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database of serpentinites have been created. Here, we present a review of the geochemistry of serpentinites,
based on the compilation of ~900 geochemical data of abyssal, mantle wedge and exhumed serpentinites

Is(sjl;‘;lvszgd serpentinites after subduction. The aim was to better understand the geochemical evolution of these rocks during their
Mantle wedge serpentinites subduction as well as their impact in the global geochemical cycle.

Abyssal peridotites When studying serpentinites, it is essential to determine their protoliths and their geological history before
Serpentine phases serpentinization. The geochemical data of serpentinites shows little mobility of compatible and rare earth el-
Subduction zones ements (REE) at the scale of hand-specimen during their serpentinization. Thus, REE abundance can be used
Geochemistry to identify the protolith for serpentinites, as well as magmatic processes such as melt/rock interactions before

serpentinization. In the case of subducted serpentinites, the interpretation of trace element data is difficult
due to the enrichments of light REE, independent of the nature of the protolith. We propose that enrichments
are probably not related to serpentinization itself, but mostly due to (sedimentary-derived) fluid/rock interac-
tions within the subduction channel after the serpentinization. It is also possible that the enrichment reflects
the geochemical signature of the mantle protolith itself which could derive from the less refractory continen-
tal lithosphere exhumed at the ocean-continent transition.
Additionally, during the last ten years, numerous analyses have been carried out, notably using in situ ap-
proaches, to better constrain the behavior of fluid-mobile elements (FME; e.g. B, Li, Cl, As, Sb, U, Th, Sr) incor-
porated in serpentine phases. The abundance of these elements provides information related to the fluid/rock
interactions during serpentinization and the behavior of FME, from their incorporation to their gradual re-
lease during subduction. Serpentinites are considered as a reservoir of the FME in subduction zones and
their role, notably on arc magma composition, is underestimated presently in the global geochemical cycle.
© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Serpentinites (hydrated ultramafic rocks) and the processes of
serpentinization have attracted much attention over the last two de-
cades, and interest in these rocks continues unabated. It has recently
been posited that the occurrence of serpentinites, specifically in
subduction zones, could have important implications for the Earth's
dynamic and global geochemical cycle (e.g. Hattori and Guillot, 2003;
Hilairet et al,, 2007). However, deciphering the origin of the serpentinites
and the causalities of serpentinization remains a challenge as the onset of
this particular process mostly occurs at the seafloor (near mid-ocean
ridges, MOR) and continues during subduction of abyssal serpentinites
and peridotites; moreover mantle wedge serpentinites are produced by
fluids released from the subducting slab. A large number of high quality
bulk rock compositions, as well as in situ geochemical data on serpentine
phases, have now become available and hence correspond to a fully rep-
resentative set of serpentinite compositions worldwide (see references
through the text; Section 2.4). In this context, the present manuscript
attempts to review the available geochemical data of abyssal peridotites
and subduction zone-related serpentinites, including subducted and
metamorphosed serpentinites and mantle wedge-forearc serpentinites.
This review paper will emphasize the role of serpentinites on chemical cy-
cling in subduction zones, and in doing so perhaps broach new concerns
for the forthcoming studies.

This paper aims: (i) to review and to provide comprehensive geo-
chemical compositions of serpentinites, as well as serpentine phases,
in order to depict the influence and significance of protolith; (ii) to
evaluate the role of fluid-mobile element (FME) compositions as
tracers of fluid/rock interactions in geodynamic contexts and processes
(temperature (T), pressure (P), redox conditions); and finally, (iii) to
discuss the active role of serpentinites upon the global geochemical
cycle in subduction zones. Notably, we summarize observations about
interactions between various lithologies in the subducted slab
and serpentinites into the subduction channel, and the fluids and
fluid-mobile elements released during their metamorphism. We are
fully aware about the non-exhaustive review of this synthesis and we
refer the reader to the many outstanding studies cited below.

1.1. Subduction zones

Subduction zones are one of the most challenging geological con-
texts in Earth sciences. Since the first reference to these particular

environments six decades ago (Amstutz, 1951), numerous studies
have been undertaken in order to constrain their geophysical and
geochemical signatures (see Stern, 2002, for a review). Subduction
zones and oceanic convergent boundaries represent a total length of
around 67,500 km (Bird, 2003; Lallemand, 1999). As a weak and
buoyant mineral, and its broad P-T stability field, a serpentine miner-
al can play a key role in the dynamics of subduction zone, notably on
the triggering of earthquakes, exhumation of HP to UHP rocks, and
probably initiation of subduction itself (Hirth and Guillot, 2013).
One of the most important features of subduction zones is the
recycling of hydrated lithologies back into the mantle, the so called
“subduction factory” (Tatsumi, 2005). This recycling mechanism has
important consequences into the global geochemical cycling as well
as on the dynamics of the Earth. Due to the downgoing movement
of the hydrated oceanic lithosphere and its heating related to pro-
grade metamorphism, fluids are progressively released from the
slab. These fluids are considered to trigger partial melting within
mantle wedge leading to arc magmatism (e.g. Green, 2007; Tatsumi
et al,, 1986). In this context, subduction-related metamorphism will
play a major role in the dynamics, chemistry and rheology of subduc-
tion zones. Numerous studies were conducted in order to determine
the water budget of the subducting lithosphere and the timing of
water released (e.g. Riipke et al., 2002; Schmidt and Poli, 1998; Van
Keken et al., 2011). Dehydration mostly occurs during the first 100
to 170 km of subduction, depending on the geothermal gradient,
and is related to the stability of key hydrous phases such as amphi-
boles (Pawley and Holloway, 1993; Poli and Schmidt, 1995) and ser-
pentines (Ulmer and Trommsdorff, 1995; Wunder and Schreyer,
1997; Fig. 1a).

1.2. Water: an important component in subduction zone

Water is one of the most important components in subduction
zone and its geochemical cycle. Water can be transported, and
recycled, at different depths when it is stored into subducted
sediments, and to a lesser extent in the oceanic lithosphere. Under
the effect of subduction-related prograde metamorphism, water can
also be released into the overlying mantle wedge and react with man-
tle peridotites to form hydrous minerals. Water is present in different
forms: (1) molecular (H,0) in magmas and/or silicate fluids released
from the slab, (2) hydroxyl (OH™) as part of hydrous phases (e.g. chlo-
rite, amphibole, serpentine), (3) hydrogen as point defects in nominally
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Fig. 1. a.) Stability fields of serpentine minerals after experimental observations in a P-T-depth diagram. Stability fields of antigorite was determined by studies of Wunder and
Schreyer (1997) and Bromiley and Pawley (2003) (dark green field) and Ulmer and Trommsdorff (1995) (light green field). Thick solid curves represent different P-T paths of sub-
duction zones (data sources are from Fukao et al., 1983; Furukawa, 1993; Peacock and Wang, 1999). Dashed curves are theoretical P-T paths for a subducted oceanic crust having
different ages (Peacock, 1990). Theoretical depth where “antigorite breakdown” occurs is indicated by an arrow on the right part of the diagram. Modified after Hattori and Guillot
(2003). b.) Schematic sketch illustrating the geological environment during subduction-related serpentinization as well as the geological impact of serpentinites in the subduction

context.

anhydrous minerals such as olivine, pyroxene or garnet, or (4) super-
critical fluids at high pressure (HP)-high temperature (HT) condi-
tions. Behavior of water in subduction zone is relatively well
constrained, notably through studies concerning the mineralogical
changes associated to HP-LT (low temperature) metamorphism char-
acteristics of subduction context and related dehydration reactions
(e.g. Peacock, 1990; Schmidt and Poli, 1998). Experimental petrology
on subduction zone lithologies has contributed significantly toward
clarifying the influence of water (in its different forms) in various
petrological processes during subduction. It results into phase
diagrams that constrained stability field and water content for most
common minerals in this context (e.g. Hacker et al., 2003). Nearly
all metamorphic facies in subduction zones are able to transport
significant quantity of water, despite dehydration processes. Taking
the example of the oceanic crust, the average amount of water varies
from 7 wt.% in the zeolite facies to 0.09 wt.% in the eclogite facies

(Hacker et al., 2003). Thus, it seems that a very small amount of
water is recycled back into the asthenospheric mantle.

The majority of subducted water is released from the slab lithologies
and percolates through the mantle wedge. The main dewatering takes
place by compaction at temperatures between 300 and 600 °C and at
a pressure lower than 1.5 GPa (Riipke et al., 2004). In mantle wedges,
water is hosted by serpentine minerals, chrysotile (ctl)/lizardite (1z)
and antigorite (atg), which can hold on an average of 13 wt.% of water
until isotherms 600-700 °C (Ulmer and Trommsdorff, 1995; Wunder
and Schreyer, 1997; Fig. 1a). Then, other hydrous minerals such as am-
phibole, chlorite, talc, mica, or phase A can bring water deeper but in
less important quantity (Hacker et al., 2003; Schmidt and Poli, 1998).
Above the 800 °C isotherm and 2 GPa, mantle peridotites cannot host
water under hydroxyl form anymore (Ulmer and Trommsdorff, 1995).

Above the mantle wedge serpentinite layer, water percolates into
the anhydrous mantle and can trigger partial melting, a process
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which is at the heart of arc magmatism (e.g. Morris et al., 1990; Plank
and Langmuir, 1993; Tatsumi, 1986). This theory is reinforced by
observations of high concentrations of water in the arc magmas (on
average 1.7 wt.%; Sobolev and Chaussidon, 1996) compared to those
observed in primitive magmas from oceanic ridge (0.1-0.5 wt.%).
Concerning the modality of water migration into the anhydrous
mantle wedge, several possible scenarios are proposed (Stern,
2002): (1) for a cold lithosphere having a sufficient porosity, water
is present under its molecular form, causing pore pressure to increase,
which can subsequently trigger seismic rupture (Davies, 1999),
(2) water circulation is also possible between mineral pores using
an interconnected network, facilitating interaction between fluid
and minerals, and (3) a third type, highlighted by numerical models,
presents formation of cold plumes of serpentinites from the
serpentinite layer to the mantle wedge (Gerya and Yuen, 2003).

1.3. Subduction-related serpentinites: water and fluid-mobile element
carriers

Serpentinites are hydrated ultramafic rocks (with H,O content up
to 15-16 wt.%, average of 13 wt.%) which form through the alteration
of olivine- and pyroxene-dominated protoliths at temperatures lower
than 650-700 °C (e.g. Evans et al., 2013; Hemley et al., 1977; Janecky
and Seyfried, 1986; O'Hanley, 1996). Water-rich and stable over a rel-
atively important P-T range as demonstrated by experimental works
(Bromiley and Pawley, 2003; Ulmer and Trommsdorff, 1995; Wunder
and Schreyer, 1997; Fig. 1a), serpentinites are among the most
efficient lithology to carry great amount of water at relatively great
depths (120 to 170 km depth). Largely underestimated in the past
(compared to metasediments and eclogites) in subduction zone
models, an increasing number of studies on serpentinites were
conducted over the last 20 years. It appears that serpentinites are
widespread on oceanic floor (e.g. Cannat et al., 2010). In this context,
it appeared that subducted serpentinites, and those resulting from
the hydration of the mantle wedge, represent a particularly signifi-
cant water reservoir influencing arc magmatism (Hattori and
Guillot, 2003, 2007; Savov et al., 2005a; Scambelluri et al., 2001a,
2004a,b; Ulmer and Trommsdorff, 1995). In parallel, some studies
on the trace element and isotope compositions of arc magmas have
shown geochemical evidence for fluids released after dehydration of
subduction-related serpentinites (e.g. Barnes et al., 2008; Singer et
al., 2007; Tonarini et al., 2007). Additionally, serpentinites present
strong enrichments in fluid-mobile elements (FME; e.g. B, Li, Cl, As,
Sb, Pb, U, Cs, Sr, Ba; e.g. Bonatti et al., 1984; Deschamps et al., 2010,
2011, 2012; Hattori and Guillot, 2003, 2007; Kodolanyi et al., 2012;
Lafay et al., 2013; O'Hanley, 1996; Scambelluri et al., 2001a,b, 2004a,
b; Tenthorey and Hermann, 2004; Vils et al., 2008, 2011). These en-
richments result from fluid/rock interactions occurring for example
at mid-ocean ridges after percolation of seawater and/or hydrother-
mal fluids, during subduction by percolation of fluids released
from different lithologies from the slab, or also by interactions
(mechanical, diffusive and/or fluid assisted) with metasediments
during subduction.

During their subduction, serpentinites experience prograde meta-
morphism until their dehydration, the so-called antigorite break-
down (up to 600-700 °C; Fig. 1a). Fluids released from dehydrating
serpentinites are rich in fluid-mobile elements as demonstrated by the
experimental work of Tenthorey and Hermann (2004). These fluids
are enriched in FME (such as B, Cs, As, Sb, Pb, Li, Ba); in parallel, Ryan
et al. (1995) shown that FME are also enriched in arc magmas. Yet,
despite considerable progress for characterizing the geochemistry of
serpentinites in different geological contexts, little is known about the
real impact they might have on the geochemistry of arc magmas. First,
the trace-element fingerprint of the protolith, as well as primary min-
erals, upon the geochemistry of bulk serpentinites and mineral phases
starts to become clearer. Second, the sequence of enrichment in FME

and its relation to geological contexts are still unclear and need further
clarifications since FME are a powerful tool to discriminate serpentinites
(e.g. De Hoog et al., 2009; Deschamps et al., 2010, 2011, 2012; Kodolanyi
et al,, 2012). Additionally, recent studies have emphasized geochemical
interactions between serpentinites and metasediments in the accretion-
ary prism and subduction channel (Deschamps et al., 2010, 2011, 2012;
Lafay et al, 2013). Third, the role of serpentinite-derived fluids in
subduction zone is not perfectly understood and no geochemical tracers
(elements or isotopes) are discriminating enough to highlight the role of
serpentinites upon arc magma geochemical signature, as it is the case for
sediments.

2. Nature, formation and location of
subduction-related serpentinites

The geochemistry of serpentinites is influenced by the geodynamic
setting in which they were formed. Their composition is a function of
the temperature of formation and the nature of hydrating fluids;
the last parameters being controlled by the geological settings. We
distinguish three groups of serpentinites present in subduction zone:
abyssal, mantle wedge, and subducted serpentinites (Fig. 1b). Abyssal
serpentinites represent hydration of oceanic peridotites by seafloor
hydrothermal activity/seawater alteration. Mantle wedge serpentinites
are hydrated mantle peridotites by fluid released from the subducted
slabs. Subducted serpentinites are more heterogeneous in terms of
timing of serpentinization: they are found mostly in suture zones and
associated with HP-LT metamorphic rocks. They can originate either
from abyssal peridotites hydrated at ridges, trenches or within the sub-
duction channel or from the oceanic-continent transition zone (OCT).

2.1. Abyssal serpentinites

In this paper, we will focus our review on oceanic lithosphere
formed at slow (1 to 5 cm-yr~!) to ultraslow (<2 cm-yr—!) spread-
ing ridges, which represent about one third of the 55,000 km of global
ridge system (Dick et al., 2003). Such ridges are characterized by ep-
isodic magmatic and tectonic activities causing exposure of the
sub-oceanic mantle during amagmatic periods (Cannat, 1993;
Cannat et al., 1995; Karson et al., 2006). The relatively thin oceanic
crust (1 to 7 km), and the presence of numerous normal faults on
the flank of the ridge axis, induce deep fluid circulation and
serpentinization of the oceanic lithosphere (Epp and Suyenaga,
1978; Francis, 1981; Mével, 2003). The formation of secondary
low-pressure/low-temperature minerals such as prehnite, amphi-
bole, chlorite, and clay minerals are a good sink for water. Hence,
basalts from the upper part of the oceanic lithosphere could carry 2
to 6 wt.% of water (Hacker et al., 2003; Peacock, 1990; Schmidt and
Poli, 1998), but the majority of water in the oceanic lithosphere is
in serpentinites since they can hold on an average of 13 wt.% of
H,O0. In addition, they are representing 5 to 25% for the Atlantic sea-
floor (Cannat et al., 1995, 2010; Carlson, 2001; Mével, 2003). This
makes serpentinite an important host of water in oceanic lithosphere
formed at slow spreading ridges.

