e.g., Li, B, Cl (Deschamps et al., 2012; Scambelluri
et al.,, 2004), As, Sb, S (Hattori and Guillot, 2007; Spandler and Pirard,
2013), Rb, Sr (Hattori and Guillot, 2007; Marchesi et al., 2013), Pb, Cs,
and U (Marchesi et al., 2013; Scambelluri et al., 2004).

Subduction zone magmas are essential in ore genesis processes.
Magmas enriched in FME are associated with gold and transition
metal deposits found in arc (e.g., Chile, Alpes, Indonesia) and back-arc
settings (e.g., Alaska, Nevada, Patagonia) (Cooke and Simmons, 2000;
Sillitoe, 2008). Therefore, the contribution of antigorite devolatilization
to enrichment of magmas in FME is potentially linked to economically
important ore depositions.

Antigorite breakdown and phase relationships at high pressure and
temperature in subduction zones have stimulated numbers of experi-
mental investigations. Most previous experimental studies aimed at de-
fining P-T conditions of antigorite breakdown reactions in the MgO-
SiO,-H,0 (MSH) + Al,03 system (Bose and Ganguly, 1995; Bromiley
and Pawley, 2003; Padrén-Navarta et al., 2010; Perrillat et al., 2005;
Ulmer and Trommsdorff, 1995; Wunder and Schreyer, 1997; Wunder
et al,, 2001). Antigorite breakdown was systematically shown as a
univariant reaction at a temperature of 630 °C (e.g., Bromiley and
Pawley, 2003), or 710 °C (e.g., Ulmer and Trommsdorff, 1995) at 2 GPa.
Ulmer and Trommsdorff (1995) and Bose and Ganguly (1995) proposed
similar stability limits for antigorite in the presence of other hydrous
phases such as talc and “phase A”. Wunder and Schreyer (1997) reported
lower temperatures for the antigorite breakdown than those proposed by
Ulmer and Trommsdorff. Moreover, Bromiley and Pawley (2003) showed
that the alumina content expands the stability field of antigorite to higher
P and T. Additionally, the presence of Al was shown to stabilize
clinochlore, another hydrous mineral that is stable at higher P-T condi-
tions than antigorite. To account for this discrepancy, starting materials
used in Ulmer and Trommsdorff (1995), Bromiley and Pawley (2003)
and Perrillat et al. (2005) consisted of natural antigorite mixed with syn-
thetic forsterite and enstatite, whereas other studies were performed
using synthetic oxide gels seeded with natural antigorite (Wunder and
Schreyer, 1997), synthetic mixtures of orthopyroxene, quartz and talc
(Bose and Ganguly, 1995) and synthetic mixtures of brucite and talc
(Wunder et al., 2001). In addition, starting materials differed in Al, Fe
and water contents due to the use of natural antigorite in some experi-
ments. Padrén-Navarta et al. (2010) reported that Al expands antigorite
thermal stability in silica enriched serpentinites by 60-70 °C compared
to Al-free assemblages. Moreover, Padrén-Navarta et al. (2010) empha-
sized the effect of Fe on antigorite dehydration temperature and demon-
strated thermodynamically the decrease of serpentinite dehydration
temperature with an increase of bulk ferrous Fe. The work of Padrén-
Navarta et al. (2010) shows that Fe in serpentinite transforms univariant
mineral reactions in Fe-free systems (e.g., Bromiley and Pawley, 2003)
into divariant fields in more realistic Fe-bearing serpentinite systems. In
addition, Trommsdorff and Evans (1974) thermodynamically estimated
that the Fe content typical for ultramafic metamorphic rocks decreases
the temperature of mineral reactions by around 10 °C compared to pure
MSH systems.

Petrological studies of natural samples demonstrated that antigorite
breakdown occurs over a range of temperatures, from 650 to 725 °C
(e.g., Debret et al, 2014, 2015; Padrén-Navarta et al., 2011;
Trommsdorff et al., 1998). Moreover, antigorite dehydration was
shown to occur through a series of continuous reactions forming inter-
mediate olivine (Ol) and pyroxene-bearing serpentinites to finally pro-
duce an anhydrous assemblage composed of garnet-orthopyroxene-
olivine (Debret et al., 2014; Padrén-Navarta et al, 2011, 2013;
Trommsdorff and Evans, 1972). Pioneer works of Trommsdorff and
Evans (1972, 1974) demonstrated compositional relations between
coexisting antigorite, olivine, clinopyroxene, orthopyroxene and chlo-
rite in serpentinites and their prograde lithologies. As was reported in
Trommsdorff and Evans (1972, 1974) and in later studies by Li et al.
(2004), Rebay et al. (2012), Scambelluri et al. (1991), Trommsdorff
et al. (1998), Padrén-Navarta et al. (2011), and Debret et al. (2015)

Mg# in antigorite is always higher than in olivine in prograde metamor-
phic assemblages. However, only a few studies addressed the composi-
tional evolution of natural antigorite (Atg) along a subduction geotherm
(e.g., Debret et al., 2014; De Hoog et al, 2014; Li et al, 2004;
Padrén-Navarta et al., 2011, 2013; Rebay et al., 2012; Scambelluri
et al, 1991; Schwartz et al., 2013; Trommsdorff and Evans, 1974). The
Mg# in antigorite is shown to decrease with temperature in natural
samples as the metamorphic facies changed from low- to high-grade
(e.g., Padrén-Navarta et al,, 2011; Schwartz et al., 2013), while olivine
Mg# increases (Li et al, 2004; Padrén-Navarta et al., 2011).
Clinopyroxene was found to be almost pure diopside, with no signifi-
cant change in Mg# (e.g., Trommsdorff and Evans, 1972, 1974). Men-
tioned works demonstrated the coexistence of minor magnetite with
silicate phases, whereas, Li et al. (2004) revealed the disappearance of
magnetite in Atg-0l assemblages produced during subduction related
metamorphism. Additionally, Debret et al. (2014, 2015) observed a de-
crease of bulk rock Fe>* /Fe ratio in serpentinites, together with a pro-
gressive disappearance of magnetite with increasing metamorphic
grade. Finally, as the grade of metamorphic facies increases antigorite
disappears from the assemblages (e.g., Evans, 1977; Trommsdorff and
Evans, 1974).

The P-T conditions of antigorite breakdown and the amount of fluid
subsequently released are determined by antigorite phase relationships
in the FMSH (FeO + MgO + SiO, + H,0) £ Al,05 system in the present
study. In order to clarify the relation between serpentinite composition
and the amount and depth of fluids released in subduction zones, we
conducted a series of antigorite dehydration experiments at tempera-
tures ranging between 550 and 850 °C and at a fixed pressure of
2 GPa. As a starting material, we used natural antigorite including
minor amounts of andradite and clinochlore, mixed with 5 wt.% of mag-
netite in order to approximate the average bulk composition of
serpentinized oceanic lithosphere (Deschamps et al., 2013; Hattori
and Guillot, 2007; Li et al,, 2004; Schwartz et al., 2013). We investigated
the mineralogy, phase abundance and mineral chemistry of experimen-
tal products, which allowed us to constrain thermodynamic parameters
of a hypothetical Fe-antigorite end-member. A thermodynamic-based
model of serpentinite dehydration is provided, and then used to further
investigate the role of the iron content on the dehydration processes in
both, “hot” and “cold”-type subduction geotherms.

2. Methods

The starting material for the experiments performed in this study is
composed of antigorite (#AU1) collected from the serpentine outcrop
LaVachére located at the northwestern tip of Mont-Cenis-Vanoise mas-
sif in French Alpes (Mufloz et al., 2013; Etienne Jaillard, personal com-
munication, 2016). The outcrop represents tectonically sliced
remnants of ophiolite, which underwent metamorphism in blueschist
and greenschist facies (Fudral et al., 1993). This sample was chosen in
part because of its homogeneity, and in part because it is well crystal-
lized and available in sufficient quantity for experimental petrology.
An average natural serpentinite contains FeO distributed among
antigorite and iron oxide phase (magnetite) (e.g., Debret et al., 2014).
Thus, natural serpentinite comprises both FeO and Fe,05 (e.g., Debret
et al., 2015; O'Hanley and Wicks, 1995). The antigorite used in our
study contains 1.37 wt.% of FeOy,a, however most of iron is ferric
(Table 1; Mufioz et al., 2013). The present antigorite sample differs
from the average subducted serpentine in terms of Fe,03 and SiO, con-
tents (Evans et al,, 2012). High SiO, content and high Fe>*/Fe. ratio
of the chosen antigorite (Table 1; Mufioz et al., 2013) may be explained
by the close location of ophiolite blocks to sediments (Fudral et al.,
1993). However, typical lizardite entering subduction zones within oce-
anic serpentinites was shown to have also high Fe®*/Fe . ratios
(Evans et al., 2012).

To better match the typical composition of an oceanic serpentinite,
we mixed the finely crushed antigorite with 5 wt.% of synthetic
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Table 1

Bulk rock and antigorite major element composition (wt.%) of starting material measured
by XRF and EPMA respectively; |--XRF analysis of the identical antigorite sample AU1 is
taken from Mufioz et al. (2013); Fe** /Feo1 Of antigorite measured by XANES spectrosco-
py (from Mufioz et al., 2013); mineral abundances of starting material obtained by
Rietveld refinement of XRD pattern (Fig. 2). m — number of SiO,4 tetrahedra in one wave-
length of the antigorite polysome.

Oxide Bulk rock Antigorite Antigorite AU1 Mineralogy wt.%
AU1 EPMA (Mufioz et al.,
2013) pu-XRF
Si0, 39.02 4+ 142 44124015 41.53 4+ 1.25 Antigorite  83.23
(m=17)
TiO, 045+ 0.10 0.02 4+ 0.01  0.05 =+ 0.00 Clinochlore  5.64
Al,04 192+096 072+004 1.12+0.03 Magnetite  5.04
FeOyotal 6.07 £ 027 1374006 - Andradite  6.09
Fe,05 - - 1.16 + 0.03
MgO 38524138 4149 +0.11 4291 +1.29
Ca0 243 +1.02 0.01+001 0.00+ 0.00
Cr,05 0.16 4 0.02  0.00 4- 0.00  0.13 & 0.00
NiO 0.04 +0.01 0.00+ 0.00 0.05+ 0.00
H,0 11.54+002 12144+ 0.11 12.8140.00
Total 100.11 99.87 99.76
Fe>*/Fecotal 0.81

magnetite (Magnox powder, 99% purity). The prepared mixture was
ground in an agate mortar for 10 min. The bulk composition of the
starting material displays 6.07 wt.% of FeOyoa;, part of which is Fe,0s,
and matches typical oceanic serpentinites (e.g., Deschamps et al.,
2013; Li et al., 2004; Fig. 1). The bulk major-element composition of
the starting material was measured by X-ray fluorescence using (XRF)
EDAX Eagle III XRF spectrometer and relative mineral abundance was
determined using X-ray powder diffraction (XRD; Table 1). The XRD
patterns (Fig. 2) revealed the presence of minor amounts of andradite
and clinochlore, which accounted for the presence of CaO and Al,03
(243 wt.% and 1.92 wt.% respectively) in the starting mixture (Table 1).

Experiments were carried out in an end-loaded piston-cylinder ap-
paratus at 2 GPa and temperatures from 550 to 850 °C, with experimen-
tal durations ranging from 5 to 9 days (Table 2). Twenty milligrams of
the starting material was placed in a gold capsule (15 mm length and
3 mm inner diameter) that was welded shut. No water was added to
the capsule. The capsule was then fitted into a pyrophyllite sleeve and
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Fig. 1. Ternary diagram presenting the compositions of natural serpentinites from Debret
et al,, 2014 (red circles); Deschamps et al., 2012 (crosses); Guillot et al., 2001 (green
circles); Li et al., 2004 (yellow squares). Blue star indicates the composition of the
starting material used in this work. FeO stands for total Fe content. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)
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loaded in a NaCl-based pressure cell with a graphite furnace. Tempera-
ture was measured with a Pt-Rh thermocouple (S-type), the junction of
which was placed at ca. 1 mm from the sample top (see Brunet et al.,
2003). Uncertainties on pressure and temperature are within
+0.05 GPa and 410 °C, respectively. The temperature gradient across
the capsule was determined from double-thermocouple experiment
which was carried out at temperatures from 100 to 900 °C at 2 GPa.
The experiment comprised temperature measurements above and in-
side the capsule every 100 °C. The results show that the maximum tem-
perature difference within the capsule is 10 °C.

The serpentinite dehydration experiments were buffered by a cell
assembly due to the permeability of gold capsule to hydrogen, produced
by the graphite furnace oxidation (Chou, 1986). The oxygen fugacity
(fO,) in such graphite-NaCl-pyrophyllite cell assemblies was reported
to be between QFM and QFM-2 (e.g., Truckenbrodt et al., 1997).

After each run, the recovered capsule was pierced to check that the
water produced during mineral reactions had not escaped in the course
of the experiment. Water was present as a fluid phase in the capsule of
all experimental runs. A large portion of the recovered powder sample
was crushed in an agate mortar for further XRD characterization. The re-
maining sample was mounted in epoxy and polished for electron probe
micro-analysis (EPMA) and scanning electron microscope (SEM)
observations.

X-ray diffraction was performed on a Bruker D8 diffractometer using
Cu-Ka1 radiation running at 40 kV and 40 mA. Intensities were mea-
sured from 5 to 90° 20, with a step size of 0.03° and a dwell time of 6
to 8 s per step. X-ray diffraction patterns were analyzed by Rietveld re-
finement using BGMN software (Bergmann et al., 1998).

The quantitative point analyses were performed on a JEOL JXA-8230
EPMA at ISTerre (Grenoble, France). Operating conditions for analyses
were 15 kV accelerating voltage and 12 nA beam current with a focused
beam. The standardization was made using certified natural minerals
and synthetic oxides: wollastonite (Si, Ca), olivine (Si, Fe, Mg), corun-
dum (Al), orthoclase (K), rhodonite (Mn), albite (Na), and rutile (Ti).
The San-Carlos olivine USNM111312-44 was used for olivine and ser-
pentine calibration of Mg, Fe, Si (Jarosewich, 2002). The on-peak
counting time was 30 s for each element and 30 s for two background
measurements on each side of the peak. ZAF correction procedure was
applied using the JEOL software for quantitative analysis. The San-
Carlos olivine and an in-house Cr-Augite standards were run as un-
knowns (3 points) after each 30 analyses of samples to monitor instru-
mental drift and estimate accuracy of analyses. A drift correction was
made when necessary, using a regression equation.

Additional experiments were carried out to check kinetics of
antigorite dehydration (Table 2). Four experiments were performed at
700 °C/2 GPa and quenched after 2.5, 4, 5 and 10 days. Run products
were analyzed by X-ray diffraction and electron microprobe (EPMA).
Assemblages produced after 4, 5 and 10 days consist of olivine,
clinopyroxene, orthopyroxene, clinochlore and tremolite. Correspond-
ing mineral phases of mentioned 3 experiments have identical compo-
sition. 2.5 days run product contains antigorite, olivine, clinopyroxene
and clinochlore. Consequently, equilibrium was not reached after
2.5 days of the experiment, since antigorite is present in the run prod-
uct. All presented in this work dehydration experiments were per-
formed during 5-9 days (Table 2).

Thermodynamic calculations were performed with Theriak-Domino
software (de Capitani and Petrakakis, 2010) using the database of Hol-
land and Powell (Holland and Powell, 1998). Theriak program calcu-
lates equilibrium phase assemblages, phase compositions and phase
abundances for a given bulk rock composition at any P and T. Domino
computes equilibrium assemblage diagrams based on Gibbs free energy
minimization for a given bulk rock composition. Thermodynamic prop-
erties of ferrous antigorite end-member were calculated by the method
similar to that in Riipke et al. (2004). Enthalpy effect of octahedral iron
substitution in antigorite is similar to that in talc, since both minerals are
hydrous Mg-Fe sheet silicates, both solid solutions are set as ideal and
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Fig. 2. XRD patterns of starting material (SM) and experimental products as a function of temperature. Dashed lines indicate peaks corresponding to different mineral phases. Atg —
antigorite, Clin — clinochlore, Mgt — magnetite, Andr — andradite, Trem — tremolite, Ol — olivine, Opx — orthopyroxene, Cpx — clinopyroxene, Pyr — pyrope.

PT conditions for talc and antigorite solutions are nearly the same. Ther-
modynamic properties of antigorite, obtained in this work, were com-
pared with those recently determined using a calorimetric method by
Ogorodova et al. (2009). Thermodynamic calculations were performed
in the presence of a QFM (quartz-fayalite-magnetite) oxygen fugacity
(fO,) buffer.

Table 2

P-T conditions, durations, starting materials and mineral assemblage in run products of
performed piston-cylinder experiments. Atg — antigorite, Mag — magnetite, Clin —
clinochlore, Ol — olivine, Cpx — clinopyroxene, Opx — orthopyroxene, Trem — tremolite,
Pyr — pyrope.

Run # T,°C P,GPa Starting Duration, Solid run products
material days
Ant_Mgt5_01 600 2 Atg 95%, Mag 5% 9 Atg, Clin, Ol, Cpx
Ant_Mgt5_02 700 2 Atg 95%, Mag 5% 5 0l, Opx, Trem, Clin
Ant_Mgt5_03 650 2 Atg 95%, Mag 5% 6 Atg, Ol, Cpx, Clin
Ant_Mgt5_06 750 2 Atg 95%, Mag 5% 5 0l, Opx, Clin, Cpx
Ant_Mgt5_07 800 2 Atg 95%, Mag 5% 5 0l, Opx, Clin, Cpx
Ant_Mgt5_08 675 2 Atg 95%, Mag 5% 5 Atg, O], Clin, Tr, Cpx
Ant_Mgt5_09 725 2 Atg 95%, Mag 5% 5 0l, Opx, Clin, Cpx
Ant_Mgt5_11 850 2 Atg 95%, Mag 5% 5 0l, Opx, Pyr
Ant_Mgt5_12 550 2 Atg 95%, Mag 5% 6 Atg, Clin, Ol, Cpx

Additional experiments performed to check reaction kinetics
Ant_Mgt5_04 700 2 Atg 95%, Mag 5% 2.5
Ant_Mgt5_05 700 2 Atg 95%, Mag 5% 4
Ant_Mgt5_10 700 2 Atg 95%, Mag 5% 10

0l, Atg, Cpx, Clin
0l, Opx, Trem, Clin
0l, Opx, Trem, Clin

3. Results
3.1. Mineral assemblage

3.1.1. X-ray diffraction

Mineralogical changes from the starting material (SM) to the run
products obtained in the 550-850 °C temperature range can be first de-
scribed on the basis of the XRD data (Fig. 2) collected on the quench
products. The diffraction pattern of the starting material mainly shows
the presence of antigorite (Atg) and magnetite (Mgt), in agreement
with the mechanical mixture initially prepared, however the peaks of
the other phases such as clinochlore (Clin) and andradite (And) are
also detected. The phase abundances of the starting material mixture
obtained by Rietveld refinement are shown in Table 1. At 550 °C, diffrac-
tion peaks of olivine (Ol) and clinopyroxene (Cpx) are detected; the in-
tensities of Atg diffraction peaks slightly decrease, and magnetite and
andradite are no longer detected. From 550 to 675 °C, diffraction
peaks of antigorite gradually decrease in intensity, while those for oliv-
ine slightly increase. At 700 °C and above, peaks attributed to olivine sig-
nificantly increase in intensity, together with those of clinochlore,
clinopyroxene and orthopyroxene. Atg is no longer observed. Tremolite
(Trem) is observed at 700 °C with a concentration that can be estimated
at about 4 wt.% according to Rietveld refinement (Table 3). With in-
creasing temperature diffraction peaks of clinochlore grow significantly
and reach a maximum in intensity at 725 °C. At higher temperatures
peak intensities decrease until complete disappearance of clinochlore
at 850 °C. The diffraction peaks of olivine and orthopyroxene both in-
crease in intensity from 700 to 800 °C. For the 850 °C sample, the
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Table 3

Rietveld refinement results of three experimental products. The numbers in parenthesis are 20. Unit-cell parameters of phases used to fit XRD patterns (Fig. 2) are provided in Table 4.

T(°C) Atg ol Clin Cpx Opx Trem Fe in Ol (apfu)
600 69(1.1) 16.47(0.63) 8.58(0.41) 6(0.27) - - 0.49
700 - 58.63(0.63) 14.27(0.48) 11.23(0.61) 12.12(0.42) 3.75(0.37) 0.27
800 - 61.56(0.38) 7.93(0.3) 9.53(0.31) 20.0(0.34) - 0.23

diffraction pattern records the presence of olivine, enstatite, diopside
and pyrope (Pyr).

XRD patterns of the 600, 700 and 800 °C experiments were analyzed
by Rietveld refinement to estimate modal abundances (Table 3). The
Rietveld data are consistent with those obtained by mass balance (see
Section 3.3). In addition, Rietveld refinement suggests that the fayalite
content of olivine decreases, suggesting that olivine becomes less Fe-
rich with increasing temperature: the Fe-content in olivine decreases
from 0.49 to 0.27 apfu between 600 and 800 °C.

3.1.2. Scanning electron microprobe

The most representative back-scattered electron images of the ex-
perimental products are displayed in Fig. 3. SEM characterization of
the run products obtained at 550, 650, 675, 700, 800 and 850 °C con-
firms that magnetite has fully reacted in every sample. Antigorite occurs
as elongated grains of 10-20 um in length in samples run at 550, 650
and 675 °C. At higher temperatures, antigorite is no longer observed.
Grains of olivine of 1-5 um in size are observed in minor amounts at
550 °C. The proportion of olivine increases in the assemblages, together
with the grain size. Clinopyroxene is clearly observed in all experimen-
tal products except at 850 °C. It forms prismatic grains of ~ 10 um length,
occupying about 5-7% of the surface on BSE images. Orthopyroxene is
observed from 675 to 850 °C. It crystallizes as lath crystals of up to
12 pum length and 1-2 um width. Clinochlore is observed in the 700
and 800 °C experiments where it forms crystals of 5-7 um in size, and
is no longer observed at 850 °C. At 850 °C, the mineral assemblage is
only composed of anhydrous minerals such as garnet, olivine,
clinopyroxene and orthopyroxene. Garnet forms euhedral grains ho-
mogenous in composition, with a size of about 10 um in diameter. Oliv-
ine is clearly the dominant mineral phase which occupies more than
50% of the polished sample surface area. No indication for the former
presence of a melt phase has been encountered even in the higher tem-
perature samples.

3.2. Mineral compositions

Mineral compositions derived from electron microprobe analyses
are listed in Supplementary Table S1. The structural formulae of
antigorite were calculated based on the ideal antigorite mineral formula
M33T2m05m(OH) 4m6 for the most commonly observed m = 17 poly-
some (i.e., number of SiO,4 tetrahedra in a single chain defined by the
antigorite wavelength; Mellini et al., 1987) and were normalized to
6.825 oxygen atoms. Water contents (wt.%) in hydrous minerals were
calculated from the difference from 100 wt.% after ZAF correction as-
suming total iron as FeO. Mineral formulae of antigorite and clinochlore
were calculated assuming total iron as Fe?*, since calculation of Fe>* in
antigorite formula based on microprobe analysis is not well consistent.
As it was shown by Evans et al. (2012) values of Fe,03 wt.% from
Mossbauer spectroscopy do not correlate well with those calculated
from microprobe analyses. Mineral formula of garnet was first calculat-
ed with Fe? " as total Fe, then Fe> * was calculated using deficiencies in
the sum of cations, taking into account that Fe** occurs in Y (Al, Cr,
Fe3 ™) site. The structural formulae of chlorite were calculated on the
basis of 14 anhydrous oxygen atoms.

The evolution of Mg# (MgO/[MgO + FeOyu.]) defines two distinct
trends with increasing temperature depending on the presence
(below 675 °C) or the absence (above 700 °C) of antigorite in the run
products (Fig. 4). At 550 °C, following magnetite disappearance, the
iron initially present in magnetite was likely redistributed among the
newly formed minerals. Note that magnetite disappearance with in-
creasing temperature is consistent with natural observations reported
in Debret et al. (2014, 2015). The first olivine crystals that formed at
550 °C show, i) an enrichment in Fe compared to olivine crystallizing
at higher temperatures, but ii) a lower Mg# compared to the other
coexisting Fe—-Mg minerals. Mg# of olivine at 550 °C ranges from 0.73
to 0.81 and gradually increases to ~0.85 at 675 °C. In parallel, the Mg#
of antigorite and clinopyroxene (diopside) also changes significantly

Table 4
Unit-cell parameters of phases used for Rietveld refinement fitting. m — number of SiO,4 tetrahedra in one wavelength of the antigorite polysome.
Space group no. a(A) b (A) c(A) a(®) B()

SM
Antigorite (m = 17) 6 43.8° 9217(13) 7.27624(96) 89.04(11)
Clinochlore 12 5.3870(34) 9.2332(56) 14.32 96.197(50)
Magnetite 227 8.3832(10) 90
Andradite 230 12.06518(95) 90
600
Antigorite (m = 17) 6 432° 9.298(27) 7.27625(67) 90.858(89)
Olivine 62 10.26270(58) 6.00972(24) 477045(12)
Clinochlore 12 5.3323(17) 932 14.3008(47) 93.465(34)
Clinopyroxene 15 9.7581(19) 8.9359(21) 5.2452(13) 105.94(16)
700
Olivine 62 10.23306(29) 5.99720(12) 4.764040(62)
Clinochlore 12 5.3328(22) 9.2364(19) 14.4310(13) 96.920(34)
Clinopyroxene 15 9.6055(73) 8.8952(64) 5.2919(37) 106.868(60)
Orthopyroxene 61 18.25135(100) 8.8355(11) 5.172(18)
Amphibole 12 9.8137(21) 18.0672(63) 5.2980(40) 104.659(38)
800
Olivine 62 10.22714(19) 5.994705(78) 4.762761(40)
Clinochlore 12 5.3316(32) 9.2274(18) 14.3799(10) 97.061(24)
Clinopyroxene 15 9.7% 8.9° 5.3¢ 105.772(29)
Orthopyroxene 61 18.2435(13) 8.81394(98) 5.18771(81)

2 Fixed parameter.
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Fig. 3. Back-scattered electron images showing mineral phases (white arrows) and textures of representative experimental assemblages. Atg — antigorite, Ol — olivine, Cpx —

clinopyroxene, Opx — orthopyroxene, Clin — clinochlore, Grt — garnet.

with temperature. From 550 to 675 °C, the Mg# of antigorite decreases
from ~0.98 to 0.94, while one of the diopside decreases from ~0.93 to
0.88. This change of Mg# values for the coexisting phases with temper-
ature points to Fe-Mg exchange between Ol, Cpx and Atg.
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Fig. 4. Mg# of observed minerals in experimental products as a function of temperature.
Mg# (MgO/[MgO + FeOyorar] Was calculated assuming total iron as FeO. Solid symbols
show the average of individual point analyses; error bars are 2 standard deviations.
Green circles indicate Mg# of olivine, black triangles — Mg# of antigorite, orange
squares — Mg# of clinopyroxene, light blue diamonds — Mg# of orthopyroxene, blue
triangles — Mg# of clinochlore, crosses — Mg# of garnet. Open symbols with lines
indicate thermodynamically calculated (TD) values. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Above 700 °C, antigorite is no longer observed in mineral assem-
blages due to its breakdown between 675 and 700 °C. Mg# values of ol-
ivine and diopside increase drastically to about 0.90 and 0.92,
respectively, and both remain relatively stable to 850 °C. Orthopyroxene
(enstatite) is formed at 675 °C and displays a Mg# of ~0.86, which then
increases up to 0.87-0.93 at 700 °C (light blue diamonds in Fig. 4), and
finally reaches ~0.91 at 850 °C. In parallel, clinochlore grains (only ob-
served at 700, 725, 750 and 800 °C) show Mg# values that slightly de-
crease from ~0.95 to 0.94 with increasing temperature (blue triangles
in Fig. 4). Garnet, which forms only at 850 °C, is represented by a mix-
ture of almandine, grossular and pyrope end-members, and has an aver-
age Mg# of 0.78 (crosses in Fig. 4).

A comparison of mineral assemblages and mineral chemistry be-
tween the experimental products and natural serpentinites may help
to understand mineral relations in prograde metamorphic rocks.
Olivine and antigorite Mg# are described to be 0.9 and 0.94 on average
respectively in most natural prograde serpentinites (e.g., Debret et al.,
2015; Padrén-Navarta et al.,, 2011; Trommsdorff and Evans, 1972;
Trommsdorff et al., 1998). The Mg# values are in a good agreement
with those experimentally obtained. However, Mg# values in
clinopyroxene reported in natural rock studies (e.g., Scambelluri et al.,
1991; Trommsdorff and Evans, 1972) are higher (~0.97) compared to
the experiment (0.9 on average, Fig. 4). High Mg# in clinopyroxene
may be explained by the presence of magnetite in natural antigorite-
bearing serpentinites and their prograde lithologies. In addition, Fe>*
component in antigorite may influence Fe-Mg exchange between
antigorite and coexisting olivine and clinopyroxene, and moreover af-
fect antigorite thermal stability (e.g., Evans et al., 2012).

3.3. Mass balance

The phase abundances in each experimental product were estimat-
ed from mass balance calculations using the average individual mineral
compositions measured by EPMA (Table S1) and the bulk composition
of the starting material (Table 1). Mass balance equations were written
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in the form of three matrices for each experiment: weight percent of ox-
ides in each mineral phase, weight percent of oxides in bulk composi-
tion and weight fraction of minerals, the latter being determined.
Modal abundances were derived following the method described by
Lamberg et al. (1997) assuming that Fe?t = Feyora. Estimated devia-
tions from average values are + 1-20%. Uncertainties of the calculated
phase abundances (Fig. 5) are obtained from variations in the analytical
data of mineral compositions. The mineral fractions estimated by mass
balance calculations are consistent with those estimated by Rietveld re-
finement of XRD patterns (Table 3, Fig. 5b).

From the mass balance calculations (Fig. 5b), the amount of
antigorite is found to decrease continuously from 550 to 650 °C and fur-
ther vanishes at 700 °C. The amounts of olivine and orthopyroxene both
increase with temperature, and a strong increase of their relative pro-
portions is observed between 675 and 700 °C, which coincides with
the antigorite breakdown in this temperature range. The maximum
amounts of clinopyroxene and clinochlore are reached at 700 °C.

Water was considered as an individual phase in the mass balance cal-
culations, so that the amount of released H,0 was also calculated (Fig. 5a).
The water content in the bulk rock composition equaled to 11.5 wt.%
(Table 1). Two hydrous phases, antigorite and clinochlore, were assumed
to be present in the low-temperature assemblages (550, 600, 650 and
675 °C). Above 700 °C, clinochlore is the only water-bearing phase
present in the experimental products. The H,O wt.% values of antigorite
and clinochlore at each temperature were calculated from the difference
from 100 wt.% of oxides measured by electron microprobe. The results
show a progressive release of about 30% of the total water at 675 °C,
followed by a sudden release of about 55% of the total water between
675 and 700 °C. The last 15% of water are then released between 800
and 850 °C following the breakdown of clinochlore.

3.4. Thermodynamic modeling

The molar proportions of Mg and Fe in all phases, including antigorite,
change from 550 to 700 °C suggesting solid solution of Fe-Mg in
antigorite. Support for this assumption comes from reports of iron-
bearing antigorite in natural samples (e.g., Debret et al., 2014, 2015;
Evans et al,, 2012; Padrén-Navarta et al,, 2011). Therefore, any thermody-
namic modeling of our experimental results requires incorporation of a
Fe-antigorite end-member, which is absent in the thermodynamic

database of Holland and Powell (1998). Since microprobe analyses do
not allow accurate determination of Fe?* /Fe.;, only a simplified Fe?*-
antigorite end member was used for the thermodynamic modeling.

The standard state enthalpy of formation (AH¢’), third law entro-
py (S°), volume (V°) and heat capacity (Cp) of Fe-antigorite
(Fe)4sSi34055(0H)e, were estimated using the standard-state prop-
erties of Mg-antigorite and the difference between those of Fe- and
Mg-talc: (AHf®, S°, V°, Cp)Fe-antigorite = (AH¢’, S°, V°, Cp)Mg-
antigorite + (AHy’, S°, V°, Cp)(Fe-Talc-Mg-Talc), where (AH¢’, S°,
V°, Cp)Mg-antigorite are the original properties reported by
Holland and Powell (1998) for the Mg4gSi340g5(0H ), structural for-
mula. The estimated standard state properties of Fe-antigorite are
listed in Table 5. The antigorite solid solution was assumed to be
ideal. Solid solution models of phases used in the calculations are
present in Table 6. The results of thermodynamic modeling with
the internally consistent database of Holland and Powell (1998)
complemented with the Fe-antigorite end-member properties calcu-
lated above and assuming an ideal Fe-Mg antigorite solid solution
are shown in Figs. 4-7.

To validate our thermodynamic model, we calculated the abun-
dances of each mineral phase and compared these with experimental
data. Fig. 5 demonstrates consistency between observed and calculated
phase amounts along the studied temperature gradient.

As discussed above, the Mg# of olivine was found experimentally to
increase with temperature, whereas that of clinopyroxene and antigorite
decrease (Fig. 4). In agreement with the experimental results, the same
behavior is reproduced by the thermodynamic modeling Mg# in
coexisting olivine, clinopyroxene, antigorite and additionally clinochlore.
The sharp change of Fe content in Cpx, Atg and Clin, observed in
the computed Mg# versus T curves of these phases at about 650 °C, can
be explained by the appearance of orthopyroxene in the assemblage
(Fig. 4).

