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The Tso Morari serpentinites in the Ladakh area, northwest Himalaya, originated from the forearc mantle
overlying the northward subducting Neo-Tethys lithosphere and the margin of the Indian continent. The
serpentinites are characterized by high concentration of fluid-mobile elements (FME: As, Sb, B, Li, and U)
compared to ophiolitic or abyssal serpentinites. The Pb isotopic compositions of serpentinites show influence
of the subducted Indian continental lithosphere. Trace element concentrations of antigorite determined in
situ with Laser Ablation High Resolution Inductively Coupled Mass Spectrometer (LA-HR-ICP-MS) show high
contents of FME including Pb, in contrast to the spatially associated iron oxides. Rare earth elements (REE)
and compatible elements, such as Sc and Co, remained immobile during the hydration, allowing the
identification of the primary minerals (olivine or orthopyroxene) from which serpentine formed.
Serpentinized olivine displays higher Sb and As concentrations (up to 1000×PM) than serpentinized
orthopyroxenes that are enriched in Pb, Cs and Li (2 to up to 10×PM).
We propose that the observed FME distribution in two types of serpentine reflect the differential
incorporation of FME during the downward movement of the serpentinite along the subduction plane. At
temperature lower than 400 °C, at shallow depths, olivine is preferentially serpentinized and incorporates
elements that are fluid soluble at low temperatures, such as Sb and As. Above 400 °C, orthopyroxene is
hydrated and incorporates Pb, Cs, Li and possibly Ba. Boron and U are incorporated in both types of
serpentine suggesting that they are released from slabs at temperatures around 300–400 °C. The serpentine
acts as a sink for water, but also for FME and transports them to deeper and hotter levels in the mantle, down
to the isotherm 600–650 °C where dehydration occurs.
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1. Introduction

The serpentinization of mantle peridotites is important in the
element transfer from slabs to the mantle during subduction. During
the last decade, several geophysical observations documented the
occurrence of forearc mantle serpentinites in different locations (e.g.,
Kamiya and Kobayashi, 2000; Bostock et al., 2002; Brocher et al., 2003;
Blakely et al., 2005; Soyer and Unworth, 2006). Serpentinites, which
contains up to 13 wt.% of water and are stable up to ∼650 °C (down to
∼150 km;Wunder et al., 2001), are an important reservoir for chemical
recycling in subduction zones (Ulmer and Trommsdorff, 1995). Despite
their low trace element concentrations, serpentinites are often enriched
in some incompatible andfluid-mobile elements (FMEScambelluri et al.,
2001a, 2004; Hattori and Guillot, 2003, 2007; Tenthorey and Hermann,
2004; Savov et al., 2005a). In addition, FME, i.e. elements having high
solubility in aqueous fluids (as defined by Leeman, 1996), such as As, Sb,
Pb, and B are enriched in arcmagmas (Ryan et al., 1995; Noll et al., 1996;
Leeman, 1996), leading to a proposal that the deep dehydration of
serpentinites is responsible for the geochemical signature of arcmagmas
(Scambelluri et al., 2001b, 2004;Hattori andGuillot, 2003). Yet, although
it is widely accepted that serpentinites contain FME, little data is
available on the distribution of trace elements in serpentinites, with the
exception of As: Hattori et al. (2005) demonstrated that As is hosted as
arsenate (As5+) by antigorite.

In order to better characterize the distribution of trace elements in
serpentinites and evaluate the behavior of trace elements during
serpentinization, we carried out an in situ trace element study, using a
laser (LA)-high resolution (HR)-ICP-MS, of well-characterized serpen-
tinites from the Tso Morari region (Ladakh area, northwest Himalaya;
Guillot et al., 2000, 2001).We also conducted the first measurements of
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Table 1
Summary of the main characteristics of Zildat's serpentinites (Tso Morari, Himalaya).

Sample CH 98A CH 98B CH 146

Whole rock chemical compositions (Hattori and Guillot, 2007)
Mg 24.10 25.22 22.10
Si 16.39 18.77 18.98
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Pb isotope compositions to constrain the origin of our samples and the
nature of the fluids that hydrated peridotites within the mantle wedge.
We then discuss how the primary mineral composition affects the
serpentine compositions, and the timing of the incorporation of FME in
serpentine during their downward movement along the subduction
plane.
Al 0.29 0.20 0.41
Mg/Si 1.47 1.34 1.16
Al/Si 0.02 0.01 0.02

Mineralogy (modified from Guillot et al., 2001; Hattori and Guillot, 2007)
Antigorite Antigorite Antigorite
Metamorphic olivine Metamorphic olivine Talc
Minor late chrysotile Minor late chrysotile Minor late chrysotile
(±Lizardite) (±Lizardite) Calcite, Mg-calcite (veins)
Magnetite Magnetite Magnetite
Chromite Chromite
Magnesite

Microprobe analyses, average (this study)

Number of
analysis

Serpentine Serpentine Chromite Serpentine Magnetite

n=6 n=9 n=3 n=15 n=2

SiO2 43.64 45.64 0.02 43.43 0.16
TiO2 0.01 n.d. 0.04 0.01 0.01
Al2O3 0.52 0.29 8.95 0.7 0.03
Cr2O3 0.04 0.03 55.94 0.19 0.32
MgO 37.51 38.59 7.51 37.615 2.10
FeO 1.22 0.76 23.48 4.33 87.97
MnO 0.04 0.02 0.96 0.09 0.20
NiO 0.10 0.07 0.08 0.34 0.85
CaO 0.16 0.01 0.01 0.13 0.01
Na2O 0.09 0.01 n.d. 0.01 0.01
K2O 0.10 0.01 n.d. 0.01 n.d.
Total 83.43 85.43 96.99 86.85 91.648

Enriched in fluid-mobile elements (As, Sb, and Pb).
High concentrations of Ir-type platinum group elements (PGE).
High XCr in spinel (0.76–0.83).
High 87Sr/86Sr (up to 0.730) and low 143Nd/144Nd.
2. Geological setting and sample selection

The Tertiary subduction complex of the eastern part of Ladakh area
(northwestHimalaya, India) records the intra-oceanic subduction of the
Tethyan oceanic lithosphere, the obduction of Nidar and Spontang
oceanic arcs, and finally the subduction of the Indian continent margin
beneath Eurasia at∼55 Ma (Guillot et al., 2003). Serpentinites along the
Zildat normal fault are observed at the boundary between the eclogitic
Tso Morari unit and the Indus suture zone; they occur as discontinuous
lenses (∼100×500 m). Field observations show that serpentinites are
intimately associatedwith retrograded eclogitic lenses of the TsoMorari
unit and that serpentinites were exhumed together with eclogites after
50 Ma from a depth of ∼100 km (O'Brien et al., 2001, de Sigoyer et al.,
2004) to shallow crustal level due to low density and viscosity of
serpentinites (Guillot et al., 2001). Previous work documented that the
serpentinites associated with the ultra-high pressure (UHP) Tso Morari
massif represent the forearc mantle peridotites hydrated by water
released from the subducted Indian continental margin (see geological
map in Guillot et al., 2001; Hattori and Guillot, 2007).

We selected ten samples that have beenwell characterized in terms
of geological setting, petrology and bulk rock geochemistry (major and
trace element, Nd and Sr isotopes; Guillot et al., 2001; Hattori and
Guillot, 2007). Among these samples, we selected three represen-
tative samples (CH 98A, CH 98B, and CH146) for in situ LA-HR-ICP-
MS analyses. All samples have high MgO (36.65–41.82 wt.%), Cr
(N2000 ppm) and Ni (N2000 ppm), and low Al2O3 (0.37–0.77 wt.%)
contents. Al/Si values (0.01–0.021) are lower than the primitive
mantle value, indicative of the protolith of refractorymantle peridotite
that have undergone high degrees of partial melting (Table 1). CH 98A
(Al/Si=0.017; Mg/Si=1.471) has a “dunitic” composition with very
low Al, whereas CH 146 presents a more “harzburgitic” signature (Al/
Si=0.021; Mg/Si=1.164). These serpentinites contain mainly anti-
gorite (a high temperature serpentine phase; Evans, 1977; Wunder
et al., 2001) and minor magnetite; they are moderately to intensely
sheared. Antigorite locally forms blades, with dusty inclusions of
magnetite. Presence of minor lizardite (rare veinlets), chrysotile, talc
and chlorite was identified by powder X-ray diffraction (Table 1).
Presence of the secondary olivine (Mg#=0.96–0.97; CH 98A and B;
Hattori and Guillot, 2007), containing inclusions of antigorite and
magnetite, are in agreement with serpentine destabilization at high
temperature (N650 °C; Wunder et al., 2001) during their exhumation
with associated eclogites (Guillot et al., 2001) or the subduction of the
serpentinites to a deep level below the stability field of antigorite.
3. Analytical techniques

Part of each sample was crushed and reduced to powder in an
agate ring mill. Whole rock major and trace elements compositions of
studied samples are reported by Hattori and Guillot (2007). To avoid
possible laboratory biases, additional whole rock trace element data
were acquired on the same HR-ICP-MS on which in situ trace element
compositions were obtained.