Abyssal serpentinites and hydrated peridotites (both terms are com-
monly used in the literature) are observed mostly at slow to ultraslow
spreading ridges (Fig. 2) where (a) oceanic mantle peridotites are com-
monly exposed on the seafloor, (b) along normal fault related to crustal
thinning and extension, (c) on the seafloor warping oceanic core
complexes (e.g. Cannat, 1993; Escartin et al, 2003; MacLeod et al.,
2009; Michael et al,, 2003), and (d) along major scarps and transform
faults (Bideau et al., 1991; Bonatti, 1976; Epp and Suyenaga, 1978;
Francis, 1981; Karson and Lawrence, 1997; Morishita et al., 2009;
O'Hanley, 1991; for a review, refer to Mével, 2003). Previous studies
have shown that seawater is the main fluid responsible for the hydra-
tion of abyssal peridotites based on oxygen and hydrogen isotope
compositions (it appears that serpentinization occurs for temperature
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star) and mantle wedge serpentinites (green star). Abyssal serpentinites are represented by samples from MARK Zone-ODP Leg 209 (Jons et al., 2010; Kodolanyi et al., 2012; Paulick
et al., 2006), Atlantis Massif-IODP Exp. 304-305 (Delacour et al., 2008), Logatchev hydrothermal field (Augustin et al., 2012) and Hess Deep (Kodolanyi et al., 2012). Mantle wedge
serpentinites are after studies from the Mariana forearc-ODP Legs 125 and 195 (Ishii et al., 1992; Kodolanyi et al., 2012; Lagabrielle et al., 1992; Parkinson and Pearce, 1998; Savov et
al., 2005a,b, 2007), Tso Morari massif Himalaya (Deschamps et al., 2010; Guillot et al., 2001; Hattori and Guillot, 2007), Dominican Republic (Deschamps et al., 2012; Saumur et al.,
2010), Cuba (Mayari massif, Marchesi et al., 2006; Blanco-Quintero et al., 2011), South Sandwich arc (Pearce et al., 2000) and New Caledonia (Marchesi et al., 2009; Ulrich et al.,
2010). Subducted and subduction-related serpentinites are compiled from the studies of the European Alps (Chenaillet: Chalot-Prat et al.,, 2003; Queyras: Hattori and Guillot,
2007; Lafay et al., 2013; Erro-Tobbio massif: Scambelluri et al., 2001b; Zermatt-Saas ophiolite: Li et al., 2004; Elba, Monti Livornesi and Murlo: Anselmi et al., 2000; Viti and Mellini,
1998; Slovenska Bistrica ultramafic complex in Slovenia; De Hoog et al., 2009), the Greater Antilles (Blanco-Quintero et al., 2011; Deschamps et al., 2012; Hattori and Guillot, 2007;
Saumur et al., 2010), Cerro del Almirez ultramafic complex (Spain; Garrido et al., 2005), Cabo Ortegal massif (Spain; Pereira et al., 2008), Leka ophiolite complex (Norway; lyer et al.,
2008), Zagros suture zone (Iraq; Aziz et al., 2011), ophiolite complexes of Northwest Anatolia (Turkey, Aldanmaz and Koprubasi, 2006), Feather River ophiolite (California, U.S.A.; Li
and Lee, 2006; Agranier et al., 2007), and Burro mountain (California, U.S.A.; Coleman and Keith, 1971). We report also major occurrences of serpentinites on continents (green

lines; after Coleman, 1977) and major seafloor sites where serpentinites were recognized (blue circles).

lower than 450-500 °C in this context; Agrinier and Cannat, 1997;
Frith-Green et al., 1996). In contrast to slow spreading ridges, fast
spreading ridges (>9 cm-yr~! of opening) present a more important
magmatic activity, leading to the formation of a thick oceanic crust
(7-10 km in thickness). Abyssal peridotites in this context cannot
outcrop on the seafloor (Sinton and Detrick, 1992), preventing
the serpentinization effect. To our knowledge, the only evidence
of serpentinized peridotites in this context is documented at rare tec-
tonic windows (e.g. Hess Deep; Mével and Stamoudi, 1996).

Oceanic serpentinization is mostly controlled by fractures ranging in
size from the grain to the metric scale (Andreani et al., 2007), but mech-
anisms of fluid transfer and their depth extension are not yet well
constrained. Nevertheless, stability field of observed serpentine phases
(essentially lizardite and chrysotile), coupled to stable isotope studies
indicate that serpentinization is present down to a depth of around
7 km (Escartin et al., 1997) and for a maximum temperature of
450-500 °C (Evans et al., 1976). Similar conclusions were reached in
the study of the microseismicity recorded on the seafloor, which
revealed the presence of faults with a vertical extent from 2 to 9 km
(Kong et al.,, 1992); such faults allow seawater to penetrate to such
depths. Abyssal serpentinites are characterized by pseudomorphic tex-
ture suggesting a static serpentinization by pervasive fluids infiltration

(Aumento and Loubat, 1971; Prichard, 1979; Wicks and Whittaker,
1977). Some authors have described an initial high-temperature stage
(~400 °C) marked by relict textures of orthopyroxene replaced by
tremolite and talc (Mid-Atlantic Ridge, Sites 1270 and 1271; Allen and
Seyfried, 2003; Bach et al., 2004; Paulick et al., 2006). Low temperature
alteration, the so-called seafloor alteration, is also recorded in
serpentinites and is documented by the formation and/or precipitation
of aragonite veinlets, Fe-oxyhydroxides, and clay minerals (Paulick et
al., 2006).

2.2. Mantle wedge serpentinites

Mantle wedge is generally described as the part of mantle
between the upper part of subducting lithosphere and lower part of
the overriding plate. We include under this term forearc serpentinites
having a mantle wedge affinity (e.g. Marianas). Forearc sensu stricto
is located between trench and an associated volcanic arc; it could be
filled with sediments, oceanic crustal material and mantle peridotites
hydrated at the base of the mantle wedge by fluids from the slab.
Mantle wedge serpentinites s.s. are located in deepest and hotter
parts of the supra-subduction mantle and defined as a km-thick
layer along the subduction plane, while the forearc serpentinites are
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located in the coldest parts of the top-slab mantle, closer to the slab
(the cold nose, e.g. Guillot et al., 2009). We are fully aware that
absysal serpentinites could be also incorporated into the forearc and
a distinction was made for this compilation. Since forearc
serpentinites historically refer to rocks having a mantle wedge affinity
(e.g. Marianas), we decide to combine both type of serpentinites
(forearc and mantle wedge) throughout this manuscript.

The mantle wedge has complex geochemical characteristics due to
the continual input from the underlying subducted slab, and the out-
put of melt for arc volcanoes. Seismic tomography shows abnormal
low seismic zone correlated to strong seismic attenuation and
interpreted as a witness of a hot and ductile mantle (Stern, 2002).
However, this low viscosity area could also be explained by the pres-
ence of fluids and magmas resulting from the slab dehydration
(Currie et al., 2004; Hyndman et al., 2005; Kelemen et al., 2003).
Some authors propose that the mantle flow induced by the
downwelling slab is able to create an upwelling of asthenospheric
mantle toward the surface, and then create a thinning of the overly-
ing lithosphere which will contribute to hot temperature for partial
melting (Eberle et al., 2002). Additionally, numerical models using
thermo-mechanical-dependent rheology indicate that shear heating
could increase the temperature within the mantle wedge and create
melting by adiabatic decompression (Cagnioncle et al., 2007; van
Keken et al., 2002). Presence of fluids and melts will also reduce the
viscosity of the mantle (Hirth and Kohlstedt, 1996; Korenaga and
Karato, 2008) and possibly control the geodynamics of the mantle
wedge (Arcay et al., 2005).

Rare occurrence of xenoliths from mantle wedges indicates rela-
tively high degree of partial melting leading to their depletion (Arai,
1994; Dick and Bullen, 1984). Mantle wedge xenoliths are also charac-
terized by higher oxygen fugacity than abyssal peridotites (Ballhaus
et al, 1991; Parkinson and Arculus, 1999). Back arc peridotites are
often harzburgites with chromian spinel having high Cr# (= atomic
ratio of Cr/(Cr + Al) > 0.4; Arai and Ishimaru, 2008). Mg# (= atomic
ratio of Mg x 100/(Mg + Fe?™)) of spinels is in general lower than in
abyssal peridotites for a given Cr# (Arai and Ishimaru, 2008; Ishii et al.,
1992). Na,O content of clinopyroxene is typically low, and associated
hydrous phases (such as clinochlore, amphibole, phlogopite) are char-
acterized by low Ti content (Arai and Ishimaru, 2008). Studies of xeno-
liths have also shown the strong influence of metasomatism and its
consequences, such as strong Si enrichments and formation of hydrat-
ed phases and sulfides (Arai and Ishimaru, 2008). Si-enrichment of
some depleted harzburgites from mantle wedge results in the forma-
tion of secondary orthopyroxene, replacing olivine (Wang et al,
2008). Moreover, aqueous fluids in equilibrium with peridotites are
also enriched in SiO, compared to MgO (Mibe et al., 2002; Nakamura
and Kushiro, 1974), although this point remains controversial (Canil,
1992; Kelemen et al, 1998; Melekhova et al, 2007; Stalder and
Ulmer, 2001). Formation of secondary hydrous minerals, such as
clinochlore, pargasite and phlogopite, is common and results from
the percolation of metasomatic agents (Wang et al,, 2007). These hy-
drous phases are sometimes characterized by low TiO, content (west-
ern Pacific: Arai et al., 2007; Colorado Plateau: Smith, 1979; Smith et al.,
1999; Wyoming Craton: Downes et al., 2004). These observations are
in agreement with the percolation of a Ti-poor fluid coming from the
slab as described by Keppler (1996).

The mantle wedge is continually percolated by fluids released
from the dehydration of subducted lithologies such as sediments,
altered basalts and gabbros, and serpentinites. The depth of dehydra-
tion depends on the stability field of hydrous phases and on the local
geotherm: this point will be discussed in Section 4. Water released
from the slab will percolate upward by buoyancy, induce the hydra-
tion of the mantle wedge, and in particular serpentinize when its
temperature is lower than 700 °C (Bebout and Barton, 1989;
Bostock et al., 2002; DeShon and Schwartz, 2004; Fryer et al., 1985;
Gill, 1981; Guillot et al., 2000; Hattori and Guillot, 2003; Hyndman

and Peacock, 2003; Kamiya and Kobayashi, 2000; Mottl et al., 2004;
Peacock, 1987a,b, 1993). Serpentinites play an important role on the
dynamics of mantle wedge. Due to the strong contrast in density
and viscosity between newly formed serpentinites (2.6 g/cm?®) and
anhydrous peridotites (3.2 g/cm?), they can facilitate exhumation of
high pressure subducted rocks often observed in accretionary prism
(Guillot et al., 2000, 2001, 2009; Hermann et al., 2000; Schwartz et
al., 2001). This process is well recognized today in the Mariana sub-
duction zone with the formation of serpentinite seamounts in forearc
position (Fryer, 1992; Fryer and Fryer, 1987; Fryer and Salisbury,
2006; Sakai et al., 1990; Savov et al., 2005a,b, 2007).

2.3. Subduction zone-related serpentinites

Subducted serpentinites represent serpentinites which were
incorporated into subduction zone, subducted, and then exhumed in
the accretionary complex or suture zone. Two main protoliths are
possible for these serpentinites: (1) subducted oceanic peridotites
and (2) continental peridotites exhumed and hydrated by seawater
during rifting at the OCT (Boillot et al., 1980; Skelton and Valley,
2000). However, it is generally impossible to identify and distinguish
these two groups on the field since all serpentinites appear very
similar.

During subduction, sediments and altered oceanic crust are pro-
gressively dehydrated and interact with the subducted abyssal
serpentinites and partially hydrate peridotites (e.g. Deschamps et
al., 2012; van Keken et al., 2011). Here, apparent sink of fluid system
emplaced at the top of the subduction plan is geophysically imaged in
active subduction zone (Kawakatsu and Watada, 2007). Thus, a sec-
ond serpentinization occurs along faults when the slab bends near
the trench (e.g. Kerrick, 2002). This process allows the penetration
of seawater-derived fluids, physically contaminated by sediments,
along cracks and crustal normal faults (Contreras-Reyes et al., 2007;
Ranero et al., 2003, 2005). As this process occurs at relatively shallow
depth (<20 km), chrysotile mostly recrystallizes to lizardite, while
oceanic lizardite is still stable. Thus serpentinites are dominated by
lizardite-type. Downward, with increasing P-T conditions, lizardite
is progressively transformed into antigorite around 400 °C and inter-
acts with surrounding partly hydrated sediments (Deschamps et al.,
2011, 2012; Lafay et al., 2013). Interactions between sediments and
serpentinites favored the transfer of FME to serpentinites producing
a specific signature of subducted abyssal antigorite-type serpentinites
(see Section 4).

Additionally, serpentine minerals are generally thought to form at
the subduction plan interface a relatively thin layer. This zone, at the
interface between the relatively dry slab and the relatively dry
wedge, is considered to be 5 to 10 km thick extending from ca. 20 to
80 km depth (Hilairet and Reynard, 2009; Schwartz et al., 2001) and
define the so-called serpentinite subduction channel (Guillot et al.,
2000, 2001, 2009). Such a layer has been geophysically observed
with receiver function imaging on the top of the subducting plate of
Japan at depth comprising between 80 and 140 km (Kawakatsu and
Watada, 2007). In parallel, numerical simulations (Gerya and
Stockhert, 2002; Gerya et al., 2002; Gorczyk et al., 2007) suggest that
this serpentinite channel is able to incorporate abundant subducted
abyssal serpentinites, high pressure rocks from subducting slabs, and
serpentinized peridotites from the overlying mantle wedge. All these
units and/or fragments of rocks can be decoupled from the crust or
mantle wedge and subsequently exhumed within the channel and ac-
creted to form the accretionary wedge. Evidence of such mélange zone
is observed in many locations (e.g. Blanco-Quintero et al., 2011;
Deschamps et al., 2012; Saumur et al., 2010), notably the association
of serpentinites with eclogitic rocks; almost 30% of Phanerozoic
eclogitic massifs are associated with serpentinites (Guillot et al.,
2009).
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Table 1

Average compositions, standard deviation, and maximum and minimum values for abyssal, mantle wedge, and subducted compiled serpentinites (after dunite and harzburgite).
Note that talc-dominated serpentinites observed in abyssal context were removed, as well as serpentinite muds observed in mantle wedge setting. Refertilized samples are
serpentinites which experienced melt/rock interactions prior to serpentinization (see text).

Abyssal serpentinites Abyssal serpentinites Abyssal serpentinites Abyssal serpentinites
Protolith Dunite Dunite-refertilized Harzburgite Harzburgite-refertilized
# samples n = 20 n=>5 n =48 n =30

Average Std. Dev. Max. Min.  Average Std. Dev. Max. Min. Average Std. Dev. Max. Min.  Average Std. Dev. Max. Min.

Major elements (wt.%)

Sio, 36.09 4.05 41.83 2674 3647 2.95 40.65 33.08  38.59 1.60 42.56 3560 40.17 2.64 44.58 35.53
TiO, 0.02 0.01 0.03 0.01 0.02 0.01 0.03 0.01 0.01 0.00 0.02 0.00 0.03 0.02 0.06 0.01
Al,05 0.40 0.23 0.74 004 062 0.29 0.96 0.19 0.60 0.15 0.99 0.13 0.6 0.30 1.34 0.26
Cry03 0.45 0.09 0.55 039 - - - - 0.35 0.11 0.51 019 - - - -
Fe,05 (t) 8.56 2.03 1295 496 879 0.61 9.72 8.08 7.21 0.49 835 6.08 792 1.36 11.53 6.14
MnO 0.10 0.03 0.18 005 0.10 0.01 0.12 0.08 0.09 0.02 0.13 005 0.11 0.02 0.16 0.07
NiO 0.24 0.03 0.27 020 - - - - 0.28 0.02 0.30 026 - - - -
MgO 38.26 4.30 42.64 2660 39.50 1.71 4095 36,57  39.68 1.24 42.64 3656 37.34 1.68 39.94 34.60
Cao 0.18 0.16 0.55 0.03 040 0.54 1.20 0.03 0.39 0.59 3.78 0.03  0.60 0.83 2.85 0.04
Na,O0 0.10 0.06 0.22 0.00 0.12 0.04 0.17 0.06 0.08 0.05 0.18 0.00 0.11 0.05 0.20 0.01
K>0 0.02 0.01 0.03 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.03 0.01 0.03 0.02 0.06 0.01
P05 0.02 0.01 0.04 0.01 0.01 0.01 0.02 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.03 0.01
LO.L 14.21 2.99 22.76 11.66 1331 1.91 15.20 1028 1296 148 1543 761 12.48 0.96 13.79 9.98
Total 99.53 0.61 10035 97.84 99.26 0.92 10058 9826  99.71 0.66 100.76  97.81 99.60 0.45 100.68  98.73

Trace elements (ppm)

B - - - - - - - - 44.56 28.08 111.96 1489 - - - B

Li 0.82 0.91 2.38 0.09 11.00 - 11.00 11.00 0.63 0.41 1.57 0.06 8.01 6.05 27.60 220
Be 0.00 0.00 0.01 0.00 - - 0.00 0.00 0.00 0.00 0.01 0.00 - - - -

c - - - - - - . - 2802 2035 6640 1280 - - B B

Co 111 18 152 74 95 28 112 45 97 7 112 80 101 39 219 9

Ni 2193 446 3760 1330 1762 864 2273 253 2062 112 2390 1880 1598 704 2430 36
Zn 44 14 84 18 48 12 61 38 41 4 50 34 258 488 1870 40

Cr 1734 1026 3967 37 2046 373 2450 1716 2066 1040 5180 640 2274 1804 10033 41
Cu 11 9 35 1 7 8 21 3 9 10 50 1 1500 5184 26921 2

As 0.42 0.10 0.71 032 068 0.50 1.26 0.36 0.50 0.28 1.46 026 552 4.51 12.34 0.70
Sh 0.10 0.08 0.15 000 - - - - 0.01 0.01 0.03 0.00 125 1.61 4.10 0.01
Rb 0.11 0.12 043 0.00  0.07 0.01 0.08 0.06 0.05 0.04 0.19 0.01 0.92 1.62 6.80 0.06
Sr 353.04 125145 5274 044 2711 58.34 13146 0.39 11.90 70.56 463.77 026  118.60  333.75 1631.00 1.56
Y 0.14 0.15 0.50 0.01 0.96 1.09 2.89 0.35 0.08 0.12 0.83 0.01 1.86 1.98 9.27 0.35
Zr 0.52 0.83 3.59 0.03  3.06 3.86 9.38 0.29 0.11 0.13 0.58 0.01 439 592 20.80 0.04
Nb 0.05 0.06 0.24 0.00 0.13 0.15 0.39 0.04 0.01 0.01 0.05 0.00 0.75 1.00 3.94 0.01
cd 0.04 0.04 0.09 0.00 - - - - 0.01 0.00 0.01 0.00 - - - -