Fig. 6 shows a P-T pseudosection calculated by Gibbs free energy
minimization using Theriak-Domino (de Capitani and Petrakakis,
2010) for the starting composition, and the known P-T conditions of
our experiments. In agreement with our experimental results, the calcu-
lated pseudosection shows continuous dehydration of Clin-Ol-Atg
serpentinites (the dark-gray field on P-T pseudosection) to produce as-
semblages with only clinochlore as the main hydrous phase and then to
the anhydrous Ol-Opx-Cpx-Grt assemblage at 800 °C.
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Fig. 5. Phase abundance of experimental products as a function of temperature at 2 GPa. a) Integrated amount of released water; b) abundance of mineral phases estimated by mass
balance calculation (filled symbols) or Rietveld refinement (open symbols). Bold lines without symbols indicate phase abundance estimations obtained from thermodynamic modeling.
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Table 5

Enthalpy, entropy, volume and heat capacity function coefficients for (1) Mg-antigorite taken from Holland and Powell (1998) database and for (2) Fe-antigorite calculated using the stan-
dard-state properties of Mg-antigorite and the difference between those of Fe- and Mg-talc taken from Holland and Powell (1998).

Formula AH® () S° (J/K) V° (J/Bar) a(-km b(J-K2) c(-K) d(-K"17?)
Mg-atg Mg.5Si34085(0H)g> —71,417,980 3591 175.48 9621 —0.0962 — 35,941,600 —83,034
Fe-atg Fe4sSiz40s5(0H)g2 —53,905,950 5396 180.00 8558 0.55803 —35,773,992 — 66315

In order to compare phase relationships at different bulk iron con-
tents, we computed phase diagrams (Fig. 6) for Fe-free bulk composi-
tion (MgO-SiO,-H,0), for the composition corresponding to our
starting material (6.07 wt.% FeOoar), and a composition containing
10 wt.% FeOyora;, Which is the average upper limit for iron in natural
serpentinites (e.g., Debret et al., 2014; Deschamps et al., 2012; Guillot
et al.,, 2001; Li et al., 2004). The mineral reactions calculated for these
three compositions shift to lower temperatures as FeO increases from
0 to 10 wt.%. The breakdown temperature of antigorite is 25 °C lower
in the system with 10 wt.% of FeO than in a Fe-free system, and about
10 °C lower than in the system with 6 wt.% FeO. Likewise, the tempera-
ture of clinochlore-out reactions for the Fe-rich (10 wt.% FeO) composi-
tion is 5 to 20 °C lower than for the composition with 6 wt.% FeO, and,
consistently, clinochlore is absent in the Fe- and Al-free systems. The
shift in temperature of reactions with increasing bulk iron is accompa-
nied by decreasing Mg# in coexisting minerals.

Theriak-Domino calculations show the disappearance of magnetite
between 380 and 550 °C along the pressure range of 5 GPa (Fig. 6).
The magnetite-out redox reaction leads to the release of free oxygen,
which is buffered by QFM oxygen buffer defined in our calculations.
Such a fO, buffer was chosen following studies of natural rock observa-
tions (e.g., Debret et al., 2016; Frost, 1985), which demonstrated that
subducted serpentinites typically record oxygen fugacity varying be-
tween QFM +4 and QFM —4.

4. Discussion
4.1. Mineral reactions during dehydration

Our experimental results provide detailed information on Fe-Mg ex-
change between coexisting minerals, as well as on the mineral reactions
that occur during prograde serpentinite metamorphism. The starting ma-
terial was a mixture of antigorite (~95 wt.%) and magnetite (~5 wt.%) in
order to match bulk average oceanic mantle lithosphere composition
(e.g., Debret et al., 2014, 2015; Deschamps et al., 2012; Li et al., 2004;
Marcaillou et al., 2011). Characterization of piston-cylinder experimental
products shows that magnetite is entirely consumed in the presence of
antigorite at relatively low temperature (<550 °C) to form iron-rich sec-
ondary olivine, as in the following reaction:

GMg3512O5(OH)4 + 2Fe304 — 12(Mg1_5F60_5)Si04 + 0, +12H,0. (1)

antigorite magnetite olivine oxygen water

Table 6
Solid solution models used in the present study consistent with Holland and Powell
(1998) thermodynamic data set.

Phase Formula Solid solution
model

Antigorite (Atg) (Mg, Fe)45Si34055(0H )62 Ideal

Olivine (OIl) (Mg, Fe),SiO4 Ideal

Chlorite (Chl) (Mg, Fe)4(Mg, Fe, Al),(Al Si)Si3010(OH)s Regular
Clinopyroxene (Cpx)  Ca(Mg, Fe)Si,O¢ Regular
Orthopyroxene (Opx) (Mg, Fe, Al)SiO3 Regular
Garnet (Grt) (Ca, Mg, Fe)3Al,Si501, Regular

Talc (Ta) (Mg, Fe, Al)3(Si, Al)4010(OH), Ideal

In Eq. (1), the structural formula of olivine is determined in agree-
ment with its chemical composition observed in the run product at
550 °C.

Fe-Mg exchange between olivine and antigorite was observed be-
tween 550 and 675 °C. Fayalite end-member of olivine reacts with
Mg-antigorite according to the following reaction, and along with
Reaction (1):

Mg3Si205 (0H)4 +Fe,Si0g — Fe3Si205(OH)4 + Mg25104 . (2)

Mg-antigorite Fe-olivine Fe-antigorite Mg-olivine

According to our model, Reaction (1) is complete below 550 °C and
2 GPa (Fig. 6), which is consistent with experimental results. In addition
to the formation of Fe-rich olivine, Reaction (1) leads to the production
of water and oxygen in the redox conditions of our experiments. The
total amount of oxygen directly depends on the presence of Fe** in
serpentinites, which is mainly related to the amount of magnetite in
the starting material, although antigorite might also contain ferric iron
(e.g., Debret et al., 2014; Mufioz et al., 2013). However, ferric iron in
antigorite was here considered as negligible compared to the total
amount of ferric iron hosted by magnetite in the starting material.
Note that a complete description of redox reactions that occur in such
chemical system will be detailed in a forthcoming article (Merkulova
et al,, in prep).

Another reaction coincident with magnetite destabilization and re-
sponsible for olivine formation is a brucite-out reaction. However, bru-
cite was not present in the experimental starting material, it appeared
on the P-T pseudosection (Fig. 6) due to non-stoichiometric bulk rock
composition used as an in-put parameter in Theriak-Domino software.
Thus, we don't discuss the brucite-out reaction, since the amount of bru-
cite didn't exceed 1 wt.% and considered as negligible.

After the complete disappearance of magnetite, antigorite reacts to
form secondary olivine and pyroxene with a large release of water, ac-
cording to the following reaction:

2(Mg, Fe),Si,05(OH), — 2(Mg, Fe),Si04 + (Mg, Fe),Si,Og + 4H,0 . (3)

antigorite olivine orthopyroxene water

Reaction (3) begins at 650 °C and is completed at around 680 °C at
2 GPa (see Fig. 6). In contrast to pure magnesium end-member system
(Fig. 6) in which antigorite breakdown reaction is univariant, our exper-
imental data and thermodynamic calculations show that Fe-bearing
antigorite breaks down by Reaction (3) over about 30 °C (between
650 and 680 °C). Consequently, complete antigorite breakdown in sub-
duction zones is expected to occur over a range of temperatures, de-
pending on the bulk iron content of the subducting serpentinite (Fig. 6).

Since the starting material also contains calcium and aluminum
(Table 1), mineral phase relations are actually more complex than the
combination of Reactions (1) and (3), because the extra components
lead to the formation of tremolite, diopside, and clinochlore. Clinochlore
is the most significant phase in the context of dehydration due to its sta-
bility at relatively high temperatures and its potential to retain water
after antigorite breakdown.

The increase of clinochlore content at 700 °C, beyond antigorite
breakdown, can be interpreted by the partial breakdown of Al-bearing
antigorite, which contains in average 1.09 4 0.22 wt.% Al,Os. Therefore,
the presence of aluminum in the starting antigorite leads to the
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Fig. 6. P-T equilibrium pseudosection for the bulk composition of the experimental starting material (6 wt.% FeO; gray lines). White diamonds indicate experimental P-T. Dark-gray field
indicates a stability field of both, antigorite and clinochlore together. Light-gray field indicates stability field of clinochlore. White field indicates stability of anhydrous assemblages. Dashed
blackisolines indicate wt.% H,0 released from the solid rock. Numbers in parenthesis correspond to numbers of mineral reactions mentioned in the text. Blue lines correspond to reactions
for the serpentinite bulk composition with 10 wt.% of FeO. Red lines indicate reactions in the Fe-free system. —qfm “phase” signifies higher oxygen fugacity of the Mgt-bearing assemblages
compared to Mgt-free assemblages. Red and blue dashed arrows indicate approximate thermal gradients typical for the slab Moho for hot and cold subduction zones, respectively
(Syracuse et al., 2010). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. a) Pressure-derivative of the amount of released water along the PT path of the slab Moho in hot subduction (red lines). Light red bars represent the distribution histogram of
earthquake hypocenters in South Chilean subduction. b) Pressure-derivative of the amount of released water along PT path of slab Moho in cold subduction (blue lines). Light blue
bars represent the distribution histogram of earthquake hypocenters in Kermadec subduction. Dashed lines indicate water release in serpentinites with 1 wt.% of FeO, solid lines indicate
water release in serpentinites with 10 wt.% of FeO. PT paths of the slab Moho are taken from Syracuse et al. (2010). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Data of earthquake hypocenters taken from USGS ANSS Comprehensive Catalog.
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formation of secondary clinochlore above 700 °C (up to ~12 wt.%), ac-
cording to the reaction:

(Mg,Al)(SiAl)Os (OH) 4 + Mg3SiOs(OH), — MgsALLSiz019(OH)g . (4)

Al-antigorite antigorite clinochlore

We were not able to present this reaction in Fig. 6 because our
antigorite solid solution has no Al-antigorite end-member. However,
it is expected that aluminum plays a major role in natural settings
(Padrén-Navarta et al., 2013) since it allows the formation of
clinochlore - a phase containing about 14 wt.% water - after the
antigorite breakdown, potentially carrying water to greater depths.

In the last step, clinochlore breaks down into garnet at T > 800 °C
through the reaction:

MgSAlzsigolo(OH)S + MgZSiZOG - 2Mg25104 + Mg3A125i3012 +4H,0.

clinochlore orthopyroxene olivine garnet water

(5)

Reaction (5) occurs at 820 °C and 2 GPa (Fig. 6); it corresponds to the
last prograde dehydration and releases around 20 wt.% of the total
water (Fig. 5a).

Described mineral reactions in Fe- and Al-bearing system are
present as divariant fields on P-T pseudosection (Fig. 6) with maximum
temperature width between 1 and 2 GPa.

4.2. Antigorite upper thermal stability limit

According to the previous experimental studies (Bromiley and
Pawley, 2003; Eggler and Ehmann, 2010; Padrén-Navarta et al., 2010;
Ulmer and Trommsdorff, 1995; Wunder and Schreyer, 1997), the tem-
perature of antigorite breakdown ranges from 630 to 710 °C at pres-
sures from 1.5 to 3 GPa. This large temperature range probably results
from the use of starting materials of variable bulk compositions. In par-
ticular, differences among the experimentally derived antigorite stabil-
ities can be accounted for by different total iron and ferric iron contents
as well as the presence of other trivalent cations such as Al(IIl) and
Cr(IlT), which extend the antigorite stability field (Bromiley and
Pawley, 2003; Evans et al., 2012). Our experimental dataset shows
that the upper thermal stability limit of antigorite is between 675 and
700 °C for a starting composition including 6 wt.% of FeOya (Fig. 5),
while our thermodynamic modeling gives the value of the upper limit
of antigorite stability of 680 °C at 2 GPa (Fig. 6). The thermodynamic
modeling also shows complete antigorite breakdown in Fe-rich
(10 wt.% FeOgorar) systems at 25 °C less than in Fe-free systems
(Fig. 6). The presence of iron also affects the upper thermal stability of
chlorite, which is reduced by up to 20 °C for the composition with
10 wt.% FeO compared to the system with 6 wt.% FeO. A 25 °C tempera-
ture difference corresponds to depth differences of 3 to 10 km depend-
ing on the inclination of the subduction plane (Syracuse et al., 2010).

4.3. Continuous water release

Based on our experimental results and thermodynamic modeling, we
show that 30% of the water initially contained in the starting material is
released below 550 °C by Reaction (1). About 50% of the water is liberated
in a narrow temperature range between 675 and 700 °C due to antigorite
breakdown (Reaction (3)). The remaining 20% is released between 700
and 820 °C due to the breakdown of clinochlore (Reaction (5)). Conse-
quently, the ultimate dehydration of subducted serpentinized peridotite
occurs with the clinochlore breakdown at around 820 °C. Such a three-
step dehydration is likely to occur in natural systems, as clinochlore is ob-
served in many antigorite-bearing peridotites (Debret et al., 2014, 2015).

Models of the continuous dehydration of subducted oceanic litho-
sphere have been proposed previously (e.g., van Keken et al,, 2011). Ex-
trapolation of our results to realistic geothermal gradients demonstrates

that dehydration of serpentinites starts at low pressure and tempera-
ture (Fig. 6), at depths below 50 km, and is accomplished at 100 km
or more depending on angle of subduction. Thus, taking into account
the greater volume of serpentinites than sediments and altered basalts
in subducted lithosphere, serpentinites are the most significant water
carriers in subduction zones down to ~200 km.

Variations in serpentinite composition, especially in terms of Fe and
Al as it was discussed above, affect upper thermal stability limits of
antigorite and clinochlore and consequently P-T conditions of
serpentinite dehydration. The FeO contents of serpentinites from differ-
ent localities range from 4.91 to 10 wt.% (Debret et al., 2014; Deschamps
et al., 2012; Li et al., 2004) and Al,03 contents from 0.3 to 7.68 wt.%
(Guillot et al., 2001; Hattori and Guillot, 2007) (Fig. 1). As a conse-
quence, Al-rich systems carry abundant water through chlorite into
deeper parts of subduction zones, while systems with high Fe contents
dehydrate at shallower depths due to the instability of Fe-antigorite at
lower P and T.

4.4. Implications for subduction zone seismicity

We computed pressure-derivatives of the amount of released water
along the slab Moho (typically 7 km beneath the slab surface) in the
case of South Chile subduction (Fig. 7a) and for Kermadec subduction
(Fig. 7b) using the P-T distribution data of Syracuse et al. (2010).
Water release profiles were calculated for two serpentinite composi-
tions with different FeO,, contents. Two water releasing events are
clearly distinguished in both profiles corresponding respectively to,
1) magnetite destabilization, consumption of antigorite and formation
of olivine (Reaction (1)), and 2) breakdown of antigorite (Reaction
(3)) and clinochlore (Reaction (5)). The water release for serpentinites
with 10 wt.% FeO is shifted towards lower pressures compared to pro-
files for serpentines with 1 wt.% FeO (Fig. 7). Dehydration within Fe-
rich serpentinites happens in a wider depth-range, between 50 and
110 km, for hot subduction, and between 120 and 230 km for cold sub-
duction. In contrast, dehydration in serpentinites with lower FeO is ob-
served in a narrower range, between 70 and 110 km for hot subduction
and between 190 and 230 km for cold subduction (Fig. 7).

To investigate possible link between dehydration reactions and seis-
micity in subduction zones, we compare, according to depth, the
pressure-derivatives of the released water amount to the number of
earthquakes detected between 1970 year and 2016 year (Fig. 7a, b).
Earthquake hypocenters for South Chile and Kermadec subduction
zones are taken from the USGS ANSS comprehensive catalog. The histo-
gram of earthquake depth distribution within South Chilean subduction
(Fig. 7a) shows three maxima of seismic events. The first maximum
(peak A; Fig. 7a) indicates earthquake hypocenters located around
40 km in depth. According to, e.g., Stern (2002), such shallow-depth
seismic events are likely caused by slab faulting and dehydration of sed-
iments and metabasalts. A low peak of seismic events is observed
around 70 km depth (peak B), which appears in agreement with a
peak of water release caused by olivine-in and magnetite-out reaction
(solid curve in Fig. 7). More significant maximum of seismic events is lo-
cated around 110 km depth (peak C) and correlates perfectly with the
highest peak of dehydration depth-profile for the Fe-rich serpentine.
This maximum corresponds to a water release due to antigorite and
clinochlore breakdown. Such a correlation potentially suggests, as al-
ready proposed by some authors (e.g., Peacock, 2001; Ulmer and
Trommesdorff, 1995), that dehydration of serpentinites could contribute
to intermediate-depth seismic events in hot-type subduction settings.

In contrast, the dehydration reactions in cold subduction zone do not
coincide with the maximum of earthquake hypocenters (Fig. 7b). The
only significant peak (peak A; Fig. 7b) of seismic events on the histogram
for Kermadec subduction zone is located around 40 km, these seismic
events, as in the case of hot subduction, correspond to dehydration of
sediments and metabasalts. The dehydration of Fe-bearing serpentinites
in such geological settings occurs at greater depths, >150 km (Fig. 7).
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Such a discrepancy between depths of seismicity and serpentinite dehy-
dration suggests that earthquakes in steep-angle cold-type subduction
zones, such as Kermadec, are not triggered by serpentinite dehydration.

The contrasted rheological effect of serpentinite dehydration in hot
and cold subduction settings is puzzling and the effective role of
serpentinite dehydration in promoting intermediate-depth earth-
quakes is still to be answered (e.g., Gasc et al., 2011; Okazaki and
Hirth, 2016). It is known that Kermadec-type subduction zones are
characterized by reduced intermediate seismicity and a lack of deep
earthquakes (Stern et al., 2003). The maximum of seismic events at
shallow and intermediate depths (20-80 km) may be caused by slab
faulting mechanisms (Stern et al., 2003) and dehydration in the oceanic
crust of minerals such as lawsonite (Okazaki and Hirth, 2016).

5. Conclusions

Using experimental results and thermodynamic modeling, we have
constrained the stability of mineral phases in serpentinites with differ-
ent Fe contents and demonstrated the effect of Fe on reducing the
upper thermal stability limit of main hydrous phases, antigorite and
clinochlore (Fig. 6), compared to pure Mg-systems. The presence of Al
in our starting material stabilized clinochlore at temperatures up to
820 °C. Dehydration of subducting slabs depends on 1) the thermal
structure of subduction zone, which is regulated by the age and speed
of the slab (Syracuse et al., 2010; van Keken et al., 2011), and 2) the
chemistry of the slab, particularly the Fe and Al contents, which influ-
ence the stability fields of hydrous minerals and consequently, the P-T
conditions of water release from the slab. Our work shows that, the
composition of serpentinites and the pressure-temperature gradient
must be considered when modeling and interpreting processes in sub-
duction zone, especially the process of dehydration. Future work and
modeling included ferric iron substitution in antigorite will help to con-
strain P-T conditions of natural serpentinite dehydration and oxidation
state of the released fluid.

The comparison between focal depths and water-release depth pro-
files in two different subduction zones demonstrates that, depending on
the angle of subduction and the PT conditions in the slab, the contribu-
tion of serpentinite dehydration to seismicity, if any, could be highly
contrasted. A clear correlation between depths of dehydration and of
peak seismic activity in hot subduction zones strongly contrasts with
the absence of such a correlation in cold subduction zones.
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3.1. Introduction

Subduction zones are main global element cycling systems. The main element-transport
agent in subduction zones is widely assumed to be an aqueous fluid released due to dehydration
of oceanic lithosphere. The mobility and compatibility of fluid mobile elements strongly
depends on P-T conditions and oxygen fugacity (fO,) of the zone where H,O is released. While
pressure and temperature conditions of various depths in the slab and along the slab are well
established, information about fO, of subduction zones is hardly provided. The fO, of
subduction zones and upper mantle in general may vary by 6 orders of magnitude (Frost and
McCammon, 2008). The understanding of fO, conditions in mantle and in subduction zones in
particular includes investigation of slab lithologies and their relations between each other and
a mantle wedge. The fact that mantle wedge peridotites are more oxidized than abyssal
peridotites brings compelling evidence that oxidized subducted slab influences the redox state
of the overlying mantle. Composition of the slab and speciation of elements capable for electron
exchange, Fe and S in particular, are the principal parameters which are controlled by fO, in
subduction zones. The evolution of Fe’*/Feo ratio and S speciation in serpentinites may

provide invaluable information about fO, in subduction zones.

In this chapter the behavior of Fe and S, main redox sensitive elements in serpentinites,
and the redox capacity of different in composition serpentinites are investigated. Accurate X-
ray absorption spectroscopy measurements, applied in this study, allows to quantify Fe*"/Fea
in all ex-situ and in-situ experimental products. The discussion about oxidizing properties of
released fluids is provided. In addition, the influence of neighboring lithologies on
reduction/oxidation of serpentinites and the role of serpentinites in mantle wedge oxidation is

discussed.

Sulfur may be not only oxidized/reduced during serpentinite dehydration, but also can
be volatilized. The speciation of volatile sulfur and understanding the mechanism of S release
from subducting slab is important regarding the ability of sulfur complexes transport
economically important elements to the mantle wedge and continental crust. Experimental
results of this chapter demonstrate the speciation and loss of S during serpentinite dehydration

and allow to speculate about analogous processes in natural settings.
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Abstract

Dehydration of serpentinites produces a large amount of H,O at elevated P-T conditions
relevant for subduction settings. Our results identified that this aqueous fluid has a different
redox capacity at intermediate and high P-T conditions due to different degree of Fe and S

reduction.

The progress of the redox reactions during serpentinite dehydration was constrained by
experimental approach. Experiments were performed in piston-cylinder apparatus. Three
serpentinites compositions varied in terms of bulk Fe, Fe’" and S contents were used. Intrinsic
oxygen fugacity (fO,) of the experimental setup was stable at fO, ~QFM-2, close to conditions
of subduction settings. Experimental results demonstrated decrease of an initial high bulk
Fe*/Fe ratios (0.9) of serpentinites down to ~0.2 in anhydrous high temperature assemblages
through magnetite and Fe’*-bearing antigorite breakdown. Serpentinites without magnetite are
shown to drastically reduce their Fe**/Feq ratio at 650°C. Magnetite is occurred to be crucial
for production of highly oxidized fluids and volatile sulfur species which can be transported
from the subducting slab to the mantle wedge. The presence of pyrite, which transforms to

pyrrhotite below 450°C, imposes a release of V4 of initial sulfur, most-likely in H,S form.

The experimental approach and detailed characterization of mineral assemblages and
bulk Fe and S speciation allowed to estimate quantitatively the amount of released H,O and
redox potential of the released fluid at different steps of dehydration process. The extrapolation
of experimental results to natural settings was accomplished with the help of thermodynamic
modeling. We suggested that the presence of reduced species (e.g., sulfur and carbon) in
subducting slab may drive elemental reduction in serpentinites. The demonstrated great
oxidizing power of serpentinites could explain why mantle wedge peridotites and arc magmas

are more oxidized compared to the upper mantle in other geological settings.

Key words: iron, sulfur, serpentinite, subduction zone, redox reaction, mantle oxidation
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3.2.1 Introduction

Subduction of sediments, metabasalts and serpentinites comprising oceanic lithosphere
is accompanied by a release of aqueous fluid, which is widely known to be a cause of partial
melting in the mantle wedge, arc magma formation and generation of earthquakes. Dehydration
of oceanic subducting slab is also an important process regarding global geochemical cycling
of elements. It is well established that fore-arc mantle rocks and arc magmas inherit part of their
geochemical composition from oceanic slab via the release of aqueous fluids from dehydrating
subducting lithologies (e.g., Plank and Langmuir, 1998; Kerrick and Connoly, 2001a; Kessel
et al., 2005). Each of the slab lithological components, i.e. sediments, metabasalts or
serpentinites, releases fluids to a different extent and in different ranges of subduction depths.
Sediments and metabasalts which compose the upper layers of the slab, dehydrate at depths of
about 50-80 km (e.g., Syracuse et al., 2010) and mainly contribute to the hydration of fore-arc
mantle, before the front of arc-magmas generation (Kerrick and Connolly, 2001a; Evans, 2012).
Serpentinites, in their turn, dehydrate at greater depths, due to the successive breakdown of
antigorite, the main high-pressure and high-temperature serpentine variety (Ulmer and
Trommsdorff, 1995), and clinochlore (Bromiley and Pawley, 2003). Contribution of
serpentinites to the slab water budget is important since serpentinites contain 8 wt.% of H,O in
average (Hacker, 2003) whereas metabasalts and sediments host about 3 wt.% (Kerrick and

Connolly, 2001b) and 5 wt.% (Kerrick and Connolly, 2001a), respectively.

The dehydration of serpentinites causes the mobilization of FME (fluid-mobile
elements) (Hattori and Guillot, 2007; Evans, 2012) potentially in their oxidized form (e.g.,
Evans, 2012; Debret et al., 2016). Release and migration of slab-derived fluids is potentially a
way to modify the redox conditions occurring in the mantle wedge. Indeed, arc magmas were
shown to be more oxidized than MORB and OIB (Parkinson and Arculus, 1999; Kelley and
Cottrell, 2008). In addition, serpentinites forming in a mantle wedge were shown to be oxidized
and enriched in FME (e.g., Hattori and Guillot, 2007) which could have been transported by

aqueous fluids from the slab serpentinites to the mantle wedge.

The oxidizing/reducing capacity of a rock is determined by the presence of elements
capable for electron exchange, such as Fe and S (Evans, 2012). Oceanic serpentinites are mainly
produced by the hydrothermal alteration of the oceanic lithosphere which involves redox
reactions. Globally, ferrous iron from oceanic mantle peridotites oxidizes while the alteration

fluid is reduced (Evans, 2013). At slow spreading centers for example, olivine and pyroxene
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from abyssal peridotites are transformed into ferric serpentine (lizardite) and magnetite while
H,-bearing fluids are produced (Marcaillou et al., 2011). It can be anticipated that the process
of dehydration of serpentinized peridotites will conversely produce oxidized fluids while ferric
iron in serpentine and magnetite reduces back to ferrous in olivine-pyroxene assemblages.
Actually, the Fe*/Fe, ratio of natural serpentinites is shown to decrease during serpentinite
dehydration in a fossilized subduction setting from western Alps (Debret et al., 2014, 2015).
As it was demonstrated by Debret et al. (2014), modal abundance of magnetite, together with
bulk ferric iron, decreases progressively during serpentine breakdown. Consequently, we must
consider iron reduction (Fe’" &; Fe™") as a half-reaction of oxidation with the potential of

oxidizing the serpentinite environment.

Sulfur is another element capable for electron exchange in subducted rocks. A number
of natural and thermodynamic modeling studies demonstrated a possible sulfur loss from deep
parts of the slab. Release of sulfur is often proposed to be associated with redox reactions
producing volatile (e.g., H>S) or soluble sulfur-bearing species (e.g., SO4>), as the reduction of
sulfates to sulfides (Evans, 2014), the reduction of pyrite to pyrrhotite (Hall, 1986; Evans et al.,
2015) or the oxidation of sulfides to sulfates (Debret et al., 2016). In serpentinites, sulfur is
mostly hosted by sulfides (reference). The stability of sulfides at P-T-fO, conditions relevant to
subduction zones is however mostly unknown and, hence, the observed transfer of sulfur from
sulfide to S-bearing volatile species is still poorly understood (see Frost, 1985 for the sulfur

behavior at shallow depths in subduction zones).

Serpentinites composition with respect to these two elements with variable oxidation
states, iron and sulfur, is somehow variable. Total iron content in serpentinites can range from
~4 wt.% (Guillot et al., 2001) to ~12 wt.% (Li et al., 2004). A range of Fe’"/Feiu in
serpentinites is found to be about 0.7-0.8 (Evans, 2008; Debret et al. 2014; 2015). Sulfur content
in serpentinites changes from ~0.03 to ~1 wt.% (Alt et al., 2013). Consequently, different
oceanic serpentinites may produce different types of fluids with potentially different redox

potentials.

Based on our recent experimental results, reduction of iron in serpentinites begins at low
temperatures, when magnetite destabilizes (Merkulova et al., 2016). Iron reduction proceeds up
to 700°C, when Fe’ -antigorite breakdown is completed. Sulfur reduction is likely to occur in

narrower and lower temperature range compared to Fe (Frost, 1985; Hall, 1986).
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Considering the slab being an open or closed system it may have major implications
regarding processes of slab dehydration. According to several authors (e.g., Marchesi et al.,
2013; Evans et al., 2014), the open system should be favored, meaning that the formed fluids
leave the system, and do not impact the forthcoming mineral reactions, especially in terms of
redox conditions. Based on this assumption, released fluids potentially escape to upper parts of

the slab or ascent to the mantle wedge.

Hence, possible liberation of oxygen, due to potential Fe and S reduction in the open-
system conditions of subduction, leads to the oxidation of upper layers of the slab and the
mantle wedge, provides oxidized conditions for arc magma formation, and affects mobility of
FME. However, no experimental work has been done in order to estimate quantitatively the

effect of transition elements reduction on the release of oxidizing fluids.

The goal of the present work is to examine the redox behavior of iron and sulfur during
the dehydration of simplified serpentinite compositions at the P-T conditions of subduction
zones and fO, ~QFM. Our approach is to combine experimental results and thermochemical
modeling in order to evaluate the reducing/oxidizing potential of the aqueous fluid released
coincidentally. Three different starting compositions were chosen for experiments in the
piston-cylinder apparatus (PC): 1) Fe’*-bearing antigorite; 2) mixture of Fe’ -antigorite and
magnetite; 3) mixture of Fe* -antigorite and pyrite. Such a choice of starting materials allows
to investigate the effect of magnetite and sulfide on the phase relationships of antigorite as a
function of temperature at 2 GPa. We show that fO, conditions in our experiments are controlled
by the PC cell assembly and, thus, thermodynamic modeling is used to extrapolate the
experimental results to a range of naturally relevant redox conditions. Experimental products
were characterized by X-ray diffraction, electron microprobe and X-ray absorption near edge

structure (XANES) spectroscopy at both the Fe and S K-edges.
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3.2.2 Methods

Three starting materials containing antigorite as major component were used: (1) 100
wt.% natural antigorite; (2) 95 wt.% natural antigorite + 5 wt.% magnetite (Magnox powder,
99% purity); (3) 97 wt.% natural antigorite + 3 wt.% natural pyrite. Experiments performed
with these starting materials will be referred to as “set#1”, “set#2” or “set#3”, respectively. The
same natural antigorite was used in all three starting mixtures, antigorite was collected at the
Mont-Cenis massif, French Alps (Mufioz et al., 2013). Muiloz et al. (2013) determined a
Fe*"/Few of 0.97 ratio for this antigorite sample which is relevant to the Fe’"/Fey ratio
encountered for lizardite in general and for lizardite from serpentinized peridotite in particular
(e.g., Evans et al., 2012; Debret et al., 2014). Furthermore, this antigorite sample was selected
because of its homogeneity and availability in sufficient quantity for experimental petrology.
The relatively high amount of pyrite in set#3, which is 3 times higher than in natural
serpentinites (Delacour et al., 2008), is aimed at performing sulfur elemental analysis and

XANES measurements at S K-edge on the run products with sufficient resolution.

The major-element composition of starting materials was measured by X-ray
fluorescence using (XRF) EDAX Eagle III spectrometer (ISTerre, Grenoble) and mineral
abundance was determined using X-ray powder diffraction (XRPD). Minor amounts of
andradite and clinochlore were observed in all starting mixtures, which account for the presence
of CaO and Al,O3 (2.43 wt.% and 1.92 wt.%, respectively) in the starting antigorite. Bulk oxide
compositions of the three starting materials are shown in Table 3.2-2 together with Fe’*/Feia

ratios obtained from XANES spectroscopy measurements at Fe K-edge.

Experiments were carried out in an end-loaded piston-cylinder apparatus at pressures
from 1.5 to 2 GPa and temperatures from 450 to 900°C, with experimental durations ranging
from 4.5 to 9 days. The detailed experimental procedure is described in Merkulova et al. (2016).
The oxygen fugacity (fO,) was imposed by the cell assembly and no fO, mineral buffer was
added. The permeability of gold capsule to hydrogen, produced by the graphite furnace
oxidation (Chou., 1986), imposes, at least transiently, a fO, between QFM and QFM-2 (e.g.,
Truckenbrodt et al., 1997). The capacity of our cell assembly to produce H, has been tested (see

hereafter).

Table 3.2-1 summarizes the P-T conditions, durations, starting material and mineral

assemblages observed in run products for three experimental sets.
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Table 3.2-1. P-T conditions, durations, starting materials and mineral assemblage in run products for three sets of
piston-cylinder experiments.