3.1. Whole rock trace element composition

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 and W) were
determined using a ThermoFinnigan Element2 High Resolution (HR-)
ICP-MS at Géosciences Montpellier (University Montpellier 2, France).
Most elements were measured in low-resolution mode (m /
Δm∼400), except Co, Ni, and Cu that were analyzed in medium
resolution mode (m /Δm∼4000) and As, measured in high resolution
mode (m /Δm∼10000). The analytical procedure is described in Ionov
et al. (1992) and Godard et al. (2000). The method involves
dissolution of 100 mg aliquots in an HF/HClO4 mixture and dilution
of the solution by a factor ranging from 1000 to 4000 depending on
the concentration of the elements. Indium and Bismuth were used as
internal standards during ICP-MS measurements. Calibration solution
usedMerckmulti-element standard solutions except for Nb and Ta. To
avoid memory effects due to the introduction of concentrated Nb–Ta
solutions in the instrument, Nb and Ta concentrations were
determined by using, respectively, Zr and Hf as internal standards.
This technique is similar to that described in Jochum et al. (1990) for
the determination of Nb by spark-source mass spectrometry. The
precision and accuracy of the HR-ICP-MS analyses were assessed by
measuring as unknowns three rock standards: dunite DTS-1,
peridotite JP-1 and serpentinite UBN. Our results show good
agreement between obtained values and expected values for these
international standards (Govindaraju, 1994; GEOREM http://georem.
mpch-mainz.gwdg.de/ — March 12th, 2009), and reproducibility is
generally better than 1% at concentrations N1 ppm; it is between 1
and 5% for concentrations of 10–1000 ppb, and between 5 and 10% for
concentrations less than 10 ppb. Interference of Ba and LREE onMREE,
and those of MREE on HREE and Hf and Ta are corrected following the
method described in Ionov et al. (1992). To assess the analytical
method, we determined the trace element concentrations of JP-1,
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Table 2
Whole rock trace element (HR-ICP-MS) concentrations (in ppm) and 1σ error (ppb) for
Zildat's serpentinites (n.d. = not determined).

Sample CH 98A 1σ error CH 98B 1σ error CH 146 1σ error

ppb ppb ppb

Element (ppm)
Li n.d. n.d. 1.36 0.06 11.77 0.71
Co 110 4.67 119 7.20 91.8 4.20
Ni 2216 38.57 2649 87.47 1998 26.66
Cu 4.8 0.16 6.5 0.19 13.8 0.30
As 79.86 0.42 65.17 2.90 6.66 0.61
Rb 0.01 3.74 0.15 4.11 0.35 6.68
Sr 2.52 50.18 7.16 8.44 29.58 267.62
Y 0.220 1.79 0.303 5.31 0.329 3.97
Zr 0.100 2.77 n.d. n.d. 0.350 6.87
Nb 0.430 41.79 0.578 7.90 0.027 0.26
Cd 0.01 0.004 0.01 0.009 0.02 0.010
Cs 0.026 0.69 0.090 1.17 0.559 2.97
Ba 0.153 10.95 0.722 24.89 5.092 97.51
La 0.0354 0.87 0.0656 0.55 0.0474 0.48
Ce 0.0656 0.95 0.1312 1.97 0.0894 3.46
Pr 0.0065 0.09 0.0135 0.32 0.0116 0.67
Nd 0.0282 0.38 0.0555 0.20 0.0551 4.19
Sm 0.0104 0.72 0.0166 1.09 0.0189 0.93
Eu 0.0400 0.30 0.0058 0.54 0.0144 0.23
Gd 0.0197 1.18 0.0306 0.74 0.0383 1.73
Tb 0.0040 0.13 0.0061 0.35 0.0076 0.15
Dy 0.0344 1.50 0.0474 2.46 0.0622 1.82
Ho 0.0078 0.23 0.0113 0.10 0.0138 0.48
Er 0.0242 0.74 0.0377 1.41 0.0432 2.10
Tm 0.0046 0.12 0.0059 0.36 0.0068 0.18
Yb 0.0354 1.58 0.0408 1.20 0.0500 0.49
Lu 0.0068 0.14 0.0071 0.23 0.0093 0.29
Hf 0.0050 0.17 0.0060 0.25 0.0139 1.28
Ta 0.0005 0.03 0.0015 0.01 0.0013 0.01
W n.d. n.d. 2.61 0.18 0.19 0.01
Pb 2.487 15.63 4.688 6.88 3.093 22.45
Th 0.002 0.16 0.02 1.13 0.019 0.29
U 1.279 22.47 1.689 13.29 0.311 4.36

Fig. 1. a.) Chondrite normalized whole rock REE patterns for studied serpentinites from
Zildat (Tso Morari-Himalaya). Chondrite normalizing values were taken from
McDonough and Sun (1995). Symbols are indicated in insert. b.) Primitive mantle
normalized spidergrams. Spidergrams are dominated by relative enrichment in Cs, Sr, U
and Pb. Primitive mantle normalizing values were taken from McDonough and Sun
(1995). Small symbols are for analyses from Hattori and Guillot (2007). In both
diagrams, values from peridotites from the Izu–Bonin–Mariana forearc (Parkinson and
Pearce, 1998) are shown in comparison.
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which contains high Ba (9 ppm) and low Eu (3 ppb). The obtained
values are 3.00 ppm Eu and 9.83 ppm Ba which is comparable to the
accepted value confirming that the analytical method provides
reliable data. Detection limits, procedural blanks and values obtained
for the rock standards are reported in Appendix A.

3.2. Lead isotopes

At the University of Ottawa, Pb isotope compositions were
determined following a conventional procedure using a thermal
ionization mass spectrometer (TIMS). Approximately 100 mg of
serpentinite powders were rinsed several times in Milli-Q water in an
ultrasonic bath before digestion in conc. HNO3-HBr. Leadwas separated
and purified using anion resin (BioRad AG1-X8 200–400mesh) and
eluted into a HBr solution. The total procedure blank of 60 to 80 pg was
low compared to the amounts of Pb in the samples. Therefore, no blank
correction was made to the measured Pb compositions. The isotopic
compositions were measured in a static mode with a Thermo-Finnigan
Triton multi-collector mass spectrometer at Carleton University in
Ottawa. The measured values were corrected using mass fractionation
values (b0.1%) obtained from NBS 981.

Because of the extremely low Pb concentrations of serpentinites,
we duplicated some of our measurements using a more precise
method. The separation and purification of Pb was done at LGCA
(Grenoble, France) while the isotopic compositions weremeasured by
MC-ICP-MS at Ecole Normale Supérieure (ENS) of Lyon (France). For
Pb elution, we used anionic resin column with HBr (Manhès et al.,
1984). Procedural blank was negligible (b50 pg; n=2) relative to the
amounts of Pb in samples and blank correction was not applied. Pb
isotopic ratios weremeasured on a NU 500MC-ICP-MS in static multi-
collection mode, using the Tl normalization described by White et al.
(2000). NBS 981 was run as external standard every two samples, and
used to correct Pb isotope ratios by sample-standard bracketing
(White et al., 2000; Blichert-Toft et al., 2003) with NBS 981 triple
spike thermal ionization mass spectrometer (TIMS) values from Galer
and Abouchami (1998).

No age corrections were applied to our samples because hydrated
peridotites cannot be considered as a closed system for U, Th and Pb
due to fluid circulation.

3.3. Mineral characterization

A Siemens D5000 X-ray diffractometer at LGIT (Grenoble, France)
was used to characterize the mineralogy of bulk rock samples. Major
element concentrations of minerals were determined on a Cameca SX
100 electronmicroprobe at the LaboratoryMagmaet Volcans (Clermont
Ferrand, France). The operating condition was 15 kV accelerating
voltage, sample current of 15 nA and counting time of 10 s/element,
except for Ni (20 s). Standards used were albite (Na), forsterite (Mg),
orthoclase (K),wollastonite (Ca and Si),MnTiO3 (Ti andMn), Cr2O3 (Cr),
fayalite (Fe), olivine (Ni), and synthetic Al2O3 (Al).

In situ trace element compositions were determined on 150 μm
thick polished sections at Géosciences Montpellier (University



Table 3
Pb isotope compositions for Zildat's serpentinites.

Sample 206Pb/
204Pb

±2σ 207Pb/
204Pb

±2σ 208Pb/
204Pb

±2σ

CH 35A (⁎) 18.1342 15.5984 37.8833
CH 98A (⁎) 18.1923 15.6012 37.9291
CH 98A Bis (⁎) 18.2317 15.6399 38.0699
CH 98B 18.2250 ±09 15.6399 ±09 38.0004 ±27
CH 98B Bis 18.2263 ±11 15.6221 ±12 38.0008 ±52
CH 98B (⁎) 18.2813 15.6439 37.8703
CH 146 18.2825 ±08 15.6257 ±09 38.1416 ±33
CH 146 (⁎) 18.2079 15.6073 38.0213
CH 187 18.2804 ±06 15.6302 ±12 38.0886 ±30
CH 187 (⁎) 18.2200 15.6142 37.9598
CH 422 18.6952 ±13 15.6748 ±12 38.3343 ±38
CH 422 Rep 18.5298 ±08 15.6604 ±10 38.2669 ±28
CH 422 (⁎) 18.5775 15.6400 38.1830
CH 423 18.4267 ±13 15.6530 ±15 38.2418 ±38
CH 423 (⁎) 18.3760 15.6178 38.1331
CH 430 18.8509 ±12 15.7136 ±11 38.8257 ±30
CH 432 18.6613 ±29 15.6698 ±25 38.3374 ±68
CH 433 18.7814 ±13 15.7076 ±13 38.7899 ±45
CH 433 (⁎) 18.8823 15.7338 38.8894

MC-ICP-MS standards
NBS 981

Galer and Abouchami,
1998

16.9405 15.4963 36.7219

Average (n=11) 16.9395 ±330 15.4892 ±174 36.6968 ±224
Biais (ppm) 60 459 683

Errors are given at the 2σ level. Samples annotated with an (⁎) were determined using a
TIMS at the University of Ottawa whereas others were determined on a MC-ICP-MS at
ENS-Lyon.