Cs 0.01 0.01 0.02 0.00 0.01 0.01 0.02 0.00 0.00 0.00 0.02 0.00 0.13 0.25 0.83 0.00
Ba 1.750 1.762 7852  0.037 4.184 3.979 8955  0.128  0.812 1112 3548  0.022 20988  37.334 136.000 0.360
La 0.100 0.132 0.461 0.002 0.160 0.155 0.421 0.025  0.023 0.057 0.308  0.000 0.700 0.718 2.590 0.070
Ce 0.144 0.195 0.715  0.003 0.515 0.576 1.517 0089  0.044 0.115 0.644  0.001 1.466 1.586 5.980 0.070
Pr 0.015 0.018 0.056  0.000 0.082 0.094 0.245 0014  0.006 0.016 0.092  0.000 0.191 0.210 0.905 0.010
Nd 0.056 0.071 0.220  0.002 0437 0.527 1359  0.081 0.028 0.077 0447  0.000 0.837 0.939 4.340 0.080
Sm 0.013 0.015 0.043  0.001 0.123 0.152 0.389  0.021 0.008 0.022 0.135  0.000 0.218 0.246 1.190 0.030
Eu 0.037 0.049 0.186  0.000 0.031 0.020 0.064 0014  0.020 0.066 0.401 0.000 0.152 0.254 1.370 0.011
Gd 0.015 0.016 0.047  0.001 0.161 0.195 0.504  0.040  0.008 0.025 0.163  0.000 0.256 0.288 1.370 0.010
Tb 0.003 0.003 0.007  0.000 0.027 0.034 0.086  0.007  0.001 0.004 0.025  0.000 0.048 0.051 0.235 0.007
Dy 0.019 0.018 0.054  0.002 0.192 0.228 0.594 0.059  0.012 0.025 0.167  0.001 0.302 0.324 1.490 0.020
Ho 0.005 0.004 0.014  0.000 0.041 0.049 0.127 0014  0.003 0.005 0.033  0.000 0.068 0.069 0.313 0.010
Er 0.017 0.014 0.046  0.001 0.117 0.139 0.364 0040  0.012 0.012 0.086  0.002 0.191 0.192 0.869 0.030
Tm 0.003 0.002 0.007  0.000 0.018 0.021 0.054  0.006 0.003 0.002 0.013  0.001 0.030 0.029 0.127 0.005
Yb 0.027 0.021 0.081 0.004 0.122 0.131 0.352 0044  0.022 0.012 0.081 0.006 0.208 0.191 0.822 0.040
Lu 0.007 0.007 0.029  0.001 0.020 0.022 0.058  0.007  0.005 0.002 0.013  0.002 0.032 0.028 0.121 0.008
Hf 0.019 0.035 0.090  0.000 0.152 0.126 0267  0.018  0.003 0.004 0.017  0.000 0.158 0.206 0.730 0.000
Ta 0.011 0.010 0.039  0.000 0.013 0.007 0.019  0.002  0.005 0.007 0.035  0.000 0.056 0.068 0.234 0.000
w - - - - - - - - - - - - 0.055 0.018 0.082 0.035
Pb 0.220 0.234 0.978  0.003 0.243 0.167 0.508 0.068  0.388 1.346 7789  0.003 9.548 33.690 162.000 0.033
Th 0.009 0.018 0.068  0.000 0.033 0.038 0.060  0.006 0.001 0.002 0.010  0.000 0.167 0.367 1.850 0.000
U 0.375 0.336 1.069  0.001 0.362 0.380 0.741 0.007  0.157 0.329 1.287  0.000 1.420 1.864 7.600 0.020
S 0.16 0.14 0.65 0.04 012 0.06 0.20 0.05 0.25 0.41 2.09 0.04  0.05 0.01 0.05 0.04
\Y% 16.07 8.83 34.94 1.00  25.46 12.57 39.66 1576 23.63 574 3292 568 4543 36.02 174.00 14.00
Ga 0.41 0.15 0.58 0.31 - - - - 0.58 0.21 0.84 0.18 230 2.58 12.10 0.45
Mo - - - - - - - - - - - - 0.62 0.11 0.76 0.45
Sc 4.40 1.28 6.42 214  9.16 7.88 2316  4.94 6.53 1.31 1039 338 985 7.46 36.90 3.60
Sn - - - - - - - - - - - - 0.22 0.08 0.31 0.09
Ti 53.34 49.01 13487 1134 14287 - 142.87 142.87 28.23 20.31 103.87 3.68  342.87 - 342.87  342.87

N.B.: Provenance of compiled serpentinites is indicated in Fig. 2.
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Mantle wedge serpentinites Mantle wedge serpentinites Mantle wedge serpentinites Mantle wedge serpentinites
Dunite Dunite-refertilized Harzburgite Harzburgite-refertilized
n = 88 n=7 n=73 n=2
Average  Std. Dev.  Max. Min. Average  Std. Dev.  Max. Min. Average  Std. Dev.  Max. Min. Average  Std. Dev.  Max. Min.
37.38 2.05 39.91 3251 3860 3.08 40.59 35.05 39.82 2.23 44.85 3531 - - - -
0.02 0.02 0.12 0.00 0.02 0.01 0.03 0.02 0.01 0.01 0.03 0.00 - - - -
0.60 0.62 3.09 0.01 0.56 0.20 0.77 037 0.54 0.30 1.14 0.12 - - - -
0.32 0.08 043 023 - - - - 0.41 0.11 0.54 0.31 - - - -
7.52 1.34 9.90 3.81 7.32 043 7.59 6.83 7.65 0.54 9.00 6.58 - - - -
0.11 0.02 0.16 0.05 0.11 0.02 0.13 0.09 0.11 0.01 0.14 0.08 - - - -
0.28 0.03 0.32 0.25 - - - - 0.29 0.01 0.30 0.28 - - - -
41.26 3.58 4741 31.58 3948 2.62 41.82 36.65 40.16 347 46.77 3371 - - - -
0.52 0.94 6.54 0.01 0.66 0.38 1.05 0.29 0.29 0.18 0.76 0.02 - - - -
0.07 0.06 0.25 0.00 - - - - 0.03 0.02 0.07 0.01 - - - -
0.02 0.02 0.05 0.00 - - - - 0.02 0.01 0.04 0.01 - - - -
0.03 0.04 0.11 0.01 0.01 0.01 0.01 0.00 0.06 0.06 0.15 0.00 - - - -
13.01 3.37 18.40 6.19 13.30 3.60 17.00 9.80 10.81 5.53 18.15 0.13 - - - -
99.60 0.69 100.74 9827  100.57 0.18 100.70 10036  99.68 0.66 100.79  98.17 - - - -
19.83 19.68 80.80 2.60 - - - - 33.30 27.78 71.68 540 - - - -
3.57 3.59 18.90 0.04 - - - - 2.66 328 12.76 0.23 - - - -
0.00 0.00 0.00 0.00 - - - - 0.00 0.00 0.01 0.00 - - - -
1610 453 1930 1290 - - - - 1833 1440 3790 472 - - - -
108 10 125 86 113 10 121 92 104 7 118 82 97 4 99 94
2241 526 3603 373 2472 273 2777 1998 2343 229 2986 1882 2081 30 2102 2059
42 15 80 12 41 8 48 30 39 8 74 33 53 17 65 41
2780 1551 8300 368 2272 539 2850 1560 2673 782 6700 1140 2270 192 2405 2134
4 3 11 1 6 4 14 1 5 4 14 1 23 0 23 23
8.84 39.39 275.00 0.10 50.56 38.72 79.86 6.66 55.42 54.15 145.00 210 - - - -
0.02 0.04 0.26 0.00 - - - - 0.01 0.01 0.04 0.00 - - - -
0.47 0.36 1.40 0.01 0.30 022 0.70 0.01 0.23 0.28 1.09 0.01 0.32 0.08 0.38 0.26
17.01 54.74 451.49 0.08 13.32 1043 29.58 2.52 11.04 39.59 271.00 0.02 796.00 135.76 892.00  700.00
0.05 0.05 0.28 0.00 0.33 0.17 0.65 0.11 0.10 027 1.59 0.00 0.34 0.13 043 0.24
0.27 0.57 3.80 0.01 0.29 0.15 0.46 0.10 0.12 0.21 1.52 0.02 0.07 0.01 0.08 0.06
0.04 0.08 0.40 0.00 0.22 0.26 0.58 0.02 0.01 0.02 0.13 0.00 - - - -
0.02 0.02 0.06 0.00 0.01 0.01 0.02 0.01 0.00 0.00 0.01 0.00 - - - -
0.17 0.19 1.20 0.00 0.23 0.29 0.56 0.03 0.16 0.24 1.20 0.00 - - - -
3.937 13.193 104396  0.087 1.538 1.647 5.092 0.153 2.062 2.159 8.052 0.081  2.595 0.219 2.750 2440
0.011 0.021 0.159 0.001  0.079 0.057 0.164 0.018 0.016 0.023 0.107 0.000  0.007 0.000 0.007 0.007
0.036 0.074 0.470 0.002  0.109 0.106 0.318 0.008 0.029 0.049 0.196 0.001  0.016 0.001 0.017 0.015
0.003 0.006 0.051 0.000  0.017 0.014 0.039 0.004 0.004 0.006 0.027 0.000  0.003 0.001 0.003 0.002
0.022 0.065 0.440 0.001  0.074 0.059 0.172 0.017 0.015 0.027 0.194 0.000 0.012 0.001 0.013 0.011
0.008 0.024 0.140 0.000  0.019 0.015 0.047 0.004 0.008 0.016 0.093 0.000  0.007 0.004 0.010 0.004
0.004 0.011 0.059 0.000  0.007 0.005 0.014 0.001 0.002 0.005 0.038 0.000  0.004 0.001 0.005 0.003
0.012 0.037 0.200 0.000  0.028 0.018 0.059 0.004 0.007 0.019 0.145 0.000 0.016 0.008 0.022 0.010
0.002 0.007 0.037 0.000  0.005 0.003 0.011 0.001 0.001 0.004 0.029 0.000  0.005 0.003 0.007 0.003
0.015 0.046 0.260 0.000  0.041 0.024 0.078 0.007 0.010 0.027 0.225 0.000  0.044 0.021 0.059 0.029
0.004 0.011 0.059 0.000 0.010 0.006 0.019 0.002 0.003 0.006 0.053 0.000 0.011 0.006 0.015 0.007
0.012 0.029 0.170 0.001  0.032 0.017 0.059 0.009 0.011 0.020 0.161 0.000  0.039 0.016 0.050 0.028
0.004 0.007 0.026 0.000  0.006 0.003 0.010 0.002 0.002 0.004 0.028 0.000  0.008 0.004 0.010 0.005
0.019 0.031 0.180 0.003  0.040 0.018 0.070 0.014 0.019 0.024 0.190 0.002  0.054 0.019 0.067 0.040
0.004 0.005 0.032 0.001  0.007 0.003 0.013 0.003 0.004 0.004 0.033 0.001  0.010 0.003 0.012 0.008
0.007 0.020 0.140 0.000  0.008 0.005 0.014 0.005 0.004 0.009 0.062 0.000 - - - -
0.001 0.001 0.003 0.000  0.004 0.005 0.011 0.001 0.001 0.001 0.002 0.000 - - - -
0.003 - 0.003 0.003  1.400 1.711 2.610 0.190 - - - - - - - -
0.135 0.353 2493 0.001 3423 1.137 4.688 2487 0.239 0.206 0.830 0.001 - - - -
0.002 0.008 0.061 0.000  0.015 0.012 0.033 0.002 0.001 0.001 0.004 0.000  0.004 0.002 0.005 0.002
0.002 0.005 0.041 0.000  1.088 0416 1.689 0311 0.037 0.176 1.066 0.000  0.799 0.187 0.931 0.666
27.20 18.40 69.60 2.10 34.00 10.36 48.00 23.00 30.11 11.23 55.00 10.00  43.50 7.78 49.00 38.00
0.31 0.17 0.72 0.00 0.32 0.15 0.48 0.18 0.57 0.34 1.84 0.18 0.87 0.21 1.01 0.72
6.20 2.08 12.20 2.10 3.83 0.10 3.90 3.70 5.27 2.38 10.30 1.50 9.00 2.26 10.60 740
15.76 9.04 31.54 4.54 16.10 791 27.00 840 32.08 72.83 390.00 275 85.50 31.82 108.00  63.00

(continued on next page)
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Table 1 (continued)

Subducted serpentinites Subducted serpentinites
Protolith Dunite Harzburgite
# samples n =39 n = 109

Average Std. Dev. Max. Min. Average Std. Dev. Max. Min.
Major elements (wt.%)
Si0, 37.73 2.68 43.75 33.59 40.84 2.33 45.58 31.09
TiO, 0.01 0.02 0.08 0.00 0.05 0.08 0.73 0.00
AlL0; 0.46 0.57 3.44 0.02 1.71 1.04 7.33 0.17
Cr,03 0.50 0.23 1.02 0.26 033 0.05 0.42 0.25
Fe,05 (t) 8.03 127 10.29 4.88 7.93 1.24 13.25 4.12
MnO 0.12 0.03 0.22 0.06 0.12 0.04 0.35 0.05
NiO 0.32 0.02 0.35 0.29 0.27 0.02 0.30 023
MgO 41.29 3.08 46.25 32.38 38.13 3.03 44.03 28.19
Ca0 0.62 1.23 6.11 0.00 1.24 2.01 13.09 0.02
Na,0 0.02 0.03 0.15 0.00 0.03 0.03 0.12 0.00
K0 0.02 0.01 0.06 0.00 0.02 0.01 0.05 0.00
P,05 0.00 0.01 0.03 0.00 0.02 0.03 0.12 0.00
LO.L 10.92 3.06 16.78 3.62 10.90 344 20.61 2.66
Total 99.46 1.12 102.87 97.54 98.29 2.74 101.10 92.16
Trace elements (ppm)
B 167.03 297 170.00 164.05 21.83 36.61 149.00 6.40
Li 13.72 13.51 30.04 0.27 222 443 23.51 0.05
Be 0.24 0.32 0.69 0.01 0.04 0.07 0.27 0.01
a 2337 654 2990 1683 2310 495 3010 1940
Co 100 31 151 66 110 18 149 53
Ni 2393 369 2836 1551 2325 898 7427 516
In 47 27 146 24 53 26 181 23
Cr 2900 1130 5208 234 2907 556 4291 1650
Cu 18 19 80 0 16 15 67 0
As 0.22 0.00 0.22 0.22 0.87 1.36 6.38 0.04
Sb 0.02 0.01 0.03 0.01 091 3.77 20.40 0.00
Rb 0.71 0.65 2.66 0.11 0.45 0.61 3.39 0.03
Sr 12.63 17.17 75.18 0.42 4.07 6.26 45.72 0.00
Y 0.87 0.53 2.10 0.20 1.46 246 22.04 0.05
Zr 2.89 1.99 9.58 0.07 135 241 21.70 0.00
Nb 0.19 0.21 0.83 0.01 0.27 1.02 891 0.00
cd 0.01 0.00 0.01 0.01 0.03 0.02 0.08 0.01
Cs 0.01 0.01 0.04 0.00 0.17 047 3.03 0.00
Ba 5.715 3.360 13.000 0.243 7.083 17.336 136.000 0.044
La 0.758 1.821 6.510 0.056 0.382 1.072 7.970 0.000
Ce 0.835 1.413 5.260 0.127 0.658 2.151 19.000 0.000
Pr 0.081 0.101 0.390 0.016 0.113 0.322 2.600 0.002
Nd 0.292 0.261 1.040 0.088 0.533 1.556 12.500 0.008
Sm 0.059 0.036 0.150 0.020 0.158 0.439 3.200 0.003
Eu 0.057 0.124 0.450 0.010 0.063 0.171 1.130 0.003
Gd 0.059 0.028 0.120 0.020 0.202 0.481 3.200 0.005
Tb 0.012 0.006 0.020 0.005 0.040 0.095 0.610 0.001
Dy 0.062 0.031 0.110 0.010 0.266 0.611 3.900 0.006
Ho 0.016 0.007 0.030 0.009 0.063 0.131 0.850 0.002
Er 0.044 0.019 0.080 0.020 0.183 0.356 2.300 0.006
Tm 0.008 0.002 0.010 0.005 0.032 0.062 0.400 0.001
Yb 0.049 0.021 0.090 0.020 0.204 0.361 2.200 0.012
Lu 0.010 0.004 0.020 0.006 0.034 0.057 0.350 0.002
Hf 0.041 0.030 0.100 0.002 0.038 0.067 0.578 0.001
Ta 0.011 0.010 0.030 0.000 0.026 0.106 0.900 0.000
w - - - - 0.124 0.262 1.041 0.011
Pb 0.829 1.598 4.989 0.036 1.064 3.712 33.800 0.014
Th 0.546 0.656 1.800 0.002 0.094 0.359 3.030 0.000
U 0.398 0.767 2.710 0.009 0.055 0.169 1.220 0.001
S 163.93 16.91 178.40 136.40 151.27 24.19 182.60 113.80
\' 25.62 9.07 39.00 8.00 4421 1349 69.00 11.10
Ga 0.94 0.56 2.16 0.14 2.09 1.32 6.34 0.14
Mo 0.14 0.11 0.25 0.03 0.23 021 0.83 0.02
Sc 6.29 1.81 9.00 336 10.30 2.73 20.81 4.83
Sn - - 0.54 0.36 1.32 0.12

Ti 23.28 10.06 33.33 13.22 152.43 105.60 540.00 25.69
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2.4. Compilation of serpentinites geochemistry

The locations of the serpentinites reviewed in this paper are sum-
marized in Fig. 2. Average compositions, standard deviation, and
maximum and minimum values of compiled serpentinites are
reported in Table 1.