Run # T, °C P, GPa Starting material Duration, days Solid run products
Set#1

Atg 15 600 2 Atg 100% 7 Atg, Ol, Clc, Cpx

Atg 16 700 2 Atg 100% 5 0], Clc, Opx, Cpx

Atg 17 800 2 Atg 100% 6 0Ol, Opx, Clc, Cpx

Atg 18 550 2 Atg 100% 7 Atg, O, Clc

Atg 19 650 2 Atg 100% 5 Atg, Ol, Clc, Cpx, Tr
Atg 20 850 2 Atg 100% 6 0Ol, Cpx, Opx, Clc

Atg 22 875 2 Atg 100% 7 0l, Cpx, Opx, Clc
Set#2

Ant Mgt5 01 600 2 Atg 95%, Mag 5% 9 Atg, Clc, Ol, Cpx

Ant Mgt5 02 700 2 Atg 95%, Mag 5% 5 Ol, Opx, Tr, Clc

Ant Mgt5 03 650 2 Atg 95%, Mag 5% 6 Atg, Ol, Cpx, Clc, Adr
Ant Mgt5 06 750 2 Atg 95%, Mag 5% 4.5 Ol, Opx, Clc, Cpx

Ant Mgt5 07 800 2 Atg 95%, Mag 5% 4.5 Ol, Opx, Clc, CPx
Ant Mgt5 08 675 2 Atg 95%, Mag 5% 4.5 Atg, Ol, Clc, Tr, Cpx
Ant Mgt5 09 725 2 Atg 95%, Mag 5% 4.5 Ol, Opx, Clc, Cpx

Ant Mgt5 11 850 2 Atg 95%, Mag 5% 4.5 Ol, Opx, Prp

Ant Mgt5 12 550 2 Atg 95%, Mag 5% 5 Atg, Clc, Ol

Set#3

Atg Py 15 550 2 Atg 98.5%, Py 1.5% 4.5 Atg, Clc, Po

Atg Py 16 700 2 Atg 98.5%, Py 1.5% 5 Atg, Tr, Clc, Ol, Cpx Po
Atg Py 17 850 2 Atg 98.5%, Py 1.5% 6 01, Opx, Cpx, Clc, Po
Atg Py 18 450 1.5 Atg 98.5%, Py 1.5% 8 Atg, Ol, Cpx, Clc, Py, Po
Atg Py 19 600 2 Atg 98.5%, Py 1.5% 6 Atg, Ol, Cpx, Clc, Po
Atg Pyt 20 900 2 Atg 98.5%, Py 1.5% 6 Fo, Opx, Cpx, Po, Prp

After each run, the recovered capsule was pierced to check whether the water produced
during mineral reactions, if any, had not escaped in the course of the experiment. “Rotten egg”
smell was sensed after capsules of set#3 experiments were pierced, characterizing the presence

of H,S gas.

One third of the recovered powder sample was crushed in an agate mortar for XRPD
characterization. Another third of the sample was mounted in epoxy and polished for electron
probe micro-analysis (EPMA) and scanning electron microscope (SEM) observations. The
remaining part of the sample was finely crushed and prepared as a 5 mm diameter pellet for
XANES spectroscopy measurements. Samples containing sulfide (set#2) were crushed in a

glove bag filled with He/Ar gas to prevent oxidation of sulfides.

The methods of X-ray diffraction characterization of experimental products and electron
probe micro-analysis (EPMA) of individual mineral phases performed at ISTerre (Grenoble,

France) are identical to those described in Merkulova et al. (2016).

The phase abundances in each experimental product were estimated from mass balance

74



Chapter 3  Behavior of Fe and S during serpentinite dehydration

calculations using the average individual mineral compositions measured by EPMA (Table 3.2-
S1) and the bulk composition of starting materials (Table 3.2-2). Modal abundances were
derived following the method described by Lamberg et al. (1997). Estimated deviations from
average values are + 1-20 %.

Table 3.2-2. Composition of starting materials for three experimental sets.
Oxide, wt% Set#1 Set#2 Set#3

SiO, 4412 39.02  38.99
TiO, 0.02 0.45 0.00
ALO; 0.72 1.92 1.66
FeO 1.37 6.07 3.24
MgO 4149 3852  40.71
Ca0 0.01 2.43 0.99
Cr,0; 0.00 0.16 0.16
NiO 0.00 0.04 0.00
H,0 12.14 11.50 12.00
SO, 0.00 0.00 2.20
Total 100.00  100.12  100.00
Fe¥'/Fe 0.96 0.96 0.82

XANES analyses were performed at Phoenix beamline of SLS (Swiss Light Source)
synchrotron and at LUCIA beamline of SOLEIL synchrotron (France). Experimental products
from set#2 were analyzed at the Fe K-edge at the Phoenix beamline. Incident energy was
scanned from 7050 eV to 7290 eV using Si(111) double-crystal monochromator. The spot size
on the sample was 1.4 x 1.4 mm. XANES spectra were collected in fluorescence mode using a

1-element silicon-drifted diode (SDD) located at 90° from the incident X-ray beam direction.

XANES spectra of experimental products from set#1 and set#3 were collected at
LUCIA beamline. Fe K-edge XANES spectra were acquired between 7050 and 7600 eV, using
a Si(311) fixed-exit double-crystal monochromator, and the S K-edge XANES spectra were
acquired between 2400 and 2600 eV using the same monochromator equipped with KTP(011)
crystals. The beam size on the sample was ~1 mm in diameter. In order to prevent beam damage
and possible changes in valence for iron and sulfur (i.e., photo-oxidation/reduction) during
measurements, XANES spectra were collected in a primary vacuum chamber cooled at -70°C
using a liquid nitrogen cryostat. Spectra were collected in fluorescence mode using 4-elements

silicon drifted diode (SDD) located at 86° from the incident beam.

XANES spectra were normalized using the Athena software (Ravel and Newville,
2005). Quantitative bulk rock Fe’*/Fe, was obtained from Fe-K pre-edge analysis, which

includes baseline subtraction and fitting the pre-peak region of the spectra using a Matlab
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routine from the XasMap package (Muiioz at al., 2006; 2008). The Fe**/Fey quantification was
based on the pre-edge centroid energy calibration (see Wilke et al., 2001) using the following

model phases: olivine, staurolite, andradite and sanidine (Muiioz et al., 2013).

The determination of sulfur concentration in starting material and 3 experimental
products of the set#3 was performed at G.G. Hatch Lab (Ottawa, Canada). Detailed procedure
of elemental analysis can be found in Operating Instructions vario EL (2005) and in

supplementary material of this article.
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3.2.3 Results

Mineral assemblages

Diffraction patterns (Fig. 3.2-S1) confirmed the starting materials mineralogical content
along with minor clinochlore (Clc) and andradite (Adr). As the run temperature increases, the
diffraction peaks of Atg decrease in intensity and disappear at 700°C in set#1 and #2 indicating
complete breakdown of antigorite. Peaks of Atg are still present on diffraction pattern of 700°C
experimental product of the set#3. The intensity of Clc reflections increases at 700°C and
decreases at 850-900°C. Tremolite (Tr) peak is observed only at 700°C. XRD patterns of 450-
700°C experimental products of all three sets demonstrate the growth of olivine (Ol),
clinopyroxene (Cpx) and orthopyroxene (Opx). Assemblages observed for the experiments
performed at the highest temperatures (875-900°C) are composed of Ol, Cpx, Opx and pyrope
(Prp) according to XRPD.

Mineral chemistry

Mg# defined as Mg/(Mg+Fe), is observed to change significantly in the mineral
products as a function of run temperature. Figures 3.2-1a, b and ¢ show three plots of Mg# of
mineral phases vs. temperature from the three sets of experiments. Two different temperature
ranges are distinguished in each plot (Fig. 3.2-1a, b, ¢). In the lower temperature experiments
(<700°C), Mgf# of olivine increases whereas Mg# of clinopyroxene decreases. Note, that Mg#
of antigorite in the set#2 also decreases similarly to Mg# of clinopyroxene. Such a reverse
evolution of Mg# of olivine and clinopyroxene/antigorite can be explained by Fe-Mg exchange
between coexisting minerals below 700°C (Merkulova et al., 2016). Minerals recovered from
higher temperatures (>700°C) do not vary in composition and have nearly constant Mg#, 0.97
on average for Ol, Cpx, Opx, Clc and 0.88 for garnet (Grt) in set#1, 0.91 for Ol, Cpx, Opx, Clc
and 0.78 for Grt in set#2 and between 0.91 (Grt) and 0.96 (Clc) in set#3.
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Figure 3.2-1. Mg# index of observed minerals in experimental products as a function of temperature of the
experimental a) set#1, b) set#2, c) set#3. Green circles indicate Mg# of olivine, black triangles —-Mg# of antigorite,
orange squares — Mg# of clinopyroxene, light blue diamonds — Mg# of orthopyroxene, blue triangles — Mg# of
clinochlore, crosses — Mg# of garnet. Evolution of mineral phase abundances during dehydration at experimental
d) set#1, e) set#2, f) set#3; Integrated amount of released water calculated by mass balance for g) set#1, h) set#2;
1) set#3.
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Mass balance calculations

The change of phase abundances in three experimental sets obtained from mass balance

calculations is shown in Figures 3.2-1d, e, f as a function of run temperature.

Although minor clinochlore and andradite were detected by XRD in the starting
materials, they were not accessible for EPMA analyses due to low amount and small grain size.
Therefore, andradite and clinochlore were not considered to be present in starting material in
mass balance calculations. Pyrite and pyrrhotite were not measured by EPMA and, thus, their

abundances were not calculated.

Figure 3.2-1d, e, f, g, h and i show the calculated mineral abundances and the amount
of aqueous fluid liberated by the experimental charge. Antigorite abundance is shown to
decrease from 95-100 wt.% at ambient temperature to about 60 wt.% at 600-650°C in the three
experimental sets. Antigorite disappears at 700°C in set#1 and #2; however, it is still present at
700°C in set#3 where it amounts to 26 wt.% before vanishing at higher temperature. Magnetite
was not detected in any of the experimental products of set#2 suggesting that it breaks down at
temperature <550°C. Olivine progressively increases in abundance from about 10 wt.% at 450-
550°C to ~60 wt.% at 700°C and above. Clinopyroxene appears at 550°C and reaches 10-12
wt.% at most (in set#2). Both orthopyroxene and clinochlore appear above 650°C. Opx remains
present at the highest temperatures investigated here, i.e. 875-900°C, whereas clinochlore has
a maximum abundance of 12 wt.% at 700°C in set#1 and set#2, set#3 and breaks down at 850

or 900°C depending on the set of experiments.

The water content of the starting materials, as initially stored in antigorite, is 12.14 wt.%
(set#1), 11.50 wt.% (set#2) and 12 wt.% (set#3) (Table 3.2-2). With increasing temperature,
water is liberated in the experimental charge as antigorite breaks down. Based on mineral
modes, it can be shown that at 650°C already about 3 wt.% H,O has been released by antigorite.
At 700-800°C, antigorite has been consumed and most of the water/hydroxyl groups contained
in mineral phases has been released as a fluid phase. Actually, depending on the experimental
set, a few more wt.% H,O are finally produced upon clinochlore thermal decomposition at 875-

900°C.
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Bulk Fe speciation

XANES (X-ray Absorption Near Edge Structure) spectra were measured at the Fe K-
edge on experimental products from three sets of experiments (Figure 3.2-2 a, b and c). As a
general observation, each series of XANES spectra show systematic shift towards lower
energies with increasing temperature. In a first approximation, such a shift most likely traduces

a reduction of the valence of iron, from ferric to ferrous.

Regarding set#1 and set#3 (Fig. 3.2-2a, c¢), the white line of the starting material
spectrum shows a doublet with the main peak located at 7134 eV, indicated as a B feature on
Fig. 3.2-2. While at 700°C and higher temperature the white line shifts towards lower energies
(line A in Fig. 3.2-2a).

XANES spectra collected for the set#2 are summarized in Figure 3.2-2b. Energies of
the set#2 XANES spectra are slightly lower than energies for set#1 and set#3 due to different
analytical conditions on the two synchrotron beamlines. The starting material spectrum of the
set#2 has a white line (feature B in Fig. 3.2-2b) at 7132.3 eV which shifts towards lower
energies with increasing temperature. XANES spectrum of the set#2 run performed at 550°C
exhibits an intermediate white line energy. For set#2 run products obtained at 600°C and above,
white line of the corresponding spectra is further shifted to lower energies, as indicated by

feature A on Fig. 3.2-2b.

Pre-peaks of Fe K-edge XANES spectra were subtracted and fitted (Figure 3.2-2 d, e,
f). Pre-edge centroid energies were calibrated using model reference minerals and Fe®/Fe o
ratio was quantified. Bulk Fe’*/Feq values are shown in Figures 3.2-3 as a function of run

temperature.

The Fe'/Fey ratio of set#1 reduces from 0.97 in the starting material to 0.85 in the
550°C run product. Fe’*/Fey sharply decreases to 0.42 in the 600°C sample and down to 0.17
and 0.18 in 700°C and 875°C run products, respectively.

Fe**/Fey ratio of the antigorite - magnetite starting mixture (i.e., set#2) equals to 0.96.
It decreases drastically down to 0.42 in the 550°C run (set#2) and decreases further to reach
values from 0.14 to 0.28 for runs performed at T > 600°C.
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The set#3 starting material has the lowest Fe*"/Fey ratio (0.82) due to the addition of
pyrite. The sample produced at 450°C has still bulk Fe redox state (Fe’/Feym = 0.78) close to
that of the starting material. With increasing the run temperature, the Fe**/Fe ratio gradually

reduces to 0.62 (550°C), 0.25 (700°C), and 0.15 (900°C run).
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Figure 3.2-2. Normalized Fe K-edge XANES spectra of experimental products as a function of temperature. a)
experimental set#1, b) set#2, c) set#3. Dashed lines indicate a shift of white line of spectra. Normalized Fe-K pre-
edge spectra of the experimental products of d) set#1, e) set#2, f) set#3. Open circles represent pre-edge fits.
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Figure 3.2-3. Evolution of Fe3+/Femml as a function of temperature in experimental set#1 (white circles), set#2 (red
diamonds), set#3 (blue circles) and natural serpentinites (grey stars). Values of Fe**/Fe, for natural serpentinites
are taken from Debret et al., 2014 and 2015.

Bulk S speciation

The S K-edge XANES spectra of set#3 are shown in Figure 3.2-4 together with a
spectrum of the starting material and a reference spectrum of pyrrhotite (FeS). The starting
material spectrum shows a typical signature of pyrite, in which sulfur has a negative charge (S
). The white line of the starting material spectrum is characterized by a sharp single peak located
at 2471.1 eV (feature b on Fig. 3.2-4). Pyrrhotite reference spectrum displays an absorption
edge located at lower energy, which is consistent with its formal oxidation state (S*). The white
line of pyrrhotite spectrum is characterized by a wide peak located at 2469.5 eV (feature a, Fig.
3.2-4). A high-energy peak (feature c, Fig. 3.2-4) on a wide shoulder of the starting material
spectrum is attributed to an iron sulfate phase, which was not detected by other analytical
methods (XRD, EPMA). Hence, this Fe-sulfate is interpreted as a sample preparation artifact.
Although the sample was crushed under anoxic conditions, part of the pyrite could have been
oxidized in air after sample removal from a glove bag. Additionally, pyrite oxidation could

occur under the X-ray beam during XANES acquisition.

The shape of the white line (a and b features in Fig. 3.2-4) is found to evolve between
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the starting material and the run product obtained at 550°C. The spectrum corresponding to the
450°C sample displays both a and b features which indicate the presence of both, pyrite (44 wt.
%, LCF) and pyrrhotite (66 wt.%, LCF; Fig. 3.2-4).

The spectrum of the 550°C experimental product indicates that pyrrhotite is the only
sulfur-bearing phase in this sample. Consequently, S K-edge XANES spectroscopy
demonstrates a reduction of sulfur from S™ to S* between ambient conditions and 550°C/2 GPa
with a transitional assemblage at 450°C/2 GPa, which contains both pyrite and pyrrhotite. In
samples obtained at higher T (>550°C), pyrrhotite remains the only S-bearing mineral (Fig. 3.2-
4). Thus, no further change in sulfur oxidation state (S*) is observed in the solid fraction of

samples produced at temperatures above 550°C.

Pyrrhotite ref
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Figure 3.2-4. Evolution of S K-edge XANES spectra as a function of temperature in the experimental set#2. Orange

dotted lines indicate a white line shift. Open circles represent fit of the 450°C spectrum obtained by linear
combination. Features a, b and ¢ are discussed in the text.

Bulk S concentration

Elemental analysis of S was performed on three set#3 samples and the corresponding
starting material (Table 3.2-3). The starting material contains 1.65 wt.% total sulfur in the form

of pyrite. In the set#3 sample run at 450°C where both pyrite and pyrrhotite are present (see
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section ’Bulk S speciation”), total sulfur amounts to 1.21 wt.% and implying thus a loss of 0.35
mg of sulfur during the experiments. Combining this result with concentration of sulfur in the
experimental product amount of pyrite corresponds to 0.44 wt.% and pyrrhotite to 1.04 wt.%.
Set#3 samples produced at 850°C and 900°C contain 1.26 wt.% sulfur, which is close to that
of the 450°C sample. Overall, about 25% of bulk initial sulfur content is transferred from sulfide

to a volatile S-rich phase and lost during the serpentinite dehydration at 450°C or below.

Table 3.2-3. Wt.% of sulfur, moles of pyrite, pyrrhotite and O, per kg of solid rock calculated based on S reduction.

0O, Reaction

Experiment T, S, FeS,, FeS, H,S 0, Reaction (3.2- (3.2-3), 0, total,
°C  wt.% moles/kg moles/kg moles/kg 2), moles/kg moles/kg moles/kg
Atg PySM 25 1.65 1.03 0 0 0 0 0
Atg Py 18 450 1.21 0.33 0.2 0.28 4.24 0.14 4.38
Atg Py 17 850 1.26 0 0.39 0 3.12 0 3.12
Atg Py 20 900 1.26 0 0.39 0 0 0 0

Oxygen transfer in the RedOx reactions

Based on the observed bulk Fe*™ reduction, it can be considered that oxygen is produced

according to the following simplified half reaction of reduction:
[Fezo3]mineral reactant __ [Feo]mineral product + 02 (32_1)

This reaction is only virtual since a coupled oxidation half-reaction proceeds at the same
time, here, the oxidation of the cell assembly (see section 3.2.4 Discussion). Based on Reaction
(3.2-1), the Fe®*/Fe o ratio can therefore be translated into an amount of transferred oxygen as
a function of run temperature (Fig. 3.2-5). About 2.7 moles of O, are released in total after
complete dehydration of 1 kg of our antigorite starting material, i.e., in set#1. Calculations
based on results of set#2, which contained 5 wt.% magnetite in the starting material, show that
total amount of transferred O, is 13.9 moles per kg of starting material (Fig. 3.2-5), which is
almost 5 times more than in set#1 (Fig. 3.2-5). This difference is obviously due to the
breakdown of magnetite (Fe*"/Feoa ratio of 2/3). The amount of oxygen transferred in set#3
experiments equals to 5.8 moles per kg of starting material (Fig. 3.2-5), i.e., 2.5 times less than

for set#?2.

Similarly, virtual oxygen production associated with S reduction was calculated from
Reactions (3.2-2) and (3.2-3) based on the S content and the Py/Po ratio of the experimental
products (Table 3.2-3 and Fig. 3.2-5). A total of 4.38 mole/kg of O, is potentially formed at
450°C and 3.12 mole/kg of O, formed at 550°C. Note, that higher S concentration in the set#3
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compared to natural rocks should be taken into account when applying the results to natural

settings, and thus the amount of produced oxygen by S reduction should be divided by 3.
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Figure 3.2-5. Calculated moles of released H,O (purple) and O, (bright blue and mild blue) per kg of solid rock at
a single T for a). experimental set#1, b). set#2, c). set#3. “Fe;O4 out” indicates temperature of magnetite-out
reaction, “Atg out” — antigorite breakdown, “Clin out” — clinochlore breakdown, “Py-Po” — temperatures of pyrite-
pyrrhotite transition.
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3.2.4 Discussion

S reduction and mobility in experiment

Pyrite, contained in set#3, is found to transform into pyrrhotite between 450 and 550°C
at 2 GPa. This mineral change occurs coincidently with olivine crystallization and Fe depletion
in the coexisting silicates, mostly olivine (Fig. 3.2-1¢). We therefore propose that pyrite reacted
with antigorite to produce pyrrhotite and olivine with a Mg# lower than that of the starting
antigorite. The corresponding water- and oxygen-producing reaction can be summarized as

follows:
2(MgoFe®)(Fe’"Si)Os(OH), + 4FeS; = 2Mg,SiO4 + 4H,0 + 30, + 8FeS (3.2-2)
Fi e3+-Atg pyrite forsterite  water oxygen pyrrhotite

The process of Fe remobilization from silicate minerals to sulfides during
metamorphism was described in a number of studies (e.g. Hall, 1986; Alonso-Azcarate et al.,
1999) and thus, is likely to occur is subducting serpentinites. It should be noted that Reaction
(2) does not imply a release of sulfur in a fluid phase, but results in Fe and S reduction between

450-550°C, which occur due to low fO, of the experimental setup.

On the other hand, sulfur elemental analysis of the solid products of set#3 runs indicated
that about 25 % of the sulfur initially present in pyrite has been lost from the solid, i.e.
volatilized, below or at 450°C during dehydration. Regarding the relatively low fO, of the
present experiments, and the stability of pyrrhotite, reduced fluid S species, such as H,S, are
expected to be in equilibrium with pyrrhotite. This assumption is supported by the phase
diagram of iron sulfides proposed by Frost (1985) and extended here to 800°C and 2 GPa (Fig.

3.2-S2). Consequently, following reaction may be responsible for S volatilization:
FeS, + H,O = H,S + FeS + 1/20, (32-3)
pyrite water hydrogen sulfide pyrrhotite oxygen

These experimental results can have important consequences for S behavior in natural
settings. Natural rock studies (e.g., Alt et al., 2012, Evans et al., 2014) on sulfur isotopic
composition showed that sulfur loss from subducting serpentinites takes place at conditions
relevant for serpentine dehydration. These studies claim that sulfur is likely to be volatilized in

oxidized form, sulfate or SO,. According to our results, significant sulfur can be released in the
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form of H,S (or related sulfide species) provided that fO, is below QFM. In other words, S
release in serpentinites does not necessarily implies sulfur oxidation. However, in addition,
dehydration experiments comprising magnetite and sulfides together are required to investigate
the behavior and release of S in the presence of magnetite. Sulfur speciation in supercritical
fluids from subduction zone is far from being understood. As an example, sulfur species like
S* which was recently reported in synthetic high P-T fluids (Pokrovski and Dubrovinsky, 2011;
Manning, 2011) to coexist with H,S and sulfate complexes (Pokrovski and Dubessy, 2015)

might actually be relevant S-bearing serpentinites in subduction zones.

Moreover, a release of O, from dehydrating S-bearing serpentinites is demonstrated in
Reactions (3.2-2) and (3.2-3). In case of the present experimental conditions, oxygen is
transferred from serpentinites to the fluid to form H,O due to “unlimited” source of H; in the
experimental setup. And this way, uptake of O, by present H, in the capsule drives reduction
of S. However, natural environment case may not have such a source of H,. Natural scenario

will be discussed later.

Magnetite destabilization in experimental conditions

Due to its relatively high Fe’* content, magnetite can promote oxidizing conditions
through Fe’™ reduction into ferric iron and subsequent oxygen release (Figure 3.2-5). The
stability of magnetite in the synthetic serpentinite, set#2, is displayed on a T-log(aO,)
pseudosection (Fig. 3.2-6) has been calculated with Theriak-Domino program using the
thermodynamic dataset of Holland and Powell (1998), complemented with Fe-antigorite end-
member (Merkulova et al., 2016). From Fig. 3.2-6, it can be seen that the disappearance of
magnetite observed in set#2 can be a result of (1) fO, decrease, (2) temperature increase, or (3)
both of them. Since magnetite is absent in set#2 experiments at 550°C, it can be inferred from
the computed pseudosection (Fig. 3.2-6) that fO, should be at least higher than QFM-2. This
value is in line with reported fO, in pressure cells with carbon heaters. The “unlimited” source
of H; in the experimental setup imposes an fO,~QFM-2 during the whole run duration and thus

temperature should be the controlling factor for magnetite breakdown in our experiments.
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Figure 3.2-6. Log(a0,)-T isobaric (P = 2 GPa) pseudosection for bulk composition corresponding to the starting
material of the experimental set#2. Pseudosection computed with software Theriak-Domino (de Capitani and
Petrakakis; 2010). Red line indicate the QFM buffer. Dashed lines are isopleths of magnetite wt.%. Green arrow
indicates proposed evolution of natural serpentinites during dehydration. Atg — antigorite, Mag — magnetite, Hem
— hematite, Ol — olivine, Br — brucite, Opx — orthopyrotxene.

Redox reactions

The redox magnetite-out reaction which consumes antigorite and produces olivine and

an aqueous fluid can be summarized as follows:
6Mg3Si,05(OH)4 + 2Fe;04 = 12(Mg) sFe( 5)Si04 + O, + 12H,0 (3.2-4)
antigorite magnetite olivine oxygen water
Since antigorite also contains Fe", other reduction reactions must proceed in set#2:
6Fe;S1,05(0OH), + 4Fe;04 = 50, + 12H,0 + 12Fe,Si04 (3.2-5)
Fe'*-Atg  Magnetite oxygen water  fayalite

and
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2Fe,S1,05(0OH)4 = 4FeSiOs + O, + H,O (3.2-6)
Fe'*-Atg ferrosilite oxygen water

The lack of thermochemical data for Fe’*-bearing antigorite precludes to model the
respective contribution of (3.2-5) and (3.2-6) as well as the temperatures at which they will
occur. As it was discussed previously, Reactions (3.2-2), (3.2-3), (3.2-4), (3.2-5) and (3.2-6)

are most likely driven by the oxidation of the cell heater.

Transposed to subduction settings, these results suggest that as long as a redox couple
is effective, the fluid produced below 550°C thanks to the breakdown of magnetite by Reaction
(3.2-4), and possibly (3.2-5), has a great oxidation capacity (Fig. 3.2-5). The main event of
aqueous fluid release will occur at higher T, between 675 and 700°C (Merkulova et al., 2016),
i.e., deeper, wih a potentially lower oxidation capacity (Fig. 3.2-5). Applying these observations
to nature, the higher fO, in natural settings (e.g., Frost and McCammon, 2008) should be kept
in mind. Increase of fO, from QFM-2 to QFM+1 expands magnetite stability field by ~100°C.
100°C. Therefore, the temperature-range mismatch between magnetite reduction and antigorite
breakdown may cause a release of chemically different fluids at shallow (lower T) and deep

(higher T) parts of subduction (Fig. 3.2-7).

Comparison to natural data from the Western Alps

Our experimental results performed at the fO, imposed by the cell assembly show
obvious similarity with some natural observations. Evolution of the Fe’/Feyw ratio in
serpentinites from the western Alps sampled along a metamorphic transect, was found to
decrease from 0.5 and 0.8 (e.g., Evans, 2008; Debret et al., 2014) down to 0.2-0.4 at the highest
grade where serpentinites are no longer stable (Debret et al., 2014; 2015). A very similar trend

is observed in set#2 as a function of run temperature (Fig. 3.2-3).

Debret et al. (2014; 2015) linked this trend to a decrease in magnetite abundance from
~6 wt.% down to ~1 wt.% in serpentinites metamorphosed at 600°C. The persistence of
magnetite observed by these authors may merely indicate differences in fO, between their
samples and our experiments where magnetite has already fully disappeared at 550°C. As it is
shown in Figure 3.2-6, in order to decrease the modal abundance of magnetite from 6 to 1 wt.%

in serpentinite between 300 and 500°C, fO, of mineral assemblage should change from
90



Chapter 3  Behavior of Fe and S during serpentinite dehydration

~QFM+1 value to QFM-2. Magnetite-hematite reaction is taken as an upper bound to the fO,
in metaserpentinites from subduction-collision zones since metamorphic hematite is barely

described (Debret et al., 2014) in these rocks.

What controls fO; in subducted serpentinites?

If the reduction of the synthetic serpentinite of set#2 is driven by the cell assembly
oxidation, what controls the fO, drop by ca. three orders of magnitude in subducted

serpentinites from the Western Alps as inferred from published natural data?

The first hypothesis that can be considered is an internal redox equilibration at the
serpentinte scale. In serpentinites, Alt et al. (2012) reported that magnetite coexists with
pentlandite and pyrrhotite, i.e. two sulfides containing reduced S* ; at higher grade, beyond the
antigorite stability field, they are no longer present and, instead, pyrite (S"), coexists with lower
amount of magnetite. Moreover, Alt et al. (2013) demonstrated a sulfur loss in serpentinites
during their dehydration occur in a form of sulfates. Thus, it could be argued that achievement
of internal chemical equilibrium in subducted serpentinites operates by oxidation of primary
sulfides into pyrite and sulfates coupled to ferric iron reduction by breakdown of both,
magnetite and antigorite. Although, the stability of sulfates in the mantle conditions are not well
constrained, few studies showed that sulfate is stable at fO, relative to QFM+2 (Mungall, 2002)
and even higher, at ~QFM+5 (Fujii, 2015) at mantle P-T. This way, slab serpentinites should
have higher fO, compared to that of for example serpentinites studied in Debret et al. (2014)

(Fig. 3.2-6) in order to compensate Fe reduction by sulfate/SO, formation.

Simple calculations of pyrrhotite amount required to react with O,, formed by magnetite
breakdown (experimental set#2), in order to form sulfate, reveal that at least 4 wt.% sulfide
should be present in serpentinites. Such a high S content has not been reported in natural
serpentinites. Thus, only part of oxygen may be used to form sulfates with a proviso that fO, is
high enough. And most probable S oxidation in this case occurs through pyrrhotite to pyrite
reaction (e.g., Evans and Powell, 2015), which in turn do not require such a great source of O,

as it provided by magnetite breakdown.

Combining experimental results with discussed above S oxidation and natural rock
observation (Alt et al., 2012), first pyrite-to-pyrrhotite reduction may occur at T<450°C with a
release of H,S. Second, Fe reduction taking place at T>500C is balanced by pyrrhotite-to-pyrite

reaction with a sulfate/SO, formation. Such a sequence suggests a narrow temperature window
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of pyrrhotite existence, and a change in fO, conditions from <QFM to >QFM. Ultimately, other

reduced species, besides S, must balance/drive Fe reduction at T>500°C.

Similarly to what happened in our experiments, the oxidation of reduced carbon can
potentially drive ferric Fe reduction. In the altered oceanic crust, carbon is mainly found in
carbonates (Alt and Teagle, 2003; Alt et al., 2013), and thus cannot be oxidized. However,
Hayes and Waldbauer (2006) demonstrated that oceanic sediments also carry organic carbon
down to deep subduction. Their work showed that oceanic crust has a significant reducing
power by means of reduced C species which requires reverse oxidizing power. Our
experimental results demonstrate that Fe-bearing serpentinites can be a source of the oxidizing
power. The input of organic carbon within oceanic sediment into subduction was estimated by
Wallman (2001) based on average sediment composition (Plank and Langmuir, 1998), the flux
of organic carbon equals to 0.45 moles per kg of sediment. Taking in account that 1 mole of O,
1s needed to oxidize 1 mole of C into CO,, amount of reduced C in sediments is insufficient for

consumption of O, produced by Fe reduction (Fig. 3.2-5).

Thus, natural serpentinites and overlying crust do not have enough large source of
reduced species (e.g., Ha, s*, C°, Fez+), the oxidation of that could drive decrease of bulk ferric
Fe. Although, Fe reduction observed in natural settings is similar to that in the present
experiments, it does not progress to the same degree. Following evidences justify the above

mentioned statement.

First, initial Fe*"/Fey in natural serpentinites is lower than in the starting material of
the present experiments. Difference of ~0.2 between Fe*"/Fem between experimental starting
material and natural serpentinites (e.g., Debret et al., 2014) may reduce the redox capacity of
the natural rock by ~30%. Second, the presence of Cr- and Ti-bearing magnetite (Trommsdorff,
1998) and high amount of Fe’'-bearing chlorite in natural harzburgites explains higher
Fe*/Fe in natural prograde metamorphic rocks in comparison with anhydrous experimental
assemblages. Fe’'/Few of natural serpentinites and their dehydrated lithologies are
superimposed with experimentally obtained values in Figure 3.2-3. Thus, the amount of oxygen
“released” during dehydration of serpentinites in natural settings is about half less than in
experiment. Consequently, 1 wt.% of reduced sulfides (pentlandite, pyrrhotite) in natural
serpentinites (Delacour et al., 2008), 2.5 wt.% of sulfides in neighbored metabasalts (Jego and
Dasgupta, 2013) and ~0.3 wt.% of organic C in sediments (Plank and Langmuir, 1998) can be

enough to be oxidized by Fe reduction in magnetite-bearing serpentinites.

