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We provide new insights into the geochemistry of serpentinites from the Alpine orogenic wedge representing
a paleo-subduction zone. These serpentinites are derived from similar oceanic protoliths, but they have expe-
rienced different metamorphic conditions related to three different structural levels of the paleo-subduction
zone ((1) obducted: Chenaillet ophiolite, (2) accretionary wedge: Queyras Schistes lustrés complex and
(3) serpentinite channel: Monviso ophiolite). Metamorphism undergone by these three units is well defined,
increasing eastward from sub-greenschist to eclogite facies conditions, and allows us to examine trace ele-
ment behavior from the oceanic ridge environment to subduction. Serpentinites first record moderate trace
element enrichment due to seawater interaction resulting in the replacement of olivine and pyroxene by
chrysotile and lizardite below 300 °C. In the sediment-dominated accretionary wedge, serpentinites are
strongly enriched in fluid-mobile-elements (B, Li, As, Sb, and Cs) and act as a trapping system following the
metamorphic gradient (from 300 to 390 °C) up to total replacement of the lizardite/chrysotile assemblage
by antigorite. Under higher temperature conditions (T>390 °C), no enrichment was observed, and some
fluid-mobile elements were released (B, Li, Cs, and Sr). Moreover, in the serpentinite channel (T>460 °C),
most of the fluid-mobile elements are absent due to the scarcity ofmetasediments which prevent geochemical
exchange betweenmetasediments and serpentinites. This is also due to the onset of antigorite breakdown and
the release of fluid-mobile elements. Thus, we emphasize that the geochemistry of Alpine serpentinites is
strongly dependent on (1) the grade of metamorphism and (2) the ability of metasediments to supply
fluid-mobile elements. We conclude that serpentinites act as a trap-and-release system for fluid-mobile ele-
ments in a subduction context.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Serpentinites are recognized as an important pathway for water
transport in settings ranging from oceanic spreading ridges to subduc-
tion zones and thus play an important role in the global geochemi-
cal cycle (Ulmer and Trommsdorff, 1995; Scambelluri et al., 2001;
Rüpke et al., 2002; Hattori and Guillot, 2003, 2007; Deschamps et al.,
2010). Serpentinites formed in abyssal environment which incude
the serpentine species (lizardite (Lz), chrysotile (Ctl), and antigorite
(Atg)) are characterized by strong enrichment in fluid-mobile ele-
ments (Thompson and Melson, 1970; Seitz and Hart, 1973; Moody,
1976; Bonatti et al., 1984; Deschamps et al., 2011, 2012; Pabst et al.,
y).

rights reserved.
2011; Kodolányi et al., 2012), which aremainly due to fluid/rock inter-
actions and hydrothermal activity occurring in slow-spreading ridge
environments. During subduction, serpentinites undergo dehydration
at roughly 650–700 °C (the so-called “antigorite breakdown”, Ulmer
and Trommsdorff, 1995;Wunder and Schreyer, 1997) allowing the re-
lease of water and fluid-mobile elements through the mantle wedge
(Scambelluri and Philippot, 2001; Scambelluri et al., 2001, 2004;
Hattori and Guillot, 2003; Deschamps et al., 2010; Kodolányi and
Pettke, 2011; Vils et al., 2011). These fluids transported into the man-
tle wedge can contribute to the formation of arc magmas (Hattori and
Guillot, 2003, 2007) and partly control their geochemical signatures.
Recently, Deschamps et al. (2011) used Pb isotopes to show that
over-enrichment in fluid-mobile elements in serpentinites can be re-
lated to early sediment dehydration during subduction. The timing
and the modality of this geochemical exchange between serpentinites
and metasediments remain unclear.
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In the western Alps, the Piedmont zone corresponds to the juxta-
position of different levels of a paleo-subduction zone. From the top
to the bottom, we observe the following: (i) the obducted Chenaillet
ophiolite; (ii) the Schistes lustrés complex dominated by oceanic sed-
iments; and (iii) the Monviso ophiolite composed of mafic-to-
ultramafic rocks related to the deeply subducted oceanic lithosphere.
The present-day geometry corresponds to an orogenic wedge tilted to
the west. The metamorphic P–T conditions increase eastward from
sub-greenschist facies conditions to eclogite facies conditions (Goffé
et al., 2004).

Sampling these different levels of the paleo-subduction zone offers
the unique opportunity to trace the changes in the chemical composi-
tion of serpentinites along a low-temperature metamorphic gradient
related to subduction dynamics. In this study, we present whole rock
chemical analyses of serpentinites and associated sediments, as well
as in situ analyses by laser ablation (LA) coupled with inductively
coupled plasma (ICP) mass spectrometry (MS) (LA-ICP-MS) of ser-
pentines. This approach allows: (i) tracing the geochemical evolution
of serpentinites; (ii) constrainingmajor and trace element behavior in
relation to the structural level of the paleo-subduction zone; and
(iii) deciphering the fluid exchange between serpentinites and meta-
sediments during subduction processes.

2. Geological setting

The Piedmont zone of the internal part of the Western Alps
(Fig. 1a) was formed by the juxtaposition of continental and oceanic
units derived from the distal Europeanmargin and the oceanic domain
(Lemoine et al., 1986). These units result from the closure of the
Ligurian ocean, a part of the Tethys ocean, which occurred from the
Late Cretaceous to the Oligocene (Handy et al., 2010). They represent
a paleo-subduction zone deformed and metamorphosed under high-
pressure and low-temperature conditions (HP-LT) during subduction
from Northwest to Southeast. This paleo-subduction complex was ex-
humed and deformed during the Oligocene collision (Agard et al.,
2002; Lardeaux et al., 2006; Tricart and Schwartz, 2006; Schwartz
et al., 2009). The Piedmont zone is composed by the association of sed-
iment, mafic and ultramafic lithologies related to the Tethyan oceanic
lithosphere. From North to South the following units are outcropping
in the piedmont zone: the Chenaillet ophiolite, the Schistes lustrés
complex and the Monviso ophiolite. The Chenaillet ophiolite escaped
high-pressure and low-temperature (HP-LT) metamorphism and rep-
resents a piece of the Tethyan ocean. Presently, the Chenaillet ophio-
lite lies on the Schistes lustrés complex. The Schistes lustrés complex
corresponds to the sedimentary accretionary wedge derived from
oceanic sediments (Lemoine et al., 1984). This complex is composed
of a west-dipping, ten-kilometer thick nappe stack. Series within the
Schistes lustrés complex are composed byheterogeneousmetasediments
(metamorphic marls, clays, and limestones) enclosing decametric-to-
kilometric lenses of oceanic rocks (basalt, gabbro, serpentinite)
(Tricart and Lemoine, 1991; Schwartz et al., 2009). The Schistes lustrés
complex records blueschist facies conditions (Goffé et al., 2004) and
was exhumed and tilted toward thewest, generating extensional brittle
structures during the Neogene (Tricart et al., 2004). The Monviso
ophiolite is mainly composed of mafic and ultramafic rocks originating
from the oceanic lithosphere that were strongly deformed and meta-
morphosed under eclogitic-facies conditions (Lombardo et al., 1978;
Schwartz et al., 2000; Angiboust et al., 2011).

Previous studies (Agard et al., 2001; Goffé et al., 2004; Tricart and
Schwartz, 2006; Schwartz et al., 2007, 2009; Angiboust et al., 2011)
have identified several metamorphic units in the Piedmont zone
Fig. 1. (a) Tectonic sketch map of the western Alps. (b) Simplified geological map of the stu
Schwartz et al., 2013). This domain is bounded by the Briançonnais zone to the west and by
corresponds to a calcschist-rich accretionary wedge enclosing scattered ophiolitic bodies m
have been sampled from sub-greenschist (Chenaillet) to eclogitic (Monviso) facies conditio
(Fig. 1b). In this study, six metamorphic Grades have been defined.
The Chenaillet ophiolite has recorded sub-greenschist-facies condi-
tions (200bTb300 °C; Pb4 kbar) and corresponds to Grade 0. In the
Schistes lustrés complex, four Grades are distinguished, which record
an increase of the P–T conditions eastward. In detail, thewestward do-
main presents low-temperature blueschist-facies conditions (300bTb
350 °C; 9bPb11 kbar), this domain corresponds to Grade 1. The cen-
tral domain records medium-temperature blueschist facies condi-
tions, and it is divided into Grade 2 (340bTb360 °C; 10bPb12 kbar)
and Grade 3 (360bTb390 °C; 10bPb12 kbar). The eastward domain
has recorded high-temperature blueschist facies conditions (390bTb
480 °C; P>12 kbar) and corresponds to Grade 4. In the Monviso
ophiolite, all metamorphic assemblages are eclogitic (T>460 °C,
P>20 kbar) and correspond to Grade 5.

In these six metamorphic grade domains, we collected a total of 18
samples including serpentinites andmetasediments to investigate the
geochemical evolution of serpentinites in each level of the paleo-
subduction zone associated with the paleo-thermal gradient recorded
during the subduction (Fig. 1b and c; Table 1).