(i) Abyssal serpentinites: the compilation of abyssal serpentinites
data is essentially representative of Mid-Atlantic Ridge. Among
the selected sites, a majority of data is from MARK (MAR
23°N) and ODP Leg 209 (MAR 15°20'N; Jons et al., 2010;
Kodolanyi et al., 2012; Paulick et al., 2006) and represents peri-
dotites hydrated on the seafloor. Other sites are the Atlantis
Massif-IODP Exp. 304-305 (Delacour et al., 2008) and Logatchev
hydrothermal field (Augustin et al., 2012). The only record of
serpentinites from a fast spreading ridge in this compilation is
from the particular geological setting of Hess Deep (Kodolanyi
etal, 2012).

Mantle wedge serpentinites: collected data on serpentinites rep-

resentative of hydrated mantle wedge are mostly from the

Mariana forearc-ODP Legs 125 and 195 (Torishima, Conical

and South Chamorro seamounts; Ishii et al., 1992; Kodolanyi

et al, 2012; Lagabrielle et al., 1992; Parkinson and Pearce,

1998; Savov et al, 2005a, b, 2007). In the same context

(i.e. oceanic subduction), an analogous site is represented by

the South Sandwich arc in southernmost Atlantic (dredged sam-

ples: Pearce et al., 2000). Other occurrences of mantle wedge
serpentinites are from the Indus Suture Zone in Himalaya

(Tso Morari massif; Deschamps et al., 2010; Guillot et al., 2001;

Hattori and Guillot, 2007) and from the paleo-subduction channel

preserved in the Greater Antilles (Cuba and Dominican Republic)

where serpentinites protruded along major faults (Saumur et al.,

2010), and fragments of mantle wedge occur in the matrix of

subducted serpentinites (Marchesi et al., 2006 (Mayari massif);

Blanco-Quintero et al., 2011; Deschamps et al., 2012). Lastly,

mantle wedge serpentinites are present as ultra depleted

peridotites in New Caledonia (Marchesi et al., 2009; Ulrich et al.,

2010).

(iii) Subducted (and subduction zones-related) serpentinites: geo-
chemical compositions of subducted serpentinites are compiled
from a number of studies that mostly dealt with ophiolitic com-
plexes and accretionary zones around the world. Quite a few
studies have been conducted in the European Alps such as the
Chenaillet ophiolite in France (Chalot-Prat et al., 2003), Queyras
in France (Hattori and Guillot, 2007; Lafay et al,, 2013), Erro-
Tobbio massif in Italy (Scambelluri et al., 2001b), Zermatt-Saas
ophiolite in Switzerland (Li et al., 2004), Elba island, Monti
Livornesi and Murlo massifs in Italy (Anselmi et al,, 2000; Viti
and Mellini, 1998), and Slovenska Bistrica ultramafic complex in
Slovenia (De Hoog et al., 2009). Other massifs in Europe include
the Cerro del Almirez ultramafic complex in Spain (Garrido et
al., 2005), Cabo Ortegal massif in Spain (Pereira et al., 2008),
Leka ophiolite complex in Norway (lyer et al., 2008), and those
throughout the world are Zagros suture zone in Iraq (Aziz et al.,
2011), ophiolite complexes of Northwest Anatolia in Turkey
(Aldanmaz and Koprubasi, 2006), the Greater Antilles extinct arc
in Cuba and Dominican Republic (Blanco-Quintero et al,, 2011;
Deschamps et al., 2012; Hattori and Guillot, 2007; Saumur et al.,
2010), Feather River ophiolite in California, U.S.A. (Agranier et
al,, 2007; Li and Lee, 2006), and Burro Mountain in California,
U.S.A. (Coleman and Keith, 1971).

(iv) Caveats in the compilation: the petrological characterization of
serpentinites remains controversial since, depending on the
percentage of serpentine, some authors deal with hydrated peri-
dotites and others with serpentinites s.s. As we will see in Section
3.1.1, it is quite difficult to define serpentinites only using the

(i

=

percentage of serpentinization or the loss on ignition (L.0.I.) con-
tent. So we choose data on samples with strong evidences of
hydration, and significant amount of serpentine minerals. More-
over we considered only studies addressing serpentinite massifs,
and we excluded veins of serpentinites. We choose serpentinites
from peridotite protoliths, such as dunite, harzburgite, and
lherzolite; in doing so we eliminated volumetrically less signifi-
cant lithologies such as serpentinized pyroxenite, websterite,
wehrlite, or olivine-rich gabbro. Another issue in establishing a
compiled database is the quality of data. During the last decades,
the quality of analytical methods has improved, but varied
among different laboratories. Moreover, this advance in analyti-
cal technique lowered detection limits which facilitate notably
the acquisition of data from depleted to highly depleted rocks,
such as serpentinites deriving from dunite or harzburgite. Out-
liers appear in some cases, and this is particularly evident for
trace elements. When such samples were really different from
the bulk of the compiled data, diagrams focus only on the main
dataset. However, we did not take the decision to discriminate
between “good” and more “controversial” data; all analyses pro-
vide constructive information and we choose to use the greatest
amount of published data in order to have a global view on the
geochemical role of serpentinites in subduction contexts. For
more details about each geological setting, we refer readers to
the cited studies.

3. Inherited geochemical signature of serpentinites

3.1. Geochemical consequences due to serpentinization and
protolith fingerprints

3.1.1. Major elements

Major consequence of serpentinization is the addition of water into
a peridotitic system. Serpentine phases can contain over 13 wt.% of
water in their crystal structure. However, the L.O.I is not always corre-
lated with the degree of serpentinization since other phases (e.g. talc,
brucite, chlorite, and clay minerals) will influence this budget. For
samples described as completely serpentinized in the literature and
used in our database, we observe a L.O.I. varying from 1.46 to 22.8 wt.%
(n = 284; average of 13.15; Fig. 3a). Hence the amount of water cannot
be used as a proxy for the degree of serpentinization without a careful
description of samples.

The mobility of major elements during serpentinization has been
debated off and on in the literature for a long time, and a good summary
is given in O'Hanley (1996). Some authors have mentioned a slight
change in bulk rock Mg/Si ratio due to seawater-dominated hydration
(and not serpentinization itself) of mantle rocks (Niu, 2004; Snow and
Dick, 1995). On the other hand, as illustrated in Fig. 3a, serpentinization
preserves the (sum oxides)/SiO, ratio (with sum oxides = MgO +
F6203(t0t31) + A1203 + T102 + Ca0 + Cr203 + MnO + NiO + NaZO +
;0 + P;05), as demonstrated by Bogolepov (1970) and Coleman and
Keith (1971). Such constancy in the SiO,/(sum oxides) ratio (average
of 0.81; n = 899) over a broad range of serpentinization degree
argues in favor of no or very minor change in the major element
composition. The evidence suggests that the major elements of
protolith must be preserved during the hydration processes. Note
that the average composition of this database plots close to the ser-
pentine phase composition, and is aligned between talc and brucite
poles (Fig. 3a).

By plotting compiled serpentinites in a FeO versus MgO (wt.%) di-
agram (Fig. 3b), we first observe that the samples are relatively con-
sistent between them in terms of compositions, especially for FeO
content (mostly between 6 and 10 wt.%). Moreover, their composi-
tions are consistent with those of abyssal and ophiolitic peridotites
(Bodinier and Godard, 2003; Godard et al., 2008; Niu, 2004). Samples
are in general refractory, especially a set of samples representative of
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mantle wedge serpentinites which plot close to the evolution trend of
the stoichiometric variations of olivines. Note that samples, having expe-
rienced melt/rock interactions, present FeO enrichment for a constant
MgO.

Past studies have documented systematic depletion in Ca during
serpentinization (Coleman and Keith, 1971; Iyer et al, 2008;
Janecky and Seyfried, 1986; Miyashiro et al., 1969; Palandri and
Reed, 2004), while some authors have shown that the precipitation
of carbonates, mostly related to seafloor alteration, can increase the
Ca content in the bulk rock, in particular in abyssal peridotites
(e.g. Seifert and Brunotte, 1996; Shipboard scientific party, 2004).
Our compiled data in Fig. 3¢ and d show low CaO even compared to
depleted mantle values (Salters and Stracke, 2004). A CaO depletion
trend seems to appear through the compilation of subduction-
related serpentinites. Nevertheless it is difficult to assess if this
trend is representative of serpentinization-related depletion, or
more related to the depletion in CaO of protoliths. In Fig. 3d, we
note that serpentinized lherzolite has high CaO (>1.5 wt.%) and
could be easily distinguished; however, the difference between
serpentinized dunite and harzburgite is not apparent. Most of CaO
contents in serpentinites vary between 0.01 and 2 wt.%, which are
similar to values observed on anhydrous abyssal and ophiolitic peri-
dotites (Bodinier and Godard, 2003; Niu, 2004). A few samples,
described as mainly altered to talc (Paulick et al., 2006), plot outside
the array and close to the composition of talc. Such local talc formation
can greatly modify the initial major element composition, notably by a
non-negligible enrichment in silica. Other well studied examples of
metasomatism associated with serpentinization are rodingitization
(hydration of gabbroic dikes and recrystallized to a secondary assem-
blage rich in calcsilicates; Aumento and Loubat, 1971; Bach and Klein,
2009; Bideau et al., 1991; Honnorez and Kirst, 1975), and/or of the
formation of tremolite-talc schists (Boschi et al., 2006; Escartin et al.,
2003; MacLeod et al., 2002), which could induce a redistribution of
Ca0 and Na,O during the serpentinization process (e.g. Mével and
Stamoudi, 1996). However these rocks are volumetrically insignificant
and the formation requires the interaction with mafic rocks, which is
different from serpentinites.

Diagram of MgO/SiO, versus Al,03/Si0, shows that most
serpentinites plot at low Al,03/SiO, (less than 0.03; Fig. 4a). The ma-
jority of samples plot close to the extreme of the mantle fractionation
array, and represent the mineralogy of olivine and orthopyroxene. The
evidence suggest that most protoliths had experienced partial melting
before serpentinization since this late process has no effect on the
Al,03/Si0; ratio (e.g. Paulick et al, 2006; Snow and Dick, 1995).
Refractory protolith for serpentinites are not really surprising since
olivine is more easily changed into serpentine phases (for T < 300 °C;
Allen and Seyfried, 2003; Martin and Fyfe, 1970; Mével, 2003)
compared to pyroxenes which require higher temperature to be
destabilized (T > 400 °C; Oelkers and Schott, 2001). Thus, low Al in
the protolith could be related to sampling bias due to the predisposi-
tion of olivine-rich samples to be serpentinized (Fig. 4b), as well as
a sampling bias independently of serpentinization process since
in the case of abyssal peridotites, most of recovered samples
are harzburgite or dunite. Note that a part of compiled serpentinites
fall within the oceanic array (Bodinier and Godard, 2003; Niu,
2004), which is parallel to the terrestrial array but with lower
values in MgO/SiO,. Previous authors explained such a difference

between terrestrial array and oceanic array by a loss of MgO during
low temperature seafloor weathering (Niu, 2004; Snow and Dick,
1995).

Except talc-dominated samples from the Mid-Atlantic Ridge (Paulick
et al., 2006), we did not observe SiO, enrichment which could have en-
hanced talc crystallization, nor a strong influence of brucite fingerprints.
Distinction between serpentinized dunite, harzburgite and lherzolite
is not trivial. Serpentinized lherzolite and harzburgite mostly has
MgO/SiO, ratio below 1.1, whereas serpentinized dunite can have higher
MgO/SiO, values reflecting an increase of olivine (Ol)/orthopyroxene
(Opx) ratio from harzburgite to dunite (Fig. 4b). Note that only
serpentinites originating from dunites, and/or deriving after Ol-rich
harzburgites, plot above the terrestrial array.

Some characteristics vary between samples from different environ-
ments. Abyssal serpentinites, with the exception of few serpentinized
troctolites, have low Al;03/SiO, ratio (<0.035) and MgO/SiO, ratio
varying between 0.8 and 1.2, and are not really consistent with
the field defined for the abyssal peridotites (0.01 < Al,053/SiO, < 0.07,
0.75 < MgO/SiO, < 1.05; Niu, 2004; Fig. 4a). With few exceptions, com-
piled mantle wedge serpentinites share the same characteristics as the
abyssal serpentinites, despite more refractory compositions for few
samples (0.8 < Mg0/SiO, < 1.5 for samples with Al,03/SiO, <0.06).
The serpentinites with significantly high MgO/SiO, (>1.3) were sam-
pled in the Mariana forearc mud volcanoes and contain non-negligible
amounts of brucite, a Mg-rich hydrous phase. Subduction-related
serpentinites are more widespread and have Al;03/SiO, ratio up
to 0.1 for samples having MgO/SiO, ratio between ~0.7 and ~1.3.
We do not observe clear geochemical distinctions concerning both
ratios (MgO/SiO, and Al,03/SiO;) for serpentinites having dunitic,
harzburgitic, or lherzolitic protolith, although serpentinized dunites
on average plot at low Al,05/SiO, (Fig. 4b). However, we note that
subducted serpentinites on average have less refractory characteristics
and/or evidence of refertilization, whereas abyssal and mantle wedge
serpentinites seems to be constrained by a Al,03/SiO, ratio mostly
below 0.03 (Fig. 4a). Such features point in the direction of a relatively
complex geological history experienced by subducted serpentinites
(see Section 3.1.2.3). Samples having high MgO/SiO, are not repre-
sentative of only the mantle wedge (or suprasubduction zone)
serpentinites, especially since serpentinites having the same character-
istics have been reported in abyssal contexts (e.g. Godard et al., 2008;
Paulick et al., 2006). So, in contrast with the conclusions of the initial
study of Hattori and Guillot (2007), our compilation indicates that
the MgO/SiO, versus Al,05/SiO, ratios cannot be used as a discrimi-
nating tool to characterize the geological setting of serpentinites. In
a TiO, versus MgO (wt.%) diagram (Fig. 3e), serpentinites plot below
the depleted mantle composition (Salters and Stracke, 2004). We first
observe that the subducted serpentinites are relatively consistent with
composition of abyssal peridotites defined by Niu (2004). Mantle
wedge serpentinites has on average lower TiO, contents than abyssal
serpentinites. Therefore, Ti contents may be used to distinguish
serpentinites of different protoliths and it will be discussed more in
detail in Section 3.3.1.

The wide range of variations in L.O.Il. (up to 20%) is illustrated
in Fig. 4d. Some serpentinites have high water contents due to the
formation of secondary brucite, especially in serpentinized dunites.
Abyssal samples have L.O.L close to the observed values for theoretical
serpentine minerals (average of 12.38 wt.% + 2.99; n = 102) whereas

Fig. 3. a.) Ternary plot of (L.O.I. x 10)-SiO-(sum oxides = MgO + Fe;03((ota) + Al203 + TiO; + CaO + Cr;03 + MnO + NiO + Na,0 + K0 + P,0s) for bulk rock compositions of
serpentinites compiled in Fig. 2 (oxides are recalculated under anhydrous forms). Degree of serpentinization is defined by relevant authors. We note that serpentinization and as-
sociated increasing L.O.I. content is not modifying the major element budget (with the exception of talc-dominated rocks). International standard UB-N composition is after Georem
(http://georem.mpch-mainz.gwdg.de). b.) FeO (wt.%), c.) and d.) CaO (wt.%), and e.) TiO, (wt.%) versus MgO (wt.%) diagrams for serpentinites compiled in Fig. 2. Compositions are
recalculated on a volatile free basis; FeO stands for total Fe content. For each contexts (abyssal, subducted and mantle wedge), nature of primary protoliths (dunite or harzburgite)
was distinguished, as well as refertilization processes (marked with a cross inside the symbol) taking place before serpentinization. In panel b, dashed gray lines represent iso-Mg#
lines for a Mg# (=100 x Mg/(Mg + Fe) cationic ratio) ranging from 85 to 95 while the black line represents the stoichiometric variations of olivine Fe-Mg compositions (with
FeO + MgO = 66.67 in mol%). Estimated composition of the depleted mantle is from Salters and Stracke (2004) and abyssal peridotite compositions are from Niu (2004).
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mantle wedge serpentinites have higher L.O.I. and plot toward the 11.15 wt.% + 3.37; n = 381) due to (1) a partial dehydration of
brucite composition (average of 14.41 wt.% + 3.35; n = 431; Fig. 4d). these samples during their subduction and prograde metamorphism,
In contrast, subducted serpentinites have lower L.O.. (average of or (2) an higher amount of antigorite in these samples (66 atg-
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on ignition; wt.%) versus SiO, (anhydrous forms; wt.%) diagrams. f.) L.O.I (loss on ignition; wt.%) versus MgO (anhydrous forms; wt.%) diagram. In panel d, distinctions were made
between different geological contexts (abyssal, subducted and mantle wedge serpentinites) while in panels e and f distinctions were made between lizardite/chrysotile- and
antigorite-bearing serpentinites. International standard UB-N composition is after Georem (http://georem.mpch-mainz.gwdg.de).

samples out of 381 (~17%), against 36 atg-samples out of 431 (~8%) for
mantle wedge serpentinites). Antigorite contains less water in its stoi-
chiometric formula. Such decrease in L.O.L, as well as in MgO, in the
antigorite structure, experimentally observed by Wunder et al
(2001), is discernible on antigorite-bearing samples in the studied
database (L.O.I.: 15.41 + 3.51 wt.% in Iz [MgsSi,O5(OH)4]-bearing sam-
ples (n = 756) and 11.50 4+ 2.28 wt.% in atg [MgygSi340s5(0OH)s]-
bearing samples (n = 103); Fig. 4e, f). Also the relative increase of
Al,03/Si0, ratios seems related to the formation of antigorite as

illustrated in Fig. 4c. We observe that antigorite-bearing serpentinites
have mostly Al,03/SiO, >0.03; this could be an effect of a preferential
incorporation of Al,0s in the antigorite structure (Padron-Navarta et al,
2008) compared to lizardite and chrysotile (theoretical Al,03 contents
from Deer et al. (1992): atg: 1.03, ctl: 0.30, and 1z: 0.54 wt.% Al,03).
However, looking in detail, we note that most of the antigorite-
bearing serpentinites were described in the subducted serpentinite
subset, and subsequently, such a feature could be due also to the fact
that these samples are less refractory (see above).
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3.1.2. Rare earth elements and other trace elements

Abundance of REE in serpentinites is influenced by fluid/rock
interactions and it is dependent on other factors such as the REE con-
tents of primary phases and their stability during hydration, the REE
content of the percolating fluid, and the affinity for REE of secondary
minerals. Experimental studies on seawater-peridotite interactions
showed that hydrothermal fluids and serpentinites after harzburgite
are enriched in LREE (Allen and Seyfried, 2005; Menzies et al., 1993).
Other studies have shown that aerial alteration and weathering can
remobilize REE (e.g. Grauch, 1989; Humphris, 1984; Ludden and
Thompson, 1979; Négrel et al., 2000; Nesbitt, 1979; Poitrasson et al.,
1995). Nevertheless, in the majority of cases, the change in the REE
budget is moderate during hydration, and REE still reflect the geo-
chemical signature of the original protolith. We feel confident that
REE abundance of serpentinites may be used to distinguish their
protoliths: dunite, harzburgite and lherzolite (Fig. 5), at least for abys-
sal and mantle wedge serpentinites. This is supported by relatively
good positive correlations between Yb and many other trace elements
(especially for abyssal and mantle wedge serpentinites) suggesting
that they are poorly mobile during serpentinization. Menzies et al.
(1993) and O'Hanley (1996) explain that REE the lack mobility during

¥ Abyssal Serpentinites

d ¥ Mantle Wedge Serpentinites
100

the hydration of peridotites by low abundance of clinopyroxene,
which is the main reservoir for REE, and resistant against hydration
compared to olivine and orthopyroxene. However, clinopyroxene is
present in many peridotites and Leblanc and Lbouabi (1988) proposed
that complete serpentinization can alter REE signature.