92



Chapter 3  Behavior of Fe and S during serpentinite dehydration

Changing to a large-scale view, reduction of Fe may transfer redox potential from
subducting slab to the mantle wedge. Comparison of redox state in mantle wedge peridotite and
in peridotites from other tectonic settings can illustrate such a transport. Average ridge
peridotite records fO, of QFM-1 (e.g. Lopez et al., 2012), whereas mantle wedge peridotites
are more oxidized, with fO, ranging from QFM to QFM+1 (Frost and McCammon, 2008).
Fluids rising from subducting slab can be responsible for oxidation of overlying mantle. The
experimental results demonstrate that aqueous fluid formed by slab dehydration is released
continuously along 400°C range, however the redox power of the fluid formed at 450°C and
900°C is different (Fig. 3.2-5). Figure 3.2-7 schematically illustrates the distribution of the fluid
with a different redox power along a part of subduction zone. A portion of aqueous fluid
released below 650°C has a high oxidizing potential and may carry oxidized FME. The largest
portion of the aqueous fluid is liberated at deeper parts of the slab corresponding to 700°C
isotherm. If one assumes that all oxygen, formed by Fe reduction, “transfers” from serpentinite
to the fluid, this aqueous fluid may be 15 times less oxidized relative to the low-temperature
fluid. Last part of H,O, released by chlorite breakdown, is intermediate in terms of redox
potential. To summarize, such a differentiated composition and distribution of the fluid flow
rising from dehydrating serpentinites along the slab may result in (1) a different degree of
mantle wedge hydration, (2) different composition and redox state of mantle wedge rocks and

magmas forming above the dehydration front at shallow and deep parts of a fore-arc mantle.
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Figure 3.2-7. Schematic diagram summarizing processes in subduction zone: break down of mineral phases (color
lines), movements of the slab and in a mantle wedge (grey arrows), reduction of Fe, release of fluids (thick blue,
purple and yellow arrows), partial melting. The depths are taken from the Syracuse et al. (2010) for the average
“hot” subduction.
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3.2.5 Conclusions

Serpentinites have a great oxidizing power that stored in Fe*"-bearing minerals, Fe®*-
antigorite and magnetite. The experimental results showed the importance of magnetite in
serpentinites, since magnetite increases oxidizing capacity of the rock by 15 times. Redox
balance can be accomplished by a transfer of electrons from serpentinites to reduced species,
mainly S and C, present in subducting slab. The present study demonstrated that oxygen
fugacity is one of the most important parameters which controls behavior of Fe and S in
dehydrating serpentinites. Temperature of complete magnetite decomposition, i.e. Fe reduction,
may vary by 100°C depending on fO,. Moreover, at high fO,, >QFM, S can be oxidized to
sulfate/SO,, whereas, at fO, <QFM pyrite, present in serpentinites, may increase oxidizing
capacity of the oceanic lithosphere and can be reduced to pyrrhotite accompanying by a release

of H,S at T<450°C.

Redox reaction occurred in subducting slab are not only fO, dependent, but also P-T-
dependent. The extrapolation of experimental results to subduction zone settings demonstrates,
that at constant fO,, fluid released at depths ~70 km within flat subduction geotherm is about
15 times more oxidized in comparison with the fluid formed at deeper levels (~120 km) of
subduction. Such a different composition of released aqueous fluid along subducting slab may

explain a wide range of redox conditions from fore-arc to deep mantle.
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3.3. Reduction of Fe during serpentine dehydration: in-situ observations

3.3.1 HDAC experiments

Results

In-situ experiments and observations in hydrothermal diamond-anvil cell (HDAC) were
performed at BM23 beamline at ESRF (Grenoble, France). The main goal of the experiments
was to monitor Fe speciation change in mineral phases during serpentine dehydration. Two
types of serpentine minerals were used as a starting material: antigorite and lizardite. Five
experimental runs were completed. For clarity purposes, experimental runs shown in this
chapter will be called run#l, run#2, run#3, run#3, run#4, run#5. Table 3.3.-1 summarizes
temperature and starting materials for the 5 runs. Water was loaded to the sample chamber
together with samples in run#1 and #2. However, because of the poor optical visibility of the
sample chamber during the experiments, air bubble could not be monitored and pressure could
not be defined. Run#3, #4 and #5 were loaded without water. Experiments in HDAC were
assumed to be performed at pressures between 0 and ~ 6 GPa (the upper pressure stability limit
of serpentine minerals). It should be noted that the temperatures of reported experiments are
estimated based on temperature calibration (Chapter 1.1.2), but due to technical problems and
weak electrical connections, real temperature in the sample chamber could be different from
the calculated one. Therefore, the reported temperatures are necessarily overestimated and it
should be taken in account that real temperatures can be 100 to 300°C less than the ones

indicated, especially in run#3, #4 and #5.

In-situ measurements in HDAC consisted of XANES spectra acquisition at Fe K-edge
and X-ray diffraction. Low quality of the spectra, caused by diluted amount of Fe in sample
and by numerous Bragg peaks/glitches occurring from diamond anvils, limited the
quantification of Fe*"/Fe,.. Thus, XANES spectra were analyzed qualitatively by describing
shift of the white line of the spectra and changes in spectral shape.

Table 3.3.-1. Temperature ranges and mineral composition of starting material for the experimental runs performed
in HDAC.

Run# T (°C) Starting material

run#l 25-500 atg grain, H,O

run#2 25-600 atg powder, H,O

run#3 25-1000 crashed crystal of atg
run#4 25-800 lizardite M1 grain

run#s 25-650 lizardite+ antigorite M 16 grains
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Experimental Run#l

Starting material used for the run#1 is composed of the natural antigorite from Mont
Cenis massif (French Alpes, Munoz et al., 2013). The antigorite contains 1.37 wt.% of total
FeO, most of which is Fe,Os. Fe**/Fe ratio of this antigorite is 0.96 based on previous
XANES measurements (Munoz et al., 2013). Figures 3.3.-1a and b demonstrate XRD patterns
and XANES spectra at Fe K-edge obtained for the starting material and experimental products
of run#1. The quenched sample could not be analyzed because gold foil, used to isolate sample
from Re gasket, filled the sample chamber when the sample was quenched. The experiment
was carried out in 10 hours, temperature of 400°C was reached in 6 hours after the experiments

was started.

XRD pattern of the starting material displays main peaks of antigorite and low-intensity
peaks of andradite, which indicates that andradite is present in the starting material in trace
amount. As temperature of experiment increases, double peak of antigorite at 7° 20-angle
decreases in intensity and 12°-20 peak become the most intense. Different relative intensities
of antigorite peaks demonstrate changes in crystal orientation, which occur because of the
pressurizing. XRD patterns at 400°C and 500°C show three peaks of olivine at around 22°-26.
Intensity of all antigorite peaks decreased at 500°C, which may indicate a decrease in antigorite

abundance. Andradite is always present at all temperatures.

Fig. 3.3.-1b comprises XANES spectra at Fe K-edge. Spectra show no change between
25 and 400°C, and all of them match the Fe spectral signature in starting antigorite. The white

line of the spectrum at 500°C shifted towards low energies indicating a slight reduction of Fe.

Experimental Run#2

The starting material used for run#2 is the same natural antigorite as for run#1. XRD
pattern of starting material at 25°C shows peaks of antigorite and clinochlore (Fig. 3.3.-1¢ and
d). Clinochlore is present in the sample due to natural origin of antigorite and thus, minor phases
like clinochlore and andradite may be present. During the heating up to 600°C the mineral
assemblage did not change, and antigorite and clinochlore remain the only phases identified at
600°C as well as after quenching. In parallel, XANES spectra demonstrate a shift of the white
line towards lower energies, representing a reduction of Fe in the assemblage between 25°C
and 500°C. XANES spectrum was not acquired at 600°C due to the failure of the heater after
XRD pattern acquisition.
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Experimental Run#3

Figures 3.3.-1 e and f display a sequence of diffraction and XANES spectra obtained
between 25°C and 1000°C. As it was already mentioned, due to experimental issues,
temperature was overestimated during the run and temperature indicated in Figures 3.3.-1e and
fis about 200°C higher than real temperature in the sample chamber. The starting material used
in the run#3 consisted of natural antigorite, same as in run#l and run#2, including minor
clinochlore amounts. The sample was placed in the sample chamber as a few single grains.
Intensities of main diffraction peaks of antigorite change as temperature increase, most likely
due to changes in preferential orientation of single crystals. Clinochlore is systematically
present at all temperatures. Diffraction pattern of the quenched sample shows peaks of
antigorite and a very intense peak of andradite (18.1°-26), which begin to be visible at 400°C.
According to bulk powder XRD of the starting material (Fig. 1.1.-2) andradite could be already
present in the sample of the run#3. Such an intense andradite peak on a quenched sample XRD
pattern (Fig. 3.3.-1e) could appear because of the sample movement due to temperature
decrease and therefore, part of the sample with andradite grain could be under the X-ray beam.
XANES spectra do not show any significant change between 25°C and 1000°C. XANES

spectrum of the quenched sample is identical to the one of the starting material.

Experimental Run#4

Run#4 shows the most interesting results among the five experimental runs. Figure 3.3.-
1 demonstrates XRD patterns and XANES spectra at Fe K-edge of sample at temperatures
between 25°C and 800°C and a quenched material. The temperature overestimation is applied
to run#4, consequently, real temperatures are ~200°C less than indicated. The starting material
used for the run#4 consisted of lizardite single crystal (Table 3.3.-2). XRD pattern acquired at
25°C demonstrates typical lizardite diffraction peaks. A single peak positioned at 7.5°-20
together with a peak at 14°-260 characterizes lizardite diffraction pattern. At 400°C another peak
appears on the right from the 7.5°-20 peak. Such a doublet indicates the presence of antigorite
in the sample (Mellini, 1982; Capitani and Mellini, 2004). As temperature increases, the doublet
become more distinct. XRD results clearly evidence the lizardite-to-antigorite replacement.
However, pattern of the quenched sample shows typical Bragg peaks of lizardite, with no
evidence for the presence of antigorite. XANES spectra display a slight shift of the white line
from 7133.4 eV to 7131.4 eV at temperatures relevant to antigorite appearance. A shift of the

white line of the spectra may indicate a reduction of Fe.
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Experimental Run#5

Starting material for the run#5 is represented by a mixture of antigorite and lizardite
grains (Table 3.3.-2). No changes in XRD and XANES spectra were observed during the run
between 25°C and 650°C. Spectra of the quenched sample match spectra of the starting
material. Thus, no mineral reaction and no speciation change occurred during the experiment.

Table 3.3.-2. Major-oxide composition of starting material samples used in HDAC in-situ experiments.
Atg Mt Cenis M1 Liz M16 Lizt+Atg

SiO, 44.12 43.39 41.70
TiO, 0.02 0.02 0.02
ALO; 0.72 0.38 0.28
FeO 1.37 0.90 2.14
MgO 41.49 42.64 4234
Ca0 0.01 0.08 0.01
Cr,0; 0.00 0.00 0.03
NiO 0.00 0.00 0.00
(OH) 12.14 12.64 13.55
Total 100.00 100.00 100.00
Fe¥'/Fe 0.96 0.96 0.94
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Fig. 3.3.-1. Description is on the next page.
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Fig.3.3.-1.a., c., e., g. and i. XRD patterns as temperature series for run#1, #2, #3, #4 and #5 respectively. Dashed
lines indicate diffraction peaks of mineral phases. Mineral name abbreviations: Atg— antigorite, Clc — clinochlore,
Adr — andradite, Ol — olivine, Lz — lizardite. b., d., f., h. and j. XANESs spectra at Fe K-edge as temperature series
for run#1, #2, #3, #4 and #5 respectively. Red dashed lines indicate energies of white lines of the spectra. Numbers
in parenthesis — overestimated experimental temperatures.
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Discussion

The reported results of five in-situ XRD and XANES experiments performed using
HDAC show almost no change in mineralogy and Fe oxidation state from ambient condition to
high temperature. However, two experiments, run#1 and run#4, are considered to be successful.
The results of experimental run#1 reveal the crystallization of olivine at 400°C, which indicates
destabilization of antigorite, needed for olivine formation, and release of H,O. Initial water,
presented in the sample chamber, does not influence thermal stability of antigorite compared to
dry starting material assemblages (Chapter 3.2). The formation of olivine in the run#l is
associated with a reduction of Fe, as evidenced by XANES measurements at Fe K-edge. Thus,
antigorite composition is likely to influence the composition of the newly formed olivine.
Moreover, Run#1 demonstrated that olivine crystallization is a relatively fast process, since
olivine formed in 8 hours after the experiment had been started. This way, the rate of olivine

nucleation is not a limitation factor for one-day in-sifu experiments.

One of the goals of these experimental runs was to test the influence of the starting
material grain size on kinetics of antigorite breakdown. Although sample in run#2 comprised
antigorite powder, and consequently smaller grain size, no mineral reaction was observed. But
the absence of reaction could result in some external reasons such as the deviation of heaters
electric power from the calibration due to changes in resistivity, and therefore overestimation

of temperature values.

Run#4 demonstrates the most interesting results showing the crystallization of antigorite
from lizardite. Antigorite formed at 400°C become more abundant at higher temperatures,
however it disappears in the quenched sample. The absence of antigorite after quenching may
result either from metastability of antigorite or movement of the sample during quenching and
therefore change of the X-ray position on the sample. The replacement of lizardite by antigorite
is accompanied with slight changes in Fe speciation, possibly a slight reduction from ferric to
ferrous iron. Change in Fe speciation implies change in position of Fe in the lattice, and
therefore would not support the assumption to consider lizardite and antigorite as two

polymorphs.

The change in Fe speciation, in particular change from Fe’" to Fe*', demands the

formation of other phases or ions, such as O,. The actual reaction responsible for lizardite-
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antigorite transition and corresponding to our experimental observations can be following

reaction:
3Mg2FCQSi09H4 + 38102 = 3MngeSi209H4 + 02 + FC304 (43-1)

Reaction (.4.3.-1) requires SiO; coexisting with lizardite. However, we don’t have an
evidence of SiO; in the starting material, such phases as chlorite, andradite, olivine known to
be present in trace amounts in serpentinites may play a role of SiO, source for the Reaction
(4.3.-1). Magnetite was not detected either, which could happen because of a very moderate

amount.

Reactions of lizardite-antigorite replacement suggested by Evans (2004) do not include

Fe incorporation in minerals, therefore cannot be applied to present experiments:

17Liz/Chr = Atg + 3Brc (4.3.-2)
16Liz/Chr + 25103, o = Atg + H,O (4.3.-3)
20Chr/Liz = Atg + 6Fo + 9H,O (4.3.-4)

Note, formulas of lizardite and antigorite are Mg;Si,0s5(OH)4 and MgusSi34035(OH)gz
respectively. All reactions mentioned in the discussion must be though taken into account in

preparation of future experiments.

Run#1 and Run#4 are excellent complements to each other if we apply the results to
subduction zones. Lizardite, used as a starting mineral in the Run#4, is the most common
serpentine mineral in oceanic peridotites, consequently lizardite enters a subduction zone within
serpentinized oceanic lithosphere. When pressure and temperature conditions increase, lizardite
destabilizes and is replaced by antigorite, high-P high-T serpentine variety. This replacement
occurs at temperatures around 400°C with slight reduction of Fe according to our results, and
consequently with a release of an oxidizing fluid. Further existence of antigorite lasts until Fe-
bearing olivine forms on the basis of antigorite. According to the results of the Run#1 olivine
growth begins at 400°C. Such an overlap in temperature of lizardite-to-antigorite and antigorite-
to-olivine reactions indicates that antigorite may exist in a narrow temperature range. However,
only part of antigorite breaks down to olivine at temperature before 700°C, according to piston-
cylinder experiments (Chapter 3.2.). And thus, antigorite formed due to lizardite destabilization

then breaks down gradually until complete disappearance at around 700°C.
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Besides the obtained results on evolution of serpentine minerals at high temperature,

present in-situ HDAC runs are also valuable for preparation of future experiments. Following

issues should be taken in account for future experiments:

1.

The additional source of SiO; placed together with lizardite may speed up transition

of lizardite to antigorite.

The example of three starting materials with different Fe contents show that XANES
spectra of Run#5 have the most intense pre-edge region (~7115 eV).

Since peaks of antigorite and lizardite overlap on diffraction patterns, Raman
spectroscopy measurements can be a possible solution to distinguish lizardite and

antigorite.

The new heating technique with the use of WTi coated diamonds was tested in the
described experiments. The heating appears easy to perform, diamonds can be
removed easily without dismounting the whole cell assembly and moreover,
diamonds can be re-used several times after experiments. However, some
improvements should be applied for future runs, such as better maintenance of
electrical connections inside the cell body, the use of direct temperature

measurements during the sample heating.

104



Chapter 3  Behavior of Fe and S during serpentinite dehydration

3.3.2 In-situ XANES and XRD experiments on lizardite-antigorite transition

The experiment was performed at BM23 beamline using RH-DAC. The starting
material used for the experiment comprised serpentine M16 (Table 3.3.-2). As it was shown in
Chapter 3.3.1. (run#5) starting material M16 consists of a mixture between lizardite and
antigorite. Starting material was prepared as a homogeneous powder and loaded to the sample
chamber in the RH-DAC together with a chip of NaCl and gold powder, which were used as
pressure calibrants. XANES measurements were performed at Fe K-edge and were
accompanied by XRD characterization of the sample. Experiment was conducted at
temperatures from 25°C to 450°C and pressure from 0 to 2.3 GPa. Starting material and the
quenched experimental product were analyzed by high-resolution X-ray diffraction at ID27
beamline (ESRF, Grenoble) in order to perform Rietveld refinement on high-resolution XRD

patterns.

Results

Fig. 3.3.-2. demonstrates XRD patterns for starting material and quenched experimental
product. Peaks of antigorite and lizardite are present on both diffraction patterns with similar
relative ratios of the peak height. An intense peak of gold on the pattern of the quenched sample
appears because the gold powder used as a pressure marker is dispersed in the sample chamber.
In order to quantify antigorite and lizardite abundances Rietveld refinement was performed
(Table 3.3.-3). Starting material, which was assumed to mostly contain lizardite, occurred to be
composed of 87 wt.% of antigorite and 13 wt.% of lizardite. The mineral composition of the
quenched sample is similar to that of the starting material, however, amounts of antigorite and
lizardite changed during the heating and equal to 92 wt.% for antigorite and 8 wt.% for lizardite
in the quenched material. Thus, XRD results show slight changes in sample mineralogy after

increase of pressure and temperature conditions to 450°C and 2.3 GPa, respectively.

XANES spectra acquired at different P-T conditions during the experiment are shown
in Fig. 3.3.-3. and demonstrate slight changes in shape. The white line of the spectra shows an
intense peak at around 7132 eV, which shifts from 7133.5 eV at 25°C to 7132.35 eV at 450°C
and 2.1 GPa. This spectral feature also evolves in intensity and become less intense at high
temperature. Such changes in spectral shape most likely reveal changes in Fe speciation, i.e.

reduction of Fe.
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Fig. 3.3.-2. XRD npatterns for staring material and quenched experimental product obtained at ID27 beamline

(ESRF) using high-resolution XRD. Dotted lines indicate peaks of mineral phases: green — lizardite, red —

antigorite, yellow — gold.

Table 3.3.-3. Wt.% of antigorite and lizardite for starting material and quenched experimental product obtained
from Rietveld refinement of XRD patterns.
wt.% obtained from refinement
starting material  reacted sample

Antigorite 86.96 91.86
Lizardite 13.04 8.14
Total 100.00 100.00

450°C 2.1GPa

450°C 2.0GPa

350°C 2.3GPa

350°C 1.4GPa

normalizaed absorbance

4 T T T T
7100 7120 7140 7160 7180 7200
energy, eV

Fig. 3.3.-3. XANES spectra at Fe K-edge acquired at different pressure-temperature conditions during the
experiment. Dotted red lines indicate energies of the white line of spectra.
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Discussion

Serpentinization of peridotites involving mainly the lizardite variety is known to occur
at mid-ocean ridge settings, and is likely to occur during slab subduction until temperature
reaches about 300°C (Evans, 2010). At higher temperatures, 300-400°C lizardite was shown to
destabilize and form either olivine or other serpentine mineral, antigorite (e.g., O’Hanley and
Wicks, 1995; Evans, 2010). Antigorite, in turn, is stable up to 700°C (e.g. Ulmer and
Trommsdorff, 1995; O’Hanley and Wicks, 1995). Taking in account mentioned statements,
lizardite is supposed to breakdown either into olivine or antigorite at temperature >300°C.
Natural observations (O’Hanley and Wicks, 1995; Schwartz et al., 2013) evidenced that the
transition of lizardite to antigorite occurs between 250°C and 390°C. Our experimental results
confirm the occurrence of the lizardite-antigorite transition, which occurs below 450°C.
However, the rate of the reaction is relatively slow. Although the starting material contained
small amounts of antigorite, which is supposed to speed up the reaction, only 5 wt.% of lizardite

was consumed to produce secondary antigorite during 12 hours of the experiment.

Schwartz et al. (2013) and Evans (2004) proposed that lizardite-to-antigorite transition
should occur in the presence of additional SiO,. The additional SiO, is required for the
antigorite formation due to the higher Si/Mg ratio in antigorite (MgusSi340147He2) than in
lizardite (Mg3Si,09H4). Taking this into consideration, another ultimate way to produce
antigorite may be applied, such as a lizardite breakdown leading to formation of antigorite and
another Mg-bearing phase, brucite or forsterite. The formation of a second Mg-phase is required
in order to liberate excessive Mg, not incorporated into antigorite. Consequently, as it was
already shown in Chapter 3.3.1., following reactions in MgO-SiO,-H,O system may be

responsible for lizardite-antigorite transition:

17Liz/Chr = Atg + 3Brc (4.3.-2)
16Liz/Chr + 2810, o = Atg + H,O (4.3.-3)
20Chr/Liz = Atg + 6Fo + 9H,O (4.3.-4)

However, our experimental results do not show any evidence for the presence of Brc,
Si0, or Fo. Our starting material already contained antigorite together with lizardite, and in this
case we assume that no additional source of SiO; is needed, since antigorite itself acts as a

source of SiO,. Moreover, Reaction (4.3.-2), (4.3.-3), and (4.3.-4) describe processes in MSH
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system. If we transfer the reactions in Fe-bearing system, they will become more complex,

considering possible changes in Fe speciation.

Indeed, iron speciation was shown to change during the lizardite-antigorite transition.
In particular, Fe reduction was demonstrated by an energy shift and shape change of the
XANES spectra. The iron reduction should imply a release of oxygen, or other oxidizing agent
during the lizardite replacement, in order to compensate for the gain of electrons. The
experimental observations present a realistic picture taking into consideration that most of
natural lizardite is found to have much higher Fe**/Fey ratios compared to that of common

natural antigorite.

To summarize, the replacement of low-temperature serpentine is a complex process,
which cannot be described by simplified reactions in MSH system. Since Fe was shown to
reduce during lizardite-antigorite transition, this process should result in release of oxidized
fluid or solid phase. In subduction zone, this transition occurs at depths around 20-30 km in the

narrow temperature range and may contribute to the oxidation of the overlying crust.
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3.4. Sulfur mobility during serpentinite dehydration

3.4.1 Introduction

Sulfides are the main sulfur-bearing phases in oceanic serpentinites. Most common
sulfides found in natural serpentinite rocks are pyrite, chalcopyrite, pyrrhotite and pentlandite
(e.g., Altetal., 2012; Alt et al., 2013). Frost (1985) and Evans et al. (2015) noted that pyrite is
the predominant sulfide in carbonate- and talc-bearing rocks, whereas pyrrhotite and
heazlewoodite becomes principal sulfides in carbonate-free serpentinites and their lithologies.
However, pyrite is reported to be the major sulfide phase in most natural oceanic serpentinites

(e.g., Frost., 1985; Delacour et al., 2008; Alt et al., 2012; Alt et al., 2013).

When serpentinite experience a prograde metamorphism during subduction,
destabilization of pyrite and consequently formation of other sulfide phases with a potential
release of sulfur-bearing fluids can occur. The fate of sulfides and the principal pyrite
breakdown reaction during metamorphism of serpentinites in subduction zones is still a debated
topic. We showed in Chapter 3.2. that the observed pyrite-pyrrhotite transition during
serpentinite dehydration occurs because of the sequestration of Fe from Fe-bearing silicates,
such as antigorite and olivine. This reaction does not imply any mobility of sulfur from the
rock, but sulfur liberation from subducted serpentinites was reported by a number of studies
(e.g., Evans et al., 2015; Alt et al., 2012). Thus, we can assume that in addition to the reaction
of pyrrhotite formation through depletion of Fe from silicates, another S-liberation reaction
takes place at the same temperature range, between 400 and 500°C. The simplest pyrite-
breakdown reaction which releases S and occur with an increase of temperature is a transition

of pyrite to pyrrhotite with a release of S, (Toulmin and Barton, 1964):
FeS, = FeS + 1/2S, (3.4.-1)

But in natural settings the mobilization of sulfur most probably happens by more
complicated reactions, than Reaction (3.4.-1). Because serpentine breaks down at temperatures
from ~400 to 850°C (Ulmer and Trommsdorff, 1996; Bromiley and Pawley, 2003; Merkulova
et al., 2016) a release of H,O can trigger destabilization of pyrite and formation of pyrrhotite

by following reactions:
FCSZ + HzO = FeS + HzS + 1/202 (34-2)

3FeS; + 2H,0 = 3FeS + SO, + 2H,S (3.4.-3)
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As it was shown by Tomkins (2010) both reactions, Reaction (3.4.-2) and (3.4.-3),
become more significant at temperature between 400 and 600°C. Assuming that in natural
settings pyrite is not isolated from the surrounding rock and interacts with released H,O, then
Reaction (3.4.-2) and (3.4.-3) are more likely to occur during serpentinite dehydration. Recent
study by Alt et al. (2013) on sulfur isotopic ratios in serpentinites and their dehydrated
lithologies demonstrated that the loss of sulfur coincides with a decrease in §°'S from
serpentinites to meta-peridotites. Such a change in §*S, derived from fractionation of sulfur
isotopes during metamorphism, implies a formation of oxidized sulfur (e.g., sulfate, SO,),
which has higher 8’*S compared to sulfides (Jager and Hunziker, 1979). The loss of oxidized
form of sulfur could result in decreasing of heavy **S isotope in newly formed sulfides. This
notion excludes reaction (3.4.-2) since no oxidized sulfur is formed in this reaction. This way,
Reaction (3.4.-3) must be responsible for breakdown of pyrite and formation of pyrrhotite,

together with a release of H,S and SO, in a fluid.

In this chapter, we show the results of sulfur isotope measurements coupled with sulfur
concentrations analysis in serpentinites, meta-peridotites and intermediate assemblages
produced in piston-cylinder experiments (set#2). The starting serpentinite was mixed with ~3
wt.% of natural pyrite. Experimental technique is described in Chapter 1.1.2. and analytical
procedure of sulfur isotope ratio measurements and elemental analysis is described in Chapter
1.2. The results show that sulfur-bearing serpentinite dehydration in conditions relevant for
subduction zone results in loss of 25% of total sulfur with higher 5°*S than the host rock, which
may indicate the presence of potentially oxidized S in gas/fluid phase with a proviso that fO,
>QFM. Moreover, these results indicate that about 75% of the initial sulfur contained in oceanic
serpentinites remains in the slab and sinks deep into the mantle, whereas 25% of sulfur is

mobilized and may be transported from the slab to the overlying mantle.
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3.4.2 Results and discussion

A set of experiments was performed in piston-cylinder apparatus on serpentinite
dehydration. Starting material for all experiments in this experimental set (set#2, see Chapter
1.1.2.) was composed of natural antigorite, with minor chlorite and andradite, and pyrite. The

experiments were carried out at temperature from 450 to 900°C at pressure of 2 GPa.

The results of XANES spectroscopic measurements of experimental products are
demonstrated and discussed in Chapter 3.2. Pyrite presented in starting serpentinite transforms
to pyrrhotite at temperature below 550°C. This transformation indicates a reduction of sulfur
from S' to S*. Electron microprobe analysis revealed a depletion in Fe of silicate phases
produced in the experiments. Consequently, the reduction of sulfur is associated with an iron

depletion in silicates as well as a release of O, folowing Reaction (3.2-5) (Chapter 3.2.).

Since XANES spectroscopy shows only relative proportions of mineral phases in the
assemblages, elemental analysis of S was performed on starting material and 3 experimental
products in order to show a loss of sulfur, if any occurred during dehydration. The result of S
concentration analysis is shown in Table 3.4.-1. The starting serpentinites contain 1.65% total
sulfur, which is represented by pyrite, the amount of which is 3 wt.% according to calculations.
The assemblages produced at 450°C has 1.21 wt.% total sulfur and implies loss of 0.35 mg of
sulfur during the experiments. Analysis of XANES spectra at S K-edge (Fig. 3.2-7 in Chapter
3.2) and XRD results (Fig. 3.2-1 in Chapter 3.2) indicate the presence of two sulfur-bearing
phases in the solid rock produced at 450°C. According to linear combination fit (LCF) of
XANES spectra pyrite to pyrrhotite ratio equals to 0.44/0.56.Coupling this results with
concentration of sulfur in the experimental product the percentage of pyrite corresponds to 0.44
wt.% and pyrrhotite to 1.04 wt.%. The assemblages from 850°C and 900°C contain 1.262 wt.%
and 1.267 wt.% of sulfur respectively, which indicates a loss of about 0.31 mg sulfur. At high
temperature, sulfur is only present in pyrrhotite, the amount of which is 3.46 wt.% and 3.48
wt.% in the 850°C and 900°C assemblages, respectively. In spite of expecting lower
concentration of S at higher temperature, compared to 450°C, we observe the opposite trend.
This trend may be explained by a slight difference in sulfur concentration in starting materials
for 450°C and for 850/900°C experiments. As the volume of starting materials for experiments
is about 0.2 cm’, even minor heterogeneities in the prepared powdered mixture could lead to

different total sulfur concentration. Despite these uncertainties, serpentinites loose around 0.32
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mg of sulfur on average during the dehydration between 450 and 900°C, which is about 25 %

of total sulfur.

Concentration of sulfur in an aqueous fluid at different experimental temperatures was
calculated based on the amount of released sulfur, shown in this Chapter, combined with
amount of released H,O obtained from mass balance calculations (Chapter 3.2.). The
concentration of S in H,O equals to 5.5 mol/kg in the fluid formed at 450°C, 1.1 mol/kg at both
temperatures, 850°C and 900°C. To compare, Wallace (2005) showed S and H,O contents in
melt inclusions from different arc volcanoes, with maximum concentration of S in H,O = 3.1
mol/L. Thus, concentration in the fluid released from dehydrated serpentinites on average is
similar to that in arc magmas. Although the amount of pyrite is twice lower in natural antigorite
than in our starting material, we can claim that serpentinites contribute significantly to sulfur

recycling in subduction zones.

The 5**S values obtained by IRMS measurements are shown in Table 3.4.-1. Starting
material, composed of antigorite and pyrite, has 5>*S=8.18%o. The experimental products has
lower 8**S values, 7.52%o, 7.03%o and 7.07%o at 450°C, 800°C and 900°C respectively. The
obtained 3°*S values for staring material and experimental products fit the range of of isotopic
ratios of sulfides (Jager and Hunziker, 1979), which is consistent with XRD and XANES results
(Chapter 3.2.).

Table 3.4.-1. Sulfur isotope ratios (8°*S) and S concentration (wt.%) in starting material and experimental

products of the set#2.
Run# Experimental T 3 *Svedt% % S

Atg_Py SM 25 8.18 1.65
Atg Py 18 450 7.52 1.21
Atg Py 17 850 7.03 1.26
Atg Py 20 900 7.07 1.27

Sulfur isotope fractionation clearly occurs during the serpentinite dehydration, since all
8°*S values of experimental products are lower than that of starting material. Applied mass
balance calculations show that the lost sulfur species have §>*S=11%o. The loss of heavy-
isotope-rich **S is consistent with the liberation of oxidized form of sulfur, such as for example
SO4* or SO, (Ohmoto and Rye, 1979; Seal et al., 2006; Alt et al., 2012). Both species enriched
in **S and consequently their release from the assemblage may cause depletion in heavy **S
isotope of the solid rock. Reaction responsible for the release of oxidized sulfur is most likely

Reaction (3.4.-3). This reaction can be advanced if we take in account the reduction of
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pyrrhotite through sequestration of Fe from silicates, described in Chapter 3.2. Then the more

complex reaction may take place:

2Mg;Fe;SiOsH, + TFeS; = 11FeS + 35S0, + 2Mg,SiO4 + 4H,0 (3.4.-4))

Fe'-antigorite  pyrite pyrrhotite S-dioxide forsterite water

However, the Reaction (3.4.-3) and Reaction (3.2-5) in Chapter 3.2. may occur one after
the other. First, reaction of pyrrhotite formation through sequestration of Fe from silicates and
release of H,O and O;; and second, reaction of pyrite with H,O, formed due to partial

breakdown of antigorite. The second reaction leads to a release of H,S and SO..

Whatever the process of pyrite breakdown during serpentinite dehydration, SO, and
H,O may form. When transferring the results of thermodynamic modelling provided in
Chapters 3.2. and 4, high fO; is required in order to stabilize oxidized forms of S, sulfate and
SO,. However, little is known about the thermodynamic properties of sulfates as well as about
the fractionation of sulfur isotopes at different P-T and fO, conditions. And this way, the
assumption that loss of heavy sulfur isotopes from a rock resulted from a release of oxidized

forms of sulfur should be verified in future studies.

Projecting the results to subduction zone settings, a release of oxidized sulfur species,
possibly together with H,S, should occur at temperatures between ~400°C and 550°C at 2 GPa,
which corresponds to conditions of flat and “hot” subduction (Fig. 3.2-7 in Chapter 3.2). This
process is accompanied by pyrite-reduction which involves Fe-silicates with the possible
release of O,. Although, our experiments were carried out at 2 GPa, we can assume that in
conditions of steep and “cold” subduction the process of pyrite reduction is the same as in “hot”

subduction.

With a proviso that fO, in upper layers of subducting slab >QFM the release of oxidized
form of sulfur together with aqueous fluid from serpentinites can contribute to mantle wedge
oxidation. Arc magmas, generated in the mantle wedge due to partial melting driven by
serpentinite dehydration are found to be more sulfur-rich compared to MORB magmas (Jego
and Dasgupta. 2013) and therefore serpentinites may be considered as sulfur source. Sulfur
isotope ratio values of arc magmas vary from -3 to 9.8%o (de Hoog et al., 2001; Mandeville et
al., 2010), such a wide range of 8°*S can be explained by fractionation of isotopes during
melting, sulfides extraction from melts. Fractionation mechanisms of S isotopes during various

processes in magma chambers are poorly constrained and for this reason it would be incorrect
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to claim that 8**S of arc magmas are inherited from released from the slab S. However, it should
be noted that §*'S in nature can vary from -50 in marine sediments to 40 in evaporates. Taking
in account such a wide scale, 3°*S obtained in this work for released S lay in the same range as

values for arc magmas.