3. Sample description

Eight metasediments (Fig. 1b) were collected, in a west–east tran-
sect, in Cretaceous calcareous-schists (Lemoine et al., 1984) derived
from foraminifera oozes. Metasediments show lithologic variability
owing to different clay versus carbonate fractions in their protoliths.
The carbonate contents result from both biogenic production (pelagic
foraminifera) and from detrital input (calciturbidites). Due to this
high lithological heterogeneity, it is difficult to sample a single lithol-
ogy all along the transect. The samples are strongly deformed, and the
main schistosity is dominated by phengite, quartz, calcite and oxides.
Glaucophane and pseudomorphs of lawsonite or zoisite are also
present. In the Chenaillet ophiolite, the only sedimentary component
corresponds to ophicalcite sediments. Because these sediments have
a hydrothermal origin (Lemoine et al., 1983), we do not use them in
this study.

Ten serpentinites were sampled from the studied area. Two come
from Chenaillet ophiolite, four come from the Schistes lustrés complex
and four come from the Monviso eclogitic unit (Fig. 1). These samples
were systematically collected in preserved zones in the absence of
retrogressed mineral phases. The serpentine mineral identification is
described in detail in a companion paper (Schwartz et al., 2013) and
was performed using optical and Raman spectroscopy (Table 1). All
the serpentinites (Fig. 1b) display morphological oceanic features
serpentinites with pseudomorphic textures (Wicks and Whittaker,
1977; Mével, 2003) (Fig. 2). These textures are the result of the
remplacement of the primary assemblage (dominated by pyroxene
and olivine) by serpentine. The replacement of olivine induces the for-
mation of a mesh texture due to multiple hierarchic micro-fractures
and formation of sub-grains. The replacement of pyroxene minerals
during hydration of the oceanic lithosphere by oceanic water circula-
tion induces the formation of bastite. The general serpentinization re-
action can be expressed as: olivine+enstatite+H2O=serpentine+
magnetite±brucite (Martin and Fyfe, 1970; Seyfried et al., 2007).
Note that in all our samples no brucite was identified. The absence of
brucite could be interpreted as the result of a lower degree of olivine
hydration with respect to enstatite hydration precluding any release
of Mg necessary for the brucite crystallization or alternatively that
brucite is consumed during prograde reactions. Lizardite is the domi-
nant phase in serpentinites and replaces the primary olivine and py-
roxene, whereas chrysotile is present in veins cross-cutting the mesh
died area located in the Schistes lustrés complex of the Piedmont zone (modified from
the internal crystalline massif of Dora Maira to the east. The Schistes lustrés complex

etamorphosed under HP facies conditions. Ten serpentinites and eight metasediments
ns. Sample locations are indicated by black stars.



40 R. Lafay et al. / Chemical Geology 343 (2013) 38–54



Table 1
Locations, metamorphic conditions and nature of serpentine phases for samples (serpentinites and metasediments) analyzed in this study. Data come from Schwartz et al., 2013.

Metamorphic
grade

Serpentine phases Secondary phases

Serpentinites Sediments Location T (°C) P (Kbar) Lz. Ctl. mixed Atg.

ICH01–ICH02 (none) Chenaillet 200–300 b4 0 +++ + − − relictual cpx; mt
RQ30 RQ36 Rocher Blanc 300–350 9–11 1 ++ ++ − + relictual cpx; mt
RQ23 RQ26–RQ28 Rocca Bianca 340–360 10–12 2 ++ − ++ ++ mt
RQ16 RQ22 Eychassier 360–390 10–12 3 + – ++ ++ mt
RQ01 RQ04–RQ08 Refuge du Viso 390–480 12–15 4 − − − +++ mt
V6–CT01 V11–V15 Viso >480 >20 5 − − − +++ mt; chl; ol
V14–V10

cpx: clinopyroxene, mt: magnetite, chl: chlorite, ol: olivine.
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texture. Magnetite is occurs as submillimetric veins surroundingmesh
and bastite. A clear identification of serpentinite mineral texture pro-
vides important information on the nature of the initial peridotite.

Serpentinites ICH01 and ICH02 from Chenaillet (Grade 0) are not
deformed, and their original texture is preserved (pseudomorphic
texture), with fresh primary pyroxenes and olivines still visible. The
samples are mainly dominated by lizardite, showingmesh and replac-
ing, principally, primary olivine due to the circulation of hydrothermal
fluids in an abyssal environment. Chrysotile veins crosscut the tex-
ture; they may be related to early fluids circulating during oceanic
serpentinization (Andréani et al., 2007) and/or during obduction pro-
cess (Fig. 2a). Because Chenaillet ophiolite and related serpentinites
were obducted during Alpine history, they can be used as a reference
for comparison with other serpentinite samples.

Serpentinites from the Schistes lustrés complex were collected in
hectometric-to-kilometric lenses of ultramafic rock enclosed in meta-
sediments. All serpentinites were sampled in undeformed zones
where the pseudomorphic texture is preserved. From West to East,
we sampled different serpentinite lenses (Fig. 1b): the Rocher Blanc
(RQ30) corresponding to Grade 1, the Rocca Bianca (RQ23) corre-
sponding to Grade 2, the Eychassier (RQ16) corresponding to Grade
3 and the Refuge du Viso (RQ01) corresponding to Grade 4 (Table 1).
Serpentinites from Grade 0 to Grade 3 are dominated by low-grade
serpentine phases (lizardite and chrysotile). The amount of antigorite
increases in surface, optically, from Grade 1 (b10%) to Grade 3 (>50%).
Antigorite grows, at the expense of lizardite, along grain boundaries
producing antigorite vein networks (Fig. 2b). In Grades 2 and 3, lizardite
preserved in mesh texture systematically shows an intermediate
Raman spectrum between lizardite and antigorite and is interpreted
as a mixed antigorite/lizardite serpentine related to the destabilization
of lizardite to antigorite at the core of themesh texture (Fig. 2b). In sam-
ple RQ23 (Grade 2), we observed local antigorite patches superimposed
on the mesh texture (Fig. 2c). Serpentinites from Grade 4 and Grade 5
samples are mainly composed of antigorite, in both mesh texture
and bastite, without any evidence of the mixed antigorite/lizardite
serpentine. Samples from the eclogitic unit of the Monviso ophiolite
(CT01-V6-V10-V14) corresponding to Grade 5 are slightly deformed,
but exhibit a locally preserved oceanic-type pseudomorphic texture
(Fig. 2d). Locally, chlorite and metamorphic olivine crystallized at the
expense of antigorite. This has been demonstrated by X-ray powder dif-
fraction (XRD) measurements (Schwartz et al., 2013) and is indicative
of the onset of deserpentinization (e.g., Scambelluri and Philippot,
2001; Scambelluri et al., 2001, 2004; Evans, 2004). Chemical formulas,
textural characteristics and P–T stability fields of the three types of ser-
pentine are presented in Table 2.
Fig. 2. Thin-section photomicrographs of serpentinites (left: normal light; right: cross polar
ture (mesh with hourglass texture after olivine). Magnetite (mt) is located at the rim of prim
with mesh and bastite (bs) textures dominate by lizardite and chrysotile assemblage (c) Sam
ance of antigorite (atg) at the expense of grain boundary. (d) Sample RQ23 (Grade 2), mes
CT01 (Grade 5), pseudomorphic texture fully replaced by antigorite, and focus on chlorite (
4. Analytical techniques

4.1. Whole rock major and trace element compositions

Part of each sample was crushed and reduced to powder in an
agate ring mill for further whole rock measurements. Major element
concentrations were analyzed by Inductively Coupled Plasma Emis-
sion Spectrometry (Thermo ICP-OES Icap 6500) at the “Service d'
Analyse des Roches et des Minéraux” at “Centre de Recherches
Pétrographiques and Géochimiques” (CRPG), Nancy, France. Analyti-
cal procedures and uncertainties are described in detail in Carignan
et al., 2001. Data are reported in Table 3. The precision and accuracy
is better than 1% for >10 wt.% oxide proportion, within 1–5% for
1–5 wt.% oxide proportion and 5–15% for >0.5 wt.% oxide proportion.

Trace element concentrations (Li, Cd, Co, Ni, Cu, As, Rb, Sr, Y, Zr, Nb,
Cs, Ba, rare earth elements (REE), Hf, Ta, Pb, Th, U andW) were deter-
mined at Géosciences Montpellier (Université Montpellier 2, France)
using an Agilent 7700X quadrupole ICP-MS. The analytical procedure
is described by Ionov et al. (1992) and Godard et al. (2000). The preci-
sion and accuracy of the analyses were assessed by measuring four
rock standards as unknowns: peridotite JP-1, serpentinite UBN, basalt
BEN, and shale OU-6 (values are presented in the Appendix 1). Preci-
sion is generally better than 1% at concentrations >1 μg/g; it is within
1–5% for concentrations of 10–1000 ng/g, and 5–10% for concentra-
tions less than 10 ng/g. Measured values for most of the elements
are comparable with expected values from the international stan-
dards. Table 3 presents the results of the trace elements analyses for
serpentinites and metasediments. We observed a bias compare to ref-
erence values for As, Li, Mo, U andW (25–40%), and for Ni, Cu, Rb, Sr, Y,
Zr, La, Pr, Nd, Tb, Dy, Er, Hf (10–21%) (see Appendix 1). The offset is
under 10% for all the other elements. Despite these systematic biases,
the reproducibility of each standard is good for all elements except Li,
U and Th. In addition, whole rock trace element data for our samples
display significant chemical trends. Thus in this study we do not insist
on the absolute element values but instead discuss our results in terms
of global trends relative to those of in-situ measurements.