Fig. 2. 207Pb/204Pb (a) and 208Pb/204Pb (b) vs. 206Pb/204Pb diagrams for Zildat
serpentinites (black and white circle are data from TIMS analysis (Ottawa) and black
circle are data from MC-ICP-MS analysis (Grenoble-Lyon); see Analytical methods); no
age correction due to the open system. Published data by Mahoney et al. (1998, 2002)
for Indian MORB and altered Pacific oceanic crust (average reported with a grey circle;
Mahoney et al., 1998) are shown. Present day depleted mantle value for Atlantic and
Pacific Ocean (black square; Rehkämper and Hofmann, 1997) and Northern Hemi-
sphere Reference Line (Hart, 1984) are reported for comparison. Field and average
composition (grey square) for Indian Ocean sediments are from Ben Othman et al.
(1989), and average composition of global subducting sediments (GLOSS; black
diamond) is from Plank and Langmuir (1998). Fields for Indian Archean basement are
compiled from Russell et al. (1996) and Chakrabarti and Basu (2006). Lherzolite lens
from Kohistan area representing pre arc Indian lithospheric mantle are from Dhuime
et al. (2007). Mixing lines between depleted mantle (black curve) or pre Tethyan
oceanic mantle (light grey and dotted curve) and altered MORB and Indian Ocean
sediments are represented. Moreover, mixing (black curve) between depleted mantle
and mixing line (dark and dotted line) between Archean lithologies and Indian Ocean
sediments is also shown. Compositions of the end-members used for the calculations
are the following: (a) Lherzolite lens: Pb=2.53 ppm, 206Pb/204Pb=17.26, 207Pb/
204Pb=15.523 and 208Pb/204Pb=37.104 (Dhuime et al., 2007); (b) Depeleted mantle
(Atlantic and Pacific Ocean): Pb=0.0489 ppm, 206Pb/204Pb=18, 207Pb/204Pb=15.43
and 208Pb/204Pb=37.7 (Rehkämper and Hofmann, 1997); (c) less radiogenic Indian
Ocean sediments: Pb=13.06 ppm, 206Pb/204Pb=18.738, 207Pb/204Pb=15.624 and
208Pb/204Pb=38.867; (d) more radiogenic Indian Ocean sediments: Pb=22.92 ppm,
206Pb/204Pb=18.985, 207Pb/204Pb=15.745 and 208Pb/204Pb=39.26 (Ben Othman et al.,
1989); (e) less radiogenic altered MORB sample: Pb=0.1211 ppm, 206Pb/204Pb=
18.928, 207Pb/204Pb=15.545 and 208Pb/204Pb=38.398; (f) more radiogenic altered
MORB sample: Pb=0.7713 ppm, 206Pb/204Pb=19.187, 207Pb/204Pb=15.596 and
208Pb/204Pb=38.721 (Mahoney et al., 1998).
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Montpellier 2, France) with a ThermoFinnigan Element 2 HR-ICP-MS
using a single collector double-focusing sector field Element XR
(eXtended Range) coupled with laser ablation (LA) system, a Geolas
(Microlas) automated platform housing a 193 nm Compex 102 laser
from LambdaPhysik. Analyses were conducted using a modified
ablation cell of ca. 30 cm3, which resulted in a shorter washout time
and an improved sensitivity compared to the initial larger ablation
cell. Ablation was conducted in a helium atmosphere, which enhances
sensitivity and reduces inter-element fractionation (Gunther and
Heinrich, 1999). The helium gas and particles from a sample were
then mixed with argon gas before entering the plasma. Signals were
acquired in Time Resolved Acquisition, devoting 2 mn for the blank
and 1 mn for the measurement itself. The laser was fired using an
energy density of 15 J cm−2 at a frequency of 7 Hz and the beam size
on the surface of samples are 77 μm for sample CH 98A, and 122 μm
for samples CH 98B and CH 146. The size was larger than the grain
size, but it was necessary to get good accuracy on our results. This
resulted in a sensitivity of ∼500 cps/ppm for B, ∼2000 cps/ppm for Li,
Ni, Ti, Zn, As and Cr, and ∼18,000 cps/ppm for the other analyzed
elements based on measurements on the NIST 612 certified reference
material. Oxide formation was monitored by measuring the ThO/Th
ratio, and was below 0.7%. 29Si was used as internal standard. Con-
centrations 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. This typically resulted in a 5 to 10%
precision (1sigma) for most analyses evaluated by repeated analyses
of reference basalt BIR 1-G (Supplementary dataset — Appendix B;
preferred values from Jochum et al., 2005; Jochum and Stoll, 2008).
Detection limits were below 0.05 ppm for all elements except Li, B, Ti,
Cr, Ni, Zn and As (between 0.06 and 3 ppm). Note that we did a logical
test ((Values−2σ error)Ndetection limit) to eliminate values too
close from the detection limit.

Due to the thickness of our sections (∼150 μm), the small grain size
of serpentine, the thinness of individual crystals serpentine and the
intense deformation of minerals, we were not able to distinguish the
texture (mesh or bastite) of analyzed grains. Moreover, due to the large
beam size (up to 122 μm) it used to get a good signal, it was impossible
to distinguish polymorphs of serpentine (mostly antigorite, but alsomi-
nor lizardite and/or chrysotile). Antigorite commonly forms bladeswith
numerous dusty inclusions of magnetite and other minor secondary
phases (chlorite, calcite, chrysotile and lizardite). To minimize the con-
tribution of other phases, we analyzed the clear areas with texture and
characteristic blade shape of antigorite, in the limit of apparatus optical
resolution. Despite low concentrations of most trace elements and the



Table 4
Trace element analyses (HR-LA-ICP-MS) of serpentine minerals after olivine or pyroxene, and iron oxides from Zildat serpentinites.

Sample CH 98A CH 98A CH 98A CH 98A CH 98A CH 98A CH 98B CH 98B CH 98B

# 1 # 2 # 3 # 4 # 5 # 6 # 7 # 8 # 9

Spot size 77 μm 77 μm 77 μm 77 μm 77 μm 77 μm 122 μm 122 μm 122 μm

Minerals Serpentine Serpentine Serpentine Serpentine Serpentine Serpentine Serpentine Serpentine Serpentine

Group 1 1 1 1 1 1 1 1 1

Primary mineral Olivine Olivine Olivine Olivine Olivine Olivine Olivine Olivine Olivine

Li b.d.l. b.d.l. 0.21 0.31 0.78 0.48 0.36 0.18 b.d.l.
B 85.0 73.6 54.1 67.3 83.8 91.2 139.8 89.6 142.4
Si (%) 41.5 43.1 43.4 44.0 44.8 45.1 45.6 41.8 45.6
Ca b.d.l. b.d.l. b.d.l. 47.0 156.0 33.8 705.8 74.6 39.4
Sc 4.0 3.4 3.4 2.6 5.5 5.4 2.2 2.0 2.3
Ti 19.7 15.1 15.4 14.4 25.1 26.9 11.7 7.4 11.5
V 12.3 10.9 9.7 8.0 31.4 9.7 4.9 2.7 5.0
Cr 1756 838.0 391.0 312.6 1510 888.0 774.7 195.7 782.7
Co 30.0 29.1 42.8 39.9 35.3 n.d. 64.2 20.0 32.5
Ni 733 669 1158 1145 985 1141 1931 420 1253
Cu 3.2 0.5 3.1 1.6 6.5 4.3 16.2 2.4 9.4
Zn 12 12 16 14 13 9 15 11 12
As 26.17 23.40 18.49 20.97 25.68 32.53 54.63 19.40 54.92
Rb b.d.l. b.d.l. 0.029 0.040 0.029 0.045 0.069 b.d.l. 0.029
Sr 0.197 0.039 0.247 26.140 0.116 0.115 2.445 0.652 0.137
Y 0.236 0.246 0.096 0.119 0.196 0.191 0.247 0.239 0.343
Zr b.d.l. b.d.l. b.d.l. 0.081 0.071 0.324 0.086 0.075 0.110
Nb 0.255 0.219 0.124 0.182 0.322 0.276 0.379 0.299 0.290
Sb 9.45 9.25 4.16 6.02 8.01 9.33 12.12 11.45 18.37
Cs 0.043 0.011 0.016 0.006 0.010 b.d.l. 0.049 b.d.l. 0.021
Ba 0.083 0.035 0.101 0.014 0.089 0.084 0.933 0.040 0.035
La 0.0441 0.0293 0.0103 0.0174 0.0352 0.0216 0.0392 0.0457 0.0473
Ce 0.0643 0.0494 0.0356 0.0369 0.0605 0.053 0.0685 0.0874 0.1141
Pr b.d.l. 0.0072 b.d.l. b.d.l. 0.0063 n.d. 0.0085 0.0062 0.0112
Nd 0.0333 b.d.l. b.d.l. 0.0243 b.d.l. b.d.l. 0.0208 0.0330 0.0434
Sm b.d.l. b.d.l. b.d.l. 0.0069 0.0146 b.d.l. b.d.l. 0.0184 0.0185
Eu 0.0096 n.d. 0.0060 b.d.l. b.d.l. 0.0101 b.d.l. 0.0046 0.0071
Gd n.d. n.d. b.d.l. b.d.l. b.d.l. b.d.l. 0.0106 0.0228 0.0391
Tb b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.0038 0.0045 0.0083
Dy 0.0252 0.0314 0.0156 b.d.l. 0.0334 0.0189 0.0352 0.0287 0.0502
Ho 0.0104 0.0091 0.0020 0.0015 0.0075 0.0072 0.0087 0.0055 0.0123
Er 0.0193 0.0126 b.d.l. 0.0067 0.0135 0.0120 0.0176 0.0251 0.0357
Tm 0.0054 0.0052 0.032 b.d.l. 0.0033 0.0026 0.0050 b.d.l. 0.0052
Yb 0.0387 0.0376 b.d.l. 0.0137 0.0384 0.0273 0.0237 0.0136 0.0255
Lu n.d. n.d. 0.0106 0.0051 0.0054 0.0038 0.0045 0.0024 0.0028
Hf b.d.l. b.d.l. b.d.l. 0.0186 0.2810 0.1330 0.0015 b.d.l. b.d.l.
Ta b.d.l. b.d.l. b.d.l. 0.0048 b.d.l. b.d.l. 0.0004 0.0010 0.0016
Pb 0.166 0.051 0.276 0.125 0.518 0.158 0.461 0.389 0.403
Th 0.004 0.001 0.006 0.025 n.d. 0.007 b.d.l. 0.002 0.004
U 0.340 0.145 0.527 0.370 0.700 0.585 0.600 0.057 0.887

All elements are in ppm, except Si in wt.% (n.d. = not determined; b.d.l. = below detection limit).
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small grain size (less than 100 μm) of serpentine minerals, LA-HR-ICP-
MS analyses yield a good reproducibility (Table 4).