Sulfur recycling from mantle peridotites through subduction and volcanism to the crust
is a complex process which may involve several chemical reactions. Sulfur reduction
demonstrated by the transition from pyrite to pyrrhotite affects the composition of silicate
phases, by uptake of Fe, and therefore their stability. This way, presence of S-bearing phases in
serpentinites may affect dehydration temperatures of antigorite, one of the main sources of H,O
in subduction. Moreover, our results show that pyrite-pyrrhotite transition is accompanied by
release of O,, H,O, H,S and potentially SO, at temperatures below 550°C. In context of
subduction zone, the released fluids would oxidize surrounding rocks and overlying mantle
wedge. The comparison of sulfur concentration in released aqueous fluid and in melt inclusions
from arc magmas shows that pyrite-bearing serpentinites can be an important source of sulfur

for arc magmas.
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4.1. Introduction

Oceanic lithosphere sinking into subduction zone undergoes metamorphism along
hundreds of kilometers. Most of metamorphic reactions within a subducting lithosphere are
dehydration reactions of sediments, metabasalts and serpentinized peridotites. Sediments
experience dehydration at relatively low depths, from few kilometers to 55 km (Vidal and
Dubacq, 2009; Stern, 2002). The underlying metabasalts dehydrate at depths of 40-80 km
(Abers et al., 2013), and serpentinized peridotites at depths between 50 km to about 100-200
km depending on the age and descending angle of the slab (Merkulova et al., 2016). The
metamorphic processes occurring in subduction are established first on the basis of field
observations. Ophiolite complexes, fragments of the oceanic crust exposed on the Earth’s
surface, give a good picture of mineral reactions of subduction zone metamorphism. A number
of ophiolite complexes (e.g., Cerro del Almirez, Spain; ophiolites of Western Alpes) preserved
transitions between hydrous rocks formed during alteration of the oceanic lithosphere before
subduction to their high-pressure high-temperature anhydrous metamorphic lithologies (e.g.,
Padron-Navarta et al., 2011; Debret et al., 2014). However, field evidences of subducting slab
dehydration do not give a comprehensive image of metamorphic reactions that can occur along
the wide range of pressures and temperatures. This image can be improved by combining
natural observations with experiments conducted at controlled pressure, temperature and rock
composition. Experimental data can be used to interpret conditions of metamorphism at
different geological settings, but this must be done carefully since conditions inside the
experimental setup may differ from those in nature. For example, parameters as oxygen
fugacity, fluid pressure, stress and open or closed system conditions may vary in orders of
magnitude in natural settings. Experimentalists use simple chemical systems to control
precisely these different parameters and extrapolate to more complex and realistic compositions

and P-T conditions using thermodynamics.

Thermodynamics has been first applied to geosciences about one hundred years ago by
Victor Goldschmidt (1888 - 1947) and Pentti Eskola (1883 — 1964) to calculate equilibrium
reactions between minerals. Nowadays, thermodynamics is an important tool to interpreting
and predicting conditions, mineral reactions, mineral and fluid compositions in various
geological processes and settings. Since the present work is dedicated to mineralogical and
chemical changes during dehydration of serpentinites, application of thermodynamics only to

ultramafic compositions relevant for subduction zone settings will be discussed in this Chapter.
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In order to model dehydration reactions within ultramafic composition at elevated
pressure and temperature conditions, the thermodynamic properties (entropy, enthalpy,
volume) of at least antigorite and chrysotile are needed. The thermodynamic data set of Holland
and Powell (1998) includes thermodynamic properties of Mg-antigorite and -chrysotile
consistent with the properties of other silicates and oxides of petrological interest. The Holland
and Powell (1998) data set is also consistent with recent calorimetric data, including work of
Ogorodova et al (2009), which provided the most recent enthalpies of formation for antigorite,
chrysotile and lizardite. However, natural serpentine was shown to comprise not only Mg-end
member, but also Al (Tschermak substitution) and Fe (ferric and ferrous) (e.g., Uehara and
Shirozu, 1985). The incorporation of Al increases thermal stability of antigorite as it was shown
in experimental work of Bromiley and Pawley (2003) and thermodynamic model of Padron-
Navarta et al. (2013). The effect of ferric Fe is believed (Padron-Navarta et a., 2013, Evans et
al., 2013) to influence the antigorite thermal stability the same way as Al, i.e. expands stability
field. In contrast, an increase of Fe-content decreases the thermal stability of antigorite (see
Chapter 2). Fe and Al contents affect not only the stability of antigorite, but also the presence
or absence other phases, such as chlorite, magnetite, brucite, garnet. A number of studies report
P-T phase diagrams (pseudosections) for common serpentinite compositions in MSH (MgO-
Si0,-H,0) system (e.g., Hacker et al., 2003; Rupke, 2004; Peacock et al., 2005; Nestola et al.,
2010). By comparison, very few models were calculated for systems including Fe and/or Al

(Lopez Sanchez-Vizcaino et al., 2005; Padron-Navarta et al., 2013; Evans et al., 2013, 2015).

The aim of this chapter is: (1) to develop ferrous- and ferric-antigorite end-members and
a solid-solution model consistent with Holland and Powell (1998) thermodynamic data set and
with the experimental results presented in Chapters 2 and 3; (2) to model dehydration reactions
in CFMASH (CaO - FeO (Fe;03;) — MgO — Al,Os3 — SiO; — H,O) and CFMASH + S systems at
conditions relevant to slab subduction; (3) to apply the results of modeling to natural rocks and
discuss their P-T conditions of formation. A pseudosection approach is used to calculate
metamorphic phase assemblages, phase compositions and water release. All thermodynamic
calculations of the present study carried out using Theriak-Domino software (de Capitani and

Petrakakis, 2010) with the Holland and Powell (1998) thermodynamic database.
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4.2. Methods

The Theriak-Domino software package used for thermodynamic calculations and
modeling consists of two principal programs: Theriak and Domino. Theriak calculates the
stable mineral assemblage and phase compositions for a given bulk rock composition at
specified pressure (P) and temperature (T) conditions or along a specified PT-path. Theriak
combines linear programming with energy minimization of single thermodynamic functions to
calculate the most stable (lowest free energy) mineral assemblage even for complex and non-
ideal systems (de Capitani and Brown, 1987). Domino calculates equilibrium assemblage phase
diagrams, pseudo-binary or pseudo-ternary phase diagrams, pixelmaps for all thermodynamic
variables or isolines of several thermodynamic properties for bulk rock, non-solution and

solution phases.

Theriak-Domino programs are based on Gibbs free energy minimization The
thermodynamic database (Holland and Powell, 1998) provides the following parameters for all

mineral end-members:

1. AfH® [J/mol], standard state enthalpy of formation
S° [J/(K.mol)], third law molar entropy

V° [J/(bar.mol)], molar volume

Heat capacity (Cp) function coefficients

A

Thermal expansion (o) and compressibility () V(P,T) function coefficients

Solid solution information, such as type of the solution (ideal, non-ideal) and Margules
parameters for non-ideal solutions are also incorporated in the database. The molar Gibbs free

energy of any phase (AG"") at given P and T is calculated by following equation:

AGTP = A H™P+ [ CpdT —TSTOPO —T [ 2

P
TO T dT + fpo V(P; T)dP (42-1)

Equation (4.2.-1) is used to minimize the Gibbs free energy of the system at given bulk

composition:
G = YN_1n Gy (4.2.-2)

where ny is number of moles of phase k, G is the molar Gibbs free energy and N is total

number of coexisting phases. Thus, the program reduces the Gibbs free energy of a system with
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fixed composition until a minimum is reached, which corresponds to chemical equilibrium (de

Capitani and Brown, 1987).

The thermodynamic database lists the thermodynamic properties of rock-forming and
accessory mineral phases as well as aqueous species and gases. However, the variety of natural
mineral compositions is much larger than it can be described with the data set of Holland and
Powell (1998), which needs to be complemented with additional phases, end-members and
solid solutions. To model serpentinite dehydration at the conditions of subduction zones,
antigorite is needed to be introduced. The solid solution created for the present study comprises
the following antigorite end-members:

Table 4.2.-1. Composition of antigorite end-members and sources of their standart-state properties used in the
present study antigorite solid solution.

Name Abbreviation Mo M1 T1 Formula source
Mg-antigorite Atg MgMg Mg Si Si Mg;Si,05(OH), plj\?vlé?ln (dl ggcgl)
Fe2+-antigorite Fe-Atg Fe Fe Fe Si Si Fe;Si,05(OH), This study

Padron-Navarta

Tschermak antigorite Mg-Tsch.Atg MgMg Al AlSi  Mg,Si;ALOs(OH), et al. (2013)

Fe™"-antigorite Fe'-Atg  MgMg Fe" Fe''Si  MgpFe,SiO5(OH), EV?;)S 1est)al'
Fe-tschermak antigorite Fe-Tsch.Atg Fe Fe Al Al Si Fe,SiALL,Os(OH), This study

Two main approaches are commonly used to estimate the standard-state thermodynamic

properties of phases:

-The first approach is based on oxide summation technique, which allows estimation of
standard state enthalpy of formation (AH®), third law entropy (S°), volume (V°) and heat
capacity (Cp). This method is suitable for low-temperature and low-pressure systems and the
technique was used successfully to discuss the conditions of stability and hydration of smectites

(Vidal and Dubacq, 2009).

-The second approach estimates the thermodynamic properties from exchange reactions.
AH®;, S°, V° and Cp are constrained from the difference between standard-state properties of
phases participating in exchange reaction. For example, the thermodynamic properties of Fe-
antigorite (Fe);Si,0s(OH); ; were estimated using the standard-state properties of Mg-antigorite

and the difference between those of Fe- and Mg-talc :

(AH®;,S°,V°,Cp)Fe-antigorite = (AH%, S° V°Cp)Mg-antigorite + (AH®%, S°,
V°,Cp)(Fe-Talc — Mg-Talc) (4.2.-3)
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according to the exchange reaction:
Mg-talc + Fe-antigorite = Fe-talc + Mg-antigorite (4.2.-4)

(AH®, S°, V°,Cp)Mg-antigorite are the original properties reported by Holland and
Powell (1998) for the MgusSiz4Og5(OH)g, structural formula divided by 17. (AH®;, S°,
V°,Cp)Fe-Talc and Mg-Talc are the original properties for talc end-members from Holland and
Powell (1998).

Similarly, standard state properties of other antigorite end-members were estimated
from respective mineral reactions. Table 4.2.-2 summarizes the antigorite end-members and
reactions used to estimate the relevant thermodynamic properties. The AH®s of Mg-antigorite
was corrected to that determined using a calorimetric method by Ogorodova et al. (2009). AH®¢
of other antigorite end-members were slightly adjusted in order to reproduce experimental
observations. Since Al and Fe'™ occupy the octahedral and tetrahedral sites of antigorite,
Tschermak and Tschermak-like substitutions are considered in Mg-Tschermak-antigorite and
Fe’"-antigorite end-members. The antigorite solid solution was assumed to be ideal.

Table 4.2.-2. End-member and respective theoretical mineral reactions used for thermodynamic properties
estimations. Mg-atg — Mg-antigorite; Clin — clinochlore; Br — brucite; Fo — forsterite; En — enstatite; Mg-

Tscher.pyx - ; Acm — acmite; Jd — jadeite; Fe-atg — Fe-antigorite. Thermodynamic data for Mg-atg, Fe-talc, Mg-
talc, Clin, Br, Mg-Tscher.pyx, En, Fo, H,O, Acm and Jd are from Holland and Powell (1998).

Name hypothetical mineral reactions source
Fe’"-antigorite 1/17Mg-atg + Fe-talc - Mg-talc This study
L . 4/17Clin + 6/17Fo +  Padron-Navarta et al.
+ _ —
Tschermak antigorite 4/17Clin + 1/32Mg-atg — 1/12Br 6/17En + 15/17H,0 * (2013)

Mg-Atg + Mg-Tscher.pyx - En +
2Acm-21Jd
Mg-Tscher.Atg - 2/3Mg-Ag +
2/3Fe-Atg

Fe*'-antigorite Evans et al. (2013)

Fe-tschermak antigorite This study

Thermodynamic modeling for CFMASH system with sulfur was performed with the
internally consistent database of Holland and Powell (1998) complemented with mentioned
above antigorite end-members, assuming an ideal antigorite solid solution, and with sulfur-
bearing phases (H,S, SO,, pyrite and pyrrhotite) and their respective thermodynamic standard
state properties (AH®, S°, V° and Cp function coefficients) obtained from thermodynamic data
set of Robie and Hemingway (1995). Calculations were performed for systems at oxygen
activity relative to the QFM (quartz-fayalite-magnetite) redox buffer, in order to be comparable

to experimental conditions and natural subduction settings.

121



Chapter 4 Thermodynamic modeling

4.3. Modeling CFMASH and CFMASH-Sulfur systems relative to
experiments

CFMASH system

Some results of thermodynamic modeling with the reduced Fe*"-Mg antigorite solid-
solution are discussed in Chapter 2.2. A P-T pseudosection calculated with this reduced solid-
solution is shown in Figure 4.3.-1a and compared with pseudosections computed with the
complete solid-solution (including Fe’" and Al) for two starting bulk compositions used in the

piston-cylinder experiments described in Chapter 2.2 and 3.2. (Fig. 4.3.-1b and c¢).

Figure 4.3.-1a and b show that the phase assemblages and mineral reactions computed
with the reduced and complete solid solutions are similar. However, the antigorite compositions
computed with both models are different. The isopleths of Fe*"-antigorite end-member activity
(Figure 4.3.-2) show that Fe’* in antigorite first increases from X(Fe’"-atg) = 0.035 to 0.044
between 350°C to 500°C at 2 GPa and then drops down to 0.004 at 550°C. A gradual decrease
of X(Fe’")-atg is observed with further increase of temperature. The value of X(Fe’")-atg in
experiments could not be measured. However, the measured and calculated bulk Fe’*/Fe o
show similar features (Table 4.3.-1). The same decreasing trends are observed from about 0.8-
0.9 below at 550°C down to ~0.2 at 675°C. At T > 700°C, the computed assemblages are free
of Fe’" because no Fe’"-bearing chlorite end-member is present in the thermodynamic data

base, whereas experimental products show that ferric iron is present in chlorite.
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Fig. 4.3.-1. P-T pseudosections a) for bulk composition of serpentinites with 6 wt.% FeOy,,; computed with the
use of Fe-Mg antigorite solid solution; b) for bulk composition of serpentinites with 6 wt.% FeOyq, computed with
the use of completed antigorite solid solution; ¢) for bulk composition of serpentinites with 1.3 wt.% FeOigy
computed with the use of completed antigorite solid solution. Blue fields indicate assemblages with antigorite,
light blue field indicates assemblages with only clinochlore as a main hydrous mineral. Red solid line represent
Atg-out reaction in the system with 1.3 wt.% FeOioq.

Calculated pseudosections in Figures 4.3.-la, b and ¢ show that with increasing
temperature, assemblages with Fe’*-bearing antigorite transform into assemblages free of Fe**-
bearing phases. Since the calculations were made at QFM buffer oxygen fugacity conditions,
the change in redox state of the serpentinite composition is illustrated by the disappearance of
the “—qfm” phase from the mineral assemblages. “-qfm” indicates that the oxygen fugacity of
the buffer has to be lower than qfm in order to compensate the oxygen fugacity of the input
serpentinite composition. After antigorite breaks down, the fO, of the system is maintained at

QFM buffer level since no Fe’"-bearing phases is present.
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Fig. 4.3.-2. P-T pseudosection for serpentinite composition (set#2; 6 wt.% FeO). Dashed blue lines indicate activity
of Fe*"-antigorite end-member.

Table 4.3.-1. Comparison of computed by Theriak and measured in experimental samples Fe*'/Fe ratios in bulk
rock in starting composition and at temperatures from 400°C to 700°C. SM — starting material.

Fe’*/Fe o bulk rock

Temperature, °C Computed Measured

SM 0.6 0.96
400 0.76 -

450 0.75 -

500 0.83 -

550 0.84 0.42
600 0.41 0.395
650 0.20 0.191
675 0.16 0.207
700 0.00 0.20

The Fe’-antigorite and magnetite breakdown in subduction zones plays an important
role regarding potential release of oxidized fluids (Chapter 3.2.) in deep parts of subduction.
The reduction of Fe and consequent release of oxidized fluid depend on the fO, of the system.
Since the pseudosections discussed above were computed at QFM buffer, no magnetite was
present in the calculated assemblages because it is included in the buffer. Figure 4.3.-3 depicts

the evolution of mineral assemblages with temperature and activity of oxygen (proportional to
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oxygen fugacity). Calculated pseudosection presents that antigorite contains Fe’* only at a0, at
or above QFM value. In assemblages forming at log a(O,) lower than that of QFM, antigorite
is Fe’*-free and the only Fe’"-bearing phase is magnetite. Magnetite is absent in assemblages
stable below log a(0,) ~QFM-10. Experimental results showed that Fe’™ was present in
antigorite after magnetite destabilization and until complete antigorite breakdown (Chapter
2.2). Natural observations, on the other hand demonstrated that Fe3+-antigorite coexists with
magnetite. However, computed log a(O,)-T isobaric pseudosection (Fig. 4.3-3) shows that Fe**-
bearing antigorite does not coexist with magnetite. Such a discrepancy between experiment,
natural observations and model may be originated from yet poorly constrained thermodynamic
parameters for Fe’ -antigorite end-member, and different fO, conditions in the experiment and

natural settings.
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Fig. 4.3.-3. Log a(O,)-T isobaric pseudosection at 2 GPa for serpentinite composition comprising 6 wt.% FeOxg.
Red solid line indicates activity of oxygen relative to QFM buffer. Dashed black lines indicate Mg# of antigorite;
dashed blue lines and blue labels indicate activity of Fe*-antigorite end-member. Blue field represent stability of
Fe**-antigorite.

The new antigorite solid-solution was also tested with serpentinite composition
containing 1.3 wt.% FeOa, Wwhich represents the bulk composition of experimental set#l1
(Chapter 3.2). Figures 4.1.-1 b and ¢ show P-T pseudosections computed for Fe-rich and Fe-

poor systems, respectively. Low-temperature assemblages show slight changes in mineral
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abundances. Brucite does not appear in the system with 1.3 wt.% FeOyota1, but in system with 6
wt.%. This difference can be explained by the formation of Fe-richer antigorite in Fe-rich
system (Fig. 4.3.-1b). The excess Mg not incorporated in antigorite is incorporated in brucite.

No significant changes in mineral assemblages are revealed at high temperatures.

As discussed in Chapter 2, the Fe-content of serpentinites affects thermal stability of
antigorite and the temperature of water release associated with the antigorite breakdown. Figure
4.3.-1b demonstrates that the breakdown of antigorite in Fe-poor systems occurs at 10 to 20°C
higher than in Fe-rich systems. Consequently, the main portion of water released by antigorite

breakdown is liberated at higher P-T conditions and deeper parts of subducting slab.

An isobaric X-T pseudosection is shown in Figure 4.3.-4, where X is bulk FeOyy, in
serpentinite. Serpentinite with 6 wt.% FeOyo 1s projected on the left part of the pseudosection,
serpentinite with 1.3 wt.% of FeOyoa is on the right part of the pseudosection. An increase of
FeO from 1.3 wt.% to 6 wt.% decreases the temperature of antigorite breakdown (Reaction 1
in Fig. 4.3.-4) by 100°C. Reaction 1 represents breakdown of Atg to Ol and H,O. However,
reaction lines at higher temperature are less inclined, which means that Fe component affects
these reactions in smaller extent. For example, reaction 2 (complete antigorite breakdown)
changes its temperature from 690°C to 670°C in composition with 1.3 wt.% FeO and 6 wt.%
FeO, respectively. Antigorite breakdown reactions are responsible for H,O release,
consequently FeOya content will affect H,O release. As it was already showed in P-T
pseudosections (Fig. 4.3.-1), dehydration occurs at lower temperature in Fe-rich systems.
Isopleths of H,O projected in Figure 4.3.-4 also reveal that dehydration is progressive between
Reaction 1 and Reaction 3, and occurs at water content decreasing from ~12 to 9 wt.% between
500°C and 650°C. H,O content in a rock decreases sharply in a narrow temperature range,

between ~650°C and ~700°C.

A more detailed discussion regarding the effect of Fe on water release in serpentinites

can be found in Chapter 2.
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Figure 4.3.-4. X-T isobaric pseudosection at 2 GPa. X axis is FeOyy, in bulk serpentinite. Solid lines indicate
mineral reactions; dashed curves indicate wt.% of H,O in the solid rock. White circles with numbers represent
mineral reactions: 1. Onset of antigorite breakdown, 2. Complete antigorite breakdown. Blue field indicate

assemblages with antigorite, light blue field indicates assemblages with only clinochlore as a main hydrous
mineral.

The results of modeling demonstrate that incorporation of Fe’* in antigorite does not
influence its thermal stability, compared to Fe*', which in its turn decreases the antigorite
thermal stability. However, the incorporation of Fe’” in antigorite is more significant regarding

changes in redox state of the rock and fluid.

Tschermak substitution is known to increase the thermal stability of antigorite (Padron-
Navarta et al., 2013), however, it is not discussed here, since Al component is negligible in
antigorite in computed assemblages. The average apfu value of Al in antigorite is 0.001, but
antigorite from experimental products contains about 0.06 apfu Al. The possible reason of such
low Al in modelled antigorite can mean that Fe’"-end-member is too stable compared to Al-

end-member.

Thermodynamic modeling complemented with new developed antigorite solid solution
introduced by Holland and Powell (1998) data set was shown to be relatively compatible with
experimental results. Computations were performed for oxygen activity relative to QFM buffer,
however, further modeling is required in order to test antigorite solid solution with different

buffers. Also compatibility of Al and Fe®" incorporation should be modified and tested.
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CFMASH + Sulfur system

Serpentinites usually contain ~ 1 wt.% sulfur, which is mainly found in form of pyrite
in low-grade serpentinites (e.g., Delacour et al., 2008). The experimental results (Chapter 3.2.)
revealed that pyrite reduces to pyrrhotite between 450°C and 550°C at 2 GPa with the release
of %4 of sulfur initially contained in pyrite. The stability of sulfide at P-T-fO, conditions relevant
to subduction zones is mostly unknown and, hence, the observed transfer of sulfur from sulfide
to S-bearing volatile species is still poorly understood (see Frost, 1985). In order to constrain
stability of sulfur phases in a fluid coexisting with pyrrhotite, thermodynamic modeling is
required, since fluid composition analysis cannot be performed in piston-cylinder experiments.
Here we show the results of thermodynamic modeling in sulfur-bearing systems with the use
of Holland and Powell (1998) data set complemented with thermodynamic parameters for

pyrite, pyrrhotite, SO, and H,S taken from Robie and Hemingway (1995).

Figure 4.3.-5 shows phase diagrams for two chemical systems Fe-S-O-H and Fe-Mg-
Si-O-H plotted in terms of log of activity of oxygen and activity of sulfur. The stability of
pyrrhotite, which is the principal sulfide mineral in experimental products (Chapter 3.2.), is
limited by log of activity of oxygen relative to QFM buffer at 450°C/2 GPa and to QFM+6 at
800°C/2 GPa. Sulfur concentration analysis of experimental products (Chapter 3.2.) revealed
the loss of sulfur, i.e. volatilization of a part of sulfur, took place during experiments. Figure
4.3.-5 demonstrates that the only sulfur-bearing volatile (i.e. gas) phase coexisting with
pyrrhotite at P-T conditions relevant to experiment is H,S. The stability field of pyrrhotite and
H,S is relatively narrow in terms of sulfur activity. However, in terms of activity of oxygen (i.e.
oxygen fugacity) pyrrhotite+H,S stability field has a wide range of values from about QFM
buffer and lower. The experiments described in Chapter 3.2. are reported to be performed at
fO, between ~QFM and QFM-2, which indicates that the possible volatile sulfur phase in

experiment was H,S.
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Fig. 4.3.-5. Isothermic and isobaric Log(ap,)-log(as) sections showing phase stabilities in a). Fe-S-O-H system at
450°C and 2 GPa; b). Fe-S-O-H system at 800°C and 2 GPa; c). Fe-Mg-Si-O-H system at 800°C and 2 GPa; d).
Fe-Mg-Si-O-H system at 450°C and 2 GPa Red line represents a(0;) of QFM buffer. Diagrams were made using
Theriak-Domino software (de Capitani and Petrakakis; 2010). Thermodynamic properties of silicate and oxides
were taken from Holland and Powell (1998) data set; properties of sulfides, SO, and H,S were taken from Robie
and Hemingway (1995). The field indicated with bold text font represent stability of pyrrhotite together with H,S.
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4.4. Conclusions

Taking into account variability of natural rock compositions, models of subduction zone
processes, especially dehydration, will vary depending on the extension, in terms of solid
solution development, of thermodynamic data sets. For example, thermal structures of
subduction zones (e.g., Peacock et al., 2005; Syracuse et al., 2010) will be different depending
on bulk serpentinite composition: more ferrous systems produce more ferrous antigorite which
dehydrate at shallower depths and consequently melting may happen at shallower levels in the
mantle wedge. At the same time, incorporation of ferric iron in antigorite affects the
composition of released fluid. Since antigorite which contains Fe’* breaks down at ~700°C,
oxygen should be released and thus, oxygen activity of a solid rock should decrease. Thus,
development of completed antigorite solid solution is necessary not only to model the regime

of H,O release, but also to understand changes in oxygen activity in subducting slab.

The solid solution model for antigorite, used in this study, was shown to change slightly
the phase relations in the CFMASH system compared to the use of Fe*'-Mg —antigorite solid
solution. The new model provides information on the changes in antigorite composition with P
and T, which is in agreement with experimental results. The use of advanced antigorite solid
solution permits modeling of systems with different Fe and Al contents. The increase of bulk
FeO was shown to decrease the thermal stability of antigorite and consequently the temperature

of water release.

Moreover, serpentinites contain ~1 wt.% of sulfur (Alt et al., 2013). Transition of pyrite
to pyrrhotite during the dehydration is demonstrated experimentally in Chapter 3.2. The lower
amount of sulfur (Chapter 3.2.) and different sulfur isotope ratio (Chapter 3.4.) in dehydrated
assemblages compared to serpentinites reveal the loss of sulfur during dehydration. It is difficult
to estimate the speciation of volatilized sulfur due to limitations of fluid phase composition
analysis in piston-cylinder experiment, however thermodynamic approach helped to constrain
stability of pyrrhotite and volatile sulfur in form of H,S. Models of sulfur-bearing systems
demonstrates that sulfur might not necessary be oxidized in order to be released from
serpentinites. Modeling shows that mobilization of sulfur can occur in a wide range of fO,, but

the speciation of volatilized S is dictated by fO, and activity of sulfur.

Equilibrium calculations, in our case with the use of Theriak-Domino suit, are powerful tools
to help understanding natural processes and experimental results, help to develop new
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equations of state and solution models for more advanced modeling and also help to plan
future experimental work.
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4.5 Application of thermodynamics to natural
systems modeling
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Abstract—Two areas with different types of hydration (serpentinization), which occurred in two settings dis-
tinct in temperatures, pressures, and stresses, are spatially individualized in the ophiolitic ultramafic massifs
of the Polar Urals. The high-temperature hydration of ultramafic rocks occurred in the lithosphere of the
mantle wedge directly above the subducted slab. The initial conditions of hydration are limited to 1.2—2 GPa
and 650—700°C; a stable assemblage of olivine + antigorite + magnetite — amphibole — talc — chlorite was
formed at 0.9—1.2 GPa and 550—600°C. The low-temperature mesh lizardite—chrysotile serpentinization
occurred in the crustal, near-surface conditions. Both types of hydration were accompanied by release of
hydrogen, which participates in abiogenic CH, synthesis in the presence of CO, dissolved in water.

DOI: 10.1134/51028334X16050068

In the opinion of many researchers, olivine—antig-
orite rocks after peridotites are exclusively formed in
suprasubduction settings, which is supported by numer-
ous findings of antigorite serpentinites in the present-
day deep-sea trenches and their absence in the mid-
oceanic ridges. While submerging, the serpentinized
peridotites undergo deserpentinization and metamor-
phism in the slab structure with formation of new high-
temperature hydroxyl-bearing minerals: amphibole,
talc, antigorite, and Mg-chlorite [11, 12, 14].

In ophiolitic allochthons of the Polar Urals, first of
all, the Voykar—Synya massif, the spatial interrelations
of the high-temperature metamorphic (olivine—antig-
orite £ amphibole * talc) and low-temperature (lizard-
ite—chrysotile) ultramafic rocks are well mapped.
Peridotites with structures of a viscous—plastic mantle
flow are subjected to uneven mesh serpentinization,
which keeps the structures of rocks. The zones of
ultramafic metamorphic amphibole—antigorite—oliv-
ine rocks cut these deformation textures and are con-
cordant with the high-grade metamorphic rocks in the
allochthon foot. This indicates a link between the for-
mation of ultramafic metamorphic rocks and the
movement of peridotites from the mantle to the crust.

The zones of the olivine—antigorite metamorphic
rocks are asymmetric: fresh peridotites surrounded by
massive amphibole * talc—antigorite—olivine rocks
occur at the top, whereas gneisslike, intensely

¢ Geological Institute, Russian Academy of Sciences,
Pyzhevskii per. 7, Moscow, 119017 Russia
e-mail: razn46@mail.ru

b [STerre, Universite Joseph Fourier, Grenoble, France

deformed olivine—(antophyllite)—antigorite schists
are developed at the foot. The asymmetric structure of
zones and sharply intense foliation of the rocks at their
foot are more evidence of the causation between trans-
portation of mantle masses, hydration of peridotites,
and the formation of ultramafic metamorphic rocks.

The following series of alternating mineral assem-
blages are identified: olivine + enstatite + diopside +
pargasite — secondary olivine + amphibole (antophyl-
lite, tremolite) + talc + olivine — talc + antigorite + oli-
vine * diopside — antigorite—olivine rock — antig-
orite—olivine schist. This series has previously been
considered as reverse (progressive), probably, with
complete dehydration of rocks and the formation of
absolutely fresh peridotites [5]. New analytical data
have shown that the petrography and geochemistry of
fresh nonserpentinized harzburgites and lherzolites
are similar to those of typical abyssal mantle peridot-
ites, whereas the geochemistry of dunites, pyroxenite
veins in the mantle section, and adjacent peridotites is
typical of rocks formed in the suprasubduction zone
[1, 7]. Taking into account this and the structural
interrelations (e.g., the mesh of talc and antigorite
veinlets in fresh peridotites), we ascribe the fresh
harzburgites to the primary rocks that were involved in
regressive high-temperature dehydration. The geolog-
ical and geochemical data on the Voykar—Synya mas-
sif [1, 5, 7] indicate that the mantle ultramafic rocks of
the Polar Urals were formed in the forearc basin. After
the early stage of the formation of the mantle section,
the mantle masses moved to the trench. Thus, the
lithospheric mantle in the suprasubduction zone could
be a possible zone of starting the hydration process.
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Position of the area of formation of ultramafic metamorphic rocks in the suprasubduction mantle wedge. The areas of stability of
antigorite serpentinites and chlorite harzburgites are after [9—11]. (/) Island arc crust, (2) oceanic crust of slab, (3) serpentinized

(antigorite) ultramafic rocks [9, 10], (4) chlorite harzburgite with

spinifex and hornfels textures [9, 11], (5, 6) the areas of stability

of antigorite (5) and Mg-chlorite (6) in the mantle harzburgite of the suprasubduction wedge according to numerical modeling
[9], (7) boundary of decomposition of antigorite, and (&) areas of the lithospheric mantle with known PT-conditions of hydration.

The stability of antigorite in the MgO—SiO,—H,O
and MgO—Al,0;—SiO,—H,0 systems (reaction: antig-
orite = forsterite + clinoenstatite + water) is limited
under the H,O-saturated conditions by 630—650°C
and 1.6 GPa and 620—660°C and 2.5 GPa. In the
presence of Al,Os5, this reaction occurs at 660—700°C
and 2.0 GPa and 660—680°C and 2.9 GPa [8]. Similar
restrictions for the stability of antigorite were obtained
by other researchers [9, 10, 12], who showed its
decomposition (transit to chlorite) at 680—710°C and
1.6—1.9 GPa.

The metamorphic conditions inferred from the
study of real geological objects [11, 12] are quite con-
sistent with the results of experiments and numerical
modeling of hydration of ultramafic rocks at various
temperature and pressures [9, 10, 14]. The olivine—
antigorite and olivine—chlorite assemblages are
formed and remain stable at depths up to 100 km at
temperatures up to 650—700°C and represent the most
typical ultramafic metamorphic rocks of the sub-
ducted slab along with chlorite and amphibole—oliv-
ine rocks.

Such a high-temperature metamorphism of peri-
dotites is considered by these works as a progressive
process, which occurs in the course of submergence of
the rocks with an increase in temperature and pres-
sure.

Dehydration of serpentinites and sediments in the
slab causes the formation of the H,O-dominant vola-
tile flow. It rises to the rocks of the mantle wedge above
the slab and stimulates the high-temperature hydra-
2016
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tion of peridotites at depths of 100—20 km. The
change in the Olygugo_91 + Enygugo o1 T Preyigaor_o4
t0 Olyigagr g £ Preyviguos T Tremyygugs £ Antgyiguos os
assemblage is one of the earliest metamorphic reac-
tions in peridotites of the Voykar—Synya massif. The
minerals were analyzed on a JEOL-8230 microprobe
(ISTerre, Grenoble, France, analyst V.G. Batanova).
On the basis of this composition, thermodynamic cal-
culations by M.V. Merkulova (the Theriak-Domino
software package for thermodynamic modeling on the
basis of the Gibbs energy minimization) showed that
harzburgites and lherzolites with rare pargasite are sta-
ble at 1.5—1.2 GPa and 900—850°C. In the presence of
water vapors, the decrease in the temperature and
pressure results in the formation of metamorphic
assemblages, whose stability is limited to 1.2—0.9 GPa
and 600—550°C.