4.2. Mineral geochemistry

Major element concentrations were determined using a Cameca
SX 100 electron-microprobe at the “Laboratoire Magma et Volcans”
(Clermont Ferrand University, France). Operating conditions of
15 kV accelerating voltage, a sample current of 15 nA and a counting
time of 10 s/element were used, except for Ni (20 s). Standards used
were albite (Na), forsterite (Mg and Ni), orthose (K), wollastonite (Ca
ized light). (a) Sample ICH02 (Grade 0) with lizardite (lz) forming pseudomorphic tex-
ary olivines. Secondary veins are filled with chrysotile (ctl). (b) Sample RQ30 (Grade 2)
ple RQ16 (Grade 3) with pseudomorphic texture (mixed serpentine). Note the appear-
h texture characterized by lizardite/mixed varieties and antigorite patches. (e) Sample
chl) and metamorphic olivine (ol) replacing antigorite in a deformed area.
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Table 2
Chemical formulas, temperature stability fields and general textural characteristics of different serpentine varieties (modified after Evans, 2004).

Variety Formula Temp. (°C) stability range Origin and texture

Chrysotile Mg3Si2O5(OH)4 50–300 Veins and replacements
Lizardite Mg3Si2O5(OH)4 0–400 Hydration of peridotite (mesh/bastite)
Antigorite Mg48Si34O85(OH)62 300–650 Recryst. of serp. Hydrat. of peridotite (mesh/bastite)
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and Si), MnTiO3 (Ti and Mn), Cr2O3 (Cr), fayalite (Fe) and synthetic
Al2O3 (Al).

In situ trace element compositions were determined at “Géosciences
Montpellier” (Montpellier 2 University, France) using a ThermoFinnigan
Element 2 HR-ICP-MS with a single collector double-focusing sector
field Element XR (eXtended Range) coupled with a laser ablation sys-
tem, aGeolas (Microlas) automated platformhousing a 193 nmCompex
102 laser from LambdaPhysik. Analyses were performed on 150 μm
thick polished sections in a modified ablation cell of 30 cm3, which re-
sults in a shorter washout time and an improved sensitivity compared
to the initial, larger ablation cell. To enhance sensitivity and reduce
Table 3
Whole rock major (ICP-OES; wt.%) and trace element (ICP-MS; μg/g) concentrations for ser

Serpentinite

Sample ICH01 ICH02 RQ30 RQ23 RQ16 RQ01 V14 V10

Grade 0 0 1 2 3 4 5 5

SiO2 39.3 39.6 38.6 39.9 40.0 40.1 40.4 40.7
Al2O3 1.6 1.0 1.6 0.7 2.3 1.3 1.5 1.4
Fe2O3 8.4 7.8 9.0 9.4 8.0 7.6 7.8 8.1
MnO 0.09 0.09 0.08 0.08 0.11 0.12 0.11 0.09
MgO 36.1 37.9 37.0 36.5 35.4 37.9 37.4 37.4
CaO 0.77 0.05 0.04 b.d.l. 0.11 0.21 b.d.l. b.d.l.
Na2O b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
K2O b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
TiO2 0.05 0.02 0.02 0.03 0.08 0.01 0.03 0.02
P2O5 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
L.O.I. 12.4 13.2 12.9 12.1 12.6 11.9 11.8 11.6
Total 98.7 99.6 99.1 98.8 98.7 99.1 99.0 99.3
Li 0.29 0.27 2.11 0.48 4.01 0.05 0.20 0.18
Co 87.7 93.6 93.6 98.0 91.7 82.9 89.3 87.5
Ni 1692 1811 1819 2021 1824 1083 1826 1749
Cu 12.2 28.0 14.4 43.4 24.8 6.6 27.7 1.0
Zn 36.7 146.3 37.0 56.7 139.6 44.9 55.2 45.2
As 0.05 0.22 0.14 0.90 0.52 3.97 0.90 0.44
Mo 0.020 0.032 0.028 0.025 0.015 0.025 0.027 0.019
Sb 0.004 0.028 0.014 0.129 0.238 0.995 0.049 0.029
W 0.015 n.d. n.d. 0.021 n.d. 0.042 n.d. n.d.
Rb 0.12 0.11 0.15 0.20 0.65 0.07 0.25 0.11
Sr 1.78 1.34 4.61 2.04 5.70 0.30 0.43 0.25
Y 1.27 0.36 1.30 0.57 3.22 0.49 1.18 0.79
Zr 0.50 0.69 0.40 1.25 1.55 0.07 0.41 0.24
Nb 0.010 0.016 0.011 0.023 0.022 0.012 0.056 0.049
Cs 0.01 0.01 0.25 0.65 3.03 0.01 0.03 0.01
Ba 1.30 7.14 3.02 1.09 5.70 0.90 2.76 1.10
La 0.015 0.058 0.036 0.103 0.102 0.056 0.224 0.078
Ce 0.037 0.127 0.127 0.208 0.280 0.130 0.591 0.216
Pr 0.007 0.016 0.025 0.028 0.056 0.014 0.079 0.034
Nd 0.066 0.088 0.157 0.134 0.355 0.063 0.381 0.174
Sm 0.045 0.038 0.062 0.038 0.156 0.016 0.096 0.054
Eu 0.022 0.019 0.026 0.026 0.060 0.008 0.032 0.021
Gd 0.103 0.056 0.116 0.056 0.295 0.035 0.140 0.088
Tb 0.021 0.008 0.023 0.010 0.057 0.008 0.023 0.015
Dy 0.177 0.055 0.175 0.073 0.443 0.069 0.168 0.111
Ho 0.041 0.011 0.041 0.017 0.101 0.017 0.038 0.026
Er 0.128 0.031 0.125 0.054 0.300 0.056 0.109 0.079
Tm 0.020 0.005 0.019 0.009 0.045 0.009 0.017 0.013
Yb 0.144 0.034 0.132 0.074 0.307 0.071 0.120 0.093
Lu 0.025 0.006 0.025 0.015 0.053 0.012 0.021 0.016
Hf 0.043 0.033 0.019 0.039 0.100 0.006 0.021 0.016
Ta b.d.l b.d.l b.d.l 0.002 b.d.l b.d.l 0.003 0.003
Pb n.d. 4.99 n.d. 1.54 5.88 1.07 2.24 1.01
Th 0.007 0.011 b.d.l 0.005 0.007 0.014 0.024 0.011
U 0.001 0.009 n.d. 0.004 0.003 0.003 0.034 0.065
inter-element fractionation, ablation experiments were conducted in a
helium atmosphere (Gunther and Heinrich, 1999). The helium gas and
particles from the sample were then mixed with argon before entering
the plasma. Time resolved Signalswere acquired in time-resolved acqui-
sition, devoting 2 min to the blank and 1 min to themeasurement of the
samples. The laser was fired using an energy density of 15 Jcm−2 at a
frequency of 7 Hz and a spot size of 102 μm. This large beam size was
used during this study to obtain a higher sensitivity and a higher mea-
surement precision. This resulted in a sensitivity of ~1000 cps/μg/g for
B, ~1200 cps/μg/g for As, ~2200 cps/μg/g for Li, ~4100 cps/μg/g for Sb,
~15,000 cps/μg/g for Cs. The sensitivity of other trace and minor
pentinites and metasediments (b.d.l.: below detection limit; n.d.: not determined).

Sediments

RQ36 RQ26 RQ28 RQ22 RQ04 RQ08 V11 V15

1 2 2 3 4 4 5 5

67.4 48.7 50.8 39.6 26.8 38.4 57.2 48.2
14.2 19.5 18.4 11.0 8.4 11.3 10.6 17.3
7.0 7.0 6.5 4.5 3.6 6.3 5.5 7.1
0.30 0.10 0.19 0.18 0.08 0.24 0.18 0.15
2.8 2.6 2.5 1.9 1.7 2.4 3.5 2.2
0.2 6.2 6.6 19.6 30.8 19.3 10.1 9.8
0.86 0.93 1.40 3.81 0.22 0.81 0.79 0.81
2.13 4.14 2.99 1.10 1.76 1.42 1.62 3.21
0.53 0.89 0.83 0.49 0.37 0.61 0.51 0.78
0.09 0.14 0.12 0.08 0.09 0.10 0.11 0.13
3.7 8.8 9.0 17.1 26.3 18.5 9.4 10.8

99.2 99.0 99.4 99.3 100.2 99.3 99.6 100.4
53.1 35.8 63.3 10.8 16.6 35.7 9.7 18.6
22.3 15.1 25.2 12.0 9.4 12.4 32.7 24.0
97.5 58.5 90.6 39.9 35.4 35.0 141.9 70.3
41.2 39.5 73.9 30.4 24.5 26.3 64.7 44.4

100.6 110.2 161.3 72.6 58.9 74.6 76.6 167.2
2.68 5.29 9.49 3.68 3.19 3.38 3.48 6.92
0.10 0.44 1.29 0.59 0.78 0.28 0.15 0.83
0.16 0.44 1.26 0.17 0.23 0.25 0.20 0.33
1.51 1.29 2.36 0.92 0.75 1.52 0.38 1.71