4. Results

4.1. Whole rock trace element compositions

Results of whole rock trace element analyses for Tso Morari
serpentinites are reported in Table 2. Rare earth elements (REE) nor-
malized to C1-chondrite values (McDonough and Sun, 1995) show a
concave upward pattern with slight enrichment in light REE (LREE)
compared to middle REE (1.57bLaN/SmNb2.46: N: normalized to CI-
chondrite), and a stronger depletion inmiddle REE relative to heavy REE
(HREE; 0.45bGdN/YbNb0.62) (Fig. 1a). All samples are LREE depleted
relative to HREE (LaN/YbN≈0.65) except for sample CH 98B (LaN/
YbN≈1.1). Samples CH 98A and CH 98B show a slight negative Eu
anomaly (Eu/Eu*≈0.8) whereas CH 146 is characterized by high Eu
content (Eu/Eu*≈1.6). Extended trace element patterns normalized to
primitivemantle (PM) (Fig. 1b) are characterized by the enrichments in
Thandalkali and alkali–earth elements, suchasCs, Rb, BaandSr, relative
to neighboring REE aswell as by strong U and Pb enrichments, up to ten
times PM values of McDonough and Sun (1995). These spiked patterns
are similar to those observed in forearc (Savov et al., 2005a,b) and
ophiolitic serpentinites (Li and Lee, 2006), althoughwenote that the Tso
Morari serpentinites are less REE depleted than Mariana forearc
serpentinites (Fig. 1). Dunitic samples CH 98A and CH 98B show a
significant enrichment in Nb with the weight ratios of Nb/Ta ranging
from 385 to 860, whereas harzburgitic CH 146 show a moderate
enrichment of Nb with the ratios of ≈21, which is significantly
higher than 17.8 for the ratio of primitive mantle (McDonough and
Sun, 1995). They do not show a strong fractionation between Zr and Hf
(20bZr/Hfb25.18; PM=37.10, McDonough and Sun, 1995). Finally,
dunitic samples CH 98A and CH 98B are enriched in As (N65 ppm), Ni
(2300–2700 ppm), Co (110–120 ppm) and W (2.5 ppm) relative to
harburgitic sample CH 146 (As=7 ppm; Ni=2000 ppm; Co=90 ppm;
W=0.2 ppm). In contrast, CH146 has higher Li contents (12 ppm) than
CH 98A and CH 98B (1.4 ppm).

Overall, the new trace element data are consistent with the pre-
vious analyses of the same samples within the analytical uncertainty
(Hattori and Guillot, 2003, 2007), although the new values are



Table 4
Trace element analyses (HR-LA-ICP-MS) of serpentine minerals after olivine or pyroxene, and iron oxides from Zildat serpentinites.

CH 98B CH 98B CH 98B CH 98B SCH 98B CH 98B CH 98B CH 146 CH 146 CH 146

# 10 # 11 # 12 # 13 # 14 # 15 # 16 # 17 # 18 # 19

122 μm 122 μm 122 μm 122 μm 122 μm 122 μm 122 μm 122 μm 122 μm 122 μm

Serpentine Serpentine Serpentine Serpentine Serpentine Serpentine Serpentine Serpentine Serpentine Serpentine

1 1 1 1 2 2 2 2 2 2

Olivine Olivine Olivine Olivine Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene

0.11 0.11 0.13 0.24 2.79 3.70 3.09 7.76 14.76 7.71
134.6 56.4 124.7 188.2 121.4 72.4 102.6 71.6 97.2 94.3
41.8 41.8 45.6 45.6 45.6 41.8 45.6 40.7 44.9 44.5
35.8 19.0 27.4 44.9 755.7 56.5 67.4 554.9 1265 614.9
2.0 1.6 2.1 2.5 9.3 13.9 8.0 8.0 8.4 9.5

10.2 5.6 10.6 11.9 29.3 14.9 11.3 111.1 96.1 116.7
3.3 1.7 3.4 4.4 0.5 0.3 0.9 32.0 29.9 36.1

445.7 107.8 461.5 710.2 82.2 161.9 134.6 861.9 3212 748.0
22.1 21.1 21.7 46.7 150.3 158.4 131.3 109.7 183.1 120.6

709 436 679 2180 3002 2728 2831 1052 991 631
5.8 1.8 5.5 18.8 10.7 1.4 5.7 10.4 4.9 3.5

11 13 13 10 40 48 37 25 24 25
39.27 11.08 36.00 75.88 22.73 3.97 19.04 6.54 6.04 7.04
0.034 0.032 0.047 n.d. 0.094 0.043 0.037 0.078 0.092 0.063
0.129 0.024 0.103 0.256 2.100 0.178 0.225 1.830 3.840 1.980
0.354 0.139 0.260 0.312 0.187 0.141 0.112 0.187 0.471 0.207
0.108 0.065 0.083 0.092 0.094 0.660 0.054 0.709 0.387 0.241
0.221 0.261 0.295 0.355 0.951 0.020 0.315 0.006 0.020 0.013

15.03 5.64 15.71 20.49 0.71 0.40 1.13 0.46 0.64 0.50
0.007 b.d.l. 0.010 0.033 0.065 0.068 0.044 0.091 0.099 0.080
0.064 0.031 0.059 0.083 0.135 0.411 0.098 1.500 3.830 1.520
0.0973 0.0183 0.0441 0.0523 0.0189 0.0133 0.0095 b.d.l. 0.0086 b.d.l.
0.1129 0.0428 0.0925 0.0918 0.0369 0.0162 n.d. n.d. 0.0196 0.0410
0.0121 0.0057 0.0088 0.0104 0.0039 0.0021 0.0093 b.d.l. 0.0019 0.0019
0.0501 0.0122 0.0470 0.0694 0.0202 n.d. b.d.l. 0.0072 0.0184 0.0416
0.0408 n.d. 0.0109 0.0238 n.d. b.d.l. n.d. b.d.l. 0.0182 b.d.l.
0.0067 0.0055 0.0061 n.d. 0.0028 b.d.l. 0.0029 0.0073 0.0099 0.0105
0.0405 0.0156 0.0286 0.0167 0.0085 0.0141 b.d.l. b.d.l. 0.0404 0.0190
0.0065 0.0030 0.0047 0.0059 0.0020 n.d. n.d. 0.0021 0.0083 0.0047
0.0617 0.0210 0.0364 0.0531 0.0138 0.0191 0.0131 0.0327 0.0714 0.0337
0.0102 0.0032 0.0099 0.0110 0.0075 0.0102 0.0041 0.0076 0.0168 0.0083
0.0341 0.0122 0.0301 0.0239 0.0249 0.0312 0.0218 0.0316 0.0543 0.0308
0.0066 0.0026 0.0035 0.0038 0.0094 0.0102 0.0080 0.0058 0.0120 0.0072
0.0408 0.0128 0.0130 0.0320 0.1057 0.1582 0.0597 0.0477 0.0790 0.0531
0.0040 0.0019 0.0030 0.0031 0.0167 0.0389 0.0181 0.0065 0.0180 0.0072
0.0038 0.0016 0.0072 0.0035 0.0059 0.0018 n.d. 0.0123 0.0241 0.0153
0.0010 0.0015 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
0.294 0.389 0.552 1.070 0.600 0.475 0.584 0.345 0.501 5.620
0.003 0.003 0.002 0.005 0.095 0.199 b.d.l. 0.004 0.001 0.002
0.498 0.021 0.305 0.714 0.314 0.051 0.235 0.004 0.113 0.002

267F. Deschamps et al. / Chemical Geology 269 (2010) 262–277
systematically lower for Ce, Sr, Y, Nb and Pb. Nevertheless, our results
confirm the high concentrations of FME pointed out by Hattori and
Guillot (2003), notably for As except in sample CH 98A (80 ppm— this
study; 275 ppm — Hattori and Guillot, 2007). The sample was noted
with a strong X-ray absorption spectrum or As K-edge compared to
other samples (Hattori et al., 2005). Therefore, the difference in As
concentration in CH 98A may be related to the different analytical
methods used to determine this element or to its uneven distribution
in the samples (e.g., high concentration in microphases).

To summarize the results from this study and those published by
Hattori and Guillot (2003, 2007), dunitic samples CH 98A and CH 98B
display high Mg/Si ratios and are enriched in As (65–80 ppm), Sb (10 –

12 ppm), U (1.28–1.69 ppm), and Nb (0.43–0.58 ppm) compared to
“harzburgitic” sample CH 146 (7, 0.69, 0.311, and 0.027 ppm, respec-
tively). On the other hand, CH 146 presents high enrichment in Sr
(30 ppm), Li (12 ppm), Ba (5 ppm), andCs (0.6 ppm). SomeFMEsuchas
As, Sb, and U, which are soluble at low temperatures appear to be
preferentially incorporated in serpentinites with an olivine-rich proto-
lith. On the other hand, less incompatible FME, such as Li, Ba or Sr, are
enriched in serpentinites originated from a harzburgitic protolith.
4.2. Lead isotopic compositions

Isotopic compositions of Pb are reported in Table 3 and plotted in
Fig. 2. The ratios of 206Pb/204Pb vary from 18.13 to 18.88, those of
207Pb/204Pb from 15.60 to 15.73, and those of 208Pb/204Pb from 37.87
to 38.89. All samples define a linear trend between a depleted mantle
source and a radiogenic “sedimentary-type” component. The high
values are close to the field defined by Indian Ocean sediments (Ben
Othman et al., 1989).