Figure schematically shows the location of the
areas of formation of ultramafic metamorphic rocks in
the suprasubduction mantle wedge and the areas of
stability of anrigorite serpentinites and chlorite
harzburgites after [9—11]. Taking into consideration
the estimations of hydration of peridotites and the
above data on the Polar Urals, we may state that the
early hydration reaction of primary peridotites starts at
~1.5 GPa (depth of 50—60 km) and 650—600°C. The
position of the mantle domain, where the hydration of
peridotites began in the mantle wedge, is marked by
circles 1 and 2 (figiure). The close position of domains
1 and 2 reflects the sharp (within several meters)
change in the metamorphic assemblages in the top of
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the zones where the amphibole—antigorite—olivine
rocks were replaced by talc—antigorite—olivine rocks
with various amounts of two—three generations of
high-Mg amphibole and two generations of olivine.
Areas 3 and 4 demonstrate the mantle domains at the
depths of 30—35 and 20—15 km above the subducted
slab. They are mostly composed of antigorite—olivine
rocks: massive with small relics of fresh peridotites
(domain 3) and olivine—antigorite schists (domain 4).

The formation of the hydration front was accompa-
nied by an increase in the volume of rocks and temper-
ature. These processes increase the ductility of the
mantle masses, and the ductile olivine—antigorite
schists served as the “rails” for the extrusion of the
mantle deep masses to the upper crustal horizons. In
the numerical model of layering and uplift of the oce-
anic crust in the suprasubduction area, the leading role
belongs to the weakened serpentinite horizon [15].
Our case is principally distinct from this model in that
the detachment process at the crust—mantle boundary
occurs in the mantle wedge in the suprasubduction
zone rather than in the subducted slab. Most likely,
this explains the presence of the giant poorly disinte-
grated masses of mantle peridotites in the Polar Ural
ophiolites. As peridotites are extruded to the crust, the
temperature and the total pressure of hydration
decrease, but the fluid pressure and stress in the local
near-foot zones increase.

The generalized serpentinization reaction olivine +
enstatite + H,O = serpentine + magnetite + H, in the
MgO—FeO—-SiO,—H,0 system is accompanied by
release of hydrogen both in the crustal conditions
(low-temperature lizardite—chrysotile serpentiniza-
tion) and, probably, the lithospheric mantle of the sub-
duction area, where antigorite is formed (high-tem-
perature serpentinization). This hydrogen takes part in
abiogenic synthesis of methane in the presence of CO,
dissolved in water and also initiates hydrogen metabo-
lism in marine conditions: its consumption by
prokaryotes with further release of methane [6, 13].
This affects greatly the increase in the amount of
methane generated during serpentinization of peri-
dotites in the ocean and backarc and forearc basins in
the suprasubduction geodynamic setting.

The formation of hydrogen and methane during
serpentinization of mantle peridotites is used by many
researchers for substantiation of the hypothesis of the
abiogenic origin of oil and interpretation of the geody-
namic models of the petroleum potential of various
basins [2—4].
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Conclusions

The main goal of this PhD thesis was to understand the mechanisms of serpentinite
dehydration, the chemistry of the slab-derived fluid and the redox conditions in subduction
zones. The experimental approach with well-defined P-T and fO, conditions of experimental
runs and numerous analytical methods allowed to accurately describe mineral modes, mineral
chemistry, bulk rock composition and speciation of Fe and S in the ex-sifu and in-situ produced

assemblages. The experimental results were extrapolated to natural subduction zone settings.

Main results and conclusions obtained in the present work are summarized in the

following paragraphs:

Modelling of Fe-bearing systems

Detailed P-T diagram in CFMASH (CaO-FeO-MgO-Al,03-Si0;,-H,0) system for
ultramafic phase relations was defined experimentally and thermodynamically with introduced
Fe-bearing antigorite. CFMASH chemical system corresponds to natural serpentinized
peridotite compositions and includes such common in metaperidotites minerals as
clinopyroxene, chlorite and garnet. Stability of Fe-bearing antigorite was constrained and Fe
content was demonstrated to reduce the upper thermal stability limit of antigorite compared to

that in pure Mg-systems.

Effect of bulk composition on serpentinite dehydration

Increase of bulk Fe content was shown to decrease temperature of serpentinite
dehydration and consequently depths of water release. The presence of Al in serpentinites was
shown to stabilize chlorite up to 800°C. The higher thermal stability of chlorite compared to
that of antigorite implies the retain of H>O in metaperidotites after antigorite breakdown and

release of 20 % H,O initially contained in serpentinite at deep parts of subduction.

Assessment of potential correlation between dehydration regimes and seismicity

Thermodynamic models of water release regime at two common geothermal gradients
corresponding to “hot” and “cold” subduction zones were constrained. The comparison

between water-release depth profiles and focal depths in two different subduction zones
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demonstrated that, depending on the angle of subduction and the PT conditions in the slab, the
contribution of serpentinite dehydration to seismicity can be highly contrasted. A clear
correlation between depths of dehydration and of peak seismic activity in hot subduction zones

strongly contrasts with the absence of such a correlation in cold subduction zones.

Speciation of Fe during serpentinite dehydration

Progressive reduction of Fe in experiments at relatively low fO, (QFM-2) was observed
during dehydration of serpentinites. Main Fe’"-bearing phases, magnetite and antigorite, break
down at 550°C and 700°C respectively at 2 GPa, and form Fe**-bearing assemblages of mainly
olivine and orthopyroxene. Initially high Fe*"/Few, equaled to 0.9, of serpentinites drops down
to 0.15 in fully dehydrated metaperidotites. The Fe reduction progresses in a lower extent in
nature, however, the trend of the reduction and redox reactions, involving antigorite and

magnetite, are similar to those in experiment.

Speciation and mobility of S during serpentinite dehydration

Sulfur, present in serpentinites in form of pyrite, was shown to be reduced at 450°C.
Reduction of S occurs through pyrite-to-pyrrhotite reaction. In addition, 25% of S was
mobilized, i.e. volatilized, most-likely in form of H,S, according to experimental and
thermodynamic results. These results provide evidence that sulfur might not necessary be
oxidized in order to be released from serpentinites, however, fO, for such a release should be

below QFM buffer.

Consequences of Fe and S reduction

Reduction of Fe and S during serpentinite dehydration was shown to be driven by the
presence of reduced species in both, experimental setup and in natural conditions. Oxygen was
assumed to be the main electron-transfer. Thus, the oxidizing potential of serpentinites was
quantified by means of oxygen, transferred from initially oxidized serpentinites to reduced
species. Demonstrated high redox capacity of oceanic serpentinites might result in a release of
oxidized fluid at depths relevant for serpentinite dehydration. Moreover, fluid released at depths
of ~70 km is about 15 times more oxidized and may carry more fluid mobile elements in
comparison to the fluid formed at deeper levels (~120 km) of a common flat (“hot”) subduction.
Such a different composition of released aqueous fluid along subducting slab may explain a

wide range of redox conditions from fore-arc to deep mantle.
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Importance of subduction zone redox cycle

Compilation of all redox processes including oceanic peridotite serpentinization,
serpentinite dehydration and mantle wedge hydration implies a large-scale subduction zone
redox cycle. Aqueous fluid is the main agent that transports the redox potential from one part
of subduction zone to another, and plays a major role in a number of subduction zone processes.
In particular, the ability of oxidized aqueous fluid to transport elements of economic interest
(e.g., Au, Pt, Cu, Ag, W, Mo, U) from subducted slab to the overlying mantle leads to ore-
deposits formation. The volatilization of sulfur species in the fluid facilitates the mobility of
mentioned elements in form of sulfur complexes. The hydration and oxidation of the mantle
wedge is accompanied by a release of hydrogen in fore-arc settings and may lead to abiogenic
synthesis of methane and genesis of oil. Not less important, the release of aqueous fluid from
the slab is linked to generation of subduction zone seismicity. In addition, the large volume of
the aqueous fluid liberated at deep parts of subduction results in partial melting of mantle and

a birth of arc volcanism.

In conclusion, this study demonstrates that experimental approach can be successfully
applied to investigate mechanisms of serpentinite dehydration and redox changes in subduction
zones. Precise knowledge about experimental setup conditions, such as pressure, temperature

and fO,, are required to extrapolate laboratory observations to natural settings.
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Perspectives

A number of studies, including the present thesis, has uncovered questions regarding
dehydration process and redox changes in subduction zones. However, many unsolved
problems still remain on the subject. Few suggestions for future investigations and possible

technical improvements are listed as follows:

1. Dehydration of Fe**-bearing serpentinites should be examined experimentally

at various oxygen fugacity conditions. Present experimental work demonstrated results

obtained at fO, QFM-2. However, fO, in subduction zone settings can vary from QFM+1 to
QFM-2. Such a range of fO, might cause significant discrepancies in mineral chemistry, redox

reactions and water release between assemblages produced in reduced and oxidized conditions.

2. Evolution of serpentinite, containing magnetite together with sulfides (pyrite,

pyrrhotite), must be investigated at the conditions of subduction zone dehydration. Coexistence
of magnetite and sulfide phase in serpentinite may cause oxidation of sulfur to sulfate/SO,, if
fO, > QFM. Another possible scenario is that pyritet+pyrrhotite+magnetite (PPM buffer)
assemblage will be stable along the whole range of P-T conditions relevant for subduction
zones. The latter statement indicates that in case of coexisting magnetite with sulfide, the redox
evolution of serpentinite may have a totally different trend in comparison with results presented

in this work.

3. Relations between serpentinites with overlying sediments and metabasalts have

to be investigated. As it was shown in the present work, serpentinites have a great redox
potential and may be capable to oxidize overlying crust. The presence of reduced species (S, C,
Fe, H) in oceanic crust may drive reduction of Fe in serpentinites. Thus, assessment of oceanic
crust reducing potential will demonstrate the proposed hypothesis. Additionally, buffered
experiments on dehydration of serpentinite, placed in contact with a block of
sediment/metabasalt, can be carried out. Coincident reduction of serpentinite and oxidation of

sediments will proove the suggested above assumption.

4, Lizardite-antigorite transition, another intriguing observation, which was not

completely understood within the present study, has to be studied in more details. Heterogeneity
of natural serpentine samples, slow kinetics of the transition and difficulties in lizardite and
antigorite analytical discrimination complicate and limit in-sifu experimental observations. The

choice of pure lizardite starting material and the use of Raman spectroscopy together with in-

145



Conclusions and perspectives

situ XAS measurements may facilitate characterization of two minerals. The author has an
opportunity to perform in-situ experiments on lizardite-antigorite transition with suggested
improvements during the beamtime (ESRF, Grenoble) in October 2016. Moreover, ex-situ
experiments can be performed, which allow the use of bigger sample volume, and can be carried

out with long duration.

5. In-situ dehydration experiments in diamond-anvil cells still remain challenging

because of big uncertainties on P and T, slow kinetics of some mineral reactions, small sample
size and therefore low element (in particular Fe) concentration. Moreover, diamond anvils
significantly absorb X-rays at energies of Fe K-edge, which lower the quality of XANES
spectra. And the use of single-crystal diamonds-anvils may cause appearance of unwanted
Bragg peaks on XANES spectra. Thus, the implication of perforated nano-crystal diamonds,
more concentrated samples and improvements in P and T maintenance will provide invaluable

results obtained from in-situ dehydration experiments.

6. To investigate the fractionation of sulfur isotopes in subduction zone settings

future experiments and measurements are required to be performed. No accurate data is
available to describe loss/gain of heavy sulfur isotope. Experiments on reduction/oxidation of
sulfur and further sulfur isotope measurements of experimental products will provide helpful

information about the sulfur volatile species formed during serpentinite dehydration.

To constrain different types of pseudosections describing realistic dehydration of serpentinite,

antigorite solid solution should be improved, Fe**-bearing chlorite and sulfates should be
introduced to the datasets. Thermodynamic modeling is a necessary tool that supports
experimental results. Mentioned advances in thermodynamic calculations and thermodynamic

datasets will upgrade the level of the modeling.
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Fig. 1-Sla

Back-scattered electron images
of experimental assemblages
produced in the experimental
set#1 (starting material -
antigorite)
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Fig. 1-S1b

Back-scattered electron images
of experimental assemblages
produced in the experimental
set#2 (starting material -
antigorite + magnetite)
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Fig. 1-Slc

Back-scattered electron images of experimental assemblages produced in the experimental
set#3 (starting material — antigorite + pyrite)
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Table 2-S1a. Composition of antigorite produced in experiments (set#2)

T, °C 550 550 550 550 550 600 600 600 600 600 650 650 650 650 675 675 675
Major elements (wt.%)
SiO, 4432  47.75 47.75  48.13 47.57 4457 4472 4495 4484 4492 4582 4482 4567 44.09 4475 4569 4690
TiO, 0.04 0.02 0.01 0.03 0.01 0.00 0.01 0.01 0.01 0.02 0.02 0.00 0.03 0.03 0.02 0.02 0.09
ALO; 0.86 1.33 0.85 0.80 1.03 1.07 0.74 1.15 1.45 1.21 1.06 0.93 1.34 1.54 1.08 1.10 1.00
FeOt 1.51 1.25 1.22 1.29 1.57 2.09 2.90 2.40 2.45 2.51 4.25 3.91 3.97 3.53 2.73 2.49 3.25
MnO  0.07 0.08 0.07 0.09 0.10 0.09 0.07 0.09 0.09 0.11 0.10 0.10 0.08 0.07 0.09 0.08 0.10
MgO 4143 33.68 36.64  35.55 35.57 3834  38.16 4098  40.28 40.30  37.25 37.62  37.57 37.13 38.75 38.59  26.11
CaO 0.20 0.11 0.03 0.06 0.10 0.10 0.02 0.01 0.01 0.05 0.10 0.02 0.05 0.06 0.03 0.03 11.20
Na,O 0.02 0.04 0.04 0.02 0.03 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02
Cr,0; 0.03 0.07 0.01 0.02 0.06 0.04 0.01 0.05 0.06 0.08 0.04 0.01 0.04 0.12 0.37 0.03 0.02
NiO 0.00 0.03 0.02 0.03 0.05 0.07 0.05 0.00 0.00 0.00 0.05 0.05 0.06 0.08 0.05 0.06 0.04
OH 11.53 15.64 13.35 13.98 13.92 13.61 13.33 10.36 10.81 10.80 11.33 12.53 11.20 13.35 12.14 11.90 11.27
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
apfu
Si 1.96 2.17 2.12 2.15 2.13 2.01 2.02 1.97 1.97 1.98 2.03 2.01 2.02 2.00 1.99 2.02 2.12
Ti 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 0.00 0.00 0.00
Al 0.04 0.07 0.04 0.04 0.05 0.06 0.04 0.06 0.08 0.06 0.06 0.05 0.07 0.08 0.06 0.06 0.05
Fe* 0.04 0.05 0.05 0.05 0.06 0.08 0.10 0.06 0.07 0.07 0.12 0.10 0.12 0.11 0.09 0.09 0.12
Fe?* 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.02 0.02 0.03 0.04 0.03 0.03 0.01 0.00 0.00
Mn 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 0.00 0.00 0.00
Mg 2.74 2.28 2.43 2.37 2.38 2.58 2.57 2.68 2.64 2.64 2.46 2.52 2.47 2.51 2.58 2.55 1.76
Ca 0.01 0.01 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 0.54
Na 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 0.00 0.00 0.00
Cr 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 0.01 0.00 0.00
Ni 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 0.00 0.00 0.00
+
fj ¥ 0.77 1.00 1.00 1.00 1.00 1.00 0.93 0.65 0.77 0.74 0.79 0.70 0.81 0.79 0.92 1.00 1.00
Mg # 98.00  97.96 98.16  98.00  97.58 97.03 95.91 96.82  96.71 96.62 9399 9449  94.40 9494 9620  96.51 93.47
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Table 2-S1b. Composition of olivine produced in experiments (set#2)

T,C 550 550 550 550 550 550 600 600 600 650 650 675 675 700 700 700 700
Major elements (wt.%)

Si0, 3898 3859 37.67 3808 3901 3955 3910 3887 3793 3997 3929 3961 3982 4096 4144 4031 4049
TIO 000 000 000 000 000 000 000 000 000 002 000 000 000 000 000 000 000
ALO; 000 000 000 000 000 000 000 000 000 003 000 000 000 000 000 000 000
FeOt 2019 2280 2376 2309 1748 1676 1849 2263 2336 1674 2055 1402 1491 1258 962 1082  10.40
MnO 039 030 123 023 061 017 024 025 015 025 025 021 021 021 016 018 0.6
MgO  39.66 3867 3652 3693 4197 4170 4265 3833 37.87 4322 3933 4438 4430 4482 5002 4815  49.66
Ca0 014 009 050 026 006 006 002 002 004 008 012 005 006 009 003 004 003
Cr0; 016 017 012 015 015 012 004 003 019 007 005 008 011 021 007 006  0.09
NiO 016 032 019 024 015 013 014 018 022 023 009 015 021 030 011 015 024
Total  99.62 ;00'8 99.82 9878 99.29  98.30 é00'6 }00'3 99.76 100'6 (1)00'7 98.50  99.61 ;00'1 ;01'4 99.69 ;01'0
apfu

Si 101 100 099 101 100 101 099 10l 100 101 1.0l 10l 100 102 100 100 099
Ti 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000  0.00
Al 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
Fe 044 049 052 051 037 036 039 049 051 035 049 030 031 026 019 022 021
Mn 001 001 003 00l 00l 000 00l 00l 000 00l 00l 000 000 000 000 000 000
Mg 153 149 144 145 160 160 161 148 148 162 147 168 166 166 180 177 180
Ca 000 000 001 00l 000 000 000 000 000 000 000 000 000 003 000 000 000
Cr 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
Ni 000 00l 000 00l 000 000 000 000 000 000 000 000 000 00l 000 000 000
Mg# 7778 7514 7325 7402 8079 8141 8043 7512 7429 8214 7732 8495 8411 8640 9026 88.80  89.48
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Table 2-S1b (continued)

T,C 1725 725 725 750 750 800 800 800 800 800 850 850 850 850 850
Major elements (wt.%)

Si0, 41.35  42.01 40.65 4126 4098 40.09 40.80 40.84 40.80 40.80 40.67 4096 40.82 4099 40.58
TiO, 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 0.00
ALO; 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 0.00
FeOt 9.70 9.60 8.56 10.74 10.41 10.57 9.24 10.29  10.51 1031 952 9.60 9.51 9.77 9.59
MnO 0.16 0.18 0.15 0.14 0.19 0.18 0.17 0.15 0.17 0.18 0.15 0.14 0.13 0.16 0.14
MgO 4923 4926 49.14 4925 4880 50.14 50.24 4852 48.51 48.68 48.82 48.82 48.79 48.80 49.41
CaO 0.05 0.06 0.03  0.03 0.04 0.04 0.04 0.03 0.04 0.03 0.09 0.03 0.04 0.05 0.03
Cr,0; 0.06 0.11 0.09  0.05 0.07 0.03 0.08 0.11 0.10 0.02 0.05 0.02 0.03 0.02 0.03
NiO 0.16 0.12 0.13  0.16 0.13 0.14 0.13 0.16 0.18 0.10 0.15 020 0.15 0.16 0.16
Total 100.49 101.10 98.50 101.64 100.62 101.19 100.71 100.09 100.31 100.13 99.46 99.76 99.47 99.95 99.95
apfu

Si 1.02 1.00 1.01 1.00 1.00 0.98 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.99
Ti 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 0.00
Al 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 0.00
Fe 0.36 0.20 0.19 0.22 0.21 0.22 0.19 0.21 0.22 0.21 020 020 020 020 020
Mn 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 0.00
Mg 1.60 1.78 1.77 1.78 1.78 1.82 1.82 1.77 1.77 1.78 .79 179 179 1.78 1.81
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 0.00
Cr 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 0.00
Ni 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 0.00
Mg# 90.04 90.15 91.10 89.10 89.31 8942 90.65 89.37 89.16 89.38 90.14 90.06 90.14 89.90 90.18
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Table 2-S1c. Composition of clinopyroxene produced in experiments. (set#2)

T,°C 550 550 550 550 550 550 550 550 600 600 600 650 650 650
Major elements (wt.%)

SiO, 5592 5537 55.65 5545 5844 5526 5537 5501 5359 5530 5249 54.14 5373 5423
TiO, 0.14 0.09 0.07 0.10 0.13  0.00 0.05 0.18 0.09 0.10 0.10 0.13 0.15 0.14
ALO; 1.16 140 1.10 0.81 224 0.00 1.06 145 0.33 0.24 1.79 084 096 0.66
FeOt 2.36 2.86 2.16 2.22 234 224 2.01 311 3.87 2.48 374 384 393 4387
MnO 0.08 0.04 0.01 0.04 0.02 0.07 0.04 0.05 0.06 0.08 0.08 0.06 0.12 0.09
MgO 1898 18.08 19.31 17.42 2272 17.34 1923 18.16 16.70 17.52 1877 18.60 17.29 18.99
CaO 21.53 20.71 21.65 23.75 1023 23.65 21.51 20.64 2427 2450 21.57 21.77 22.51 19.06
Na,O 0.93 1.06  0.88 0.47 3.14  0.00 0.76  1.13  0.00 0.00 0.03 0.02 0.01 0.03
Cr,0; 0.02 0.05  0.00 0.03 0.18  0.09 0.03 0.19 0.17 0.07 0.17 0.15 0.12 0.21
NiO 0.05 0.05 0.02 0.00 0.05 0.02 0.00 0.00 0.04 0.01 0.00 0.04 0.00 0.26
Total 101.16 99.71 100.84 100.31 99.50 98.75 99.36 99.11 99.13 100.31 98.68 99.58 98.82 98.54
apfu

Si 1.99 2.00 1.98 2.00 2.03  2.03 1.99 199 199 2.00 192 198 198 2.00
Ti 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
Al 0.05 0.06 0.05 0.03 0.09  0.00 0.04 0.06 0.01 0.01 0.08 0.04 0.04 0.03
Fe 0.07 0.09  0.06 0.07 0.07  0.07 0.06 0.09 0.12 0.08 0.12 0.12 0.12 0.15
Mn 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
Mg 1.01 097 1.03 0.94 1.18  0.95 1.03 098 092 0.95 1.06 1.01 095 1.04
Ca 0.82 0.80 0.83 0.92 0.38 0.93 0.83 0.80 0.96 0.95 0.87 0.85 0.89 0.75
Na 0.05 0.06 0.05 0.03 0.17  0.00 0.04 0.06 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00  0.00 0.00 0.01  0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01
Ni 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
Mg# 9349 91.85 9410 9332 9453 9323 9447 9123 8851 92.63 89.93 89.62 88.69 8741
Wo 4325 43.06 43.13 4776 2343 4776 43.17 4270 48.04 4821 42.62 4299 4536 38.67
En 53.06 5230 53.52 4875 7238 4871 53.68 5228 4599 4797 51.60 51.09 48.47 53.61
Fs 3.69 4.64 335 3.49 4.19  3.53 3.14 502 597 3.81 578 592 6.8 772
Jad 5.85 6.84 553 2.79 30.64 0.00 484 728 0.00 0.00 020 0.13 0.04 025
Di 94.15 93,16 9447 9721 69.36 100.00 95.16 92.72 100.00 100.00 99.80 99.87 99.96 99.75
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Table 2-S1c¢ (continued)

T,’C 675 675 675 700 700 700 700 750 800 800 800 850 850 850
Major elements (wt.%)

SiO, 5413 5294 5491 57.02 5588 5530 5434 5437 5444 5551 5424 5419 5394 52.50
TiO, 0.08 0.07 0.10 0.15 0.13 0.07 0.08 0.11 0.13 0.12 0.00 0.15 0.17  0.10
ALO; 1.18 1.63 045 1.00 090 136 156 1.08 122 1.50 1.30 2.37 3.89 1.04
FeOt 439 513 6.10 450 389 284 280 256 224 3.39 2.75 445 291  2.70
MnO 0.08 0.10 0.18 0.10 0.09 0.10 0.10 0.09 0.09 0.13 0.12 0.08 0.09 0.12
MgO 21.18 1933 2571 25.61 23.67 17.86 20.51 19.71 19.47 20.04 1848 19.42 19.64 21.20
CaO 15.64 19.12 12.03 11.29 1450 2190 19.10 21.41 2265 1996 2246 2145 18.77 21.15
Na,O 0.05 0.03 0.02 0.03 0.01 0.05 0.07 0.01 0.02 0.02 0.00 0.03 0.06 0.01
Cr,0; 0.16 031 025 0.17 0.18 0.02 0.10 0.16 0.35 0.20 0.35 0.09 044 048
NiO 0.10 0.05 0.03 0.11 0.07 0.04 0.01 0.00 0.00 0.00 0.02 0.00 0.00  0.00
Total 97.01 98.71 99.80 100.00 99.34 99.55 98.68 99.36 100.39 100.65 99.71 101.56 99.24 98.58
apfu

Si 200 194 197 201 200 200 198 199 196 1.98 1.97 1.93 1.94 193
Ti 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
Al 0.05 0.07 0.02 0.04 0.04 0.06 0.07 0.05 0.05 0.06 0.06 0.10 0.16  0.04
Fe 0.14 0.16 0.18 0.13 0.12  0.09 0.09 0.08 0.07 0.10 0.08 0.13 0.09  0.08
Mn 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00
Mg 1.17 1.08 138 135 126 096 1.11 1.00  1.05 1.07 1.00 1.03 1.05  1.16
Ca 0.62 077 046 043 0.56 0.85 0.74 0.84 0.88 0.76 0.88 0.82 0.72  0.83
Na 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
Cr 0.00 0.02 0.02 0.00 0.01  0.00 0.00 0.00 0.00 0.03 0.00 0.03 0.03  0.04
Ni 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
Mg# 89.57 87.04 8825 91.02 91.56 91.81 92.88 9321 9394 91.34 9230 88.60 9233 93.32
Wo 32.23 3824 2289 2239 2874 44.73 3834 4373 4399 3954 4463 4130 38.81 40.09
En 60.70 53.76 68.05 70.64 6525 50.75 57.28 51.90 52.62 5522 51.11 52.01 56.50 55091
Fs 7.07 8.00 9.06 6.97 6.01 452 439 437 339 5.23 4.26 6.69 4.69 4.00
Jad 046 024 024 044 0.14 033 055 010 0.13 0.12 0.00 0.22 0.44 0.08
Di 99.54 99.76 99.76 99.56 99.86 99.67 99.45 99.90 99.87 99.88 100.00 99.78 99.56 99.92
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Table 2-S1d. Composition of orthopyroxene produced in experiments (set#2)

T,’C 675 700 700 700 700 700 700 700 700 700 700 700 700 700
Major elements (wt.%)

SiO, 54.52 5886 57.82 5811 5828 5729 57.69 56.97 58.58 56.86 58.65 5858 5838 57.86
TiO, 0.07 0.07 0.04 0.08 0.08 0.09 0.08 0.09 0.09 0.10  0.06 0.08  0.09 0.05
ALO; 035  0.50 0.48 0.80 0.62 0.85 0.84 121 0.52 0.58 0.51 0.71  0.65 0.51
FeOt 890 6.66 7.40 5.90 6.18 7.17 646 562 5.63 7.01 5.8 432  6.59 4.90
MnO 029 0.17 0.20 0.17 0.18 0.14 0.15 0.12 0.19 020 0.22 0.18 0.16 0.20
MgO 3456 3477 33.55 3453 3441 34.61 3399 3031 34.04 3481 3490 3580 33.77 32.57
CaO 0.82 0.17 0.48 1.35 0.18 0.21 042 381 1.79 021 0.26 0.14 0.25 3.66
Na,O 0.00 0.00 0.00 0.00 0.00 0.01 0.06 029 0.00 0.00 0.01 0.00  0.00 0.00
Cr,0; 0.18 0.12 0.27 0.18 0.18 0.18 022 023 0.14 0.11 0.18 0.08 0.16 0.27
NiO 0.05 0.04 0.03 0.04 0.05 0.24 0.04 0.02 0.02 0.08 0.05 0.01  0.07 0.06
Total 97.74 101.38 100.27 101.15 100.17 100.78 99.97 98.67 101.00 99.97 100.44 9991 100.14 100.10
apfu

Si 0.98 1.00 1.00 0.99 1.00 0.99 1.00  1.00 1.00 0.99 1.00 1.00  1.01 1.00
Ti 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
Al 0.01 0.01 0.01 0.02 0.01 0.02 0.02 0.03 0.01 0.01  0.01 0.01 0.01 0.01
Fe 0.13  0.09 0.11 0.08 0.09 0.10 0.09 0.08 0.08 0.10  0.08 0.06  0.09 0.07
Mn 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
Mg 0.87 0.88 0.87 0.88 0.88 0.89 0.88 0.80 0.87 0.90 0.89 091 0.87 0.84
Ca 0.02  0.00 0.01 0.02 0.00 0.00 0.01  0.07 0.03 0.00  0.00 0.00  0.00 0.07
Na 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00  0.00 0.00  0.00 0.00
Cr 0.00  0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00  0.00 0.00  0.00 0.01
Ni 0.00  0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00  0.00 0.00  0.00 0.00
Mg# 8738 9029 88.98 9125 90.84 89.58 9036 90.58 91.51 89.85 91.76 93.66 90.13 9221
Wo 1.55 0.32 0.90 2.49 0.35 0.39 0.80 7.56 3.34 0.38  0.50 0.27  0.47 6.93
En 85.36 90.00 88.18 8898 90.53 89.24 89.64 83.73 8846 89.50 9131 9341 89.71 85.82
Fs 13.09 9.68 1092  8.53 9.12 10.37 9.56 871 8.20 10.11 8.20 6.32 9.82 7.25
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Table 2-S1d (continued).