84.7 162.4 159.3 39.9 65.4 64.9 81.9 157.4
20.2 142.6 222.5 496.5 364.8 415.7 148.3 148.9
10.0 17.6 24.0 20.9 18.2 16.7 26.4 28.3
75.8 86.2 134.9 40.6 19.2 61.3 18.6 26.1
10.6 16.5 25.2 9.8 7.5 13.4 11.4 20.2
5.2 8.0 10.4 2.1 3.2 3.8 2.7 6.7

226.4 394.3 424.1 150.8 190.2 126.6 90.8 362.6
20.5 40.3 55.9 25.5 18.2 26.8 27.9 43.3
47.4 80.3 110.3 51.1 33.7 52.9 62.4 87.9
4.87 8.89 12.09 5.61 4.01 5.92 6.54 9.45

19.8 34.7 46.9 22.0 15.9 24.2 26.5 36.7
3.48 6.06 8.20 3.98 2.97 5.40 5.16 6.64
0.66 1.46 1.57 0.97 0.75 1.61 1.29 1.67
3.00 6.25 8.19 4.44 3.44 6.11 5.94 7.23
0.33 0.74 1.02 0.59 0.46 0.76 0.82 0.96
1.71 3.92 5.32 3.42 2.74 3.85 4.92 5.60
0.34 0.72 0.94 0.65 0.54 0.65 0.97 1.08
1.00 1.99 2.53 1.75 1.47 1.69 2.64 2.98
0.15 0.28 0.34 0.23 0.20 0.23 0.36 0.41
1.16 2.01 2.26 1.39 1.26 1.53 2.30 2.57
0.19 0.32 0.38 0.21 0.18 0.25 0.34 0.38
2.19 2.29 2.44 1.23 0.56 1.33 0.49 0.62
0.82 1.08 1.55 0.74 0.56 0.61 0.72 1.01

10.80 14.28 23.81 12.25 18.68 14.68 9.72 45.09
7.43 11.83 14.35 6.88 4.97 7.66 7.81 12.25
0.99 1.58 2.09 1.26 1.29 1.12 0.89 1.54



Table 4
Average and associated standard deviation of microprobe analyses (wt.%) for serpentine phases from studied serpentinites.

Sample ICHO2 RQ30 RQ23 serpentine RQ16 RQ01 V6

Grade 0 1 2 3 4 5

Varieties Ctl./Liz. Ctl./Liz. Atg. patches Mixed mesh Mixed/Atg. Atg. Atg.

Concentration
(wt.%)

n=10 SD
%

n=10 SD
%

n=5 SD
%

n=4 SD
%

n=9 SD
%

n=8 SD
%

n=6 SD
%

SiO2 42.02 1.13 41.96 1.88 43.80 0.44 42.30 0.46 41.62 0.60 43.28 0.53 43.21 0.65
Al2O3 1.99 1.31 1.91 1.40 0.44 0.18 1.34 0.96 2.67 0.79 1.23 0.25 1.64 0.64
FeO 3.02 0.50 3.53 0.84 4.79 0.50 5.38 0.33 6.63 0.71 2.14 0.27 3.34 0.22
MnO 0.09 0.04 0.07 0.03 0.11 0.04 0.07 0.03 0.10 0.03 0.11 0.04 0.02 0.02
MgO 37.28 2.10 37.68 2.13 37.61 0.42 37.20 0.70 34.37 1.03 39.31 0.38 38.08 0.36
CaO 0.41 0.63 0.06 0.02 0.00 0.01 0.02 0.02 0.12 0.07 0.01 0.01 0.01 0.01
Na2O 0.01 0.01 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.00 0.00
K2O 0.02 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01
TiO2 0.06 0.05 0.03 0.02 0.00 0.01 0.02 0.02 0.03 0.03 0.01 0.01 0.01 0.02
NiO 0.11 0.07 0.15 0.08 0.23 0.02 0.22 0.02 0.13 0.01 0.09 0.01 0.06 0.06
Cr2O3 0.43 0.56 0.41 0.58 0.32 0.48 0.20 0.12 0.49 0.31 0.52 0.21 0.48 0.57
Total 85.44 0.52 85.84 1.57 87.33 0.27 86.78 0.58 86.18 1.24 86.74 0.48 86.86 0.84

Table 5
Representative trace element compositions (μg/g) of serpentine minerals, measured in situ (LA-HR-ICP-MS) (b.d.l.: below detection limit; n.d.: not detected).

Sample ICH 02 ICH 02 ICH 02 RQ 30 RQ 30 RQ 30 RQ 23 RQ 23 RQ 16 RQ 16 RQ 01 RQ 01 V 6 V 6

Grade 0 0 0 1 1 1 2 2 3 3 4 4 5 5

# analysis 3 5 8 13 15 19 27 30 60 66 71 77 83 86

Spot size 102 μm 102 μm 102 μm 102 μm 102 μm 102 μm 102 μm 102 μm 102 μm 102 μm 102 μm 102 μm 102 μm 102 μm

Serpentine phase Ctl. Lz. Lz. Lz. Lz. Ctl. Atg; Lz. Atg. mixed Atg. Atg. Atg. Atg.

Primary mineral
occurrence

Vein Px
bastite

Ol
mesh

Px
bastite

Ol
mesh

Vein Patch Ol
mesh

Vein Ol
mesh

Px
bastite

Ol
mesh

Px
bastite

Ol
mesh

Li 0.21 2.19 0.18 1.86 1.69 89.54 0.17 0.58 13.14 5.28 n.d. n.d. n.d. n.d.
B 18.3 54.4 32.7 174.3 48.0 30.0 77.3 97.9 50.0 53.6 105.3 30.8 10.5 10.8
Ca 541.2 14,987 1428 639 318 1083 40 216 700 401 55 46 139 776
Sc 6.2 33.8 24.1 29.5 8.2 0.9 3.6 6.7 13.7 13.4 11.5 9.3 10.5 10.8
Ti 177.6 828.3 856.4 556.4 74.2 48.9 26.1 147.8 169.3 113.6 34.1 41.5 7.4 66.9
V 15.0 163.5 117.3 143.8 14.7 13.2 19.8 15.3 73.4 89.3 37.6 31.3 180.8 61.7
Cr 79.2 9053 6021 9835 665 321 433 776 2943 4087 4274 2249 18,385 1691
Co 48.8 14.1 52.1 51.4 64.1 25.8 79.2 51.3 42.4 52.4 52.7 72.5 85.6 58.1
Ni 661 833 946 2297 2165 182 2246 2434 1355 1309 995 1278 2132 565
Cu 1.1 n.d. 4.1 4.9 60.9 11.2 0.6 1.7 1.8 n.d. 4.9 8.8 0.7 0.7
Zn 24 36 30 30 19 67 28 23 34 36 39 36 42 32
Zn 20 29 25 27 17 56 25 20 31 32 32 31 35 29
As 0.07 b.d.l. b.d.l. 0.15 b.d.l. 0.14 0.33 0.83 0.32 0.40 0.95 0.52 0.17 0.11
Rb 0.085 0.295 0.099 0.672 0.166 0.123 0.224 0.258 0.861 0.705 0.033 0.033 b.d.l. n.d.
Sr 1.062 8.580 3.630 10.580 3.180 0.829 0.427 1.928 5.900 4.800 0.147 0.224 0.098 0.456
Y 1.260 4.170 2.321 2.963 0.840 0.102 0.048 0.455 3.630 2.781 0.243 0.345 0.022 0.145
Zr 0.175 1.537 0.872 0.765 0.271 0.030 0.122 1.139 1.548 1.047 n.d. b.d.l. 0.109 0.636
Nb n.d. 0.005 0.003 0.014 0.006 n.d. 0.003 0.013 0.007 0.003 n.d. 0.005 b.d.l.
Sb n.d. b.d.l. n.d. n.d. 0.01 n.d. 0.08 0.11 0.39 0.27 0.35 0.30 0.01 0.01
Cs n.d. b.d.l. n.d. 0.88 0.21 0.13 0.53 1.10 4.42 3.47 n.d. n.d. n.d. n.d.
Ba b.d.l. 0.12 0.07 2.22 0.78 2.41 0.24 0.36 3.96 3.51 0.06 0.18 n.d. n.d.
La 0.001 0.003 0.001 0.102 0.019 0.071 0.005 0.077 0.054 0.041 0.007 0.005 n.d. 0.002
Ce 0.006 0.022 0.017 0.393 0.090 0.196 0.019 0.176 0.261 0.210 0.016 0.005 n.d. 0.009
Pr 0.003 0.016 0.008 0.075 0.016 0.025 0.003 0.023 0.045 0.049 0.002 0.001 n.d. n.d.
Nd 0.039 0.189 0.123 0.499 0.091 0.066 0.004 b.d.l. 0.385 0.347 0.011 0.006 n.d. 0.019
Sm 0.032 0.149 0.092 0.210 0.040 b.d.l. b.d.l. 0.019 0.199 0.170 b.d.l. b.d.l. n.d. 0.008
Eu 0.013 0.047 0.032 0.073 0.010 0.013 n.d. 0.013 0.073 0.060 b.d.l. n.d. n.d. n.d.
Gd 0.123 0.387 0.237 0.370 0.090 n.d. b.d.l. 0.038 0.427 0.271 0.005 0.006 n.d. 0.010
Tb 0.020 0.081 0.048 0.074 0.016 n.d. b.d.l. 0.009 0.076 0.070 0.003 0.005 n.d. b.d.l.
Dy 0.180 0.724 0.386 0.563 0.143 n.d. 0.004 0.060 0.631 0.469 0.018 0.049 n.d. 0.016
Ho 0.048 0.166 0.095 0.136 0.032 b.d.l. b.d.l. 0.014 0.150 0.104 0.008 0.015 0.001 0.001
Er 0.146 0.467 0.285 0.398 0.109 b.d.l. b.d.l. 0.044 0.442 0.333 0.024 0.029 n.d. 0.003
Tm 0.019 0.073 0.036 0.058 0.020 n.d. n.d. 0.012 0.065 0.051 0.004 0.007 n.d. 0.001
Yb 0.129 0.555 0.256 0.440 0.133 n.d. 0.005 0.084 0.393 0.338 0.029 0.042 n.d. 0.018
Lu 0.025 0.078 0.045 0.061 0.023 b.d.l. 0.001 0.014 0.068 0.044 0.006 0.008 b.d.l. 0.004
Hf 0.006 0.087 0.087 0.021 b.d.l. n.d. n.d. 0.017 0.107 0.048 n.d. n.d. n.d. 0.032
Ta b.d.l. n.d. n.d. 0.0011 n.d. n.d. n.d. n.d. b.d.l. n.d. n.d. n.d. n.d. b.d.l.
Pb 0.009 0.005 0.019 0.011 0.117 0.022 0.028 0.057 0.122 0.027 0.096 0.045 b.d.l. 0.292
Th n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.000 n.d. n.d. n.d. n.d. n.d. n.d.
U n.d. n.d. n.d. n.d. b.d.l. b.d.l. 0.001 0.001 n.d. n.d. b.d.l. n.d. n.d. 0.001
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elements analyzed is between 280 cps/μg/g (Ni) and 23,000 cps/μg/g
(Tb) based onmeasurements of the NIST 612 certified referencemateri-
al. All the sensitivity values and detection limits are reported in Appen-
dix 2. Oxide formation was monitored by measuring the ThO/Th ratio
andwas below 0.7%. Silicium-29 (29Si)was used as an internal standard.
The concentrations were calibrated against the NIST 612 rhyolitic glass
using the values given in (Pearce et al., 1997). Data were subsequently
reduced using the GLITTER software (Van Achterberg et al., 2001),
using the linear fit to ratio method. Repeated analyses of references
basalt BIR-1G allows us to assure measurement accuracy and
reproducibility. Typically repeated analysis resulted in a 5 to 10% re-
producibility (b1 sigma). Values of BIR-1G reference are reported in
the Appendix 1 (preferred values from (Jochum et al., 2005; Jochum
and Stoll, 2008)). Detection limits were below 0.08 μg/g, on average,
for all elements except Ti (1 μg/g), Cr (0.2 μg/g) Ni (2.7 μg/g) Zn
(0.5 μg/g). To eliminate values too close to the detection limit, we
did a logical test ((values — 2 σ error)>detection limit). Represen-
tative trace element analyses are reported in Table 5; all results are
reported in Appendix 2.