3.1.2.1. Abyssal serpentinites. Serpentinization in abyssal environ-
ments is mainly controlled by hydrothermal alteration at ridges, and
such effect varies between the sites. Compiled abyssal serpentinites
(see Section 2.4) are relatively homogeneous at the first order (with
the exception of refertilized samples; Figs. 5a, b, ¢ and 64, b, ¢). Sam-
ples were divided in three main groups: serpentinites after dunite,
harzburgite and troctolite. Note that few to none serpentinized
lherzolite are reported in the literature.

We observe that the bulk rock REE compositions are quite variable
(Figs. 5a, b, c and 7a, b; LREE in dunite are varying from ~0.01 to ~1
Cl-Chondrite and HREE from ~0.05 to ~1 CI-Chondrite, whereas
LREE in harzburgite are varying from ~0.001 to ~0.1 CI-Chondrite
and HREE from ~0.1 to ~0.5 CI-Chondrite), but REE patterns remain
relatively parallel. Such differences in REE can be explained by small
differences in the primary mineral assemblages of serpentinite
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Fig. 5. REE compositions of serpentinites compiled in Fig. 2. a.), b.), and c.) Compositions of abyssal serpentinites derived from dunite, harzburgite and troctolite, respectively.
d.), e.), and f.) Compositions of mantle wedge serpentinites derived from dunite, harzburgite and lherzolite, respectively. g.), h.), and i.) Compositions of subducted serpentinites
derived from dunite, harzburgite and lherzolite, respectively. Red patterns highlighted by a light red field represent serpentinites having characteristics of a refertilized protolith
after melt/rock interactions. In panels a and b, dashed blue patterns represent serpentinites which experienced talc alteration. In panel e, dashed green patterns represent
serpentinite muds. International standard UB-N composition reported in panel h is after Georem (http://georem.mpch-mainz.gwdg.de). CI-Chondrite normalizing values are

after McDonough and Sun (1995). See text for explanations.
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protoliths; clinopyroxene, which is the principal carrier of REE sig-
nature, varies in abundance and composition. Generally, abyssal
serpentinized dunites (Fig. 5a) have U-shaped REE patterns (below
chondritic values) while abyssal serpentinized harzburgites are most-
ly below 0.1 time chondritic values (with the exception of HREE);
they are highly depleted in LREE, despite a slight enrichment from
La to Nd, and are gradually enriched in HREE from Gd to Lu. All
abyssal serpentinites have positive Eu anomalies with average
(Eu/Eu*)y = 14.4 in serpentinized dunite, and 5.4 in serpentinized
harzburgite (Fig. 5b). We must keep in mind that compiled abyssal
serpentinites could be biased toward (highly) refractory samples,
compared to abyssal peridotites defined by Niu (2004).

The presence of the positive Eu-anomaly (Figs. 5a, b, ¢ and 7c)
could be explained by the presence of plagioclase in the protolith
reflecting early melt/rock interactions (e.g. Niu et al., 1997). Howev-
er, as demonstrated by Paulick et al. (2006), most of serpentinites
(in particular the most altered) have Sr contents lower than
2 ppm, and do not show systematic correlations between Eu/Eu*
and Sr and can even display locally Eu depletions. An alternative ex-
planation is high Eu in hydrothermal fluids due to reactions with
plagioclase-bearing rocks, such as oceanic gabbros (e.g. Douville et
al.,, 2002) and/or changes in the percolating fluid chlorinity and in
the local redox conditions that will favor LREE and Eu mobility
(e.g. Allen and Seyfried, 2005). It is quite difficult to assess the individual
effect of seawater-derived and/or hydrothermal fluids on the REE

concentrations (except for Eu as seen above). Paulick et al. (2006) ob-
served a decreasing of Lu content with increasing L.O.I. This feature is
more marked in serpentinized harzburgites compared to serpentinized
dunites and reflects their initial olivine content. We reach the same con-
clusion in the compiled database. On the other hand, changes in LREE
(e.g. La) content and L.O.L are not correlated. Similar to Eu variations,
they are commonly interpreted as the results of chemical interactions
with hydrothermal fluids, which are generally LREE-enriched and
HREE-depleted (e.g. Douville et al., 2002; Schmidt et al., 2007).

Extended trace element patterns (Fig. 6a, b, ¢) are characterized by
strong enrichments in U, Pb, and Sr, and a small negative anomaly in
Y compared to the neighboring elements. Except these few elements,
trace element compositions are depleted compared to primitive
mantle estimate (McDonough and Sun, 1995); a feature in accord
with residual mantle origin of the protoliths. We observe on some
samples a decoupling between Nb and Ta, with a preferential enrich-
ment in Ta. Overall, trace element compositions of serpentinites, from
both serpentinized dunite and harzburgite (and few troctolite), are in
good agreement (with the exception of LREE and Eu) with those ob-
served in depleted peridotites from abyssal and ophiolitic contexts
(e.g. Bodinier and Godard, 2003; Niu, 2004; Niu and Hekinian, 1997);
this observation confirms the overall moderate mobility for most in-
compatible elements during serpentinization.

An interesting feature, highlighted by Paulick et al. (2006), is the
occurrence of enriched serpentinites having nearly flat REE patterns
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Fig. 6. Extended trace element patterns for serpentinites compiled in Fig. 2. a.), b.), and c.) Compositions of abyssal serpentinites derived from dunite, harzburgite and troctolite,
respectively. d.), e.), and f.) Compositions of mantle wedge serpentinites derived from dunite, harzburgite and lherzolite, respectively. g.), h.), and i.) Compositions of subducted
serpentinites derived from dunite, harzburgite and lherzolite, respectively. Red patterns highlighted by a light red field represent serpentinites having characteristics of a
refertilized protolith after melt/rock interactions. In panels a and b, dashed blue gray patterns represent serpentinites which experienced talc alteration. In panel e, dashed
green patterns represent serpentinite muds. International standard UB-N composition reported in panel h is after Georem (http://georem.mpch-mainz.gwdg.de). Primitive mantle

normalizing values are after McDonough and Sun (1995). See text for explanations.
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(indicated in gray in Fig. 5a, b). These samples are over-enriched in all
elements compared to previous serpentinites, and consequently pos-
itive anomalies in U, Pb, and Sr are less discernible (Fig. 6a, b). We ob-
serve an increase of REE, Th and high field strength elements (HFSE;
e.g. Nb, Ta, Zr and Hf; Augustin et al.,, 2012; Paulick et al., 2006;
Fig. 8); over-enrichment in LREE, as well as MREE and HREE, is partic-
ularly well-marked on serpentinized harzburgite compared to neigh-
boring serpentinites (Fig. 5b). Note that same observations were
made by Niu (2004) on abyssal peridotites. It is admitted that REE
and HFSE have a similar behavior and solubility in mafic melts,
whereas in aqueous solutions LREE are more easily mobilized than
HREE and HFSE. Thus melt-rock interactions will cause an addition
in equal proportions of LREE and HFSE (Niu, 2004). In Th versus
Gd/Lu and Nb versus La diagrams (Fig. 8a, b), we observe two positive
trends: a trend shows LREE enrichment associated with only a minor
increase of HFSE, whereas another trend, mainly defined by enriched
serpentinites and abyssal peridotites from Niu (2004) presents con-
joint enrichment in LREE and HFSE. Previous authors (Augustin et
al., 2012; Niu, 2004; Paulick et al., 2006) have interpreted these en-
richments as resulting from previous melt/rock interactions, before
serpentinization, recorded by the protoliths (for more information,
refer to Paulick et al., 2006). This interpretation is motivated by the
fact that HFSE are highly immobile and have a low solubility in
aqueous solutions and, consequently, observed enrichment cannot
be due to hydrothermal processes. Such melt/rock interactions in
oceanic peridotites are a common process and have been described
so far (e.g. Drouin et al., 2009, 2010; Godard et al., 2008; Seyler et
al.,, 2007; Suhr et al., 2008).

Last, a characteristic alteration with talc predominance was also
described in serpentinite samples from the MAR 15°20’N area (ODP
Hole 1268A; Paulick et al., 2006). These samples are characterized
by a lower content in H,O (5-6 wt.%) and a higher content in
SiO, (60-65 wt.%) and FeO (4-5 wt.%) compared to serpentinites.
Concerning their trace element compositions, talc-dominated
serpentinites present also LREE enrichment, especially on samples
deriving after harzburgite (Fig. 5a, b), associated to a negative
Eu-anomaly. In contrast to samples that experienced melt/rock interac-
tions, talc-dominated serpentinites are not particularly enriched in
HFSE (Fig. 6a, b).

3.1.2.2. Mantle wedge serpentinites. Serpentinites coming from mantle
wedge are expected to be highly refractory since this area is believed
to have experienced extensive partial melting. Compiled mantle
wedge serpentinites (see Section 2.4) are mainly derived after
dunite, harzburgite, and lherzolite (Fig. 5d, e, f). In contrast to
abyssal serpentinites (see above), we observe a predominance of
serpentinites after dunite in the compiled database (Fig. 5d, e). How-
ever, it should be noted that this could reflect the over-representation
of serpentinites drilled in the Mariana forearc (ODP Legs 125 and 195;
Ishii et al, 1992; Kodolanyi et al., 2012; Lagabrielle et al., 1992;
Parkinson and Pearce, 1998; Savov et al., 2005a,b, 2007) in this com-
pilation of mantle wedge serpentinites, although Savov et al. (2007)
observed similarities between Mariana serpentinites and those
present in the Franciscan formation and other preserved forearc
accretionary sequences (e.g. Bebout, 1995; Bebout and Barton,
2002; Fryer et al., 2000; King et al., 2003, 2006). In spite of this pos-
sible sampling bias, systematic characteristics of the mantle wedge
serpentinites are generally accepted: preservation of the refractory
signature of their protoliths (e.g. Deschamps et al., 2010; Marchesi et
al.,, 2009) and of geochemical evidences of metasomatism by melts
and/or fluids taking place before serpentinization (e.g. Deschamps
et al.,, 2010; Parkinson and Pearce, 1998; Savov et al.,, 2005a,b,
2007).

As observed for abyssal serpentinites, REE compositions of mantle
wedge serpentinites are also quite variable, but remain relatively de-
pleted (Figs. 5d, e, f and 7a, b). Serpentinites after dunites (Fig. 5d)

have LREE content varying from ~0.005 to ~0.1 CI-Chondrite and
HREE from ~0.02 to ~0.2 CI-Chondrite; serpentinites after harzburgites
(Fig. 5e) have LREE content varying from ~0.001 to ~0.2 CI-Chondrite
and HREE from ~0.02 to ~0.5 CI-Chondrite; and serpentinites after
lherzolites (Fig. 5f) have LREE content varying from ~0.01 to ~1
CI-Chondrite and HREE from ~0.1 to ~2 CI-Chondrite. Generally, man-
tle wedge serpentinized dunites (Fig. 5d) are characterized by
U-shaped patterns with smaller positive Eu anomalies compared to
abyssal serpentinites ((Eu/Eu*)y = 2.45 on average). They generally
have a small decrease from LREE to MREE (La/Sm = 4.1 in average)
and a progressive enrichment from MREE to HREE (Sm/Lu = 0.44 in
average). Mantle wedge serpentinized harzburgites have more hetero-
geneous REE compositions compared to those from abyssal contexts.
No systematic Eu-anomaly can be distinguished. Mantle wedge
serpentinites do not display correlations between REE contents and
LO.L, suggesting that they might preserve the REE signature of the
mantle protolith (e.g. Savov et al., 2005a,b). Their LREE enriched signa-
ture is interpreted as the result of the combination of extensive partial
melting and subsequent percolation of LREE-rich fluids or melts
through the mantle wedge. As suggested by Savov et al. (2005a, b),
such melts or fluids are mainly encountered beneath arcs in intra-
oceanic contexts. Their HREE compositions are similar to those ob-
served in ultramafic samples having experienced high degree of
melt extraction (e.g. Bodinier and Godard, 2003). Concerning the
particular case of serpentinized lherzolite, two types of pattern can
be distinguished: (1) those influenced by a mineralogy dominated
by clinopyroxene; they have slight enrichment from LREE to MREE,
and flat patterns from MREE to HREE; and (2) the second type of pattern
is relatively flat from LREE to MREE and slightly enriched from MREE to
HREE. Note that only 3 samples (out of 20) indicate a small positive
Eu-anomaly.

Mantle wedge spider diagrams (Fig. 6d, e, f) are characterized by
Pb and Sr enrichments similar to those of abyssal serpentinites, as
well as strong enrichments in Cs and Rb, which were not observed in
abyssal contexts. U anomaly is less marked compared to abyssal
serpentinites (up to ~0.1 PM values). Positive Eu-anomaly is difficult
to discern compared to the neighboring elements. Negative
Y-anomaly is present as already observed in the abyssal samples.
As expected for mantle wedge derived rocks (which are susceptible
to experience mantle melting), most of the trace elements (with
the exception of Cs, Rb, Sr and Pb to a lesser extent) are depleted
compared to primitive mantle values (McDonough and Sun, 1995).
HFSE and Ti (Fig. 7d) are low compared to the depleted mantle esti-
mates (Salters and Stracke, 2004). Low content in HFSE is interpreted
as reflecting high degrees of melt extraction (Parkinson and Pearce,
1998; Parkinson et al., 1992). Nb presents a high variation (Savov
et al,, 2005a,b), especially in serpentinites after dunite; Savov et al.
(2005a) and Deschamps et al. (2010) explain this variation by the
presence of Nb-bearing oxide phases heterogeneously distributed
within samples.

As in the case of abyssal serpentinites, some of the mantle wedge
samples present evidence of melt/rock interactions prior to
serpentinization process (South Sandwich arc, Pearce et al., 2000;
Tso Morari massif, Deschamps et al., 2010). In the case of Tso Morari
massif serpentinites, Deschamps et al. (2010) highlighted that studied
samples were enriched in elements which are not mobile in aqueous
fluids (e.g. Nb or REE) compared to serpentinites coming from Izu-
Bonin Mariana arc (Savov et al., 2005a). On the basis of this observa-
tion, Deschamps et al. (2010) proposed that such enrichment occurs
before the serpentinization, and hence perhaps reflects extensive
metasomatism of the mantle protolith (probably by injection of tholei-
itic magmas during early intra-oceanic arc stage). These samples, in the
case of serpentinized dunite, are characterized by more flat REE
patterns (indicated in gray in Fig. 5d) reflecting LREE enrichment.
Serpentinites after harzburgite having experienced refertilization
(indicated on gray in Fig. 5e) have higher HREE content compared to
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other serpentinites, but no flat REE patterns as described previously;
LREE are less enriched compared to HREE (0.07 < (La/Yb)y < 0.12).
Positive Eu-anomaly is not discernible in these samples. Interestingly,
these samples present a huge positive anomaly in U (up to 10 times
that of the primitive mantle values). Note also the case of the Caribbean
mantle wedge which appears relatively fertile (Saumur et al., 2010)
compared to that which is normally described on the literature. The
authors propose that this characteristic is due to the short-lived
nature of this subduction zone, and consequently to the small volume
of igneous rocks produced.

Note the presence within the compilation of serpentinite muds
coming essentially from the Mariana forearc (Figs. 5e and 6e;
Kodolanyi et al., 2012; Savov et al., 2005b). These samples have overall
higher trace element compositions compared to serpentinites, with se-
lective enrichment in LREE, and huge variability. Such compositions are
easily explained by the presence of fine-grained mafic rock fragments
(which are enriched in trace elements) within the serpentinite muds.