T,’C 725 725 750 750 750 750 800 800 800 800 850 850
Major elements (wt.%)

SiO, 57.69 5647 5733 5323 5523 56.12 5495 5435 5570 52.15 55.84  58.88
TiO, 0.08 0.10 0.00 0.09 0.12 0.13 0.11 0.15 0.09 0.08 0.11 0.00
ALO; 0.69 1.07 0.00 1.00 170 177 3.44 416 1.64 2.06 4.15 2.00
FeOt 6.50 6.42 6.70 699 643 655 6.31 6.01 634 746 5.29 5.90
MnO 0.16 0.15 0.16 020 0.11 0.13 0.15 0.18 0.18 0.13 0.09 0.13
MgO 3569 35.00 3427 34.60 33.59 33.02 3570 33.44 3451 3888 29.67 32.09
CaO 039 1.17 0.62 2.09 077 030 040 0.53 030 0.28 4.80 0.67
Na,O 0.02 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.02 0.00
Cr,0; 0.21 0.26 020 024 026 022 034 0.11  0.32 0.31 0.30 0.35
NiO 0.00 0.00 0.04 0.04 0.01 0.00 0.00 0.00 0.00 0.00 0.08 0.03
Total 101.42 100.67 99.33 9850 98.23 98.26 101.44 98.97 98.11 101.29 100.39 100.04
apfu

Si 0.98 0.97 1.00 095 098 099 0.9 095 097 091 0.97 1.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.01 0.02 0.00 0.02 0.04 0.04 0.07 0.09 0.03 0.04 0.08 0.00
Fe 0.09 0.09 0.10 0.11 0.10 0.10 0.09 0.09 0.09 0.11 0.08 0.09
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.91 0.90 0.89 093 0.88 0.87 091 0.87 090 1.01 0.77 0.88
Ca 0.01 0.02 0.01 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.09 0.01
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.01 0.00 0.01 0.01 0.00 0.02 0.00 0.02 0.02 0.02 0.02
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg# 90.72 90.66 90.11 89.82 90.30 89.99 9098 90.84 90.66 90.28 90.90  90.65
Wo 0.70 2.13 1.15 375 146 058 0.72 1.03 0.56 047 9.56 1.34
En 90.09 88.74 89.08 86.45 88.98 89.47 90.32 8991 90.15 89.86 8222 89.44
Fs 9.21 9.13 9.77 9.80 9.56 9.95 8.96 9.07 929 9.67 8.23 9.22

Table 2-S1e. Composition of clinochlore produced in experiments (set#2)

172



Annex

T, °C 700 700 700 700 700 725 750 750 750 750 800 800 800 800 800
Major elements (wt.%)

SiO, 37.69 38.30 3248 32.67 3403 3374 33.13 3385 3276 3190 31.18 3390 33.68 3141 40.98
TiO, 0.06 0.06 0.02 0.05 0.05 0.04 0.06 0.06 0.05 0.05 0.08 0.08 0.08 0.09 0.07

AL O3 16.59 1335 1297 1577 1531 14.08 1551 16.05 15.04 15.03 1578 13.48 17.29 1489 15.61
FeO't 2.00 2.29 3.88 3.14 3.23 3.66 3.71 3.39 3.83 3.54 3.93 4.72 3.65 4.16 2.66
MnO 0.04 0.02 0.03 0.04 0.03 0.01 0.04 0.05 0.05 0.01 0.03 0.09 0.01 0.02 0.03
MgO 30.79 3134 36.81 3519 31.07 3290 3393 3458 3424 36.08 3538 35.12 2899 3652  26.39

CaO 0.02 0.04 0.06 0.08 0.06 0.04 0.04 0.13 0.04 0.03 0.06 0.14 0.04 0.03 0.13
Na,O 0.02 0.02 0.04 0.07 0.04 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
K,O 0.02 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
Cr,0; 1.09 1.00 0.90 1.05 1.12 1.10 1.57 1.42 1.28 1.22 1.45 1.13 1.51 1.45 1.27
NiO 0.08 0.05 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.04
OH 11.60 1354 12.81 1193 1497 1441 12.01 1047 1271 12.14 12.12 1133 14.64 1143 1281
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
apfu

Si 3.41 3.55 3.05 3.04 3.25 3.23 3.10 3.11 3.10 2.98 2.92 3.16 3.19 2.92 3.72
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01
Al 1.77 1.46 1.44 1.73 1.72 1.59 1.71 1.74 1.67 1.65 1.74 1.48 1.93 1.63 1.67
Fe'* 0.05 0.08 0.00 0.00 0.18 0.08 0.02 0.03 0.00 0.10 0.02 0.00 0.26 0.00 0.06
Fe* 0.05 0.11 0.46 0.29 0.08 0.22 0.27 0.23 0.32 0.30 0.41 0.41 0.03 0.48 0.14
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Mg 4.16 433 5.16 4.88 4.42 4.69 4.74 4.73 4.82 5.02 4.94 4.89 4.10 5.06 3.58
Ca 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01
Na 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 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 0.00
Cr 0.08 0.07 0.07 0.08 0.08 0.08 0.12 0.10 0.10 0.09 0.11 0.08 0.11 0.11 0.09
Ni 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Fe''/Fey 0.52 0.42 0.00 0.00 0.68 0.26 0.08 0.13 0.00 0.24 0.06 0.00 0.90 0.00 0.30
Mg # 9649  96.07 9441 9523 9449 9412 9422 9478 94.09 9477 94.13 9299 9339 94.00 94.65
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Table 2-S1f. Composition of garnets produced in experiments (set#2)

T, °C 850 850 850 850 850
Major elements (wt.%)

SiO, 41.12 414 41.06 41.09 41.74
TiO, 0.52 0.69 0.63 0.58 0.73
ALO; 21.55 221 20.68 2236  21.89
Cr,03 2.22 0.95 1.69 0.69 1.45
FeO t 9.02 8.71 9.34 7.91 7.53
MnO 0.4 0.42 0.39 0.4 0.37
MgO 18.31 1637 19.26 1637 14.74
CaO 8.27 11 8.73 10.81 12.63
Total 101.42 101.63 101.77 100.21 101.1
apfu

Si 2.98 2.99 2.94 3 3

Ti 0.03 0.04 0.03 0.03 0.04
Al 1.78 1.84 1.7 1.88 1.85
Cr 0.12 0.05 0.09 0.04 0.08
Fe* 0.08 0.06 0.26 0.03 0
Fe? 0.45 0.45 0.29 0.44 0.46
Mn 0.02 0.03 0.02 0.02 0.02
Mg 1.91 1.72 2.01 1.74 1.58
Ca 0.62 0.83 0.65 0.82 0.97
Mg# 78.33 77 78.61  78.67 77.72
Fe’'/Fe  0.15  0.124 047  0.064 0
Almandine 15 14.9 9.7 14.6 15.3
Spessartine 0.8 0.8 0.8 0.8 0.8
Pyrope 63.6 56.8 67.5 57.4 52
Grossular 18.5 25.8 18.2 26.3 30.6
Andradite 0.8 0.9 2.7 0.4 0
Uvarovite 1.3 0.7 1 0.5 1.4
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Appendix 3.2-A: Definition of the experimental fO, upper limit

1. The upper limit of fO, which may be reached in the present experiments within
graphite-NaCl-pyrophyllite cell assemblies is QFM +4, which was calculated based on the
equilibrium between ferrosilite, magnetite, fayalite and oxygen:

6FeSiO; + 2Fe;04 = 6FeSiO4 + O3 (1)

In the described experiments magnetite was never found to be in equilibrium with
olivine, this observation indicates that fO, of the experiments is lower than in Reaction (1).

2. We performed an additional experiment on verification of gold capsules
permeability for hydrogen and estimation of the amount of diffused hydrogen. Starting
material for this experiment was prepared as a mixture of synthetic hematite (93 wt.%) and
natural magnetite (7 wt.%) with a drop of water. Temperature and pressure of the experiment
were 700°C and 2 GPa respectively. In order to reach an equilibrium, the experiment duration
was 6 days, which is comparable to dehydration experimental runs. Experimental product was
characterized by XRD. Rietveld refinement reveals that the run product consists of 25 wt.%
hematite and 75 wt.% magnetite. Such a reduction of hematite to magnetite suggests that the
fO2 conditions in the capsule are below HM buffer, i.e. below QFM +6, since the following
equilibrium is shifted to the left side:

4Fe;04 + O, = 6Fe;0; 2)

And hence O, which may be present in the capsule is bond to hydrogen coming from
the cell assembly in order to maintain proportion of magnetite to hematite below HM buffer.

Reduction of magnetite to hematite may also happen by following reaction:

3Fe,O3 + Hy = 2Fe;04 + H,O 3)

Reaction (3) also reveals the presence of H; in the capsule. Obtained results of Rietveld
refinement allows to calculate moles of H, required for hematite-to-magnetite transition based
on Reaction (3). Thus, 9x10” moles of H, are needed to reduce 68 wt.% of hematite. Further
calculations of oxygen amount produced in the experiments will show, that the maximum
value is 5x10™ moles of oxygen per sample, which is enough to be coupled with H, coming
from the outside of the capsule. Following reaction is responsible for the mentioned O,
consumption:

1/20, + H, = H,0 4)

Consequently, the potential hydrogen “reservoir” of the cell assembly can be
considered as unlimited, and therefore, intrinsic fO, does not vary from one experiment to

another.
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Appendix 3.2-B: Sulfur elemental analysis method

The procedure of sulfur elemental analysis consisted of mixing a sample with tungsten
oxide (in proportion 1:2) and placing the mixture in a tin capsule, which was loaded to Vario
Micro Cube (Elementar, Germany) for S% analysis using calibration with internal standards.

The detailed description of the method can be found in Operating Instructions vario EL (2005).
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Appendix 3.2-C: Details on mineral formula calculations

The structural formulae of antigorite were calculated based on the ideal antigorite
mineral formula M3 3TomOsm(OH)am-¢ for the most commonly observed m = 17 polysome
(i.e., number of Si0Oy tetrahedra in a single chain defined by the antigorite wavelength; Mellini
et al., 1987) and was normalized to 6.825 oxygen atoms. Water contents in hydrous minerals
were calculated from the difference from 100 wt.% after ZAF correction. Mineral formulae of
antigorite, clinochlore and garnet were first calculated with Fe*" as total Fe, then Fe’" was
calculated using deficiencies in the sum of cations, taking into account that Fe*" occurs in both
T (Si, Al Ti, Cr, Fe3+) and M (Mg, Fez+, Mn, Ca, Na, Ni, Fe3+) sites for antigorite, in M1 (Mg,
Fe?*, Mn, Ni, Fe3+) and in M2 (Mg, Al, Cr, Fe3+) for chlorite, and in one site Y (Al, Cr, Fe3+)
for the garnet. The structural formulae of chlorite were calculated on the basis of 14 anhydrous

oxygen atoms.
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XRD patterns
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andradite, Ol — olivine, Opx — orthopyroxene, Cpx — clinopyroxene, Prp — pyrope, Tr —

Figure 3.2-S1. XRD patterns of starting materials (SM) and experimental products for the
mineral phases observed. Atg — antigorite, Clc — clinochlore, Mag — magnetite, Adr —

set#l (a), set#2 (b), and set#3 (c). Dashed lines indicate diffraction peaks corresponding to the

tremolite, Tlc — talc, Py — pyrite, Po — pyrrhotite.
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Appendix 3.2-E:

Table 3.2-S1. Fe’/Fe o, wt.% of FeO and H,O and moles of O, and H,O calculated per kg of solid rock based on Fe reduction.

Fe,0, = 2Fe0 + 1/20,

FeO total, H,0,

Atg 100% Fe''/Fe,, wt.% 0,, moles/kg wt% H,0, moles/kg
SM 0.97 1.37 0.00 0.00 0.00
550 0.85 1.37 0.38 1.00 0.56
600 0.42 1.37 1.41 2.00 1.11
650 0.25 1.37 0.57 0.50 0.28
700 0.18 1.37 0.25 7.10 3.94
800 0.14 1.37 0.13 0.50 0.28
850 0.17 1.37 0.00 0.50 0.28
875 0.18 1.37 0.00 0.40 0.22

Atg+Mgt 5%
SM 0.96 6.10 0.00 0.00 0.00
550 0.42 6.10 7.96 1.03 0.57
600 0.40 6.10 0.37 0.63 0.35
650 0.19 6.10 3.01 1.20 0.67
675 0.21 6.10 0.00 1.60 0.89
700 0.20 6.10 0.07 5.24 291
725 0.29 6.10 0.00 0.10 0.06
750 0.13 6.10 2.36 0.03 0.02
800 0.19 6.10 0.00 0.04 0.03
850 0.18 6.10 0.13 2.19 1.22

Atg+Py 3%
SM 0.82 3.68 0.00 0.00 0.00
450 0.79 3.68 0.31 1.50 0.83
550 0.62 3.68 1.45 0.50 0.28
600 0.31 3.68 2.76 1.50 0.83
700 0.26 3.68 0.52 4.50 2.50
850 0.17 3.68 0.80 3.70 2.06
900 0.15 3.68 0.16 0.30 0.17
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Appendix 3.2-F: Log(ao.)-log(as) diagrams
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Figure 3.2-S2. Isothermic and isobaric Log(an,)-log(as) sections showing phase stabilities in a).
Fe-S-O-H system at 450°C and 2 GPa; b). Fe-S-O-H system at 800°C and 2 GPa; c). Fe-Mg-Si-O-
H system at 800°C and 2 GPa; d). Fe-Mg-Si-O-H system at 450°C and 2 GPa. Red line represents

log(a0;) of QFM buffer. Diagrams were made using Theriak-Domino software (de Capitani and

Petrakakis; 2010). Thermodynamic properties of silicate and oxides were taken from Holland and

Powell (1998) data set; properties of sulfides, SO, and H,S were taken from Robie and Hemingway
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(1995).

de Capitani, C., Petrakakis, K., 2010. The computation of equilibrium assemblage diagrams with
Theriak/Domino software. American Mineralogist 95, 1006-1016.

Holland, T.J.B., Powell, R., 1998. An internally consistent thermodynamic data set for phases of
petrological interest. Journal of Metamorphic Geology 16, 309-343.

Robie, R.A., Hemingway, B.S., 1995. Thermodynamic properties of minerals and related
substances at 298.15 K and 1 bar (105 Pascals) pressure and at higher temperatures. U.S.
Geol Survey Bull No. 2131, 461p.
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Appendix F: Table 3.2-S2. Major-oxide mineral composition

Table 3.2-S2. Composition of antigorite produced in experimental set#1.

T, °C 500 500 500 500 500 500 600 600 600 600 600 600 650 650 650 650 650 650 650
Sio2 4533 4566 44.06 43.79 43.66 3443 4343 4544 4501 4485 4488 44.64 4544 4453 43.67 4322 4455 4449 4392
TiO2 0.01 0.01 0.01 004 000 003 004 003 002 001 000 003 003 001 007 006 0.03 001 0.02
AI203 1.03 092 091 1.24 1.65 14.11 1.50  0.78 1.13 .11 097 1.13 .15 095 2.50 1.4 084 1.15 1.28
FeO 197 172 197 228 227 301 228 174 164 156 179 157 210 197 259 255 215 205 236
MnO 0.r0  0.09 0.11 009 0.12 003 013 014 008 0.09 013 008 0.10 0.09 006 0.09 012 011 0.08
MgO 41.18 42.06 41.79 41.27 41.71 35.05 40.69 4182 4132 41.18 4140 4123 4122 41.59 40.74 3757 4125 41.10 41.07
CaO 0.04 0.02 0.04 008 005 004 009 003 004 005 004 005 003 004 053 236 003 002 0.06
Na20 0.00 0.00 0.01 000 0.00 0.00 004 002 002 001 003 000 0.00 001 000 0.00 0.00 001 0.00
K20 0.00 0.00 0.00 002 0.00 000 000 000 0.00 o001 001 001 000 000 000 001 001 000 0.00
Cr203 026 0.16 0.05 0.18 0.08 071 020 000 035 0.04 002 006 005 003 022 018 0.02 0.03 0.08
NiO 0.06 0.06 0.07 009 008 016 011 006 0.08 005 004 004 0.09 004 007 010 006 009 0.05
(OH) 9.88 9.13 10.99 1091 1038 1243 1136 9.81 10.16 11.03 10.70 11.16 9.68 10.66 954 1222 1093 1094 11.08
100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Total 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
apfu
Si 1.97 197 195 194 192 157 194 198 197 197 197 197 197 196 191 1.95 1.97 196 195
Ti 0.00 0.00 0.00 000 0.00 0.00 000 000 0.00 0.00 000 000 0.00 000 000 0.00 0.00 000 0.00
Al 0.05 0.05 0.05 006 0.09 0.08 0.04 006 006 005 006 006 005 013 0.09 004 006 0.07
Fe3+ 0.06 0.06 0.03 003 002 001 003 005 006 006 005 005 006 004 003 006 005 005 0.04
Fe2+ 0.01 0.01 005 005 006 010 005 001 0.00 000 001 000 0.01 003 006 0.04 003 003 0.05
Mn 0.00 0.00 0.00 000 0.00 0.00 000 001 000 000 000 000 0.00 000 000 0.00 0.00 000 0.00
Mg 267 271 276 273 274 238 270 271 269 270 271 271 267 273 266 253 271 270 271
Ca 0.00 0.00 0.00 000 0.00 0.00 000 000 0.00 0.00 000 000 0.00 000 002 011 0.00 000 0.00
Na 0.00 0.00 0.00 000 0.00 0.00 000 000 0.00 000 000 000 0.00 000 000 0.00 0.00 000 0.00
K 0.00 0.00 0.00 000 0.00 0.00 000 000 0.00 000 000 000 0.00 000 000 0.00 0.00 000 0.00
Cr 0.01 0.01 000 001 0.00 003 001 000 001 000 000 000 0.00 000 001 001 0.00 000 0.00
Ni 0.00 0.00 0.00 000 0.00 0.01 000 000 0.00 000 000 000 0.00 000 000 0.00 0.00 000 0.00
Fe3+/Fet
ot 0.89 089 038 036 025 012 039 08 098 1.00 078 095 083 057 037 061 057 065 042
Mg# 97.39 9775 9742 9699 97.03 9541 9695 97.72 9783 9791 97.64 9791 9722 9742 96.56 9633 97.16 97.27 96.87
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Table 3.2-S2. Composition of olivine produced in experimental set#1.

T, °C 550 550 600 600 650 650 700 700 700 700 700 800 800 800 800 800 800 800
Sio2 39.21  39.58 4050 40.33 40.21 41.2551  41.04 40.02 41.14 4124 4091 43.79 43.63 4335 4356 42.09 41.70 41.52
AI203 0.02 0.09 0.05 0.05 0.28 0.18 0.05 0.19 0.02 0.13 0.08 0.03 0.05 0.05 0.03 0.05 0.06 0.13
FeO 16.27 1575 11.40 1157  8.68 8.18 7.83  6.44 6.89 4.17 6.40 5.12 4.91 5.26 4.85 3.44 3.78 4.29
MnO 1.76 0.15 0.22 021 0.27 0.28 024 0.17 0.17 0.14 0.16 0.18 0.16 0.18 0.16 0.11 0.17 0.14
MgO 42.52 4459 4747 4895 49.72 49.17 5051 51.08 5159 5344 51.16 53.11 52.14 51.60 5240 53.76 53.00 5242
CaO 0.09 0.05 0.04 0.02 0.03 0.04 0.04 0.06 0.04 0.05 0.03 0.04 0.04 0.06 0.02 0.03 0.05 0.05
Na20 0.00 0.00 0.03 0.01  0.00 0.00 0.00  0.00 0.00 0.00 0.00  -0.01 0.01 -0.01 0.00 0.00 0.00 0.00
K20 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 0.00 0.00 0.00 0.00
Cr203 0.01 0.05 0.11 0.10  0.07 0.06 0.04 0.11 0.12 0.05 0.08 0.03 0.15 0.10 0.04 0.02 0.02 0.20
NiO 0.00 0.00 0.22 0.10  0.37 0.17 0.13  0.17 0.14 0.15 0.41 0.12 0.24 0.19 0.18 0.06 0.13 0.21
Total 99.93 100.32 100.43 101.41 99.71 99.33  100.04 98.46 100.29 100.00 100.00 102.53 101.49 101.17 101.63 100.00 100.00 100.00
apfu

Si 1.00 0.99 1.00 098  0.99 1.01 1.00  0.99 0.99 0.99 1.00 1.02 1.03 1.03 1.03 1.01 1.00 1.00
Al 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.35 0.33 0.24 024 0.18 0.17 0.16 0.13 0.14 0.08 0.13 0.10 0.10 0.10 0.10 0.07 0.08 0.09
Mn 0.04 0.00 0.00 0.00 0.01 0.01 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.61 1.67 1.75 1.78  1.82 1.79 1.83  1.88 1.86 1.92 1.86 1.85 1.83 1.83 1.84 1.91 1.90 1.89
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 0.00 0.00 0.00 0.00
Cr 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 0.00 0.00 0.00 0.00
Ni 0.00 0.00 0.00 0.00 0.01 0.00 0.00  0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg# 8232 8345 88.12 88.29 91.08 9146 92.00 9339 93.03 9580 9344 9486 9498 9459 9506 96.53 96.15 95.61
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Table 3.2-S2. Composition of olivine produced in experimental set#1.

T, °C 800 800 800 850 850 850 850 850 850 850 875 875 875 875 875 875
Sio2 41.66 42.14 4176 41.83 42.00 4190 4195 41.54 4193 41.72 4141 4196 41.76 4175 4126 41.89
AI203 0.11 0.08 0.03 0.08 0.08 0.03 0.11 0.33 0.07 0.06 0.03 0.06 0.04 0.07 0.04 0.03

FeO 4.40 375  4.56 4.72 4.82 4.75 4.40 4.81 4.51 4.89 4.96 4.99 4.87 4.80 5.16 4.94
MnO 0.16 0.19 0.18 0.15 0.14 0.16 0.11 0.13 0.13 0.15 0.14 0.16 0.14 0.11 0.16 0.08
MgO 5338 53.56 5285 53.02 5270 53.10 5272 51.71 5331 5239 5291 52,10 5290 5334 5285 52.82
CaO 0.05 0.05 0.05 0.08 0.07 0.04 0.07 0.09 0.05 0.17 0.04 0.32 0.03 0.08 0.06 0.06
Na20 0.00 0.00  0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
K20 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
Cr203 0.01 0.02 0.14 0.09 0.02 0.01 0.02 0.14 0.03 0.02 0.07 0.04 0.07 0.07 0.04 0.07
NiO 0.11 0.09 0.13 0.14 0.08 0.12 0.09 0.18 0.16 0.10 0.13 0.20 0.13 0.07 0.21 0.17
Total 100.00 100.00 99.79 100.20 100.00 100.19 100.00 100.00 100.25 100.00 100.00 100.00 100.03 100.40 100.00 100.16
apfu

Si 1.00 1.01  1.00 1.00 1.01 1.00 1.01 1.01 1.00 1.00 1.00 1.01 1.00 1.00 0.99 1.00
Al 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 0.00 0.00
Fe 0.09 0.07  0.09 0.09 0.10 0.09 0.09 0.10 0.09 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Mn 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 0.00 0.00
Mg 1.91 1.90 1.89 1.89 1.88 1.89 1.89 1.87 1.90 1.88 1.90 1.87 1.89 1.90 1.90 1.89
Ca 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Cr 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 0.00 0.00
Ni 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 0.00 0.00

Mg# 95.58 96.22 9539 9524 95.11 9522 9552 95.04 9547 9502 9500 9490 9509 95.19 9480 95.01
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Table 3.2-S2. Composition of clinopyroxene produced in experimental set#1.

T, °C 550 600 600 600 600 600 600 650 650 650 650 650 650 650 850
Sio2 53.04 5278 54.79 54.41 5431 51.19 5277 5275 5391 5386 5194 4936 5509 5226 51.65
AI203 241 131 032 021 026 0.68 057 0.54 055 097 062 023 056 074 098
FeO .71 333 1.83 207 192 3.02 235 482 470 323 477 676 206 645 2.08
MnO 028 009 007 011 014 013 0.11 0.11 0.15 011 0.15 034 0.12 0.15 0.09
MgO 18.86 19.52 19.50 17.34 18.38 2320 19.69 16.88 23.61 18.41 17.97 30.72 19.44 16.03 25.04
CaO 22.47 20.01 23.04 2450 2389 1895 21.65 2351 17.51 22.68 20.53 12.40 2042 21.73 18.32
Na20 0.04 0.14 003 0.05 004 0.06 0.06 0.00 0.00 0.01 0.00 0.00 000 0.00 0.10
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.1 000 0.01 0.00
Cr203 003 044 008 0.18 0.19 020 021 043 033 002 026 006 008 030 035
NiO 0.04 000 0.00 0.00 006 0.04 002 0.03 0.05 0.02 0.00 0.00 000 0.00 0.00
Total  99.04 97.85 99.76 99.08 99.47 97.79 97.64 99.20 101.27 99.66 96.74 99.95 97.90 98.08 98.76
apfu

Si 194 19 199 200 199 190 196 1.96 193 197 197 180 202 197 1.89
Al 0.10 0.06 0.01 0.01 001 0.03 0.03 0.02 0.02 0.04 003 001 002 0.03 0.04
Fe 0.05 010 0.06 0.06 0.06 0.09 0.07 0.15 0.14 010 0.15 021 006 020 0.06
Mn 0.01 000 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.01 000 0.00 0.00
Mg 1.03 1.08 1.05 095 100 129 1.09 0.94 126 1.00 1.02 167 106 090 136
Ca 088 079 089 09 094 075 086 0.94 0.67 089 083 049 080 0.88 0.72
Cr 0.00 0.01 0.00 0.01 o001 0.01 0.01 0.01 0.01 000 0.01 000 000 0.01 0.01
Ni 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00
Mg# 95.15 9125 95.00 93.72 9447 93.19 93.76 86.20 89.95 91.03 87.04 89.00 9439 81.57 95.55
En 52.44 5457 52.58 48.02 50.19 60.23 53.85 46.27 60.80 50.40 50.77 70.74 55.12 4545 63.59
Fs 267 523 276 322 294 440 3.60 741 6.79 496 755 874 327 1027 296
Wo 44.89 40.20 44.66 48.77 46.88 3537 42.55 4632 3240 44.63 41.68 20.52 41.61 44.28 33.45
Aeg 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00
Jad 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00
Di 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
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Table 3.2-S2. Composition of orthopyroxene produced in experimental set#1.

T, °C 700 700 700 700 700 700 700 800 850 850 875 875 875 875 875
Sio2 60.42 58.43 58.97 57.82 58.80 56.83 57.79 55.19 54.34 56.30 53.92 57.94 51.70 55.27 54.80
AI203 0.33 0.56 0.30 0.26 0.44 0.40 0.59 3.86 2.89 3.40 2.93 2.21 3.26 5.26 3.74
FeO 2.59 3.26 3.84 3.06 2.81 3.44 2.97 3.04 2.76 2.75 2.87 2.37 3.58 2.92 2.96
MnO 0.11 0.17 0.24 0.17 0.13 0.20 0.17 0.10 0.12 0.15 0.11 0.13 0.08 0.12 0.13
MgO 37.66 37.35 36.83 35.99 36.73 37.72 36.95 34.26 34.34 35.86 3541 36.67 40.99 34.48 36.11
CaO 0.10 0.14 0.14 1.88 0.59 0.12 0.16 0.36 1.03 0.43 1.57 0.29 0.38 0.38 0.42
Na20 0.00 -0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00
Cr203 0.20 0.18 0.11 0.16 0.12 0.17 0.10 0.25 0.20 0.07 0.13 0.03 0.22 0.19 0.18
NiO 0.03 0.05 0.06 0.09 0.00 0.00 0.00 0.04 0.00 0.00 0.07 0.00 0.00 0.00 0.00
Total 101.54  100.28  100.60  100.00 99.67 98.95 98.79 97.23 95.77 99.07  100.00 99.70  100.34 98.75 98.46
apfu

Si 1.01 0.99 1.00 0.99 1.00 0.98 0.99 0.96 0.97 0.97 0.95 0.98 0.89 0.95 0.95
Al 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.08 0.06 0.07 0.06 0.04 0.07 0.11 0.08
Fe 0.04 0.05 0.05 0.04 0.04 0.05 0.04 0.04 0.04 0.04 0.04 0.03 0.05 0.04 0.04
Mn 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 0.00
M 0.93 0.94 0.93 0.92 0.93 0.97 0.95 0.89 0.91 0.92 0.93 0.93 1.05 0.88 0.93
Ca 0.00 0.00 0.00 0.03 0.01 0.00 0.00 0.01 0.02 0.01 0.03 0.01 0.01 0.01 0.01
Cr 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 0.00
Ni 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 0.00
Mg# 96.29 95.33 94.47 95.44 95.88 95.12 95.68 95.25 95.69 95.87 95.65 96.49 95.33 95.46 95.61
En 96.11 95.08 94.23 92.14 94.84 94.92 95.40 94.57 93.75 95.10 92.82 95.98 94.73 94.75 94.86
Fs 3.71 4.66 5.51 4.40 4.07 4.86 431 4.71 4.22 4.09 4.22 3.48 4.64 4.50 435
Wo 0.18 0.26 0.26 3.46 1.09 0.21 0.30 0.72 2.03 0.81 2.97 0.54 0.64 0.75 0.79
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Table 3.2-S2. Composition of clinochlore produced in experimental set#1.

T, °C 700 700 800 800 800 800 800 850 850 850 850 875 875
Sio2 34.68 34.47 32.83 33.46 32.72 34.87 34.40 35.05 31.81 31.68 34.72 31.78 34.11
TiO2 0.03 0.04 0.09 0.11 0.09 0.08 0.07 0.08 0.10 0.08 0.06 0.11 0.07
AI203 13.41 13.72 16.05 16.48 16.33 14.86 15.34 11.70 15.59 17.77 14.95 17.08 15.83
FeO 1.49 1.47 1.84 1.85 1.74 1.85 1.84 2.54 2.14 1.82 2.46 1.84 2.20
MnO 0.00 0.00 0.02 0.02 0.04 0.03 0.03 0.08 0.07 0.04 0.04 0.02 0.04
MgO 36.94 38.39 33.34 35.56 35.19 33.04 32.82 39.05 38.44 33.03 31.80 32.52 34.99
CaO 0.05 0.05 0.05 0.07 0.07 1.31 1.25 0.09 0.03 0.05 0.10 0.07 0.07
Na20 0.01 0.00 0.01 0.00 0.01 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00
Cr203 0.97 1.05 1.04 1.23 1.69 1.02 1.11 0.95 1.22 0.82 0.66 1.36 0.99
NiO 0.05 0.12 0.11 0.12 0.14 0.11 0.09 0.09 0.09 0.12 0.17 0.11 0.22
(OH) 12.38 10.69 14.61 11.10 11.98 12.82 13.04 10.38 10.50 14.58 15.05 15.10 11.48
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
apfu

Si 3.22 3.14 3.12 3.07 3.04 3.25 3.21 3.19 2.89 3.01 3.30 3.04 3.14
Ti 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00
Al 1.47 1.47 1.80 1.78 1.79 1.63 1.69 1.26 1.67 1.99 1.67 1.93 1.72
Fe3+ 0.00 0.00 0.08 0.02 0.00 0.12 0.12 0.00 0.00 0.06 0.19 0.08 0.05
Fe2+ 0.12 0.18 0.07 0.12 0.13 0.02 0.02 0.30 0.33 0.09 0.01 0.07 0.12
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Mg 5.11 5.21 4.73 4.87 4.88 4.59 4.57 5.30 5.21 4.68 4.50 4.64 4.80
Ca 0.00 0.00 0.01 0.01 0.01 0.13 0.12 0.01 0.00 0.01 0.01 0.01 0.01
Na 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
K 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
Cr 0.07 0.08 0.08 0.09 0.12 0.08 0.08 0.07 0.09 0.06 0.05 0.10 0.07
Ni 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02
Total 18.01 16.09 17.90 17.98 18.00 17.84 15.84 18.14 18.22 17.92 17.74 15.89 17.94
Mg# 97.78 97.90 97.00 97.16 97.30 96.95 96.96 96.48 96.97 96.99 95.85 96.93 96.59
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Table 3.2-S2. Composition of garnet produced in experimental set#1.

T, °C 875 875 875 875
Si02 4329 4272 4332  42.63
TiO2 0.41 0.21 039 024
AI203 21.54 1953 2126 2026
Cr203 1.38 1.12 1.46 1.20
FeO 546 542 5.28 5.30
MnO 0.74  0.60 067  0.71
MgO 20.00  25.69 19.92  23.97
CaO 8.28 5.65 8.04 6.01
Total 101.13  100.99 100.34 100.32
apfu

Si 3.04 294 306 297
Ti 0.02  0.01 0.02  0.01
Al 1.78 1.59 1.77 1.66
Cr 0.08  0.06  0.08 0.07
Fe3+ 0.02 045 0.00 031
Fe2+ 030  0.00 033 0.00
Mn 0.04  0.04 004  0.04
Mg 209 264 210 249
Ca 062 042 061 0.45
Mgt 86.70 89.41 87.05 88.97
Fe’/Fe 0.06 1.00 0.00 0.99

Almandine 9.85 0.00 10.61 0.07
Spessartine 1.43 1.19 1.30 1.40
Pyrope 68.38 85.60 68.10 8347
Grossular 19.30 9.79 19.11 12.30
Andradite 0.21 3.02 0.00 2.27
Uvarovite 0.83 0.41 0.88 0.49
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Table 3.2-S2. Composition of antigorite produced in experimental set#3.

T, °C 450 450 450 450 450 550 550 550 550 550 550 600 600 600 600 600 600
SiO2 41.83 4322 4428 4479 4462 4395 4294 3830 3393 44.00 4423 4419 4448 4461 4478 4432  44.07
TiO2 0.05 0.05 0.01 0.00 0.00 0.04 0.04 0.03 0.05 0.03 0.01 0.01 0.00 0.02 0.01 0.00 0.02
Al203 2.58 2.18 0.85 0.73 0.71 1.26 2.30 9.14 13.01 1.23 0.71 0.77 0.74 0.97 0.90 0.74 0.98
FeO 3.66 2.40 1.62 1.54 1.96 2.19 2.45 2.55 3.22 1.73 1.74 2.09 2.22 1.86 1.87 2.18 2.03
MnO 0.07 0.10 0.09 0.07 0.13 0.11 0.12 0.09 0.01 0.11 0.14 0.16 0.16 0.08 0.08 0.11 0.11
MgO 40.40 40.66 4098 4240 4143 4051 3973 38.14 36.54 41.60 42.16 4126 41.15 4143 4204 4193 41.53
CaO 0.24 0.15 0.16 0.04 0.03 0.14 0.17 0.06 0.05 0.06 0.05 0.04 0.03 0.05 0.10 0.03 0.18
Na20 0.02 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00
K20 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00
Cr203 0.14 0.28 0.01 0.03 0.02 0.08 0.24 1.09 0.97 0.12 0.00 0.03 0.01 0.05 0.00 0.00 0.17
NiO 0.20 0.31 0.12 0.02 0.06 0.13 0.08 0.17 0.16 0.11 0.04 0.03 0.08 0.09 0.06 0.06 0.09
(OH) 10.79 10.64 11.87 10.38 11.03 11.58 11.93 1042 12.07 1099 10.90 1141 11.12 10.84 10.16  10.63 10.84
100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Total 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
apfu
Si 1.87 1.91 1.97 1.96 1.97 1.96 1.92 1.70 1.54 1.94 1.95 1.96 1.97 1.96 1.96 1.95 1.95
Ti 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 0.00 0.00 0.00
Al 0.14 0.11 0.04 0.04 0.04 0.07 0.12 0.48 0.70 0.06 0.04 0.04 0.04 0.05 0.05 0.04 0.05
Fe3+ 0.00 0.03 0.05 0.03 0.04 0.05 0.05 0.01 0.00 0.03 0.03 0.04 0.04 0.05 0.04 0.03 0.03
Fe2+ 0.14 0.06 0.01 0.02 0.03 0.03 0.05 0.08 0.15 0.03 0.04 0.04 0.04 0.02 0.03 0.05 0.04
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00
Mg 2.70 2.68 2.72 2.77 2.73 2.69 2.65 2.53 2.48 2.74 2.78 2.73 2.71 2.72 2.74 2.76 2.74
Ca 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Na 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 0.00 0.00 0.00
K 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 0.00 0.00 0.00
Cr 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Ni 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+/Feto
t 0.00 0.35 0.80 0.62 0.61 0.59 0.50 0.15 0.00 0.52 0.40 0.50 0.53 0.68 0.54 0.34 0.42
Mg 95.16 96.79 97.84 98.01 9741 97.05 96.66 96.38 9529 97.72 9774 9724 97.06 9755 97.57 97.17 97.34
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Table 3.2-S2. Composition of antigorite produced in experimental set#3.