5. Results

5.1. Whole rock major and trace element compositions

5.1.1. Metasediments
Metasediments from the Schistes lustrés complex are very heteroge-

neous in terms of major elements (Fig. 3). They report important differ-
ences in L.O.I. (from 3.72 to 26.27 wt.%), SiO2 (26.85–67.37 wt.%) and
CaO (0.18–30.83 wt.%). We observe that the SiO2 content decreases
with metamorphic grade in the Schistes lustrés complex (from
~67.4 wt.% atGrade 1 to ~26.8 wt.% at Grade 4),whereas L.O.I. increases
(from~3.7 wt.% atGrade 1 to ~26.3 wt.% at Grade 4). The high L.O.I. var-
iations reflect the important lithological heterogeneity, more specifical-
ly related to carbonate content (Fig. 3). The metasediments from
Monviso ophiolite are more dehydrated and present lower carbonate
content and a L.O.I. of approximately 10%.

Trace element compositions are relatively uniform in the samples
from the Schistes lustrés complex, and the Monviso ophiolite (Fig. 4).
All metasediments have a similar trace element pattern. All samples
are light-REE enriched (LREE; ~100–200 times chondritic value) com-
pared to the middle REE (MREE) and heavy REE (HREE; ~10 times
chondritic value); the (La/Yb)N ratio varies from 8.7 to 17.7 and the
(La/Sm)N ratio from 3.2 to 4.4 (N=normalized to C1-chondrite). One
sample (RQ36) shows a slight concave-upward pattern from MREE to
HREE (Fig. 4a). All samples are characterized by awell-marked negative
Eu anomaly ((Eu/Eu*)N from 0.58 to 0.85). Extended trace element
patterns normalized to primitive mantle (PM, McDonough and Sun,
Fig. 3. (a) Whole rock (wt.%) L.O.I. and (b) CaO content in metasediments versus SiO2. Grade
the Monviso ophiolite.
1995) (Fig. 4b) are characterized by slight enrichment in Pb and slight
depletions in Ba and the high field strength elements (HFSE: Nb, Ta,
Zr, Hf) relative to neighboring REE. Note that samples from theMonviso
ophiolite (V11 and V15) are characterized by a stronger negative anom-
aly in Zr and Hf compared to othermetasediments, aswell as a negative
anomaly in Sr that is also observable in samples RQ26, RQ28 and RQ36.
Metasediments are enriched in fluid-mobile elements compared to
primitive mantle. Sb, Cs, Pb and U present a strong enrichment relative
to primitive mantle; Sb (0.16–1.26 μg/g; 30–230×PM), Cs (5–10 μg/g;
100–500×PM), Pb (10–45 μg/g; 60–300×PM) and U (1–2 μg/g; 40–
100×PM). As and Li present a more moderate enrichment compared
to primitive mantle: As (2.7–9.5 μg/g; 1.5–5×PM) and Li (10–63 μg/g;
6–40×PM), aswell as Sr (20–500 μg/g; b25×PM) (Table 3). The differ-
ences in Sr content are interpreted as related to the variation in carbon-
ate content of our samples.

5.1.2. Serpentinites
Serpentinites have relatively uniformmajor element compositions

(Table 3). Based on their SiO2, MgO and Al2O3 concentrations, we
assume that serpentinites derived frommoderately refractory mantle
protoliths with a depleted lherzolite composition (1.14bMg/Sib1.24
and 0.02bAl/Sib0.07). The MgO/SiO2 and Al2O3/SiO2 ratio of all stud-
ied serpentinites (Fig. 5a) are consistent with that of abyssal perido-
tites (e.g., Bodinier and Godard, 2007), and these observations
confirm that these serpentinites have a common oceanic-lithosphere
origin (Hattori and Guillot, 2007). The SiO2 content increases slightly
with metamorphic grade (from ~39.4 wt.% at Grade 0 to ~40.5 wt.%
at Grade 5; Fig. 5b), whereas the L.O.I. tends to decrease (from
~13.2 wt.% at Grade 0 to ~11.6 wt.% at Grade 5; Fig. 5c). The low CaO
contents (Fig 5d) probably reflect the combined effects of (i) a refrac-
tory protolith and (ii) serpentinization processes occurring in both
oceanic and subduction environments, from low grade to HP-LTmeta-
morphic conditions.

The chondrite-normalized (McDonough and Sun, 1995) REE
concentration patterns (Fig. 6a) are variable; but overall slightly
depleted. Samples from the Chenaillet ophiolite present two different
patterns: ICH01 is characterized by depletion in LREE compared to
HREE ((La/Yb)N=0.08), whereas ICH02 has a relatively flat pattern
((La/Yb)N=1.21) with a slightly positive Eu anomaly ((Eu/Eu*)N=
1.27) and a concave shape from the MREE to HREE. The extended
trace element pattern normalized to PM (Fig. 6b) for sample ICH01 in-
dicates a very slightly positive anomaly in Sr and Hf compared with
the neighboring REE. For sample ICH02 there is a positive anomaly in
Pb and, to a lesser extent, in Ba and U, whereas Nb and Ta are slightly
depleted. Samples are depleted in incompatible trace elements com-
pared to primitive mantle with the exception of sample ICH02, which
is enriched in Sb (5×PM).
1 to Grade 4 samples come from the Schistes lustrés complex and Grade 5 samples from



Fig. 4. (a) Chondrite-normalized (McDonough and Sun, 1995) REE concentrations and (b) primitive-mantle-normalized (McDonough and Sun, 1995) trace element concentrations
of metasediments (results of whole rock analyses). Grade 1 to Grade 4 come from the Schistes lustrés complex and Grade 5 from the Monviso ophiolite.
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Serpentinites from the Schistes lustrés complex can be divided in
two groups. (1) RQ01 and RQ23 derived from a harzburgitic protolith
and show a concave-upward pattern with a (La/Yb)N ratio of 0.57
and 1.01, respectively (Fig. 6a). (2) RQ16 and RQ30 are depleted in
LREE compared to the HREE (La/Yb)N with ratios of 0.24 and 0.19,
Fig. 5. (a) MgO/SiO2 (wt.% ratio) versus Al2O3/SiO2 (wt.% ratio) of bulk rock serpentinites, (b
morphic grade, (d) CaO (anhydrous wt.%) versus Al2O3 (anhydrous wt.%). Data compilation
Bodinier and Godard (2007) and from Parkinson and Pearce (1998), respectively. Value fro
blue square (McDonough and Sun, 1995), mantle array from Jagoutz et al. (1979) is also re
respectively. Based on these resultswe considered that group (2) sam-
ples have a higher clinopyroxene component and are characterized by
a less refractory protolith. Only sample RQ23 has a positive Eu anom-
aly ((Eu/Eu*)N=1.73). The extended PM-normalized trace element
pattern (Fig. 6b) is characterized by a large positive Pb anomaly
) Whole rock (anhydrous wt.%) SiO2 and (c) L.O.I. content in serpentinites versus meta-
for oceanic mantle peridotites and dunite and for marina forearc peridotites are from
m the primitive mantle and depleted MORB mantle are represented with red star and
ported.