4.3. Mineral trace element compositions

X-ray diffraction patterns suggest that samples CH 98A and CH 98B
predominantly consist of antigorite±lizardite, whereas sample CH
146 contains mainly antigorite+talc±chrysotile. Serpentine miner-
als from TsoMorari serpentinites are slightly enriched inMgO (33.85–
38.59 wt.%; Table 1), SiO2 (42.64–45.64 wt.%), and strongly enriched
in FeO(t) (up to≈4 wt.%) compared to stoichiometric composition or
serpentines minerals in abyssal peridotites (Moll et al., 2007). The
high Si concentration of our antigorite is most likely attributed to the



Table 4 (continued)

Sample CH 146 CH 146 CH 146 CH 146 CH 146 CH 146 CH 146 CH 98B CH 98B

# 20 # 21 # 22 # 23 # 24 # 25 # 26 # 27 # 28

Spot size 122 μm 122 μm 122 μm 122 μm 122 μm 122 μm 122 μm 122 μm 122 μm

Minerals Serpentine Serpentine Serpentine Serpentine Serpentine Serpentine Serpentine Magnetite with minor carbonates Magnetite

Group 2 2 2 2 2 2 2

Primary mineral Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene

Li 8.67 15.14 16.75 17.85 12.91 12.97 9.25 b.d.l. b.d.l.
B 89.6 96.1 58.1 73.2 58.3 60.7 48.8 0.3 0.1
Si (%) 43.1 43.7 43.9 43.4 41.4 41.6 43.2 0.03 0.03
Ca 751.1 825.7 840.1 1043 689.5 896.5 20846 14.9 1.5
Sc 9.8 7.7 11.3 10.0 10.1 8.7 3.0 0.1 0.005
Ti 112.8 85.7 110.7 126.9 112.0 112.1 32.4 12.5 0.8
V 36.4 30.9 45.2 44.5 38.5 38.1 12.6 23.2 1.7
Cr 876.9 1572 2312 3658 1384 1742 2007 11724 573.8
Co 129.6 160.6 223.0 200.4 159.0 124.6 62.4 37.5 3.4
Ni 606 513 583 539 404 328 159 260 61
Cu 3.9 4.3 5.5 5.1 14.3 40.0 8.5 0.2 0.03
Zn 23 23 35 38 35 33 34 122 10
As 7.13 5.28 8.74 11.89 8.53 9.76 4.34 0.59 0.33
Rb 0.071 0.083 b.d.l. 0.107 0.113 0.078 0.085 0.076 0.002
Sr 2.080 3.480 4.230 4.290 2.750 3.630 28.480 0.025 0.004
Y 0.226 0.355 0.433 0.740 0.317 0.235 0.185 0.007 0.0004
Zr 0.257 0.693 0.401 0.366 0.288 0.335 0.334 0.015 0.001
Nb 0.012 0.013 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.014 0.001
Sb 0.54 0.52 0.64 0.90 0.71 0.79 0.17 0.02 0.01
Cs 0.091 0.084 0.090 0.155 0.164 0.138 0.194 0.005 0.0003
Ba 1.540 3.590 4.240 3.610 2.680 3.910 2.110 0.020 0.003
La 0.0039 0.0087 0.0052 0.0326 b.d.l. b.d.l. 0.0251 0.0010 0.0001
Ce 0.0044 0.0647 b.d.l. 0.0239 b.d.l. 0.0240 0.0251 0.0043 n.d.
Pr 0.0015 0.0078 b.d.l. 0.0133 b.d.l. b.d.l. b.d.l. 0.0001 0.0000
Nd 0.0079 0.0084 b.d.l. 0.0630 b.d.l. b.d.l. b.d.l. n.d. n.d.
Sm n.d. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.0019 b.d.l.
Eu 0.0047 0.0095 b.d.l. b.d.l. b.d.l. 0.0243 b.d.l. 0.0033 b.d.l.
Gd 0.0209 0.0230 0.1210 0.0960 b.d.l. b.d.l. b.d.l. 0.0019 b.d.l.
Tb 0.0029 0.0116 b.d.l. 0.0090 b.d.l. b.d.l. b.d.l. b.d.l. 0.00002
Dy 0.0360 0.0534 0.0600 0.1040 0.0550 0.0445 0.0233 0.0011 0.00004
Ho 0.0131 0.0148 n.d. 0.0270 0.0093 0.0098 0.0119 0.0002 0.00003
Er 0.0400 0.0407 0.0700 0.0900 0.0438 0.0291 0.0297 0.0020 0.0001
Tm 0.0078 0.0095 0.0153 b.d.l. b.d.l. 0.0082 b.d.l. n.d. 0.00002
Yb n.d. 0.0611 0.0870 0.1160 0.0740 0.0430 0.0340 0.0019 b.d.l.
Lu 0.0082 0.0113 0.0171 0.0254 0.0167 b.d.l. b.d.l. 0.0003 0.00002
Hf 0.0159 0.0276 b.d.l. b.d.l. 0.0344 b.d.l. 0.0195 0.0010 0.0034
Ta b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.0004 0.00004
Pb 0.302 0.343 0.500 0.510 0.304 0.253 0.316 0.156 0.010
Th 0.001 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.005 0.001
U 0.001 0.004 b.d.l. b.d.l. 0.005 0.004 0.078 0.003 0.001
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partial dehydration under high pressure (P) and temperature (T) as
Wunder et al. (2001) demonstrated an increase in Si during the partial
dehydration of antigorite at high P and T.

Trace element compositions for serpentineminerals and Fe-oxides
are reported in Table 4. Despite low concentrations of most trace
elements and the small grain size (less than 100 μm) of serpentine
minerals, LA-HR-ICP-MS analyses yield a good reproducibility
(Table 4). REE normalized to C1-chondrite show two different
patterns (group 1 and 2; Fig. 3), although all have similar major
element compositions. Serpentine minerals from group 1 display flat
REE patterns (La/YbN-average=1.17) whereas serpentine minerals
from group 2 show high HREE (La/YbN-average=0.149). The groups 1
and 2 patterns resemble those of olivine and orthopyroxene,
respectively, in peridotite xenoliths from southeastern British
Columbia (Sun and Kerrich, 1995; Fig. 3a, b).

Groups 1 and 2 serpentines show similar trace element patterns on
PM-normalized spidergrams (Fig. 4a, b). As already noticed for the
whole rocks, both groups of serpentine display positive anomalies in
U, Pb and Cs. Some analyses (e.g. # 4 and # 26; Table 4) show high Sr
and Ca suggesting the presence of minor carbonate grains in the
serpentine. Group 1 serpentines contain high concentrations of Nb
relative to Ta (Nb/Ta ranging from 37 to 1024; Nb 0.006–0.95 ppm),
and display a variation in Zr/Hf ratios that is not correlated with any
other parameters (Fig. 4). Group 2 serpentines are characterized by
high concentrations of Sc, Co, V, Zn, Cr, and Ti (Fig. 5).

Fluid-mobile elements such asB (49–188.2 ppm), As (4–76 ppm), Sb
(0.2–20.5 ppm), Li (0.1–17.9 ppm) and U (up to 0.9 ppm) are strongly
enriched in both groups of serpentine (0.1 up to 1000 times PMvalues).
The high FME content of serpentine minerals is consistent with whole
rock analyses (this study, Hattori and Guillot, 2003, 2007). The in situ
analyses reveal heterogeneous distribution of FME, and the enrichment
appears related to primarymineral (Fig. 6) as alreadymentioned for the
REE. Group 1 serpentines display higher concentrations of Sb (4.2–
20.5 ppm in group 1; 0.40–1.13 ppm in group 2), As (11.1–75.9 ppm in
group 1; 3.97–22.7 ppm in group 2), U and B than group 2. On the other
hand, group 2 serpentines are enriched in Pb, Cs, Li, Ba and Sr (Table 4).

Iron oxides contain very low concentrations of REE and all
lithophile elements, close to the detection limits, but high Pb contents
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(Table 4). The concentrations of As (0.33–0.59 ppm) and Sb (0.01–
0.02 ppm) are higher than the PM values, while B and U are lower
than the PM values. Lithium was not detected.
5. Discussion

5.1. Nature of peridotite protoliths and origin of hydrating fluids

To our knowledge, no Pb isotopic compositions have been re-
ported yet on samples from the serpentinized mantle wedge. The Tso
Morari serpentinites show isotopic characteristics similar to island arc
magmas in the area, reflecting interaction with fluids of sedimentary
origin, in agreement with models of Guillot et al. (2001) and Mahéo
et al. (2004). The Pb isotope compositions form a linear trend in the
208Pb/204Pb vs. 206Pb/204Pb diagram (Fig. 2) that can be attributed to
three component mixing between a depleted mantle component
(Rehkämper and Hofmann, 1997) and two radiogenic components
released from subducted slab: sediments similar to present-day
Indian Ocean sediments (Ben Othman et al., 1989), and altered MORB
(Mahoney et al., 1998). However, these three sources do not account
for the radiogenic 207Pb/204Pb ratios of our samples (Fig. 2a). A study
by Dhuime et al. (2007) suggested that 207Pb/204Pb in the Indian pre-
arc lithospheric mantle (Neo-Tethys lithospheric mantle) was more
radiogenic than the average depleted mantle values (Rehkämper and
Hofmann, 1997). This suggestion is based on the analysis of a single
lherzolite lens in the Jijal ultramafic–mafic complex of the Kohistan
complex (N Pakistan). If we assume that the metasomatized mantle
wedge is essentially made of radiogenic 207Pb/204Pb Neo-Tethyan
lithospheric mantle having a composition similar to that of the Jijal
lherzolite, our data plot along sediments and crustal mixing lines. The
proposed interpretation is warranted because (1) the closure of the
Neo-Tethys in the Ladakh–Zanskar areawas suggested byMahéo et al.
(2004), and because (2) a forearc mantle wedge origin for the stud-
ied serpentinites was suggested by Guillot et al. (2001). Calculated
mixing curves using the Jijal lherzolite as the depleted end-member
show a sedimentary input between 16 and 28% for most mafic
samples. However, considering the unusually high Pb concentration
of the Jijal lherzolite (2.53 ppm; Dhuime et al., 2007), further work
is required to confirm that such a rock represents the depleted
mantle component.