3.1.2.3. Subducted (and subduction zones-related) serpentinites. Having
experienced complex geological history, subducted serpentinites are
not always well constrained in the literature and represent a highly het-
erogeneous material in terms of origin and geochemical characteristics.
In the compiled database (see Section 2.4), we observe that these sam-
ples are dominated by serpentinites deriving from harzburgite (more
than 70% of the serpentinites; Fig. 5g, h, i).

REE compositions of subducted serpentinites are highly heteroge-
neous with variability of one to two orders of magnitude (Figs. 5g, h, i
and 7a, b). Serpentinites after dunite (Fig. 5g) are mostly characterized
by nearly flat REE pattern, with LREE and HREE contents varying
from ~0.2 to ~1.5 CI-Chondrite; only one sample displays a positive
Eu-anomaly, as well as a strong enrichment in LREE (Zagros suture
zone; Aziz et al, 2011). Serpentinized harzburgites have LREE and
HREE contents varying from ~0.02 to ~2 CI-Chondrite; few samples
are marked by a positive Eu-anomaly and are essentially represented
by serpentinites from Feather River ophiolite (Agranier et al., 2007; Li
and Lee, 2006). Finally, serpentinites after lherzolite are really heteroge-
neous, enriched or depleted in LREE (from ~0.1 to ~90 CI-Chondrite)
and have HREE content varying from ~ 1 to ~ 10 CI-Chondrite. Subducted
serpentinite REE patterns distinguish from abyssal and mantle wedge
serpentinites which have mostly U-shaped REE patterns.

Subducted serpentinites are enriched in almost every trace ele-
ments compared to abyssal and mantle wedge serpentinites. Because
of the important heterogeneity and variability of the compiled
dataset, it makes no sense to discuss here every chemical anomaly.
We observe systematic enrichments only in three elements: Cs, U
and above all in Pb (up to ~100 PM values; Fig. 6g, h, i). The impor-
tant point is that these samples differ by their enrichment compared
to abyssal and mantle wedge serpentinites, which represent the pos-
sible protoliths for subducted serpentinites before their incorporation
into the subduction channel.

Interestingly, we note that the flat REE pattern characteristic of
subducted serpentinites is close to the geochemical signature ob-
served for abyssal and mantle wedge serpentinites having experi-
enced melt/rock interactions prior to serpentinization. Thus, the
LREE enrichment of subducted serpentinites is probably not due to
the serpentinization process itself. Such enriched compositions in

subducted serpentinites imply that their mantle protoliths (1) did
not experience an influential partial melting event, and/or (2) were
refertilized (melt/rock interaction) before serpentinization process,
and/or (3) were enriched in a supra-subduction environment by
fluids during their hydration. By comparing the geochemical charac-
teristics of compiled subducted serpentinites with data of refertilized
serpentinites and abyssal peridotites defined by Niu (2004) (Figs. 7
and 8), we observed similarities. Subducted serpentinites plot on
the melt/rock interaction trend on the Th versus Gd/Lu and Nb versus
La diagrams (Fig. 8a and b), and present similar enrichments in LREE
and HEFSE, as discussed in the previous section. In Fig. 8c, d and e, we
report serpentinite compositions, as well as data or abyssal perido-
tites after Niu (2004), in U-Th, Pb-Th, and Pb-U diagrams. Interest-
ingly, we observe that mantle wedge serpentinites plot in the field
of the fresh Tonga forearc peridotites defined by Niu (2004), at the
most depleted end of the magmatic trends defined by basaltic
rocks; all serpentinites are enriched in Pb. Abyssal peridotites
and abyssal and mantle wedge serpentinites having experienced
melt/rock interactions present strong enrichment in U and deviate
from the terrestrial array; a part of the subducted serpentinites present
the same behavior. Percolation of silicate melts through mantle perido-
tite (by reactive porous flow or chromatographic fractionation) is ac-
companied by enrichment in LREE, as well as in incompatible
elements, such as U and Th for example (e.g. Kelemen et al., 1997;
Navon and Stolper, 1987). Looking at incompatible elements, it
appears that the geochemical signature of subducted serpentinites re-
flects mostly melt/rock interactions occurring prior to serpentinization;
however, we will see later that these rocks experienced also enrichment
by fluids during serpentinization.

A scenario to explain trace element enrichments in subducted
serpentinites is that they probably mostly derived from the ocean-
continent transition (OCT, passive margin). Passive margin and OCT
serpentinites must have higher (incompatible) trace element concen-
trations than abyssal and mantle wedge serpentinites (Kodolanyi et
al,, 2012), due to smaller degrees of partial melting and/or strong
refertilization by metasomatizing melts prior to serpentinization.
Consequently, the protolith available for serpentinization have less
depleted chemical composition compared to other mantle settings.
Rifting of continents involves extensional faulting, subcontinental
mantle exhumation and magmatism which reflect the ability of the
continental lithosphere to localize deformation and melt in the
upper part of the lithosphere (Mohn et al., 2012; Miintener et al.,
2010). The OCT can form several tens of km wide basins, with a
smooth seafloor and dominated by moderate (50%) to highly
(95-100%) serpentinized peridotites cored at several ODP sites in the
Galicia margin (e.g. Kodolanyi et al., 2012; Sutra and Manatschal,
2012). Serpentinization decreases with depth, and gravimetric and
seismic profile allows estimation that the serpentinized mantle is
about 5 km thick (Afilhado et al., 2008). Olivine is replaced by mesh
lizardite-type serpentine and pyroxene is pseudomorphosed by bastite;
spinel is sometimes rimmed with plagioclase, indicative of decompres-
sion but generally fully replaced by magnetite and chlorite. Locally tec-
tonic breccia and semi-ductile gouge composed of a mixture of gabbro/
amphibolite clast and serpentinite in a matrix of calcite and chloritic
cataclasite are recovered during drilling. Primary phase chemistry and
clinopyroxene trace-element composition indicate slightly depleted

Fig. 7. a.) La/Yb ratio versus Yb contents (ppm) for serpentinites compiled in Fig. 2. Arrows represent the refertilization fingerprint after melt/rock interactions for peridotites. b.) Sm/Yb
ratio versus La/Sm ratio. Gray ellipse represents serpentinites deriving from refertilized protoliths. c.) (Eu/Eu®)y ratio versus La/Sm ratio (y = normalized to CI-Chondrite, with
Eu/Eu* = Eu/((Sm + Gd)/2))). d.) Ti (ppm) versus Yb (ppm) concentrations. Such a diagram is discriminative between mantle wedge serpentinites having depleted compositions
and low Ti content and subducted serpentinites having more fertile compositions. Abyssal peridotites plotted in an intermediary field between both defined previously. Compositions
of abyssal peridotites reported for comparison in panels a-d are after Niu (2004). In every graph, estimated composition of the depleted mantle is from Salters and Stracke (2004) and of
the primitive mantle is from McDonough and Sun (1995). e.) V (ppm) versus MgO (wt.%; recalculated under anhydrous forms) illustrating melting degrees and oxygen fugacities model-
ing of peridotite using V-MgO covariations after Lee et al. (2003). Curves represent partial melting trend at 1 log unit intervals, spanning fO, from FMQ — 3 to FMQ + 2 (thick solid curve
is for FMQ). Dashed lines represent the degree of melt extracted in 10% increment (Lee et al., 2003). Light blue field represent abyssal peridotites and obducted massif or ophiolitic
peridotites, assumed to be representative of oceanic mantle, as defined by Frey et al. (1985), Suen and Frey (1987), Bodinier (1988), Bodinier et al. (1988), Fabries et al. (1989) and

Burnham et al. (1998).
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mantle by less than 10% of partial melting and percolated by mafic
melts. Oxygen isotope profiles of serpentinized peridotites show evi-
dence of successive episodes of fluid infiltration (Skelton and Valley,
2000). The earlier event is pervasive and involves high temperature
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seawater (>175 °C). The absence of antigorite suggests that the
temperature is lower than 300 °C at this stage. This serpentinization
happens beneath thinned continental crust before rifting and seafloor
exhumation of the mantle. Late deformation-channeled infiltration of
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cooler sea water (<100 °C) along brittle normal faults accompanies
mantle exhumation on the seafloor.

3.2. In situ geochemistry of serpentine phases (lizardite, chrysotile
and antigorite)

Numerous in situ studies of the compositions of serpentine min-
erals were carried out (e.g. Deschamps et al, 2010, 2011, 2012;
Kodolanyi and Pettke, 2011; Kodolanyi et al., 2012; Lafay et al,,
2013; Scambelluri et al., 2004a,b; Vils et al., 2008, 2011). These stud-
ies were motivated to identify the minerals hosting trace and
fluid-mobile elements in bulk serpentinites, to determine the mobili-
ty of some elements during subduction-related prograde metamor-
phism, and to compare the composition between the primary
mantle minerals (olivine and pyroxenes) and serpentine phases.

3.2.1. Major elements

Although there are a few stoichiometric differences between lizardite/
chrysotile (Mg3Si,Os(OH),4) and antigorite (Mg4gSiz40gs5(OH)g2), ser-
pentine phases are polytypes and no clear geochemical differences
can be distinguished among them with routine microprobe analyses
(see O'Hanley, 1996). However, as experimentally demonstrated by
Wunder et al. (2001), it is possible to observe some differences between
low-grade and high-grade serpentine phases, especially in SiO,, MgO,
and water contents. For example, compared to low-grade serpentine
from abyssal serpentinites (e.g. Moll et al., 2007), antigorite from Tso
Morari serpentinites (Deschamps et al., 2010) contains slightly higher
SiO, and lower H,0 and MgO. Such compositions are attributed to
partial dehydration during the lizardite/antigorite transition. Addition-
ally, Padrén-Navarta et al. (2008) observed Al enrichment in antigorite
from Cerro del Almirez which contribute to the stabilization of antigorite
structure at high temperature.

Pseudomorphic serpentine can identify the primary phases (mesh
texture after olivine or bastite after pyroxene). Interestingly, the com-
positional variations of serpentine minerals are often related to the
variability of precursor phases (e.g. Deschamps, 2010; Moll et al.,
2007). Serpentine after olivine has high MgO (35-45 wt.%) and NiO
(up to 0.5 wt.%) contents, whereas serpentines after pyroxene con-
tain lower MgO (on average 25-40 wt.%) and higher Al,O3 (up to
4 wt.%) and Cr,03 (up to 1 wt.%) contents. It is difficult to distinguish
serpentines formed after orthopyroxene and clinopyroxene using
major elements, since Ca is totally removed during serpentinization.

3.2.2. Rare earth elements and moderately incompatible elements
Despite the low concentrations of most trace elements of serpen-
tine minerals, it is possible today to get high-quality data due to the
recent progress with in situ analysis technologies (LA-ICP-MS and
SIMS). Numerous studies were so far focused on the behavior of se-
lected elements such as Li, Be, B, Cl and As, but recently, increasing
database on trace elements, notably REE, allows better understanding
of geochemical changes between primary and serpentine phases.
Deschamps et al. (2010) showed that some moderately incompati-
ble elements together with REE could be useful to discriminate serpen-
tines after olivine, orthopyroxene and clinopyroxene. Serpentinized
orthopyroxenes are richer in compatible elements such as Sc, Co, V, Zn,
Cr, Y and Ti. Serpentine after olivine displays nearly flat REE (Lan/Yby ~
0.93) patterns with concentrations varying from 0.01 to 1 time CI-
Chondrite (Fig. 9a), whereas serpentine after orthopyroxene shows
higher HREE contents and is characterized by variable LREE/HREE ratios
(0.22 < Lan/Yby < 3.77; Fig. 9c) probably related to geochemical
compositions of primary orthopyroxene. Looking at REE patterns of
serpentine after clinopyroxene (Fig. 9e), it is obvious that the REE
compositions are mainly inherited from clinopyroxene; such patterns
are rich in HREE and clearly depleted in LREE (Lan/Yby ~ 0.11). How-
ever, if it is clear that the composition of serpentine phases after
clinopyroxene is controlled by that of the primary minerals, this

scenario is not really convincing for serpentine formed after olivine
and orthopyroxene. As noted by Deschamps et al. (2010), serpentine
interpreted as deriving from olivine is not preferentially enriched in
Ni for example. This could be explained by the incorporation of this el-
ement into the Fe-oxide phases which formed during serpentinization
of olivine. But the most controversial point concerns the relative en-
richment in REE of serpentine after olivine compared to fresh olivine.
Some authors (Deschamps et al., 2012; Lafay et al., 2013) proposed
that a redistribution and equilibration with surrounding matrix occur
during serpentinization of primary phases. According to experimental
observations (e.g. Allen and Seyfried, 2003), olivine is preferentially
altered to serpentine at low temperature (<300 °C) and can experience
a (L)REE-enrichment due to homogenization with the surrounding
matrix composed of olivines and pyroxenes. Such a scenario can explain
the similarities between REE compositions of serpentine after olivine
and after orthopyroxene. These geochemical exchanges occur at a
very local scale, and explain why the geochemical composition at the
scale of the bulk rock samples is not impacted. Further work will con-
firm (or not) if mostly lithophile trace elements can be used to charac-
terize the primary phases of serpentines.

We observed no significant differences in the trace element com-
positions, and more specifically, in the REE budget of lizardite and
antigorite, except for a slight depletion in REE in antigorite compared
to lizardite (Fig. 9). This is illustrated by the analysis of antigorite
patches, which formed after lizardite (Queyras Alps, Lafay et al.,
2013). This antigorite has lower REE compositions (nearly 10 times
less) compared to the surrounding lizardite mesh matrix. This feature
could be related to either (1) the inherent geochemical signature of
antigorite phase due to its stoichiometric composition, or (2) the re-
lease of some mobile elements during the lizardite/antigorite tran-
sition as it was demonstrated for some fluid-mobile elements
(Kodolanyi and Pettke, 2011; Kodolanyi et al., 2012; Lafay et al.,
2013; Vils et al., 2011). This debated point needs to be more investi-
gated in the future.

3.3. Determination of serpentinization environments using
geochemical compositions

Abyssal and mantle wedge serpentinites derive from (strongly)
depleted mantle protoliths, and it is not always obvious to distinguish
the geological settings in which they were formed when they are
sampled in accretionary zones. Moreover, refertilized samples from
abyssal and mantle wedge contexts present geochemical characteris-
tics close to those observed in subducted serpentinites. By combining
observations of different geochemical features, it is possible to deter-
mine the tectonic setting of the mantle rock protolith of serpentinites.

3.3.1. Inherited signature of serpentinite protoliths

The geochemistry of mantle rocks is commonly thought to reflect
increasing degrees of melt extraction, from passive margins to mature
oceans to subduction zones (Bonatti and Michael, 1989). However, it
is quite difficult to determine the geological setting of serpentinites
using only major elements (Fig. 4a); for example high MgO/SiO, values
has been reported for abyssal peridotites (Godard et al., 2008; Paulick et
al., 2006) similar to those observed for mantle wedge serpentinites in
Himalaya or Mariana forearc. Moreover, numerous processes prior to
serpentinization could also modify the compositions of peridotites,
such as melt/rock interactions at ridges (e.g. Paulick et al., 2006) or
within the mantle wedge (e.g. Pearce et al., 2000). On the other hand,
trace element, and particularly REE as discussed above (e.g. Fig. 5), com-
positions of serpentinites can be used to decipher the nature of the
protolith and the interaction(s) with fluid/melt, when compared with
petrologically and geodynamically well constrained samples. In this
perspective, we hope that our compiled database will be helpful for
future studies.
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Among trace elements, Ti appears to be a useful tracer in identifying
the protolith of serpentinites (Figs. 3e and 7d). It is widely accepted that
mantle wedge peridotites, which experienced extensive partial melting,
have (highly) refractory compositions. Several authors (e.g. Arai and
Ishimaru, 2008) have demonstrated that peridotites in this environ-
ment are Ti-depleted; for example, peridotites from serpentinite sea-
mounts in Mariana forearc are characterized by low bulk rock Ti (10-
25 ppm; Ishii et al,, 1992; Parkinson et al., 1992). Such characteristics
will be preserved during serpentinization because essentially no Ti mo-
bility was observed; moreover, refertilized samples from mantle wedge
or abyssal context display only limited enrichment in Ti. By plotting
compiled serpentinites in a Ti versus Yb diagram, we observe a
positive trend defined by all compiled serpentinites, and reflecting
refertilization and depletion processes. The diagram shows distinct
fields for mantle wedge (2 < Ti < 50 ppm), subducted serpentinites
(Ti > 50 ppm), and abyssal serpentinites (10-130 ppm).

3.3.2. Chromian spinels

A good proxy to determine the geological setting of formation of
ultramafic mantle rocks is the concentration of Cr, Al and Ti in
Cr-spinel cores (Arai, 1992; Dick and Bullen, 1984; Irvine, 1967),
when they are not altered to ferroan chromite or Cr-bearing magne-
tite. It is accepted that high values of Cr# (= Cr/(Cr + Al)) reflect
high degrees of melting (Dick and Bullen, 1984; Hellebrand et al.,
2001). Thus, abyssal peridotites (and related serpentinites) formed
in slow spreading context contain generally chromian spinels having
low Cr# (0.20 < Cr# < 0.60; Michael and Bonatti, 1985), whereas
subduction-related rocks (including mantle wedge rocks) present
chromian spinels with higher values of Cr# (>0.40 on average; Dick
and Bullen, 1984; Ozawa, 1994; Parkinson and Arculus, 1999). For
example, Mariana forearc serpentinites have Cr-spinels with Cr# up
to 0.82 (Ishii et al, 1992), and Tso Morari (Ladakh, Himalaya)
serpentinites have Cr-spinels with Cr# up to 0.84 (Guillot et al.,
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2001). However, it is important to keep in mind that Cr# of chromian
spinels could be modified by late stage processes, such as metasoma-
tism and metamorphism, as observed in Slovenska Bistrica (De Hoog
et al., 2009) and Dominican Republic (Saumur and Hattori, 2013) ul-
tramafic complex serpentinites.