Fig. 6. (a) Chondrite-normalized (McDonough and Sun, 1995) REE concentrations and (b) primitive-mantle-normalized (McDonough and Sun, 1995) trace element concentrations
of serpentinites (results from whole rock analyses). Grade 0 come from the Chenaillet, Grade 1 to Grade 4 come from the Schistes lustrés complex and Grade 5 from the Monviso
ophiolite.
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(except for RQ30), and all samples are systematically slightly depleted
in Nb and Ta. RQ01 is depleted in Zr and Hf. All samples are enriched in
Sb (2–200×PM) and Cs (10–150×PM) except RQ01.

The two samples from theMonviso ophiolite are quite similar, with
nearly flat patterns (Fig. 6a), although V10 is slightly depleted in LREE
compared to HREE ((La/Yb)N=0.60), and V14 has a slightly concave-
upward pattern ((La/Sm)N=1.51 and (Gd/Lu)N=0.81). Both samples
have positive U and Pb anomalies and negative anomalies in Sr, Zr, Hf,
Nb and Ta on PM normalized extended trace element patterns. The
two samples are depleted compared to the PM values, with the excep-
tion of Pb and U (respectively >5×PM values and 1.5–3×PM values)
and to a lesser extent Cs. Moreover, these two samples are systemati-
cally enriched in Sb (0.03–0.05 μg/g; 5–9×PM values).

5.2. Composition of serpentine minerals

There are some noticeable differences in the major element com-
position between the serpentine species (Fig. 7). Table 4 presents
the average and standard deviation of serpentine major element
values. Lizardite displays a distinct wide range of compositions with
respect to SiO2 (38.7–44.2 wt.%), Al2O3 (0.5–4.7 wt.%), and MgO+
FeO (36.7–43.8 wt.%), whereas antigorite has more uniform major el-
ement composition and a higher SiO2 (42–43 wt.%) and MgO+FeO
Fig. 7. (a) MgO+FeO and (b) Al2O3 contents (wt.%) of differe
(41–44.3 wt.%) content. SiO2 enrichment correlated with a depletion
in Al2O3 is commonly describe during lizardite to antigorite transi-
tion (Dungan, 1979;Wunder et al., 2001; Fryer, 2002). This character-
istic is particularly apparent in sample RQ23, where antigorite
patches (Fig. 2c) are systematically richer in SiO2 than the surrounding
lizardite mesh.

Trace element compositions are extremely variable, with factor-
of-ten differences in trace element concentrations on the thin section
scale (Fig. 8). Nevertheless, and despite the extensive serpentin-
isation experienced by the studied samples, REE and some compatible
elements allow the identification of three groups of serpentine REE
patterns. This observation is consistent with previous studies that
show that serpentine phases retain the geochemical signature of the
primary minerals (Andréani et al., 2009; Deschamps et al., 2010).
In this study, the nature of the primary mineral is deduced from pseu-
domorphic texture (bastite and mesh); hereafter we compare the
REE-pattern of the different analyses with expected REE signatures
based on literature values.

The serpentine species from Chenaillet (sample ICH02) display
LREE-depleted chondrite-normalized REE-patterns in mesh and
bastite (Fig. 8a), a characteristic that will be discussed in Section 6.1.
The two bastite analyses reflect a clinopyroxene composition (e.g.
Sun and Kerrich, 1995) with (La/Yb)N ratios of 0.0020±0.0018 and a
nt serpentine minerals versus their SiO2 content (wt.%).



Fig. 8. Chondrite normalized REE (a) and primitive mantle normalized (McDonough and Sun, 1995) trace element contents (b) of serpentine of sample ICH02 (Chenaillet, Grade 0).
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negative Eu anomaly ((Eu/Eu*)N=0.26±0.09). Analyses made on
mesh texture revealed REE-patterns with a strong depletion in LREE
((La/Yb)N=0.004±0.002) and Eu ((Eu/Eu*)N=0.70±0.45), and in-
dicates a lower enrichment in HREE than REE-patterns for bastite. All
Chenaillet analyses display a strong enrichment in B compare to prim-
itive mantle (6bBb55 μg/g; up to180 times PM) and a slight enrich-
ment in As and Sb (only one sample where Sb has been detected)
relative to primitive mantle, (0.06bAsb0.12 μg/g; 1.5–2×PM and
Sb=0.008 μg/g; 1.5 times PM). Mesh serpentine contains more Pb
than bastite serpentine (Fig. 8b). Serpentines from Chenaillet present
a high heterogeneity in Li concentration. (0.1bLib11 μg/g; 0.08–
7×PM).

Serpentines from the Schistes lustrés complex present different
patterns depending on their metamorphic grade and their initial min-
eralogy (Fig. 9). In sample RQ30, mesh serpentine has 2–4 times lower
REE contents ((La/Yb)N=0.10±0.04) than bastite pseudomorphs
((La/Yb)N=0.17±0.05) presenting high HREE content. Mesh serpen-
tines have a negative Eu anomaly (Eu/Eu*)N=0.41±0.02. Bastites are
systematically richer in fluid mobile elements (on average; As=
0.17±0.04 μg/g, B=200±25 μg/g, Cs=1.4±0.4 μg/g and Li=15±
12 μg/g) compared to mesh (on average As=0.07 μg/g, B=50±
19 μg/g, Cs=0.17±0.04 μg/g and Li=0.8±0.4 μg/g) with the excep-
tion of Pb. (Fig. 9b). Bastites display a negative anomaly in Pb, and
mesh a positive anomaly. Enrichment in mobile elements compared
to primitive mantle in mesh and bastite are respectively on average,
~1.4 and ~4 for As, ~150 and ~650 for B, ~8 and ~70 for Cs, ~0.6 and
~8 for Li. A small enrichment (~2×PM) in Rb is observed in bastites.

Sample RQ23 displays two types of REE-patterns after analysis
of lizardite mesh and antigorite patches (Fig. 9c). (La/Yb)N in mesh
and in the antigorite patch are approximately the same, (approxi-
mately 0.63), but antigorite patches are 10 times lower in concen-
tration than lizardite mesh pseudomorphs. We also note a positive
(Eu/Eu*)N of 1.25±0.4 in patches and 1.28±0.55 in mesh. Like in
REE, patchy antigorite is also depleted in other incompatible trace
elements relative to the primitive mantle (Fig. 9d). PM-normalized spi-
der diagrams display a positive anomaly in Pb,which is higher in patchy
antigorite than in the lizardite mesh. Lizarditemesh is more enriched in
Cs (35–75 times PM) than antigorite patches (11–44×PM). A strong
positive anomaly in U is observed in one pattern (Analysis 43, see Ap-
pendix 2). The concentration of fluid-mobile elements is very homoge-
neous inmesh (Li=0.7±0.3 μg/g, B=98±25 μg/g, As=0.8±0.1 μg/g,
Sb=0.15±0.04 μg/g). In patchy antigorite the concentrations of
fluid-mobile elements are lower (0.2bLib0.45 μg/g, B~70±9 μg/g,
Sb=0.1±0.01 μg/g, As=0.32±0.09 μg/g).

The serpentine of RQ16 shows LREE-depleted chondrite normal-
ized REE-patterns, regardless of its textural type/position. Mesh and
bastite display approximately the same (La/Yb)N ratio=0.086±
0.030 in mesh and 0.082±0.007 in bastite. Patterns are generally
enriched inHREEwith (Eu/Eu*)N=0.43±0.04 (Fig. 9e). Spider diagrams
display a strong enrichment in fluid-mobile elements relative to primi-
tive mantle (0.15bAsb0.60 μg/g; 4–14 times PM, 0.15bSbb1.20 μg/g;
27–225×PM and 0.5bCsb8.0 μg/g; 100–400×PM, 2bLib17 μg/g; 1.5–
10.5×PM) (Fig. 9f).

Sample RQ01 is depleted in LREE and presents one type of pat-
tern ((La/Yb)N=0.16±0.10 in mesh and 0.130±0.025 in bastites)
(Fig. 9g). Spider diagrams present a strong positive Pb anomaly
(Fig. 9h). No Cs and Li were detected. B contents range from
30–65 μg/g in mesh and to 130 μg/g in bastite, this corresponds to en-
richment between 80 and 400 in reference to the primitive mantle. Sb
and As concentrations range between 0.2 and 1.0 μg/g corresponding
to an enrichment between 3 and 20 for Sb and 20 and 65 for As refer-
ring to the primitive mantle.