Another possible source of radiogenic Pb is Archean continental
rocks. On thebasis of Ndand Sr isotopes, Guillot et al. (2001) andHattori
and Guillot (2007) suggested that serpentinites incorporated FME that
were discharged from sediments derived from Archean rocks. Indeed,
the subducted northern margin of the Indian continent was covered by
shallow water sediments formed from Archean granitic rocks. More-
over,Miller et al. (1999) suggested from 207Pb/204Pb ratios that recycled
continent-derived material contributed to potassic and ultrapotassic
volcanic rocks in the SW Tibet. The Pb isotopic field for the Indian
Archean basement (Russell et al., 1996; Chakrabarti and Basu, 2006) is
very unradiogenic in 208Pb/204Pb but very radiogenic in 207Pb/204Pb
(Fig. 2a). Concentrations of Pb in granitic rocks and sediments are high
compared to those of Pb in mantle peridotites and it is likely that Pb
could overwhelm the isotopic signature of the protolith.

Serpentinites at the base of the mantle wedge are a temporary
reservoir of water and FME coming from the slab and they transfer
geochemical signatures from slab to mantle wedge, and later to arc
magmas, during their downward movement as proposed by Hattori
and Guillot (2003). The Pb isotopic compositions of the Tso Morari
serpentinites suggest that Pb was derived from a forearc mantle
lithosphere, which was contaminated, probably in a forearc en-
vironment, byfluids sampling, todifferent extents, different components
of slab. The twomain sources of slab contaminant are the Indian oceanic
sediments and sediments formed from an Archean basement, both
sources being probably mixed on the Indian margin before obduction.
5.2. Preservation of the trace element signature of primary minerals during
serpentinization

The studied serpentinites result from the hydration (up to 12 wt.%
H2O) of dunitic to harzburgitic peridotites. They include serpentine
minerals+magnetite±talc (±brucite). Geochemical studies of ser-
pentinite have shown that, in spite of the mineralogical changes in
peridotites due to serpentinization, major elements are not signifi-
cantly remobilized at the hand-sample scale with the exception of Ca
(Miyashiro et al., 1969; Coleman and Keith, 1971; Komor et al., 1985;
Mével, 2003). Whole rock studies of serpentinized abyssal peridotites
also show little modification of their trace element composition during
the early stages of serpentinization (rock-dominated serpentinization),
except for some FME such as U or Sr (e.g. Niu, 2004; Paulick et al., 2006).
Therefore,whole rockmajor and trace element compositions arehelpful
to determine the nature of the protolith of serpentinites in subduction
zones (Chalot-Prat et al., 2003; Hattori and Guillot, 2007). In contrast,
little is known about the redistribution of trace elements between
secondary phases during serpentinization processes (Menzies et al.,
1993; Mével, 2003).

Because our samples underwent significant deformation during
exhumation, it was not possible every time to distinguish primary
minerals based on textures, such as the pseudomorphic mesh and
hourglass texture of olivine or bastite textures of orthopyroxene
(Wicks and Whittaker, 1977; Dungan, 1979). Therefore 2 groups of
serpentine minerals were distinguished on the basis of their chemical
compositions (Section 4.3).
5.2.1. Rare earth elements
The analyzed serpentines display two different normalized REE

patterns (Fig. 3): a flat patternwith very lowHREE, and a LREE depleted
pattern with mildly depleted HREE. Flat patterns are comparable to
those for olivine in mantle xenoliths from British Columbia (Sun and
Kerrich, 1995; Figs. 3a and 4a). The second group display REE patterns
similar to those of orthopyroxene from the same xenolith suite (Figs. 3b
and 4b) and those of peridotites xenoliths in Lihir (Papua New Guinea;
Grégoire et al., 2001). Although the two types are quite similar in
appearance, we propose that these two groups correspond to two
different primary minerals: olivine for group 1 and orthopyroxene for
group 2. We did not find relic clinopyroxene in our samples, which is
consistent with their highly refractory composition.
5.2.2. Trace and minor elements
The contents of Ti, Y, and other elements such as Sc and Co are

also different between serpentines replacing olivines and orthopyr-
oxenes. Group 2 serpentines are enriched in Sc, Co, V, Zn, Cr, Ti,
and Y compared to group 1 serpentines (Figs. 4 and 5). These ele-
ments are known to be preferentially incorporated into pyroxene.
Only Ni is not consistent with this interpretation because olivine
commonly contains high Ni in peridotites (≈3000 ppm; Sato, 1977;
Ishimaru and Arai, 2008) and our Group 1 serpentines contain low
Ni (1030 ppm in average). In contrast, group 2 serpentines contain
300 to 3000 ppm of Ni, concentrations that are typical for ortho-
pyroxenes (Wang et al., 2008). Incorporation of Ni into Fe-oxide
during the alteration of olivine would explain the relatively low
Ni content of serpentines formed after olivine and varying Ni
contents in Fe-oxides. Consistently high concentrations of Ni in the
bulk rock samples suggest that Ni is locally mobile.

Our results suggest that, at the mineral scale, most lithophile trace
elements such as REE are not (or barely) remobilized during the
serpentinization process, and trace elements can be used to characterize
the primary phases of serpentines. We note however that some trace
elements (e.g. Ni) canbe redistributed locally between secondaryphases
(e.g., serpentines and iron oxides).



Fig. 3. a.) Chondrite normalized REE patterns for serpentine minerals after olivine
(black circle — group 1) in Zildat serpentinites (CH 98A and CH 98B) analyzed by LA-
HR-ICP-MS. Dark grey field are for olivine separates of ultramafic nodules from
Cenozoic vents of southeastern British Columbia, Canada (Sun and Kerrich, 1995).
b.) Chondrite normalized REE diagrams for serpentine minerals after pyroxene (white
circle— group 2) in Zildat serpentinites (CH 98B and CH 146). Dark grey (orthopyroxene)
and light grey (clinopyroxene) fields are from Sun and Kerrich (1995). Chondrite nor-
malizing values for both diagrams were taken from McDonough and Sun (1995).

Fig. 4. Primitive mantle normalized spidergrams for a.) serpentine minerals after
olivine (black circle — group 1) and b.) pyroxene (white circle — group 2) in Zildat
serpentinites analyzed by LA-HR-ICP-MS. Both spidergrams are dominated by U and Pb
positive anomaly. Normalizing values were taken from McDonough and Sun (1995).
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5.3. Sites of highly incompatible and fluid-mobile elements in
subduction-related serpentinites

Although serpentinites are recognized as the reservoir of FME
(Hattori and Guillot, 2003, 2007; Tenthorey and Hermann, 2004; Savov
et al., 2005b; Li and Lee, 2006), the hosting phases have not been
clearly identified.Magnetite is common in serpentinites and Fe-oxide is
known to adsorb cations (Takahashi et al., 2004). Hattori et al. (2005)
demonstrated that, despite the presence of micrometric (b2 μm) grains
of arsenide and Ni-sulfide with high As (up to 0.25 wt.%, heazlewoo-
dite), their contribution to thewhole rock budget is too small to explain
high concentrations of As in serpentinites.

Despite the large size of the laser beam, some large iron oxide
grains were analyzed in this study (Table 4). In agreement with
previous observations by Hattori et al. (2005), their REE and FME
contents are too low for them to be considered as their host and to
explain the whole rock compositions. In situ data acquired on chlorite
from subducted serpentinites (Cuba and Dominican Republic;
Deschamps et al., 2008) do not show particular enrichment in FME.
5.3.1. Arsenic and antimony
Chalcophile elements, such as As and Sb, are moderately to highly

enriched in serpentinites from supra-subduction zones (Hattori and
Guillot, 2003, 2007; Savov et al., 2005a, 2007; De Hoog et al., 2008).
However, compared to serpentinized peridotites from the Mariana
forearc (averageAs=0.355 ppm forODP Site 780 and0.73 ppm forODP
Site 779; Savov et al., 2005a) and from the Slovenska Bistrica ultramafic
complex (average As=3.43 ppm; De Hoog et al., 2008), serpentinites
from Tso Morari contain much higher concentrations of As (average
Aswhole rock=51 ppm and Asmineral=22 ppm). Similar degrees of
enrichment are observed for Sb (average Sbmineral=6 ppm) in
serpentine in our samples compared to the bulk rock values published
by Savov et al. (2005a) (average Sb=0.019 ppm for Site 780 and
0.0359 ppm for Site 779) and by De Hoog et al. (2008) (average
Sb=0.0958). Hattori et al. (2005) and Hattori and Guillot (2007)
attributed the high As and Sb concentrations of the Tso Morari
serpentinites to the composition of the subducted materials consisting
in As–Sb rich marginal sediments and As–Sb depleted oceanic
lithosphere. Another contributing factor is the different mineralogy of
the protoliths. Serpentine that replaced olivine (group 1) show high
concentrations of As (average 34 ppm) and Sb (average 11 ppm)
compared to serpentine that replaced orthopyroxene (group 2; 9.3 ppm
As and 0.62 ppmSb; Fig. 6). Samples that contain high concentrations of
As and Sb may have contained high abundance of olivine.



Fig. 5. Plots of La/Yb ratios and various immobile trace elements (Sc, Co, and Ti) against Yb for serpentine minerals. Distinction of primary minerals —olivine (group 1) or pyroxene
(group 2) — before serpentinization events is possible with such discriminating compatible elements and HREE. All concentrations are in ppm. Symbols used are shown in insert.
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5.3.2. Light elements: lithium and boron
Light elements are important tracers to evaluate element recycling in

subduction zones. High concentrations of Li commonly occur in
serpentinized peridotites (Parkinson and Pearce, 1998; Decitre et al.,
2002; Benton et al., 2004; Savov et al., 2005a,b; Agranier et al., 2007;
Savov et al., 2007; De Hoog et al., 2008) and are consistent with the
elevated Li content in seawater (Li and Lee, 2006). Lithium is
Fig. 6. Plots of FME (As, Sb, B and Li) against Yb for serpentine minerals. Yb (HREE) is used to
display higher contents in As and Sb, whereas serpentine minerals after pyroxene (group 2
olivine and pyroxene (see text). All concentrations are in ppm. Symbols used are shown in
preferentially enriched in group 2 serpentine, i.e. serpentinized
orthopyroxene (2.8–17.9 ppm), whereas Li concentrations in group 1
serpentine are low (0.29 ppm on average). The concentrations of Li in
serpentinized orthopyroxenes are similar to those reported for serpen-
tinites from other supra-subduction zone settings (3.9 to 6.3 ppm from
theODP Leg 125, Savov et al., 2005a,b; 1.44 to 29 ppm fromPohorjeMts.,
De Hoog et al., 2008), but higher than those observed in ophiolitic
discriminate the primaryminerals. Note that serpentine minerals after olivine (group 1)
) are enriched in Li. Boron concentrations are nearly identical between serpentinized
insert.