3.3.3. Redox conditions

Serpentinization plays a role in redox conditions of the mantle
which change the oxidation state of redox-sensitive elements. It is
recognized that, for a constant amount of Fe remaining, the ratios of
((Fe,03 x 100)/(Fe;03 + Fe0)) in bulk rock increase with the degree
of serpentinization. Ferrous Fe in primary silicates phases oxidize to
ferric Fe which is incorporated in serpentine phases and magnetite
(e.g. Andreani et al,, 2013; Evans et al.,, 2013). An attempt was made
using this database to determinate redox conditions for the protoliths
of serpentinites formed. In order to estimate these conditions, we
used the V-MgO diagram proposed by Lee et al. (2003), since we
know that V records fO, during mantle melting (e.g. Lee et al., 2003,
2005). Most data plot between the FMQ+2 and over the FMQ —3
trends (Fig. 7e). However, in detail, we note that abyssal serpentinites
fall mainly between FMQ and FMQ — 2, and are generally in the oxy-
gen fugacity of the oceanic mantle peridotites close to
the fayalite-magnetite-quartz buffer (Bodinier, 1988; Bodinier et al.,
1988; Burnham et al., 1998; Fabries et al., 1989; Frey et al., 1985;
Suen and Frey, 1987). Compiled subducted serpentinites plot also
between the same trends, although mostly of the data seems to be
between FMQ — 1 and FMQ — 2.

Mantle wedge above subduction zones are generally more oxi-
dized than upper mantle in other tectonic contexts (e.g. Parkinson
and Arculus, 1999). The occurrence of As(V) in serpentinites in the
Himalaya support this notion (Hattori et al.,, 2005). In the V-MgO
diagram, mantle wedge serpentinites data are more heterogeneous
and it is difficult to evaluate their redox conditions. However,
the fO, of the asthenospheric mantle is homogeneous with low fO,
(Lee et al., 2005; Wang et al.,, 2007). If we neglect data plotting
above the FMQ — 3 trend, we observe that, on average, mantle wedge
serpentinites have more oxidizing characteristics than serpentinites
from abyssal environments and subduction zones. Refertilized sam-
ples, from mantle wedge and abyssal settings, plot mostly between
FMQ — 1 and FMQ + 1. However, Fe> T is mainly controlled by meta-
somatic processes; consequently, the fO, value obtained using the V
content, and reflecting principally oxygen fugacity records during
melting event (Lee et al., 2005), could differ and be lower than the
fO, values determined thermodynamically in peridotites from
subduction zones.

3.3.4. Platinum group elements (PGE)

Harzburgites are generally considered to be residual mantle
peridotites after partial melting. Therefore, serpentinites with the
pseudomorphic textures of harzburgite are safely assumed to have
originated from residual mantle peridotites. Many serpentinites,
however, do not retain the pseudomorphic textures. It is a challenge
in identification of such serpentinites. Some serpentinites are hydra-
tion products of dunite.

Dunite may form as cumulates of mafic magmas. Dunite also
forms as a reaction product of primitive mafic melt with peridotites
where pyroxene is replaced by olivine. Dunite may form as the result
of high degrees of partial melting after fusion of clinopyroxene and
orthopyroxene (e.g. Bernstein et al., 2007; Kubo, 2002). Such highly
refractory dunite forms through influx fusion in mantle wedges. It is
not easy to identify the protoliths of serpentinites formed from dunite
based on major and minor element data because any dunite has
similar bulk rock compositions. The abundance of platinum group
elements (PGE) provides useful information in identifying the two
types because PGE signatures are different. PGE are fractionated
during partial melting and Ir-type PGE (IPGE; Ir, Os, Ru) remain in

the residual mantle peridotites during partial melting (e.g. Brenan
et al., 2005). Therefore, melt contains less IPGE, whereas the residual
mantle peridotites contain high contents of IPGE.

Among PGE, Pd is mobile in hydrothermal fluids, which causes
enrichment and depletion of Pd in serpentinites, and serpentinites
commonly show a scatter in the concentrations of Pd. However,
IPGE, especially Ir are not mobile during hydrothermal alteration
and even intense metasomatism (Wang et al., 2008), which make
these as good indicators for evaluating the protoliths of ultramafic
rocks. Therefore, the concentration ratios of IPGE to Pt may be used
to identify the protoliths of ultramafic rocks (e.g. Guillot et al., 2001;
Hattori et al., 2010). The compilation of data in Fig. 10 shows that
most serpentinites contain high IPGE, similar to primitive mantle
values, suggesting that these serpentinites in subduction zones are
residual mantle peridotites. There are, however, ultramafic massifs
of cumulate origin based on low concentrations of IPGE.

Good examples of ultramafic rocks include the basal ultramafic
rocks of the Nidar ophiolite and Drakkarpo unit in the western
Himalayas (Hattori and Guillot, 2007), dunite and garnet-bearing
ultramafic rocks in the Dominican Republic (Hattori et al., 2010)
and Pohorje complex in eastern Alps of Slovenia (De Hoog et al.,
2011), ultramafic massif in the Schistes Lustres near the Pelvas
d'Abries (Hattori, unpublished data) and serpentinized dunite that
extruded to the seafloor in the Mariana forearc (Hattori and Ishii,
unpublished data). These studies suggest that cumulate ultramafic
rocks, dunites and wehrlites may form large bodies and massifs of
several km in size.

4. Serpentinites: a sink/source vector for fluid-mobile elements

4.1. Fluid-mobile enrichments in bulk serpentinites and related
serpentine phases

High contents of FME characterize subduction-related magmas
(e.g. Leeman, 1996; Noll et al., 1996; Ryan et al., 1995). The origin
of these enrichments has been extensively discussed. Recent studies
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Fig. 10. Ir versus Ir/(Pt + Pd) ratios of ultramafic rocks in subduction zones. Data
sources: Alpine serpentinites (Hattori and Guillot, 2007) plus unpublished data of
Schistes Lustres near the Pelvas d'Abries; serpentinites from Dominican Republic
(DR) and Cuba (Saumur et al,, 2010); Himalayan serpentinites near the Tso Morari
UHP unit (Hattori and Guillot, 2007); Mariana forearc serpentinites (Unpublished
data of Hattori, Ishii, 2006); ultramafic rocks from the Pohorje complex (De Hoog et
al., 2011); serpentinites and partially hydrated pyroxene-bearing rocks in the
Sanbagawa metamorphic belt (Samba; Hattori et al., 2010); ultramafic massifs in the
Sulu UHP belt (Xie et al., in press); and ultramafic rocks from the Anatolia ophiolite,
Turkey (Aldanmaz and Koprubasi, 2006).
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point to a significant role of serpentinites as sink and source of these
elements during subduction (e.g. Deschamps et al., 2011; Hattori and
Guillot, 2003, 2007; Kodolanyi et al., 2012). FME, such as light ele-
ments (B, Li), semi volatile and chalcophile elements (As, Sb, Pb),
and large ion lithophile elements (LILE; Sr, Rb, Cs, Ba, Th and U), are
preferentially enriched into fluids relative to mineral phases during
metamorphic or dehydration reactions. FME are selectively (over-)
enriched in serpentinites (e.g. Deschamps et al,, 2010, 2011, 2012;
Hattori and Guillot, 2007; Kodolanyi et al., 2012; Li and Lee, 2006;
Savov et al., 2005a,b; Tenthorey and Hermann, 2004) and as such
they can be used as tracers for serpentinization processes, from ridges
to subduction zone, during secondary serpentinization and prograde
metamorphism in the slab and hydration of mantle wedge.

In contrast to the major, minor and moderately incompatible trace
element composition of serpentinites, and associated serpentine min-
erals, is mainly controlled by the composition of their mantle protoliths
(see previous part), such is not the case for fluid-mobile elements. The
(re-)distribution of FME is mostly controlled by (i) the nature and
chemical compositions of hydrating fluids (hydrothermal, seawater, or
slab-derived fluids), and (ii) the redox state, duration, and temperature
of fluid/rock interaction. On spider diagrams, whatever their protoliths
and geological settings, bulk serpentinites (Fig. 6) and associated
serpentine minerals (Fig. 9b, d, f) have positive anomalies in Cs, U, Pb,
Sr, and to a lesser extent Rb. However, from one geodynamic setting
to another, the sequence of FME-enrichment during serpentinization
can be different as discussed below.

4.1.1. Light elements: boron and lithium

Serpentinites are probably the most important sink for B in
subducting slab (e.g. Agranier et al., 2007; Benton et al.,, 2001;
Bonatti et al., 1984; Boschi et al., 2008; Deschamps et al., 2011; Lee
et al., 2008; Pabst et al., 2011; Pelletier et al., 2008; Scambelluri et
al.,, 2004a,b; Spivack and Edmond, 1987; Thompson and Melson,
1970; Vils et al, 2008). B is abundant in seawater (4.6 ppm;
Jean-Baptise et al., 1991; Quinby-Hunt and Turekian, 1983) compared
to depleted and/or primitive mantle (0.06 and 0.3 ppm respectively),
as a consequence, seawater/mantle peridotite interactions will enrich
the protolith in B during serpentinization. Experimental work has
shown that B is mostly incorporated in serpentinites at temperatures
below 300 °C (Seyfried and Dibble, 1980). Our compiled dataset indi-
cates that, regardless of geological settings, bulk rock B contents are
limited to about 100 ppm (Fig. 11a). Although the number of data is
limited, this maximum value may reflect the structural capacity
of serpentine minerals. We do not observe important difference
in terms of B-enrichment between abyssal, mantle wedge, and
subducted bulk serpentinites. Moreover, as noted by Agranier et al.
(2007) and Vils et al. (2008), significant correlations are not observed
between the B concentrations and L.O.L In situ analyses suggest that B
is mainly stored in serpentine phases: up to 140 ppm B in abyssal ser-
pentines (Bonatti et al., 1984; Vils et al., 2008, 2011); up to 200 ppm
in mantle wedge serpentines (Deschamps et al., 2010; Kodolanyi et
al.,, 2012; Pabst et al., 2011); and up to 120 ppm in subducted serpen-
tines (Deschamps et al., 2012; Lafay et al., 2013).

Lithium is enriched in serpentinites (e.g. Agranier et al., 2007;
Benton et al., 2004; Decitre et al, 2002; De Hoog et al, 2009;
Parkinson and Pearce, 1998; Savov et al., 2005a,b) and such charac-
teristic is in agreement with elevated Li content in seawater (Li and
Lee, 2006). Lithium concentrations in bulk serpentinites vary from
~0.1 to ~20 ppm (Fig. 11b). In situ analyses of serpentine phases
from natural rock samples and experimental products have demon-
strated that serpentine minerals can host large amounts of Li
(Deschamps et al., 2010, 2012; Kodolanyi et al.,, 2012; Lafay et al,
2013; Vils et al., 2008, 2011; Wunder et al., 2010). However, in contrast
to B, the Li content of serpentine seems partly controlled by protolith
minerals. Some authors have proposed that the Li enrichment
could be due partly to processes occurring prior to serpentinization

(e.g. Kodolanyi et al., 2012; Vils et al., 2008), and serpentinization it-
self should decrease the Li content of the bulk samples (Pelletier et
al., 2008; Vils et al., 2008). For example, Kodolanyi et al. (2012) ob-
served that serpentines formed after olivine in some samples are de-
pleted in Li compared to the mineral protolith (olivine or pyroxene),
whereas bastite pseudomorphs have higher concentrations of Li than
original orthopyroxene, for the same samples. On this basis, these au-
thors concluded that serpentinization itself does not fully control the
bulk Li budget, at least in oceanic environments, and that the observed
Li abundance in serpentinites is likely related to the event before
serpentinization, such as melt/rock interaction.

4.1.2. Chalcophile elements: arsenic, antimony, and lead

Because of their high mobility in fluids, these elements represent
potential tracers of the nature of fluids during serpentinization.
Little data exist today on As and Sb concentrations in serpentinites
(Fig. 11g, h); nevertheless it appears that they are moderately to highly
enriched in these elements compared to primitive and depleted man-
tle (0.1 <As <10 ppm; 0.001 <Sb < 1 ppm; De Hoog et al, 2009;
Deschamps et al., 2010, 2011, 2012; Hattori and Guillot, 2003, 2007;
Savov et al,, 20053, 2007), independently of the geological settings. As
and Sb are largely incorporated by serpentine phases (Deschamps
etal, 2010, 2011, 2012), although sulfides can also host a minor frac-
tion (Hattori et al., 2005). Hattori et al. (2005) showed that As(V) is
transferred by aqueous fluids from the slab to the mantle wedge, and
is incorporated into serpentinites under oxidized conditions at shal-
low depths (~25 km). The mantle wedge serpentinites from the Tso
Morari massif (Himalaya) are distinguished by exceptionally high
enrichments in As and Sb in bulk serpentinites (up to ~100 and
~10 ppm respectively; Hattori and Guillot, 2003, 2007), as well
as in the serpentine minerals (average ASmineral = 22 ppm, and
Sbiminerat = 6 ppm; Deschamps et al., 2010), compared to the mantle
wedge serpentinites from the Mariana (average As = 0.55 ppm and
Sb = 0.055 ppm; Savov et al., 2005a) and subducted serpentinites
from the Slovenska Bistrica ultramafic complex (average As =
3.43 ppm and Sb = 0.095; De Hoog et al., 2009). This extreme en-
richment of As in serpentinites from the Tso Morari massif reflects
high As contents of subducted sediments. The northern margin of
the Indian continent was overlain by shallow water sediments
formed from Archean granitic rocks (Deschamps et al., 2010;
Hattori and Guillot, 2007). This scenario was confirmed by high 87Sr
of serpentinites (Hattori and Guillot, 2007) and Pb-isotope systemat-
ics (Deschamps et al., 2010). In parallel, the same influence of As- and
Sb-rich fluids deriving from (meta)sediments was shown in the case
of subducted serpentinites from the Greater Caribbean (Deschamps
et al.,, 2011).

All serpentinites are characterized by high Pb relative to neighboring
elements on spider diagrams (Fig. 6). Pb concentrations are usually be-
tween 0.01 and 10 ppm (Fig. 11i), and no clear distinctions can be made
between abyssal, mantle wedge, and subducted serpentinites. Part of
the Pb anomaly may have a protolith origin (e.g. Godard et al., 2008)
and it appears that the positive Pb-anomaly is less marked on abyssal
and mantle wedge serpentinites that have experienced melt/rock inter-
actions. However, strong Pb enrichments (higher than primitive mantle
values) are mainly an effect of fluid percolation during serpentinization.
Li and Lee (2006) observed high Pb concentrations associated with low
Ce/Pb ratios in Feather River ophiolite serpentinites. Ce/Pb ratio can be
fractionated during aqueous fluid/rock interaction (as the aqueous
solubility of Pb is much greater than that of Ce), and consequently
serpentinization could generate low Ce/Pb ratios. In situ analyses have
confirmed that serpentine phases hold an important amount of Pb,
but cannot explain totally and sufficiently the bulk Pb content.
The same conclusions were reached also for U and Sr; these observa-
tions may reveal the role of carbonates to the whole rock budget
(Deschamps et al., 2010; Kodolanyi et al., 2012), since carbonates are
known to host Sr, U, and Pb (e.g. Olivier and Boyet, 2006).
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Fig. 11.a.) B, b.) Li, ¢.) Cs, d.) Sr, e.) Ba, f.) U, g.) As, h.) Sb and i.) Pb versus Yb (ppm) compositions for serpentinites compiled in Fig. 2. Symbols are the same as those used in the
previous figs. In every graph, estimated composition of the depleted mantle is from Salters and Stracke (2004) and of the primitive mantle is from McDonough and Sun (1995).
Compositions of sedimentary poles are from Li and Schoonmaker (2003) and estimated composition of global subducted sediments (GLOSS) is after Plank and Langmuir (1998).

4.1.3. Uranium and thorium

The bulk rock geochemistry of serpentinites is characterized by
positive anomaly in U, and no significant enrichment in Th. Relative
to other trace elements with similar compatibility during partial
melting in the mantle, these two elements, and especially U, are sys-
tematically enriched. This is consistent with the soluble nature of U in
fluids (Bailey and Ragnarsdottir, 1994). The origin of the U enrich-
ment is however difficult to assess in subducted serpentinites since
two possible processes can explain this feature. Seawater/rock
interaction during serpentinization could lead to the observed U
enrichment; seawater has U contents of about 3.2 ppb whereas re-
duced submarine hydrothermal fluids exhibit low U concentrations
(e.g. Schmidt et al., 2007) relative to seawater due to uptake of U
in the basement rocks. Another possible cause for the enrichment
of U is melt/rock interaction (cf. Fig. 8c), as observed for abyssal pe-
ridotites (Niu, 2004) and refertilized abyssal and mantle wedge
serpentinites which deviate from the terrestrial array. Part of the
subducted serpentinites presents the same behavior. However, in
Fig. 11f (U versus Yb content), we note that subducted serpentinites
overlap both the fields of abyssal serpentinites and of refertilized
serpentinites and sediments. Therefore, we speculate that U content
in subducted serpentinites could also be controlled by percolation of
sediment-deriving fluids; this point will be discussed in the next
section.

4.1.4. Uptake and release of fluid-mobile elements: timing
(and thermometry) of serpentinization

Although the number of in situ studies of the FME distribution in
serpentine minerals is still limited, these studies suggest that differ-
ent stages of serpentinization control the uptake and release of FME
during subduction. It is strongly influenced by the lizardite/antigorite
transition (around 300-400 °C; Lafay et al., 2013), and of late antigorite
breakdown (600-700 °C; Ulmer and Trommsdorff, 1995; Wunder and
Schreyer, 1997). However, the scenarios discussed below should be
considered as tentative (and centered on few FME) and need to be
supported by further geochemical studies.