Sample V6 from the Monviso ophiolite is characterized by one
type of LREE-depleted pattern ((La/Yb)N=0.070±0.035) (Fig. 10a).
Eu was not detected in all samples. PM-normalized spider diagrams
are characterized by a positive Pb anomaly (Fig. 10b). We did not de-
tect Li and Cs. The B concentration is approximately 12 μg/g, the As
concentration ranges between 0.1 and 0.8 μg/g, and the Sb average
concentration is 0.014 μg/g.

When veins are observed, REE concentrations are close to that of the
whole rock. Veins systematically present a strong enrichment in Cs that
increases with the metamorphic gradient. At the thin-section scale, a
high concentration of Li and Cs is observed relative to mesh and bastite
analysis (Fig. 11); these high concentrations are noticeable in chrysotile
veins from RQ30 (Li=60±40 μg/g, Cs=0.31±0.16 μg/g), RQ16 (Li=
15.0±1.5 μg/g, Cs=5.0±1.5 μg/g) and in the antigorite veins of RQ23
(45 μg/g for Li and 1.7 μg/g for Cs).

A noticeable decrease in Sr content is observed at the lizardite/
antigorite transition and in the most strongly metamorphosed sam-
ples (Fig. 11). The different serpentine varieties are systematically de-
pleted in Th, Nb, Ta and Zr, except for RQ23 in which no Zr anomaly is
observed. The consistency between the trace element characteristics
of the whole rocks and the corresponding individual serpentine min-
erals suggests that the latter host most of the trace elements, and that
potential micro-phases play only a minor role. Concerning Monviso
samples, the differences between serpentine in situ trace element
concentrations and bulk rock abundances (especially for Li and Cs)
could be explained by the presence of secondary metamorphic phases
such as chlorite or sulfides which trap certain trace elements more ef-
ficiently than antigorite.

6. Discussion

6.1. Chenaillet (Grade 0): from ridge to obduction

In all samples, especially those coming from the Chenaillet, pseu-
domorphic texture (mesh) is systematically observed. This texture is
related to a static hydration of peridotite by seawater, reflecting



Fig. 9. Chondrite normalized REE (a, c, e, g) and primitive mantle normalized (McDonough and Sun, 1995) trace element contents (b, d, f, h) of serpentine of samples RQ30
(a, b; Rocher Blanc, Grade 1), RQ23 (c, d; Rocca Bianca, Grade 2), EQ16 (e, f; Eychassier, Grade 3) and RQ01 (g, h; Refuge du Viso, Grade 4).
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serpentinization processes occurring in oceanic ridge environment
(Moody, 1976; Fryer, 2002; Mével, 2003) and/or during static ser-
pentinization during obduction processes. In the Chenaillet ophiolite
(Grade 0), mesh texture is dominated by a low grade lizardite and
chrysotile assemblage. The major element compositions of the
Chenaillet samples are characteristic of a depleted lherzolite protolith
(0.02bAl/Si weight ratiob0.06) (Rehkämper and Hofmann, 1997),
typical of slow-spreading ridges (Dick et al., 2003). This composition
has already been shown for alpine peridotites (Hattori and Guillot,
2007). However, REE patterns of the two samples from the Chenaillet
are different and probably reflect chemical heterogeneities in the
protoliths. The trace element compositions in the Chenaillet serpen-
tinites display a limited enrichment in fluid-mobile elements relative
to PM with the exception of B and Pb (Figs. 6 and 11), which is in
agreement with serpentinization occurring in an abyssal environment
dominated by seawater interactions (Paulick et al., 2006; Vils et al.,



Fig. 10. Chondrite-normalized REE (a) and primitive-mantle-normalized (McDonough and Sun, 1995) trace element concentrations in antigorite of V6 (Grade 5; Monviso
ophiolite).
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2008, 2009; Kodolányi et al., 2012). This restricted enrichment in
fluid-mobile elements is superimposed on a strongly depleted trace
element composition of the initial protolith.

Chenaillet serpentines display a strongly depleted LREE pattern
and high variability in HREE (Fig. 8a). Such REE-patterns are reminis-
cent of those found in serpentine that formed after clinopyroxene in
forearc serpentine (Deschamps et al., 2010). Here, we find that the
initial mineralogy deduced from textural characterization (mesh tex-
ture after olivine) is not systematically associated with a specific REE
signature after serpentinization. The circulation of fluids through the
activation of veins could be an important factor in homogenizing ser-
pentine REE-patterns and redistributing some trace elements. Veins
are more enriched in fluid-mobile elements than pseudomorphic ser-
pentine (Fig. 11).

6.2. Monviso serpentinites (Grade 5): fluid-mobile element transfer in
subduction systems

The Monviso ophiolite is an exhumed unit from the serpentinite
subduction channel. The associated serpentines are depleted in
fluid-mobile elements and present concentrations close to that of ser-
pentines from the Chenaillet ophiolite. Serpentines are systematically
Fig. 11. Plots of concentrations of selected fluid-mobile elements (B, Li, As, Sb, Pb, Cs and Sr
primitive mantle after McDonough and Sun (1995) are reported (red line). Gray horizontal
data obtained on lizardite and antigorite from Vils et al. (2011). (For interpretation of the r
article.)
less enriched in fluid-mobile elements compared to serpentines from
the Schistes lustrés complex, (10×PM for B, 1–5×PM for As and Sb)
and are completely devoid of Li and Cs (Fig. 13).

Partial antigorite dehydration is observable under eclogitic condi-
tions (temperature>480 °C) as shown by the presence of metamor-
phic olivines and chlorite (Schwartz et al., 2013) that could contain
high trace element concentrations. The absence of Si-rich phases
could be explained by Al- and Si-rich fluid being released during the
high pressure antigorite dehydration (Scambelluri et al., 2001). A
part of the decrease in fluid-mobile elements could be explained by
such a fluid release. Peacock, 1990, 1993 showed that a “slab” sub-
ducted under eclogitic facies conditions experiences strong dehydra-
tion at the blueschist-eclogite transition. Also Spandler et al. (2011)
show that secondary eclogitic veins in the Monviso ophiolite are en-
riched in fluid-mobile elements, and they proposed that serpentinite-
derived fluids are capable of infiltrating more than tens of meters into
mafic eclogite and can impart characteristic subduction-type geochem-
ical signatures in fluid-mobile elements, such as B, As and Sb. We pro-
pose that the main factor that must be considered is the scarcity of
metasediments, which represent less than 10% of the massif (Schwartz
et al., 2001). Previous studies realized on Himalayan serpentinites asso-
ciatedwith eclogitized rocks from TsoMorari (Hattori andGuillot, 2003;
) in serpentines from the Schistes-lustrés unit along a metamorphic gradient. Values of
fields represents data from Deschamps et al. (2011), fields with slanting lines represent
eferences to color in this figure legend, the reader is referred to the web version of this
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Deschamps et al., 2010) indicate a high enrichment in Li and Cs (up
to 10×PM) and extremely high As and Sb contents (up to
1000×PM). Based on the trace element distributions and Pb isotope
data, Deschamps et al. (2010) concluded that most of the excess fluid
mobile elements in these serpentinites are brought into the system
from surrounding sediments. Therefore metamorphism and dehy-
dration are not the only explanations for low fluid mobile element
concentrations. In the case of Monviso serpentinites, the lack of sed-
iments in this area suggests that the serpentinites did not exchange
with surrounding metasediments within the subduction channel
and did not acquire a strong enrichment in fluid-mobile elements
compared to oceanic serpentinites.

Serpentinites fromMonviso ophiolite could be considered as a po-
tential source of fluids at depth. These fluids may migrate through the
mantlewedge above the subducting plate and bring a particular signa-
ture to forearc rocks and volcanic arc magmas. Indeed, serpentinized
peridotites from Mariana forearc displayed fluid-mobile element en-
richment consistent with the release of fluids, in particular B, As, Cs
and Li (Savov et al., 2007), from the subducting plate under HP/LT
conditions.

6.3. Schistes lustrés serpentinites (Grade 1 to 4): A trap-and-release
system

The transition from low-grade serpentine species (chrysotile,
lizardite) to antigorite is controlled by dissolution recrystallization pro-
cesses (Auzende et al., 2006) occurring inmesh texture at primary oliv-
ine grain boundaries where magnetite is present. The result is an
increase in Si content coupled with a decrease in Al. This process is ac-
companied by a homogenization of the serpentinite system from high
chemical variability in lizardite to low chemical variability in antigorite,
until the high Si/Al ratio end member is reached (Fig. 7). Our finding is
consistent with the reaction 16 Lz/Ctl+2 SiO2aq=Atg+H2O, marked
by silica enrichment (1–2%), and with dehydration (~2%) (Dungan,
1979; Evans, 2004) inducing anhomogenization of the serpentinite sys-
tem. Iron oxide crystallization (e.g. magnetite, hematite) and changes of
iron oxidation state during the serpentinization processes (Evans, 2010;
Evans et al., 2012) could play a major role and must be considered for
element remobilization during metasomatism and metamorphism
under increasing P–T conditions.