Fig. 8. Nb/Ta vs. Nb (ppm) diagram for serpentine minerals after olivine from Zildat
serpentinites (black circles) and whole rock (white stars). Values for abyssal peridotites
(grey diamonds; Niu, 2004), subducted and exhumed abyssal serpentinites (white
squares; Li and Lee, 2006), serpentinites from Marianas hydrated mantle wedge (black
squares; Savov et al., 2005a,b), and primitive mantle (grey field; McDonough and Sun,
1995) are reported for comparison. Note the strong decoupling between Nb and Ta in
serpentine after olivine for samples CH 98A and CH 98B (no data available on sample CH
146 because Ta was below detection limit). See text for explanation.
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serpentinites (0.08 to 3.09 ppm, Feather River Ophiolite, Agranier et al.,
2007). Recently, Vils et al. (2008) showed that Li contents of serpentine
replacing olivine and orthopyroxene are comparable to those of the
depletedmantle (0.7 ppmon average; Salters and Stracke, 2004). On the
other hand, high concentrations of Li (10.3 ppm on average) in
serpentine replacing orthopyroxene require substantial uptake of Li
from fluids during the serpentinization.

The high concentrations of B (91 ppm for average of 26 samples) in
whole rock of Tso Morari serpentinites are similar to those of forearc
serpentinites reported from other locations (Thompson and Melson,
1970; Bonatti et al., 1984; Benton et al., 2001; Savov et al., 2005a,b,
2007;Wei et al., 2005). Compared to the concentrations of olivine and
orthopyroxene (up to 0.5 ppm) reported by Vils et al. (2008),
serpentines from both groups display high B concentrations probably
due to interactions with fluids. In contrast to Li, B concentrations are
similar in serpentinized olivine (54.1–188.2 ppm) and orthopyroxene
(49–121 ppm), although the latter are slightly low (Fig. 6c).

The average B contents in the Tso Morari serpentines (91 ppm;
n=26) are close to the values published for oceanic serpentinites
(up to 139 ppm, Vils et al., 2008). The data confirm the observation of
Bonatti et al. (1984) that large quantities of B (around 100 ppm) are
incorporated in low-pressure serpentine polymorph. In contrast with
Li, boron concentrations are independent of the primary mineralogy.

5.3.3. Uranium, thorium, and lead systematics
Primitive mantle normalized spidergrams for both groups of

serpentine are characterized by positive U and Pb anomalies (Fig. 4)
with no significant enrichment in Th. This is consistent with the
soluble nature of U in fluids (Bailey and Ragnarsdottir, 1994). The
average element abundances in serpentine are normalized to the
abundances of whole rock in Fig. 7 which indicates a significant deficit
in U and Pb but also in Ca and Sr. These discrepancies, especially Ca
and Sr, can be explained by the occurrence of carbonate to the whole
rock budget (Table 1). Carbonates are known to host U (0.142–
0.655 ppm, Olivier and Boyet, 2006; 2–4 ppm; Shen and Dunbar,
1995) and Pb (0.139–3.05 ppm, Olivier and Boyet, 2006;≈9 ppm;
Turekian and Wedepohl, 1961), but these concentrations are close to
or higher than the values measured on serpentine minerals during
this study (on average U=0.27 and Pb=0.6 ppm).

5.3.4. High field strength elements (Nb, Ta, Zr, and Hf)
We observed a strong fractionation of Nb (0.18 to 0.38 ppm) and

Ta (0.0004 to 0.0048 ppm) showing Nb/Ta ratios ranging from 30 to
1000 in both in situ LA-HR-ICP-MS and whole rock analyses. Sample
CH 146 has a Nb/Ta ratio similar to values of abyssal (Niu, 2004;
Godard et al., 2008) and ophiolitic (Godard et al., 2000; Savov et al.,
Fig. 7. Average of selected trace element abundances of serpentine minerals normalized to t
and Sb are from Hattori and Guillot (2007, pers. com.). Black points correspond to deficit e
concentrated by secondary carbonates (Ca, Sr, Pb, and U). The grey field represents a variat
2005a,b; Li and Lee, 2006) peridotites and serpentinites whereas the
two dunitic serpentinites, CH 98A and CH 98B, display high Nb/Ta
(Fig. 8). Such a strong fractionation of Nb and Ta is rare in mantle
rocks (except when carbonatitic metasomatism occurred) although it
has been reported in a few samples from a spinel peridotite xenoliths
he trace element abundances of whole rock. Normalizing whole rock values for Si, Ca, Ti
lements hosted by iron oxides, whereas grey points correspond to elements probably
ion of ±30% relative to the whole rock.



273F. Deschamps et al. / Chemical Geology 269 (2010) 262–277
suite from Vitim (Siberia) by Ionov et al. (2005). Samples CH 98A and
98B contain metamorphic olivine and perhaps the crystallization of
clinohumite has acted as a sink for HFSE and in particular for Nb
(Garrido et al., 2005). Alternatively, Nb may have been incorporated
in microphases such as magnetite ferrocolumbite (Fe2+Nb2O6)
and pyrochlore ((Na,Ca)2Nb2O6(OH,F)), which form in the presence
of Cl− F-enriched fluids. However, the latter two are common in
pegmatites and volatile-rich crustal rocks and their occurrence has
not been reported in mantle rocks. Although we did not identify such
phases in our samples by thin section observation, further investiga-
tions using SEM and TEM techniques are presently carried out to find
HFSE-rich microphases. The remaining possibility is the incorporation
of HFSE in magnetite.
5.4. Incorporation of fluid-mobile elements in the Tso Morari
serpentinites: a two stage process

Two different patterns of FME distribution are observed (Fig. 9): Sb
and As are preferentially incorporated in serpentine replacing olivine
(10 to up to 1000×PM), while serpentinized orthopyroxene is en-
riched in Pb, Cs and Li (1.5 to up to 10×PM). B andU concentrations are
relatively similar in both types of serpentines.

The different distribution of FME in serpentines can be related to
(i) the composition of primaryminerals or (ii) the temperatures of the
serpentinization of these minerals in the mantle wedge. In our
samples, the different enrichment patterns for FME are related to
different primary minerals, as already demonstrated for some
compatible elements and for REE. Because of the strong FME
enrichments observed in both types of TsoMorari serpentines relative
to ophiolitic serpentinites (Savov et al., 2005a,b; Li and Lee, 2006) and
to the mantle peridotites (e.g. McDonough and Sun, 1995; Lyubets-
kaya and Korenaga, 2007; Salters and Stracke, 2004), we suggest that
FME were added to the serpentines during the hydration, and that the
variable FME enrichments are not related to primary phase composi-
tions. As themobility of FME and the stability of primaryminerals vary
with temperature, serpentinization at different temperatures affected
the distribution of FME.

Observations of natural samples (Mével, 2003) and experimental
works (Martin and Fyfe, 1970; Allen and Seyfried, 2003) indicate that
Fig. 9. Normalized concentrations (McDonough and Sun, 1995) of fluid-mobile and fluid-im
from primary orthopyroxene (grey field) in Zildat serpentintes. Diagram modified from Ha
olivine (Sb, As, and U rich) and serpentinized pyroxene (Pb, Cs, Li, Ba, Sr rich). Boron show
olivine is easily destabilized at low temperatures (b300 °C; Allen and
Seyfried, 2003; Hattori and Hamilton, 2008), according to the reaction
(O'Hanley, 1996):

Forsterite þWater ¼ Brucite þ Serpentine

2Mg2SiO4 þ 3H2O ¼ MgðOHÞ2 þMg3Si2O5ðOHÞ4
Therefore, assuming that the hydrated mantle wedge is pulled

downward due to subduction (e.g. Furukawa, 1993), serpentinization
of olivine takes place at shallow depths and it incorporates the
elements released from the slab in the earliest stage of subduction
(Fig. 10). High concentrations in Sb and As observed in serpentine
after olivine (Fig. 9) compared to serpentinized pyroxene suggest that
they are incorporated at temperatures below 300 °C (Fig. 10). This
observation is consistent with the conclusions of Hattori et al. (2005),
Savov et al. (2005a), and Savov et al. (2007).

Then, the increasing temperature with increasing depth results in
the serpentinization of orthopyroxene. Above 400 °C, the dissolution
reaction destabilized orthopyroxene (Martin and Fyfe, 1970; Oelkers
and Schott, 2001; Allen and Seyfried, 2003), following the reaction:

Enstatite þWater ¼ Serpentine þ Talc

6MgSiO3 þ 3H2O ¼ Mg3Si2O5ðOHÞ4 þMg3Si4O10ðOHÞ2
As the slab is hotter at deeper levels, it releases elements such

as Pb, Cs, and Li, that will be incorporated preferentially into the
serpentinized pyroxene (Fig. 10).