In situ analyses on serpentine minerals in the serpentinites from
Tso Morari (Himalaya) by Deschamps et al. (2010) have demonstrat-
ed that antigorite after olivine is preferentially enriched in As and Sb,
and to a lesser extent in B and U, yet antigorite formed after primary
orthopyroxene concentrates Pb, Cs, Li, and Ba. This was explained by
different temperatures of serpentinization of primary minerals, associat-
ed with the differential mobility of FME released from the slab, a process
that is temperature-dependent (Bebout, 2007; Bebout et al., 1999).
Therefore, according to observations on natural samples (Mével, 2003)
and experimental works (Allen and Seyfried, 2003; Godard et al.,
2013; Martin and Fyfe, 1970), it appears that olivine is easily
destabilized at low temperatures (<300 °C), and serpentinization of ol-
ivine (which take place at shallow depth) will consequently incorporate
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elements (e.g. As and Sb) released from the slab in the earliest stage of
subduction. Then, due to the downward movement of the serpentinites
in the mantle wedge, and the associated increase in temperature,
orthopyroxene will be transformed into serpentine at temperatures
above 400 °C (Allen and Seyfried, 2003; Martin and Fyfe, 1970), and
preferentially incorporate elements released later, and at deeper levels,
from the slab (e.g. Pb, Cs, Li, Ba).

Another case of differential incorporation of FME was discussed by
Kodolanyi et al. (2012). They observed that serpentine which formed
after orthopyroxene hosts about half the B compared to serpentine
formed after olivine in abyssal (Mid-Atlantic Ridge, 15°20'N) and
Mariana forearc serpentinites. Thus, they conclude that, in this case,
serpentinization started at temperatures above 300-350 °C, and for
these conditions orthopyroxene is destabilized to serpentine while
olivine remains stable. High-T serpentinization of orthopyroxene
will consume a certain amount of B from the fluid and then the
remaining olivine will be serpentinized at lower T by a fluid substan-
tially depleted in B.

Last, numerous studies have emphasized the role of the lizardite/
antigorite transition on the mobility of FME, especially for B, and to a
lesser extent Li and Cl (Deschamps et al., 2011; Kodolanyi and Pettke,
2011; Kodolanyi et al,, 2012; Lafay et al.,, 2013; Vils et al., 2011). This
mineralogical change occurs around 300-400 °C (Fig. 1a; e.g. Lafay et
al., 2013). It appears that in subducted serpentinites, low temperature
serpentine polymorphs (lizardite, chrysotile) are generally character-
ized by higher concentrations in B and Li than the high temperature
serpentine phase (antigorite). Additionally, Kodolanyi and Pettke
(2011) observed that antigorite formed after chrysotile is less enriched
in B, Cl, and Sr; they explain this loss by fluid-assisted chrysotile-
to-antigorite transformation which can remobilize some FME. However,
the lizardite-chrysotile/antigorite change is nearly conservative in a sim-
plified CMSH-system, and consequently only a very limited amount of
H,0 will be released (Wunder et al., 2001). During this change due to
the increasing grade of metamorphism, light elements, and more specif-
ically B, will be liberated together with a fluid phase in a limited quantity.
Moreover, as B will be released in larger quantity than Li (Kodolanyi and
Pettke, 2011; Vils et al., 2011), the lizardite-to-antigorite transition can

Geochemical Characteristics of
Serpentinites in Subduction Context

fractionate B from Li, and is likely to produce fluids with a particularly
high B/Li signature.

4.2. Serpentinite fingerprints in subduction geochemical cycle

Many of the fluid-mobile elements (and sometimes associated iso-
topes) can be used to trace recycling of hydrous materials into the
mantle during subduction (Fig. 12), and it is widely accepted that
serpentinization will play a major role for the recycling of water
and FME (e.g. Hattori and Guillot, 2003; Leeman, 1996; Riipke et al.,
2004; Sharp and Barnes, 2004; Straub and Layne, 2003). In the follow-
ing, we will review the behavior of FME in serpentinites, from ridges
to subduction zones, the transfer of FME into mantle wedge, and their
probable role in arc magmatism.

4.2.1. From ridge to forearc environments: incorporation of serpentinites
within subduction zones and related FME enrichments

Fluid/rock interactions associated to serpentinization at slow-
spreading ridge have important consequences for geochemical cycles
in the ocean as well as for elemental fluxes to subduction zones. As
mentioned before, and despite the preservation of some geochemical
characteristics of the primary rocks, serpentinization causes notable
enrichment of FME in hydrated ultramafic rocks. Consequently, sub-
duction of serpentinized oceanic lithosphere will transport into the
mantle a non-negligible amount of FME. Subducted serpentinites can
derive from abyssal peridotites/serpentinites, and/or (serpentinized)
ultramafic rocks from the OCT. Yet, once incorporated into the accre-
tionary prism, and before their exhumation, they will experience a
complex geological history (e.g. secondary serpentinization at the
trench; e.g. Deschamps et al., 2011) and various chemical interactions
with slab-lithologies, (meta)sediments, and aqueous fluids, along the
entire prograde path, and these processes may play a role in producing
FME enrichments (Deschamps et al., 2011; Lafay et al.,, 2013).

FME show minor differences in their behavior among abyssal,
mantle wedge, and subducted serpentinites (Fig. 11). Mantle wedge
serpentinites are enriched in Li, Cs, and partly in Sr compared to abys-
sal serpentinites which are distinguished by higher concentrations of
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Fig. 12. Schematic cross section of a subduction zone context illustrating the main geochemical characteristics of different serpentinites present in this environment (abyssal,
subducted and mantle wedge). Principal transfer of fluid-mobile elements is also noted, as well as geochemical signature of fluids released during dehydration of serpentinites

and late “antigorite breakdown” due to the prograde metamorphism.
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U. Enrichment in B, As, Sb, and Pb are similar for two types of
serpentinites. The concentrations of nearly all the FME in subducted
serpentinites overlap those of abyssal and mantle wedge serpentinites.
As discussed above (Section 3), subducted serpentinites are enriched in
all other trace elements compared with abyssal and mantle wedge
serpentinites, and they also show the evidence for melt/rock interac-
tions prior to serpentinization. By comparing subducted serpentinites
with refertilized (mantle wedge and abyssal) serpentinites (see above)
and abyssal peridotites (Niu, 2004), we observe also differences
in the sequence of FME enrichment: the compositional trends defined
by subducted serpentinites are different from those in refertilized
serpentinites and abyssal peridotites. With the exception of Li which
composition is controlled by the protolith, all FME abundance of
subducted serpentinites evolves toward sedimentary compositions
(Fig. 11). Therefore, we suggest that subducted serpentinites have
experienced a complex geological history, notably including first re-
fertilization, and addition of FME induced by (meta)sedimentary-
related fluids during subduction.

A second serpentinization can occur during the early stages of
subduction, and is mainly controlled by sediment-derived fluids as
shown by Deschamps et al. (2011, 2012) on the basis of As and Sb en-
richments, and Pb-isotope compositions of bulk serpentinites and
associated serpentine phases. On the basis of the study of the
accretionary prism of Queyras (Western Alps), Lafay et al. (2013)
envisaged two stages for serpentinization. (i) The first stage is
associated with the reactivation of normal faults that formed earlier
at spreading ridges and/or formation of new bending normal faults at
the outer rise/trench zone when the serpentinized oceanic lithosphere
enters into the subduction zone (e.g. Ranero et al, 2003, 2005);
subsequently such faulting could favor the accumulation of sediments
and the infiltration of sediment-derived fluids into the slab. (ii) The sec-
ond scenario, which seems more realistic and efficient, implies that
sediment-derived fluids percolate throughout the serpentinites within
the subduction channel, where (meta)sediments and serpentinites are
more or less intimately mixed. This last scenario is confirmed by field
observations where serpentinites wrap (meta)sediment blocks for
example (e.g. Guillot et al., 2009), as well as by numerical models
(e.g. Gerya and Stockhert, 2002; Gorczyk et al.,, 2007). In this environ-
ment, serpentinites will store a non-negligible amount of FME. More-
over, it is assumed that serpentinites can act as sponges by acquiring
and bringing at deeper depth a sedimentary signature (Deschamps et
al,, 2011; Lafay et al,, 2013) until they are released by dehydration of
serpentinites, during antigorite breakdown as discussed below.

4.2.2. Fluid transfers from the slab to the mantle wedge

The dehydration of the subducting slab (which experiences in-
creasing pressure and temperature triggering prograde metamorphic
changes and dehydration) liberates a significant amount of fluids into
the mantle wedge (Hyndman and Peacock, 2003; Schmidt and Poli,
1998, 2003; Tatsumi and Eggins, 1995), which as a result experiences
serpentinization.

Due to high degrees of melting and melt extraction of the mantle
protoliths, mantle wedge serpentinites are characterized by low to
very low trace element concentrations. Relative to other elements
with similar compatibility (Figs. 6d, e, f and 11), mantle wedge
serpentinites are characterized by generally strong bulk-rock enrich-
ment in Cs, Rb, Sr, Ba, Pb, and Li. These high contents in FME, notably
in alkali elements, probably reflect the elevated concentrations of
these elements in the mantle wedge hydrating fluids. Compared
with the hydrothermal fluids serpentinizing the abyssal mantle at
ridges, these fluids are especially rich in Cs, Rb, and Sr which suggest
that they originate from sediment dehydration during shallow sub-
duction, for instance beneath forearcs (e.g. Bebout and Barton,
2002; Hyndman and Peacock, 2003; Iwamori, 1998; Scambelluri et
al., 2004b; Schmidt and Poli, 1998, 2003; You et al., 1996). Several
studies support this hypothesis. Kodolanyi et al. (2012) and Aziz et

al. (2011) point out that mantle wedge serpentinites from different
forearc systems display the same LILE enrichments, indicating inter-
action with sediment-derived fluids having high LILE contents
(Ba/Th (up to 1200), U/Th (up to 90), Ba/La (up to 285), Sr/Ce
(up to 420), and Ba/Rb (up to 125) in mantle wedge serpentinites). Sta-
ble isotope (6'%0 and 6D) measurements on serpentinites from Mariana
forearc also indicate that the fluids responsible for serpentinization
could be ultimately derived from the sediments in the subducting
slab (Alt and Shanks, 2006). Alt and Shanks (2006) estimate that
serpentinization took place within the mantle wedge over tempera-
tures of about 300-375 °C, and that percolating fluids were released
from the slab at a temperature lower than 200 °C.

4.2.3. Serpentinite dehydration and its relation with arc magmatism

Although it is widely accepted today that the FME-rich signature
observed in arc magmas is explained by the subducted sediments
and altered oceanic crust, an increasing number of observations indi-
cates that serpentinites have a role in the process (e.g. Singer et al.,
2007; Stern et al., 2006; Tonarini et al., 2007). Hattori and Guillot
(2003) have proposed a relation between location of active arc volca-
noes on the surface, and the depth of slab below the volcanic front,
which is generally between 80 and 140 km depth (Figs. 1a and 12).
This depth interval corresponds to the maximum pressure of the sta-
bility field of antigorite (Ulmer and Trommsdorff, 1995; Wunder and
Schreyer, 1997). The release of water from serpentinites occurs later,
deeper, and produces a greater amount of water than most of the hy-
drous slab-constitutive lithologies that releases water continuously
during their subduction history (Riipke et al, 2002, 2004). As
observed before, mantle wedge and subducted serpentinites are
FME-rich, and they will release also large amount of FME during
antigorite breakdown, since they are not compatible with newly
formed olivine (Tenthorey and Hermann, 2004), as well as halogens
(e.g. F, Cl, Br, and [; John et al,, 2011) and noble gas (e.g. Ne, Ar, Kr
and Xe; Kendrick et al., 2011). Moreover, according to the model of
“sponge” serpentinites which could act as a temporary reservoir
(Deschamps et al., 2011), once incorporated into serpentinites, FME
become immobile (with the exception of B, and to a lesser extent Li
partially released at the lizardite/antigorite transition) and can be
transferred downward until antigorite breakdown (~600-700 °C).
This contrast with the well known devolatilization of FME usually ob-
served for subducted sedimentary rocks (e.g. Bebout et al., 1999,
2007) and altered oceanic crust during prograde metamorphism
(e.g. Bebout, 2007; Marschall et al., 2007).

When serpentine phases are destabilized, FME-rich aqueous fluids
released from serpentinites will migrate upward, through the anhy-
drous mantle wedge, will trigger partial melting, and subsequently
FME can be incorporated into the arc magmas. Enrichments in As,
Sb, Pb, and B, elements which are hosted by serpentinites (Fig. 11),
are commonly observed in arc magmas (e.g. Leeman, 1996; Noll et
al.,, 1996; Ryan et al., 1995). The elevated B concentrations observed
in some arc lavas (high B/La ~5-50) have been interpreted as evi-
dence of mantle wedge metasomatism by serpentinite-derived fluids
(e.g. Ishikawa et al., 2001; Singer et al., 2007). These observations
must be related to the conclusions of Savov et al. (2007) who propose
that dehydration of serpentinites leads to loss of over 80% of B and 9%
of Li. B and Li can be easily traced using their isotopes which have
specific signature (e.g. Benton et al, 2001, 2004; Ishikawa et al.,
2001; Singer et al., 2007), notably due to isotopic fractionation during
dehydration (Wunder et al., 2010). In this context, B concentrations
and isotope compositions could be valuable tracers of serpentinite in-
fluence upon arc magma geochemical compositions, as it is the case
for Pb-isotope compositions in subducted sediments which influence
isotope compositions of arc magmas. It is accepted that the B isotope
compositions of arc magmas cannot be solely explained by the influ-
ence of fluids released from oceanic crust or sediments upon the arc
magma mantle source, and therefore subducted and/or mantle wedge
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serpentinites play a non-negligible role in this context (e.g. Benton et
al.,, 2001; Scambelluri and Tonarini, 2012; Straub and Layne, 2002;
Tonarini et al., 2007, 2011). Note that chlorine (which was not
presented in this study due to the small amount of reliable data) and
particularly Cl-isotope also allow tracing of serpentinite-derived fluids
(e.g. Barnes and Straub, 2010; Barnes et al., 2008; Bonifacie et al,
2008). Another probable influence of serpentinites on the formation
of subduction-related volcanic rocks relates to the observed depletion
of high-field-strength elements (HFSE; Nb, Ta, Zr, Hf, and Ti) com-
pared to large-ion lithophile elements (LILE; Rb, Ba). Garrido et al.
(2005) propose that dehydration of antigorite produce chlorite-
harzburgite which may scavenge HFSE from the released fluids, due to
the formation of F-OH-Ti-clinohumite; this last phase can retain
HFSE during melt generation and/or transport. A last point discussed
by Niu (2004) concerns the high U/Pb ratio observed on abyssal perido-
tites, refertilized abyssal and mantle wedge serpentinites, and partly on
subducted serpentinites. If such characteristics are preserved during
subduction, it is possible that these rocks could contribute to composi-
tional heterogeneities in the Earth's mantle, and notably to the HIMU
isotopic signatures observed on some oceanic island basalts (Niu, 2004).

Few studies exist today about the nature and geochemical composi-
tions of fluids released during dehydration of serpentinites (Garrido et
al., 2005; Scambelluri et al.,, 1995; Scambelluri et al., 2001a,b, 2004a,
2004b; Tatsumi and Nakamura, 1986; Tenthorey and Hermann, 2004),
and to our knowledge, only few field geological evidence of dehydrations
of serpentinites, with the transition from serpentine phases to anhydrous
mantle minerals is documented (Cerro del Almirez massif, Spain; e.g.
Marchesi et al., 2013-this volume; Padrén-Navarta et al, 2011;
Scambelluri et al, 2001a; Trommsdorff et al, 1998; Tso Morari,
Himalaya; e.g. Guillot et al., 2001; Hattori and Guillot, 2007).

5. Summary

We compiled >900 available geochemical data of abyssal, mantle
wedge, and subducted serpentinites in order to evaluate the
geochemical evolution of these rocks during their subduction history
as well as their roles in the global geochemical cycle. A summary of
the geochemical characteristics of serpentinites, depending on the
context in which they were formed, is given in Fig. 12.

(1) Abyssal and mantle wedge serpentinites are characterized by
refractory compositions. No evidence of mobility (with the ex-
ception of Ca) is observed for major elements and most trace
elements. Thus, REE and IPGE can be used to characterize the
initial protolith. However, we observe samples having high
LREE that likely reflect processes before serpentinization,
such as melt/rock interactions.

Subducted serpentinites are characterized by less refractory

compositions, and notable enrichments in REE. Such composi-

tions could reflect a magmatic refertilization process, and/or
could be related to the intrinsic nature of the protolith (such
as an ocean-continent transition mantle).

(3) Based on a selected geochemical features (REE patterns, Ti and
PGE contents, Cr# of chromian spinel), it is possible to estimate
the nature of the initial protolith for serpentinites, as well as
the geological settings in which they were formed.

(4) All serpentinites, whatever the geological settings, are charac-
terized by moderate to strong enrichments in fluid-mobile
elements (such as B, Li, As, Sb, Pb, U, Cs, Sr, Ba) during
serpentinization. In detail, FME enrichment in subducted
serpentinites is characterized by a strong influence of sediment-
derived fluids, and result from late chemical interactions proba-
bly within the subduction channel.

Serpentinites must be taken into account for the interpretation of

fluid-mobile element compositions, as well as isotopic signature

(B, Li, Pb), of arc magmas.
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