In this study, we show that serpentinites experienced a strong en-
richment in fluid-mobile elements during subduction processes in
the Schistes lustrés complex (Grades 1 to 4). Serpentinites from the
Schistes lustrés complex display a high enrichment in B (30–800×
PM), Cs and Sb (40–500×PM) and a moderate enrichment in Li and
As (5–15×PM) up to Grade 3. The results are consistent with those
from recent studies (Deschamps et al., 2011, 2012; Kodolányi and
Pettke, 2011; Vils et al., 2011), highlighting that subducted serpen-
tinites are similar to mid-ocean ridge serpentinites with respect to
Fig. 12. Whole rock trace element content in serpentinites (μg/g). (a) As and Sb contents, (
area for samples from Chenaillet, gray area for samples from Schistes lustrés complex and d
and Sun (1995) are reported (red line) with corresponding element. (For interpretation of t
this article.)
overall trace element depletion and are marked by As, B, Sb, Pb and
Li enrichment (Fig. 12). No strong positive anomalies in U or Sr were
observed, similar to what was observed in the subduction-related
serpentinites from the Himalaya (Deschamps et al., 2010) or Greater
Caribbean (Deschamps et al., 2011).

Fluid-mobile element enrichment observed in the Schistes lustrés
serpentinites ranges between 100 and 1000 times that of PM for B,
As, Sb and Cs. Enrichment follows the increasing metamorphic
grade from west to east (Fig. 12). This strong enrichment is clearly re-
lated to subduction and not to oceanic hydration. Enrichment re-
mains very low through the lizardite/antigorite transition (Grade 2
to Grade 3), as fluid-mobile element concentrations achieve their
maxima in rocks with lizardite and antigorite (Fig. 11). This is compa-
rable with previous studies (e.g. Vils et al., 2009; Kodolányi and
Pettke, 2011) that have suggested that fluid-mobile element contents
and REE spectra may be influenced not only by primary mineralogy
but also by the lizardite/chrysotile-to-antigorite transition.

Our results indicate that the increase of metamorphic conditions
coupled to the lizardite to antigorite transition (Grade 4) implies a
stop or a slight depletion of B, Sb and As. Fluid-mobile elements appear
to not be incorporated above a temperature of 390–400 °C where
antigorite is the only serpentine phase. A threshold is generally ob-
served for fluid-mobile elements, 100 μg/g for B and 0.3 and 1.0 μg/g,
respectively, for As and Sb (Fig. 11).Moreover, in this study Li and Cs ap-
pear to be more mobile than the other elements as they are completely
released out of the serpentinite system above 360 °C (Grade 4, Fig. 11,
below detection limit). Deschamps et al. (2010) indicate that As and
Sb are released early in forearc mantle wedge serpentinites while Li,
Cs and Pb are released deeper,which is the opposite of our observations.
The loss of Sr could reflect the onset of serpentinite dehydration leading
to the release of initial Sr hosted byprimary serpentinites. This dehydra-
tion may lead to Sr-rich fluid release in open systems instead progres-
sively increasing Sr contents in serpentinites from metamorphic units.

However, the lizardite-to-antigorite transition appears to be not
the only factor influencing the release of fluid-mobile elements. Our
results indicate that while As and B concentrations stop increasing
after the first occurrence of antigorite, the concentrations of the
other fluid-mobile elements continue to increase (Fig. 11). These con-
trasting results could be explained by the difference in the emplace-
ment of the serpentinites between the two studies. Our samples are
imbricated within metasediments while those studied by Vils et al.
were taken from an ophiolite sequence, where sediments are rare or
located far from the sample sites.

The most important parameter influencing the chemistry of ser-
pentinites appears to be the great volume of surrounding metased-
iments. Fluid-mobile element enrichment observed in serpentinites
from the Schistes lustrés complex is consistent with hydration in
a sediment-dominated environment and a high fluid/rock ratio
(Deschamps et al., 2011). The composition of fluids might be a function
b) Li and Cs contents. Evolution is represented along the metamorphic gradient. White
ark gray area for samples from Monviso. Values of primitive mantle after McDonough
he references to color in this figure legend, the reader is referred to the web version of
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of the age and the type of sediments as suggested by You et al. (1996).
The strong enrichment observed in the Schistes lustrés complex is thus
explained by the high metasediment/serpentinite volume ratio (ap-
proximately 9–10 based on the mapping study) and the increasing
metamorphic gradient (Figs. 11 and 12). The chemical results obtained
on metasediments are difficult to interpret due to the high initial
heterogeneity of the protoliths. The Li/Ce and Cs/Ce ratios in sediments
decrease with the metamorphic grade, but it is difficult to deter-
mine whether this trend is related to the release of fluid-mobile ele-
ments or due to the large initial chemical heterogeneity of the
sediments. Bebout et al. (1999) highlight a loss of volatile elements in
the metasediments of the Catalina schists (West Coast USA) under in-
creasing P–T conditions. In our study, due to the high metasediment/
serpentinite volume ratio the enrichment observed in serpentinites is
not balanced by a noticeable depletion trend in metasediments. We
propose that, between 300 and 400 °C, fluid-mobile elements are re-
leased from the Schistes lustrés sediments and are preferentially incor-
porated in lizardite during its recrystallization. The plateau observed for
some elements (B, As, Sb) is not due to a lack of availability of these el-
ements, as the sediments constitute a nearly endless supply (Table 3),
but could be a threshold effect due to the structural properties of ser-
pentine as antigorite progressively replaces lizardite.

In our study we observe two opposite effects acting together. One
is the existence of a threshold and the release of fluid-mobile elements
Fig. 13. Schematic illustration of serpentinization processes occurring in an accretionary
slow-spreading ridge (Deschamps et al., 2011). Second serpentinization occurs at the core
high sediment component contributes to fluid-mobile elements enrichment of serpentinite
mantle. Second serpentinization is characterized by the transition from lizardite/chry
fluid-mobile elements to depth and may be incorporated within the subduction chanel (G
contribute to arc magma volcanoes signature (Hattori and Guillot, 2003).
due to the lizardite to antigorite transition as metamorphic grade in-
creases. The other is the trapping of volatiles and mobile elements
derived from metasediment dehydration (You et al., 1996; You and
Gieskes, 2001). A temperature range between 300 °C and 390 °C
(Grades 1–3) is required for trace-element exchange within an accre-
tionary wedge zone, as some elements (As, Sb, and B) are trappedwith-
in serpentine. Strontium, for example, is released at a temperature>
360 °C (Grade 4). Other elements (Li and Cs) have intermediate behav-
ior, with enrichment from 300 to 360 °C (Grades 1–2); these elements
are released at higher temperatures (Fig. 13).

7. Conclusions

Trace element compositions of exhumed serpentinites along a
paleo-subduction metamorphic gradient give an understanding of
the behavior of fluid-mobile elements during subduction processes.
Incorporation, or release of fluid-mobile elements in the serpentine
species is dependent on the proximity of metasediments and/ormeta-
morphic conditions. In an oceanic environment (Chenaillet ophiolite),
we observe an initial serpentinization associated with the replace-
ment of primary peridotites by the lizardite/chrysotile assemblage.
This is the result of the interaction with seawater and slight enrich-
ment of trace elements, especially in Sr and B, between 200 and
300 °C. In the accretionarywedge (Schistes lustrés complex), a second
context. Samples from Grade 0 corresponds to serpentinized peridotites close to a
of an accretionary wedge during their structuration (Grades 1 to 4). In this context, a
s along the metamorphic gradient imposed by the transport at depth of serpentinized
sotile assemblage to antigorite. Serpentinites from slab, carried lower content of
rade 5). Fluid-mobile elements can efficiently be transferred to the mantle wedge and
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serpentinization stage occurred at a shallow subduction depth and
corresponds to the gradual formation of antigorite at the expense of
the lizardite/chrysotile assemblage. The lizardite/chrysotile assem-
blage disappears at ~390 °C. This secondary serpentinization process
is associated with significant geochemical exchange. Sediments are a
source of fluid-mobile-elements for the enrichment of surrounding
serpentinites via silica-rich fluids circulation. Fluid-mobile elements
are released frommetasediments and incorporated into serpentinites.
In this general trend, the specific behavior of each fluid-mobile ele-
ment is unique and temperature dependent. The element Sr is en-
riched mainly in the oceanic environment, and then remains
immobile to 360 °C, before being mobilized. The elements B, Li, and
Cs are enriched in the subduction environment up to ~360 °C, and
then they are released, while As and Sb are enriched up to 390 °C,
then released. In the serpentinized subduction channel (Monviso
ophiolite), no additional fluid-mobile element enrichment is ob-
served. The low abundance of fluid-mobile elements is related either
to the absence of metasediments and/or to the onset of serpentinite
dehydration, allowing the fluid-mobile elements to be released. We
emphasize that the lithology within the subduction system is largely
responsible for the observed geochemical differences. Serpentinites,
from oceanic ridge to subduction channel, act as a trap-and-release
system and can transfer fluid-mobile elements into the sub-arc. The
release of fluid-mobile elements due to antigorite breakdown can
allow the enrichment of the mantle wedge and input a specific sedi-
mentary signature to arc magmas.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.chemgeo.2013.02.008.
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