T, °C 700 700 700 700 700 700 700 700
Sio2 4279 4320 4129 4439 4470 4373 4417 4392
TiO2 0.03 0.01 0.01 0.02 0.02 0.03 0.01 0.03
AI203 1.05 0.97 1.40 1.41 1.22 1.03 1.13 1.01
FeO 1.62 1.82 1.77 1.76 1.77 1.86 1.87 1.91
MnO 0.13 0.08 0.08 0.07 0.08 0.08 0.08 0.07
MgO 40.01  40.04 39.02 40.57 4096 4030 40.72  40.77
CaO 0.04 0.02 0.04 0.04 0.09 0.04 0.05 0.04
Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K20 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Cr203 0.30 0.03 0.06 0.11 0.13 0.03 0.04 0.02
NiO 0.03 0.04 0.05 0.05 0.06 0.04 0.04 0.10
(OH) 14.00 13.79 1627 1159 1099 1286 11.90 12.13
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
apfu

Si 1.95 1.97 1.94 1.96 1.97 1.97 1.97 1.96
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.06 0.05 0.08 0.07 0.06 0.05 0.06 0.05
Fe3+ 0.04 0.05 0.03 0.06 0.06 0.05 0.05 0.05
Fe2+ 0.02 0.02 0.04 0.00 0.01 0.02 0.02 0.03
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 2.72 2.72 2.73 2.68 2.69 2.70 2.70 2.72
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe3+/Fetot 0.72 0.70 0.50 0.96 0.91 0.76 0.76 0.65
Mg# 97.78 97.51 9751 97.63 97.64 9748 9748 97.44
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Table 3.2-S2. Composition of olivine produced in experimental set#3.

T, °C 450 450 550 550 600 700 700 700 700 700 700 700 850 850 850 850 850 850 850
Sio2 41.08  40.86 40.07 4292 4292 41.64 41.69 4273 42,62 4359 4229 4150 4155  42.05 4177 4192 4136 4225 41.64
Al203 0.02 0.06 0.02 0.02 0.00 0.11 0.59 0.42 0.22 0.40 0.14 0.30 0.08 0.06 0.10 0.05 0.07 0.09 0.02

FeO 9.60 895 805 8.00 7.70 5.47 5.68 5.14 6.97 5.63 4.93 5.06 3.85 3.65 4.23 4.27 4.40 4.07 4.35
MnO 0.16 0.06 007 0.18 0.05 0.15 0.25 0.24 0.24 0.13 0.18 0.17 0.14 0.17 0.13 0.13 0.16 0.11 0.14
MgO 49.62  50.62 49.25 4856  50.16 50.81 51.57 4846 5136 4976 5149 50.84 5375 53.62 5321 53.78 5324 5349 53091
CaO 0.10 0.02 0.05 0.00 0.00 0.05 0.11 1.22 0.07 0.07 0.20 0.04 0.06 0.06 0.05 0.05 0.05 0.07 0.07
Na20 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 0.00 0.00 0.00 0.00 0.00 0.00
K20 0.00 0.00  0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Cr203 0.02 0.06 0.03 0.00 0.00 0.08 0.13 0.10 0.02 0.14 0.07 0.09 0.06 0.03 0.03 0.03 0.03 0.05 0.07
NiO 0.36 0.15 046 025 0.35 0.03 0.13 0.10 0.06 0.09 0.04 0.05 0.07 0.05 0.06 0.05 0.05 0.07 0.06
Total 100.97 100.77 98.00 99.94 101.19 98.49 100.32 100.00 101.69 100.00 100.00 100.00 100.00 100.00 100.00 100.35 100.00 100.27 100.41
apfu

Si 1.00 0.99 1.00 1.04 1.03 1.02 1.00 1.04 1.01 1.04 1.02 1.01 1.00 1.00 1.00 1.00 1.00 1.01 0.99
Al 0.00 0.00  0.00 0.00 0.00 0.00 0.02 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.19 0.18 0.17 0.16 0.15 0.11 0.11 0.10 0.14 0.11 0.10 0.10 0.08 0.07 0.08 0.09 0.09 0.08 0.09
Mn 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 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.80 1.83 1.83 1.75 1.79 1.85 1.85 1.76 1.82 1.77 1.85 1.85 1.92 1.91 1.90 1.91 1.91 1.90 1.92
Ca 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 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 0.00 0.00 0.00 0.00 0.00
Ni 0.01 0.00  0.01 0.00 0.01 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

Mg# 90.20 9097 91.60 91.54  92.07 9430 9418 9438 9292 94.03 9491 94.71 96.13 9632 9573 9573 9557 9591  95.67
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Table 3.2-S2. Composition of olivine produced in experimental set#3.

T, °C 900 900 900 900 900 900 900 900 900 900 900
SiO2 42.13 42.40 42.04 42.81 50.99 44.63 42.62 42.69 41.36 43.10 42.11
AI203 8.43 14.38 0.20 0.16 1.51 0.65 0.10 0.16 0.13 0.29 0.09
FeO 4.02 3.95 4.10 4.02 3.09 3.77 4.03 4.25 3.94 3.99 3.93
MnO 0.22 0.21 0.13 0.12 0.10 0.13 0.13 0.14 0.12 0.11 0.15
MgO 42.22 33.37 52.67 52.49 42.88 50.41 53.30 52.73 53.41 52.39 53.85
CaO 3.74 6.79 0.12 0.23 0.26 0.16 0.05 0.05 0.04 0.10 0.06
Na20 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.01
K20 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00
Cr203 0.34 0.62 0.09 0.03 0.32 0.11 0.06 0.09 0.07 0.07 0.01
NiO 0.05 0.03 0.06 0.02 0.07 0.04 0.00 0.04 0.08 0.07 0.02
Total 101.50 102.11 100.00 100.00 100.00 100.02 100.35 100.27 100.00 100.20 100.27
apfu

Si 0.99 0.99 1.01 1.02 1.19 1.06 1.01 1.02 1.00 1.02 1.00
Al 0.23 0.40 0.01 0.00 0.04 0.02 0.00 0.00 0.00 0.01 0.00
Fe 0.08 0.08 0.08 0.08 0.06 0.07 0.08 0.08 0.08 0.08 0.08
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.48 1.16 1.88 1.86 1.49 1.78 1.89 1.87 1.92 1.85 1.91
Ca 0.09 0.17 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg# 94.92 93.77 95.82 95.88 96.11 95.97 95.93 95.67 96.03 95.90 96.07
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Table 3.2-S2. Composition of clinopyroxene produced in experimental set#3.

T, °C 600 600 600 600 600 700 850 900 900 900 900
Sio2 53.78 55.04 54.98 51.68 53.80 53.47 54.37 52.74 55.37 51.19 53.43
AI203 0.25 0.13 0.16 0.43 0.26 1.98 2.62 1.72 1.86 3.15 2.24
FeO 4.26 2.56 2.89 1.94 1.29 2.08 1.54 1.85 2.51 1.65 1.74
MnO 0.16 0.20 0.35 0.21 0.19 0.13 0.08 0.13 0.10 0.11 0.12
MgO 15.13 17.44 18.22 22.03 20.57 24.42 18.86 18.94 22.16 24.31 20.77
CaO 2491 24.11 22.78 20.84 21.49 17.98 19.90 21.21 16.53 18.21 20.07
Na20 0.02 0.00 0.00 0.01 0.01 0.04 0.02 0.01 0.00 0.01 0.02
K20 0.01 0.01 0.00 0.00 0.01 0.02 0.01 0.01 0.01 0.00 0.00
Cr203 0.09 0.00 0.03 0.21 0.03 0.19 0.40 0.41 0.38 0.42 0.24
NiO 0.00 0.00 0.00 0.00 0.00 0.09 0.05 0.04 0.00 0.04 0.08
Total 98.70 99.54 99.53 97.66 97.81 100.39 98.04 97.30 99.12 99.32 98.86
apfu

Si 2.00 2.01 2.00 1.92 1.98 1.94 1.98 1.96 1.98 1.85 1.94
Al 0.01 0.01 0.01 0.02 0.01 0.09 0.11 0.08 0.08 0.13 0.10
Fe 0.13 0.08 0.09 0.06 0.04 0.07 0.05 0.06 0.08 0.05 0.05
Mn 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.84 0.95 0.99 1.22 1.13 1.40 1.02 1.05 1.18 1.31 1.12
Ca 0.99 0.94 0.89 0.83 0.85 0.49 0.78 0.84 0.63 0.71 0.78
Cr 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg# 86.37 92.40 91.84 95.29 96.61 95.44 95.62 94.80 94.03 96.34 95.51
En 42.71 48.18 50.32 57.83 55.99 71.41 55.43 53.76 62.52 63.44 57.42
Fs 6.74 3.96 4.47 2.85 1.97 341 2.54 2.95 3.97 241 2.70
Wo 50.55 47.86 45.20 39.32 42.04 25.18 42.03 43.29 33.51 34.15 39.88
Aeg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Jad 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Di 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
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Table 3.2-S2. Composition of orthopyroxene produced in experimental set#3.

T, °C 700 700 700 700 850 850 80 900 900 900
Sio2 58.42 58.48 56.98 55.19 55.46 56.60 56.09 55.88 57.22 56.78
AI203 0.35 0.41 0.42 0.40 3.84 4.00 2.69 2.61 2.58 2.30
FeO 3.44 3.95 3.10 4.48 2.31 2.12 2.46 2.70 2.40 2.60
MnO 0.21 0.23 0.18 0.20 0.09 0.12 0.16 0.11 0.10 0.13
MgO 36.88 37.39 35.14 38.25 34.09 34.51 37.11 37.92 31.93 35.73
CaO 0.35 0.10 2.24 0.55 0.38 0.41 0.30 0.33 3.34 0.39
Na20 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00
K20 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Cr203 0.16 0.20 0.18 0.19 0.12 0.18 0.09 0.27 0.25 0.24
NiO 0.01 0.02 0.00 0.05 0.02 0.00 0.05 0.00 0.04 0.00
Total 99.86 100.85 98.31 99.42 96.39 98.06 99.00 99.94 98.00 98.29
apfu

Si 1.00 0.99 0.99 0.96 0.97 0.97 0.96 0.95 0.99 0.98
Al 0.01 0.01 0.01 0.01 0.08 0.08 0.05 0.05 0.05 0.05
Fe 0.05 0.06 0.05 0.07 0.03 0.03 0.04 0.04 0.03 0.04
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.94 0.94 0.91 0.99 0.89 0.89 0.95 0.96 0.83 0.92
Ca 0.01 0.00 0.04 0.01 0.01 0.01 0.01 0.01 0.06 0.01
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg# 95.02 94.41 95.28 93.83 96.34 96.67 96.41 96.15 95.96 96.08
En 94.42 94.24 91.30 92.93 95.61 95.88 95.87 95.58 89.50 95.36
Fs 4.95 5.58 4.52 6.11 3.63 3.30 3.57 3.82 3.77 3.89
Wo 0.64 0.19 4.18 0.97 0.77 0.82 0.56 0.60 6.73 0.75
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Table 3.2-S2. Composition of clinochlore produced in experimental set#3.

T, °C 850 850 850 850
Sio2 3405 31.87 31.05 33.07
TiO2 0.05 0.12 0.11 0.06
AI203 1595 19.04 1894 16.82
FeO 2.81 1.69 1.68 2.67
MnO 0.01 0.06 0.03 0.02
MgO 33.54 3443  30.67 34.39
CaO 0.07 0.03 0.08 0.03
Na20 0.00 0.00 0.01 0.01
K20 0.00 0.00 0.00 0.00
Cr203 0.33 1.38 1.41 0.75
NiO 0.18 0.02 0.03 0.16
(OH) 13.02  11.36 16.00 12.01
Total 100.00 100.00 100.00 100.00
apfu

Si 3.18 293 2.99 3.07
Ti 0.00 0.01 0.01 0.00
Al 1.76 2.06 2.15 1.84
Fe3+ 0.09 0.03 0.14 0.03
Fe2+ 0.13 0.10 0.00 0.18
Mn 0.00 0.00 0.00 0.00
Mg 4.67 4.72 4.40 4.76
Ca 0.01 0.00 0.01 0.00
Na 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00
Cr 0.02 0.10 0.11 0.06
Ni 0.01 0.00 0.00 0.01
Total 1788 1597 17.81 17.96
Mg# 95,51 9731 97.01 95.82

Fe3+/Fetot 0.40 0.20 1.00 0.13
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Table 3.2-S2. Composition of garnet produced in experimental set#3.

T, °C 900 900 900 900 900
Sio2 48.40 4248 42.68 42.61 4248
TiO2 0.19 0.45 0.45 0.71 0.28
AI203 13.01 2292 23.07 2320 1539
Cr203 1.06 1.27 1.21 0.65 0.80
FeO 2.96 4.26 4.19 391 4.25
MnO 0.32 0.51 0.56 0.39 0.40
MgO 20.00 20.55 20.62 18.80  32.30
CaO 14.04 8.05 8.08 10.83 4.64
Total 100.01 100.50 100.89 101.14 100.56
apfu

Si 3.45 2.98 2.98 2.98 2.87
Ti 0.01 0.02 0.02 0.04 0.01
Al 1.09 1.89 1.90 1.91 1.23
Cr 0.06 0.07 0.07 0.04 0.04
Fe3+ 0.00 0.03 0.02 0.01 0.97
Fe2+ 0.24 0.22 0.22 0.22 0.00
Mn 0.02 0.03 0.03 0.02 0.02
Mg 2.12 2.15 2.15 1.96 3.25
Ca 1.07 0.60 0.60 0.81 0.34
Mg# 9232 89.58 89.76 89.56  93.12

Almandine 7.07 7.31 7.34 7.39 0.00
Spessartine 0.55 1.01 1.10 0.76 0.63
Pyrope 6140 7154 7145 6496 90.08
Grossular 31.20  19.13 19.19  26.32 5.09
Andradite 0.00 0.30 0.25 0.07 4.02
Uvarovite 1.71 0.71 0.67 0.50 0.18
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ABSTRACT ARTICLE HISTORY
The diamond anvil cell (DAC) is a fundamental device used to explore Received 2 August 2016
the properties of materials under extreme pressure and temperature Accepted 3 October 2016
(P/T) conditions. In the past years, simultaneous high P/T DAC
experiments using the resistively heated DAC (RH-DAC) techniques Hi

. . . . igh pressure and
have been developed for studylr!g rqaterla.ls. properties ina wide temperature; diamond anvil
P/T range. However, the mechanical instability of metallic gaskets cell; resistive heating; internal
used for sample confinement at high P/T conditions remains a heater; assembled gaskets
limiting factor for exploiting the accessible P/T range of the RH-
DAC. In this study, we present a new gasket configuration that
overcomes these limitations. It is based on an amorphous boron-
epoxy mixture inserted in a rhenium gasket. We show how these
gasket inserts stabilize the sample chamber over a wide P/T range,
allowing monitoring sample properties using X-ray diffraction and
absorption spectroscopy up to 50 GPa and 1620 K.

KEYWORDS

1. Introduction

Science at extreme conditions of pressure and temperature is a vibrant domain of research
that addresses fundamental questions in a variety of scientific disciplines ranging from
Earth and planetary sciences to fundamental physics and chemistry and materials
research. Static high P/T studies are classically performed using internally or externally
resistively heated diamond anvil cells (RH-DACs), laser-heated DACs or in large volume
presses (e.g. multi-anvil or Paris-Edinburgh Presses).

High P/T studies using internally RH-DACs have become more important for studying
materials behavior at simultaneous high P/T conditions (i.e. [1,2] for review). The RH-
DAC reaches routinely temperatures up to 1400 K [3-5], while temperatures of up to
2000 K have been reported in a few experiments based on miniature heater techniques
[6]. The RH-DAC is complementary to externally resistively and laser-heated DACs
because it covers a temperature range from ambient to 1400 K that is difficult to fully
access with these techniques. A key advantage over the laser-heated DAC consist in the
precise control and regulation of the P/T conditions, the homogenous heating of the
sample and the possibility to generate stable P/T conditions over a long period of time

CONTACT A. D. Rosa () arosa@esrf.fr
© 2016 Informa UK Limited, trading as Taylor & Francis Group
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(days). This latter aspect is of particular importance for measurements that require long
acquisition times. In addition, the RH-DAC is compact and can be easily combined with
different in situ methods, including X-ray diffraction (XRD), X-ray absorption (XAS),
Raman, or Brillouin spectroscopy. These methods give access to various high P/T pro-
cesses, including phase transformations, dissolution reactions, texture evolutions and spe-
ciation of elements in minerals and fluids [7-12].

Different designs of internally heated DACs have been reported, including geometries
where the heating element fully surrounds the diamonds and gasket [3-5,13-16], or minia-
ture heaters that are contained between the diamond culets [6,17-23]. Temperatures in
excess of 2000 K at pressures up to 50 GPa have been reported for miniature heaters [6].
However, for these designs, the maximum temperature beyond 50 GPa was limited to
1600 K. It is worth noting that experiments beyond 50 GPa are very challenging due to
the small size of the heater, insulating materials and electrodes. In this case, only solid
materials can be introduced in the high pressure cavity. In the configuration, where the
heater surrounds the diamonds, a rhenium gasket can be used allowing the loading of
solids (single crystals and powders) and liquids. At ambient temperature, rhenium gaskets
allow reaching pressures well beyond 100 GPa. Pure Re gaskets have been already
employed up to 92 GPa and 1200 K in externally heated DACs [24]. However, we observed
that at temperatures in excess of ~1170K, especially thin rhenium gaskets (i.e. 35 um)
exhibit a reduced strength. At these high temperatures, Re can significantly deform,
which is most likely related to the reduction of the shear modulus at elevated temperature.
This deformation at high T presents a limiting factor in exploiting the full capabilities of the
RH-DAC to reach temperatures in excess of 1170 K at simultaneous high pressures.

Previous ambient temperature high-pressure DAC studies have shown that gaskets con-
taining an insert consisting of amorphous Boron Epoxy (aBE), c-BN epoxy (cBNE) or diamond
powder epoxy are mechanically more stable. This was for instance demonstrated when
these inserts are used to reinforce beryllium gaskets in order to maximize the sample thick-
ness and reach higher pressures [25-29]. Pure aBE and ¢cBNE gaskets have been successfully
used in combination with a kapton foil for radial DAC XRD experiments up to 80 GPa [30,31].
Amorphous boron exhibits a high shear strength combined with a low X-ray absorption. It is
therefore ideal for X-ray emission spectroscopy (XES), XAS or XRD experiments in radial DAC
geometry. Because of its low thermal conductivity, it is also a good choice for large volume
press experiments [32]. Recently, pure aBE disks have been employed for resistive heating
experiments in combination with a mica foil and have shown good mechanical stability
up to 20 GPa and 1100 K [33]. Similarly, composite Re/c-BN gaskets have been successfully
employed up to 1100 K and 93 GPa in externally heated DACs [34].

Here, we show how a small insert of aBE introduced into the hole of a Re gaskets allows
us to reach high P/T conditions of 1620 K and 50 GPa, P/T conditions that are difficult to
reach with pure Re gaskets.

2. Experimental setup
2.1. aBE synthesis

We used, as starting materials, amorphous boron (Sigma-Aldrich; 99% pure; part No.
B3135) and an epoxy resin and hardener (Struers EPOfix) in the ratio of 1:0.22:0.08 by
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Table 1. Summary of performed experiments.

aBE insert Culet size (um) Thickness Hole diameter Re/aBE Max. P/T
Exp# Technique geometry BA? (um) (um) conditions
1 XRD No insert 300/350 35 100 6 GPa, 1170 K
2 XRD 1 300/350 85 280/55 50 GPa, 1620 K
3 XAS 2 600 80 360/130 2 GPa, 1020 K

%In all experiments, Boehler Almax cut diamonds were employed [35].

weight. A homogenous product was obtained by mixing these substances in a mortar
together with acetone. A small amount of this mixture was then distributed into individual
plastic bags and placed in a vacuum desiccator for 2 h. The dried mixture was cold pressed
at 0.3 GPa using a cylindrical mold. The cold-pressed aBE cylinders were wrapped with
Teflon for further polymerization at 0.5 GPa and 600 K in order to increase the stiffness
of the material.

2.2. Gasket insert geometries and preparation

For the present study, we tested two different aBE insert geometries (Table 1). In the first
geometry, the Re gasket hole was lined with an aBE insert and additional material of aBE
was used to cover the entire pre-indentation surface on one side of the Re gasket (Figure 1
(a)). This composite gasket geometry significantly increases the total gasket thickness. To
prepare this composite gasket, a hole was drilled in a pre-indented Re gasket and filled
with aBE. Additional material of aBE was placed on top of the pre-indentation surface.
This filled gasket was then compressed between two diamonds to produce a compact
assembly, which was further laser drilled at its center to form the final sample container
(Figure 1(a)). In the second geometry, we tested a simplified aBE insert configuration, con-
sisting of a ring of aBE contained in a Re gasket hole (Figures 1(b) and 2). The sample cavity
was again produced by laser drilling. Dimensions of the gaskets and employed diamond
anvils are listed in Table 1.

3. High P/T experiments

Two XRD experiments were performed to compare the stability of a Re gasket and a Re
gasket equipped with an aBE insert at high P/T conditions, Exp#1 and #2, respectively.

(a) diamond (b)
300 pm 600 pm
55 um P |
[ |
o W N | ] e
pm
280pm
130 pm
diamond _—
360 um

Figure 1. lllustration of the two aBE gasket insert geometries: (a) geometry 1 used in Exp#2 and (b)
geometry 2 used in Exp#3 (see also Figure 2).
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Figure 2. Photograph of an aBE insert of geometry 2 contained in a pre-indented Re gasket employed
in Exp#3.

(Table 1). For the high P/T experiments, modified Letoulec-type membrane DACs were
used; culet sizes are outlined in Table 1. The heating elements of the internally heated
RH-DAC and its vacuum chamber will be detailed in a separate article. During the exper-
iments, sample P/T conditions were determined in situ from internal P/T standards, includ-
ing, a chip of gold and a pellet of NaCl of 5*7*5 um?® volume loaded together with the
sample [36]. P/T conditions were obtained using the thermal equations of state of gold
[37] and of NaCl [38]. Pressure and temperature were remotely controlled and care was
taken that the vacuum remained below 1*107° bars during the entire experiment.

In Exp#1, a conventional Re gasket was employed and the sample comprised a powder
of hydrous Mg,SiO,4. The sample in Exp#2 was loaded in a Re gasket equipped with an aBE
insert of geometry 1. In Exp#2, the sample consisted of a powder of antigorite containing
1.5 Wt% iron (Mg, ssFedhorFedhasSiios Aloos70s(OH).), which was mixed with 1.5 wt% of
pyrite (FeS,). Both minerals employed in Exp.#1 and #2 are relevant for geosciences and
exhibit close mechanical properties.

The two diffraction experiments (Exp#1, 2) were carried out at the ESRF beamline 1D27.
A monochromatic X-ray beam was used, tuned to an energy of 33.17 keV (0.3738 A) and
focused to 5 x 2.8 um? (horizontal x vertical size). Diffraction images were acquired using a
flat panel PerkinElmer detector placed 450 or 550 mm from the sample. The detector to
sample distance, detector tilt and rotation parameters were calibrated using a CeO,
powder standard using the program DIOPTAS [39]. During Exp#1 and #2, the size of the
sample chamber was determined from horizontal and vertical scans of the X-ray beam
through the sample chamber and/or by finely meshed two-dimensional diffraction
maps acquired with a step size of 5-10 um and an exposure time of 5-10s.

In experiments Exp.#1 and #2, we followed a P/T path corresponding to the geothermal
gradient of subducted slabs with T increasing to ~1150 K between 1-6 GPa. At 6 GPa and
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Figure 3. P/T pathways of the two XRD experiments Exp#1(blue circles) and Exp#2 (red squares). Pre-
sented temperatures are averaged thermocouple temperatures measured at each diamond, while
sample pressures were calculated using the lattice parameter of Au. Uncertainties of P/T points are
within the symbol size.

1170 K, the sample chamber in Exp#1 drifted towards the culet edge leading to a diamond
anvil failure. In Exp#2, the pressure was further increased first to 50 GPa at a constant temp-
erature of 1150 K. Finally, temperature was raised to 1620 K at a constant pressure of 50 GPa
(Figure 3). At each P/T point, temperature was held constant for about 30-45 min and XRD
data were taken after T stabilization. At the highest P/T point, the DAC zirconia seat broke
few minutes after temperature increase and Exp#2 had to be stopped (Table 1).

4, Value added for gasket stability at high T

The aBE insert employed in Exp#2 allowed reaching far higher P/T conditions of 50 GPa
and 1620 K, compared to Exp#1 in which a conventional Re gasket was used, which
failed at 6 GPa and 1170 K. In Exp#2 boron started to recrystallize forming p-boron at
1240 K and 50 GPa, which did not affect the stability of the gasket. Based on the compari-
son between Exp#1 and #2, we suggest that employing an aBE insert avoids the opening
of the Re gasket mainly because of the higher shear resistance of aBE at high T compared
to pure Re. Moreover, the smaller sample chamber and the greater thickness of the aBE
composite gasket compared to the conventional Re gasket (see Table 1), might have
additionally stabilized it at high P/T conditions.

The observed maximal T stability of pure Re in the present study in Exp#1 (1170 K at
6 GPa) is slightly below the maximal T conditions reached in previous studies employing
pre-indented Re gaskets (1200 K at 93 GPa) [24]. We note however, that the difference of
30 K is within the precision on P/T determination at the extreme conditions probed by
Dubrovinskaia and Dubrovinsky [24]. Moreover, the stability of conventional Re gaskets
might also depend on the chosen P/T pathway. Therefore, the maximal T stability of Re
observed in the present study of ~1170 K presents only an indication rather than a
strict temperature limit.

We observed that the sample chamber remained stable and centered on the culet
during Exp#2 (Figure 4). In this experiment, the sample chamber decreased from an

203



6 A.D.ROSAET AL.

Figure 4. (a—b) Sample shape during Exp#2 in which the aBE insert geometry 1 was employed (a)
6.2 GPa, 670 K, (b) 6 GPa, 1150 K. The red and white line outline the diamond culet and the sample
contained in the aBE insert, respectively. Both lines were drawn based on contrasts in gray scale
between aBE and Re as well as aBE and sample. These contrasts further reduced significantly with
increasing temperature. Note also, for this aBE insert geometry (1), the border between aBE and Re
at high P/T is optically not distinguishable due the small layer of aBE on top of the Re. Dark points
are particles on the objective lens of the microscope.

original 55 x 55 um? size to about 40 x 40 um? during the first pressurizing ramp up to
3 GPa. It then remained constant until pressure was increased to 50 GPa. At this pressure,
the hole size further decreased to 20 x 30 um? and then remained stable while increasing
temperature up to 1620 K.

The sample chamber hole in the aBE material, however, did not remain circular in Exp#2
because particles of the polymerized aBE easily mix with the sample. Figure 5 shows
selected diffraction patterns of Exp#2, presenting the data quality obtained during the
experiment at relatively low and high T. All diffraction peaks could be indexed. Contri-
butions to the overall background arise mainly from the RH-DAC components, including
the Mylar window and the diamonds as well as only ancillary from aBE, suggesting that
the employment of aBE does not hinder the XRD data quality for crystalline samples.
For amorphous and liquid samples, the signal quality could be influenced by the small dif-
fused scattering background due to aBE, which can be reduced significantly by employing
a small X-ray beam of 2 x 2 um? size and/or Soller-slits coupled with the RH-DAC.

5. Reactivity of aBE at high T

XAS experiments were carried out at the ESRF beamline BM23 using the puXAS station
described in [40], in order to test the reactivity of the aBE material at high P/T conditions
(Exp#3, Table 1). The sample employed in Exp#3 consisted of the same starting material as
in Exp#2, which was loaded into an aBE insert of geometry 2. A P/T path similar to that of
Exp#2 was followed at low pressure of 2 GPa up to 1020 K.

For the experiment, the X-ray beam was tuned to the energy of the iron K-edge (7.112
keV) using a double-crystal fixed exit monochromator equipped with two Si(111) crystals.
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Figure 5. Diffraction patterns of selected P/T points acquired during Exp#2. Diffraction peaks are
labeled as: A: antigorite; M, Mylar window of the RH-DAC; D: Diamond; Py: pyrite; Ad: andradite; Fo:
forsterite; Rw: ringwoodite; y: fcc-iron; € hcp-iron. At 21 GPa and 1150 K, diffraction peaks of pure
hcp-iron (e-Fe) as well as less intense peaks of fcc-iron (y-Fe) appeared, while those of pyrite decreased
gradually. With increasing P/T conditions and up to 50 GPa and 1620 K diffraction peaks of pure y-Fe
became very intense, while those of pyrite almost completely disappeared. The coexistence of Fo and
Rw at 50 GPa and 1620 K might be related to the sluggish phase transformation kinetics in Mg,SiO,.

Beam focusing to 6 x 6 pm? and harmonic rejection was achieved through a Kirkpatrick
Baez mirror system with Pt coating. XAS measurements were conducted in transmission
mode using ionization chambers filled with appropriate gas mixtures. The fixed exit mono-
chromator-crystal angles were calibrated to the iron K-edge energy of 7.112 keV using a
standard iron foil of 3 um thickness. Several times during the experiment the foil spectrum
was acquired in order to correct potential drifts of the monochromator angle. Diffraction
images were collected using a MarCCD detector placed 190 mm from the sample at a
wavelength of 0.6199 A corresponding to an energy of 20 keV. The sample-to-detector dis-
tance, beam center position, detector tilt angles were determined using a CeO, standard
and the program DIOPTAS [39].

X-ray absorption near-edge structure (XANES) spectra were collected in temperature
steps of 50 or 100 K between ambient temperature and 1020 K at constant high pressure.
For each P/T point three XANES spectra were acquired during continuous scanning of the
monochromator, with a scan time for each spectrum of ca. 10 min. XRD patterns of the
sample and the gold pressure standard were obtained before and after each XANES
scan with an exposure time of 5 min.

Figure 6 shows the averaged normalized iron K-edge XANES spectra collected during
Exp#3 at a constant pressure of 2 GPa and selected T. At T exceeding 620 K, we observed
a significant change of the spectral shape. In particular, the absorption edge continuously
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Figure 6. Normalized averaged iron XANES spectra acquired during Exp#3 at constant pressure (2 GPa)
and selected temperatures. Black arrows indicate the shift of oxidized iron (Fe**/Fe*") contained in
Antigorite XANES spectra features towards reduced iron (Fe®) spectral features. For comparison the
XANES spectra of the reference iron foil is plotted as a blue dashed line.

shifted towards lower energies. These changes coincided with the beginning of the break-
down reaction of antigorite to forsterite, enstatite and water, which was confirmed from
the simultaneously collected XRD patterns. At 920 K the presence of a mixture of metallic
iron and iron oxide phases in the sample was deduced from the XANES spectrum. This
indicates that the Fe®*/Fe?* mixture previously contained in antigorite was reduced to
metallic Fe®. Such a drastic reduction of iron can only be ascribed to the formation of
boron-oxides (B,Os) in the aBE insert which creates highly reducing conditions in the
sample chamber. The reaction occurred during the experiments may be described as
follows:

1OM92'8FEO'2Si205(OH)4 + 44B — 223203 + 20H2 + 2Fe + 6S|02 + 14M925|O4

Indeed, the formation of boron-oxides at high temperatures has been previously observed
in hexagonal BN [41]. The presence of pure iron and/or boron-oxide could not be deduced
from the diffraction patterns taken during serpentine breakdown in Exp#3, most likely due
to the rather small abundances of these phases.

6. Conclusions

We have tested a new assembled gasket geometry based on inserts of aBE introduced into
a rhenium gasket hole. These inserts allow reaching far higher P/T conditions up to 50 GPa
and 1620 K than conventional Re gaskets, which failed at 1170 K and 6 GPa due to the
plastic flow of Re at high temperature. Comparison of our experiments indicates that
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the composite gasket retains a higher stiffness at high temperatures exceeding 1170 K
compared to pure rhenium.

The sample shape does not remain circular at high P/T condition, due to the porous
nature of aBE. The mix of aBE and sample at the gasket hole rim does not alter the
powder and single-crystal XRD or XAS data quality. The aBE insert can however not be
employed in direct contact to oxidized samples due to the high redox potential of
boron at elevated temperatures. Samples should therefore be isolated from the aBE
insert by introducing, for example, an additional ring of Au or Pt sealed under pressure
to avoid the diffusion of oxygen. The sample shape may also be stabilized by the introduc-
tion of this sealing ring, which might further allow employing a fluid or gas phase as
pressure-transmitting medium.

In summary, the assemble gaskets tested in this study expand the accessible P/T range
for resistively heated DAC experiments to thermodynamical conditions that are challen-
ging to reach with this device and are close to the intrinsic limit of the RH-DAC.
However, care must be taken to avoid reaction of the insert with the sample, which is a
general problem in high P/T studies.
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Supplementary figure for Chapter 4.5
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Fig. 4.5-S1. P-T pseudosection for the bulk composition of fresh harzburgite with additional H,O (6 wt.%)
computed with Theriak-Domino program. Green field indicates stability of hydrated lithologies with antigorite,
pink field represents stability of pargasite-bearing harzburgites. Blue circle indicates stability field of
anthophyllite-bearing hydrated assemblages. Abbreviations are: Ol — olivine, Atg — antigorite, Chl — chlorite, Trem
— tremolite, Mt — magnetite, Naph — Na-phlogopite, Cpx — clinopyroxene, Parg — pargasite, Anth — antophyllite,

Opx — orthopyroxene, Fsp — feldspar, Grt — garnet.
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