The following elements are known to bemobile in aqueous fluids for
temperature ranging between room temperature and 500 °C. Arsenic
and antimony are soluble in aqueous fluids at low temperature, as
observed with the high concentrations of As in surface and ground
waters (Rose et al., 1979; Smedley and Kinniburgh, 2002; Takahashi
et al., 2004). Previous studies based on the oxidation state of As using
X-ray absorption near-edge structure spectra have showed “that As5+

was transferred by aqueousfluids froma slab under oxidized conditions
at shallowdepths, b25 km(Hattori et al., 2005)”. Thereby, As and Sb are
released at shallow depths from the slab and then are incorporated in
the serpentinite layer. Boron is known to be incorporated in peridotites
mobile elements in serpentine minerals deriving from primary olivine (black field) or
ttori and Guillot (2003, 2007). Note the decoupled enrichment between serpentinized
s nearly constant contents despite the nature of the primary minerals.
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for temperature below 300 °C (Seyfried and Dibble, 1980) and, as a
consequence, presents a behavior close to As and Sb.

We suggest that the behavior of FME in serpentinized mantle
wedge is intimately coupled with the differential discharge of these
same elements from the slab. Sb and As are found to be excellent
tracers of the serpentinization of olivine at low temperature (b300 °C)
in the TsoMorari serpentinites.We propose that the enrichment of Pb,
Cs, and Li represents the second stage of serpentinization of pyroxene
at higher temperature (∼400 °C). Studies on high-pressure (HP) and
UHP metabasaltic and metasedimentary rocks showed increasing
mobility of lithophile elements (LILE, U, Th, Pb, and Li) at depth of
about 90 km (Bebout, 2007), which corresponds to temperatures
≥400 °C (epidote-blueschist facies; Bebout et al., 1999) along a cold
subduction geotherm (Fukao et al., 1983; Furukawa, 1993; Peacock
and Wang, 1999). Li is known to be incorporated in minerals at low
temperature (≤150 °C in smectites and chlorites, Decitre et al., 2002;
≤350 °C in serpentine, Seyfried et al., 1998), although it is released
Fig. 10. Schematic sketch to illustrate the “two-times” enrichment in FME on serpentine mi
Peacock (2003). T0 (time 0) illustrates the peridotite protolithe of Tso Morari serpentinites
wedge with destabilization of primary olivine at temperature below 300 °C (Allen and Seyf
temperature at T2, orthopyroxene is destabilized (N400 °C–b650 °C) and takes up mobile ele
containing metamorphic olivine (Guillot et al., 2001). This thermal destabilization of serpent
deformation recorded by serpentinites during the downward movement and exhumation t
from basalts at temperatures (N250 °C) higher than that for the
release of K, Rb, and Cs. The deeper release of Li from slab explains its
late incorporation in the overlying mantle wedge.

The serpentinization of orthopyroxene starts to take place at
around 300–400 °C (Fig. 9). Therefore, B and U are incorporated
equally in both types of serpentine. We know of the existence of
serpentinites samples where unaltered olivine coexists with serpen-
tinized orthopyroxene (Hess Deep, Stamoudi, 2002), indicating that
serpentinization took place at temperatures higher than 400 °C. It is
not the case of our samples where both olivine and pyroxene were
destabilized, showing two distinct geochemical signatures, and
consequently corresponding to two distinct serpentinization events.
This geochemical observation suggests that serpentinization accom-
panied by the incorporation of FME occurred during temperature
increase, which is compatible with the progressive burial of
serpentinite layer along the subduction plane (e.g., Bostock et al.,
2002; Gorczyk et al., 2007; Fig. 10). The preservation of two different
nerals. Thermal structure for a cool continental subduction zone is from Hyndman and
with olivine and pyroxene. (T1) is the first step of serpentinization inside the mantle

ried, 2003) and incorporation of the most FME (Sb, As, B and U). Thus, with increasing
ments such as Pb, Cs, Li and Ba. The final stage (T3) corresponds to sheared serpentinites
ine occurs at temperature higher than 650 °C (Wunder et al., 2001). Note the continuous
hat erases the primary textures.
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patterns for FME depending on the primary minerals suggests that
these elements were not or little remobilized during late high
temperature and/or retrograde metamorphism.
5.5. Himalayan serpentinites: particular case of metasomatised mantle
wedge?

The peridotites from mantle wedges are generally highly refractory
and serpentinites deriving from these rocks preserve the depleted REE
signatureof their protoliths.Hence, serpentinizedharzburgite anddunite
from Izu–Bonin–Marianna (IBM) arc system (Fig. 1) represent a strongly
depleted uppermantle peridotites latermetasomatized by fluids derived
from the subducting Pacific Ocean plate (Parkinson and Pearce, 1998;
Savovet al., 2005a,b, 2007). Theenrichment is observed for FMEsuchasB
(4–60 ppm), Li (0.4–18 ppm), As (0.1–2.5 ppm), Sb (0.001–0.258 ppm),
Sr (1.6–40.8 ppm), Cs (0.02–1.2 ppm), Ba (1–13 ppm), and U (up to
0.0026 ppm) (Savov et al., 2005a,b, 2007). Located in an intra-oceanic
setting, the IBM forearc shows no geophysical evidence for an
accretionary prism (Horine et al., 1990; Fryer, 1996; Fryer et al., 1999),
and the layer of sediments entering into the subduction zones is thin
(around 400 m; Chauvel et al., 2009).

The detailed tectonic and geochemical study of the Tso Morari
serpentinites indicates that they derive from a refractory mantle wedge
(Guillot et al., 2001; Hattori and Guillot, 2007). Yet, two main
characteristics distinguish the TsoMorari serpentinites from peridotites
and serpentinites considered as representative of the mantle wedge
composition, such as those sampled in the IBM forearc (Parkinson and
Pearce, 1998; Savov et al., 2005a). First, the Tso Morari serpentinites
contain relatively high concentrations of elements that are notmobile in
aqueous fluids, such as Nb or REE, compared to serpentinites from the
IBM forearc (Parkinson and Pearce, 1998; Savov et al., 2005a; Fig. 1a). In
situ analyses indicate that the serpentine compositions are very similar
to that of fresh olivine and orthopyroxene observed in unaltered but
metasomatized mantle peridotites (Sun and Kerrich, 1995). This led us
to posit that these elemental enrichments did not occur during
serpentinization but characterized the unaltered protolith of the Tso
Morari serpentinites. This assumption is consistent with the results of
our Pb isotope compositions that indicate that this protolith derive from
amantle having a composition different from that of a pristine depleted
mantle (Fig. 2). Previous structural and geochemical studies carried out
in the Ladakh area have shown that this region record a series of intra-
oceanic subductions, which are accompanied by extensive metasoma-
tism of the underlying mantle. Mahéo et al. (2004) show that the
peridotites from Spontang and Nidar ophiolites (located nearby the Tso
Morari region in the Ladakh area) derive from a depleted N-MORB
mantle later metasomatised and selectively enriched in trace elements
by the injection of tholeiitic magmas in the intra-oceanic arc setting. A
similar metasomatic process likely affected the protolith of the Tso
Morari serpentinites. Our geochemical data support their scenario, in
which themantle wedge above the Indian slab sampled a refractory yet
metasomatized oceanic mantle, in contrast to that sampled today in
intra-oceanic subduction settings (e.g. the IBM forearc).

Second, theTsoMorari serpentinites are selectively enriched in some
FME (Sb, As and to a lesser extent B) compared to the IBM serpentinites,
although Li, Cs, Sr, Rb, Ba, andU showsimilar degrees of enrichment.We
propose that the latter elements derivemainly fromfluids released from
Tethyan oceanic rocks that are enriched in these elements during
seawater interaction at the sea floor. This interpretation is in agreement
with the high contents of these elements in seawater (Li and Lee, 2006).
In contrast Sb and As (and probably B)would come from a sedimentary
source. An accretionarywedge is lacking in IBMwhereas anaccretionary
wedge was developed in the Tso Morari area (Guillot et al., 2008). As
suggested by Hattori and Guillot (2007) and our new Pb isotopes, the
observed enrichments can be attributed to the presence of large
quantities of sediments, clasts of which were originated from Archean
lithologies (Fig. 2). These sediments are enriched in chalchophile
elements (Mohan et al., 2008).

Thus, Tso Morari serpentinites present hydrated mantle perido-
tites that were metasomatized and later serpentinized by FME-rich
fluids deriving from both oceanic lithosphere and continental
lithologies.

6. Conclusion

Serpentinites deriving from the hydration of mantle wedge display
strong enrichments in fluid-mobile elements. In the case of the Tso
Morari serpentinites, these elements are transferred to the mantle
wedge by aqueous fluids deriving from oceanic lithosphere, oceanic
sediments, and sediments deposited on the margin of the Indian
continent. Lead isotopic signatures are similar to thoseof arc volcanics in
the area and attributed to the mantle wedge contaminated by the
subducted materials (subducted sediments and Archean lithologies of
the Indian margin). The serpentinites act as a “sponge”, transferring
isotopic characteristics from shallower to deeper andhotter levels in the
mantle, down to the isotherm 600–650 °C where dehydration occurs.

Based on the chemical composition of serpentine determined by in
situ analysis technique, we propose the following salient results:

(1) Compatible andrareearthelementsmay characterize theprimary
minerals (olivine or orthopyroxene) after which serpentines
were formed.

(2) Serpentine displays large enrichments in FME (Sb, As, B, U, Pb, Cs,
andLi), confirming theobservationsmadepreviouslyon thewhole
rocks. These elements are concentrated in serpentineminerals; no
enrichment is observed in the associated Fe-oxides. However, the
distributionof FMEdependson theprimaryminerals. SbandAsare
mainly concentrated in serpentine replacing olivine, whereas
serpentine deriving from orthopyroxene concentrates preferen-
tially Pb, Cs, and Li. B and U are identically incorporated in both
kinds of serpentine.

(3) The disparity in the distribution of FME in serpentine results both
from differential release of FME from the slab and a temperature
change during serpentinization event in the descending mantle
wedge coupled to the slab. Thus, theelements released early from
the slab (Sb andAs) are incorporated in serpentineafter olivine at
temperature below 300 °C. Later, Pb, Cs, and Li are released from
the downward slab as it reaches a temperature above 400 °C and
they are incorporated into serpentine replacing orthopyroxene.
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