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Abstract—We examined As concentration, mineralogical site, and oxidation state in the serpentinites
associated with the Tso Morari eclogitic rocks in the Indus suture zone, northwest Himalaya, to examine how
highly fluid-soluble elements like As are transferred from slabs to arc magmas in subduction zones. The
serpentinite samples represent hydrated peridotites at the base of the mantle wedge beneath Eurasia, and were
exhumed from a depth of �100 km during subduction of the Indian continental margin. The bulk serpentinite
samples contain total As concentrations ranging from 6 to 275 ppm. Arsenic in the samples is most likely
present with magnetite and antigorite, since electron probe analysis yielded up to 90 ppm As in these minerals.
X-ray absorption near-edge structure spectra indicate that As in serpentinites is mostly As(V) and that the
neighboring atoms of As are O, although there are minute grains of sulfides and arsenides. The ratio of As(V)
to total As is greater in samples with higher As contents, suggesting that the major source of As was oxidized
As(V), introduced to the mantle wedge. Arsenic(V), originally adsorbed on Fe-oxides in slabs and overlying
sediments, was most likely liberated during their subduction and incorporated subsequently in the overlying
mantle wedge. Our data constrain the introduction of As into the mantle wedge at relatively shallow levels,
much shallower than 25 km. Arsenic incorporated in the serpentinites was transported to deeper levels by
mantle flow downward along the subduction zone, to be subsequently exhumed together with eclogitic
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rocks. Copyright © 2005 Elsevier Ltd
1. INTRODUCTION

Arc magmas are enriched in soluble elements, such as alkalis
and alkali-earth elements, compared to midoceanic ridge ba-
salts (MORB). This enrichment is attributed to their transport in
fluids from subducting slabs and sediments to partial melts in
overlying mantle wedges (e.g., Gill, 1981). Among these sol-
uble elements, several chalcophile elements are highly enriched
in arc magmas, especially at volcanic fronts, including As
(Ryan et al., 1995; Leeman, 1996; Noll et al., 1996). Arsenic is
soluble in aqueous fluid even at low temperatures, as demon-
strated by high concentrations of As in surface and ground
waters (e.g., Smedley and Kinniburgh, 2002). This raises the
question of how such a mobile element can be transferred from
sediments and slabs to a partial melt in the hot interior of
mantle wedges.

We examined serpeninites in the Tertiary subduction complex
of the Ladakh area, northwest Himalayas. The serpentinites are
associated with the Tso Morari eclogitic unit, 100 � 50 km in size
(Fig. 1), which was once the margin of the Indian continent before
being subducted beneath Eurasia after collision of the two conti-
nents (Guillot et al., 2000, 2001). The eclogites reached a depth of
�100 km and a temperature of �600°C at �50 Ma before being
exhumed together with the serpentinites (Guillot et al., 2000,
2001). Thus, the serpentinites represent hydrated peridotites at the
base of mantle wedge in the paleosubduction zone. Bulk chemical
compositions of insoluble elements and chromite compositions
* Author to whom correspondence should be addressed (khattori@
uottawa.ca).
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confirm that the serpentinites were originally refractory mantle
peridotites, and that they are enriched in soluble elements, includ-
ing As and Sb, during their hydration in the mantle (Fig. 2; Hattori
and Guillot, 2003).

Arsenic has an oxidation state that ranges from �3 to �5. It
is an important minor and trace component of rock-forming
minerals in Earth’s crust, and commonly replaces S(VI) and
P(V). We determined the As contents of various minerals in our
serpentinite samples using an electron microprobe under con-
ditions of high accelerating voltage and specimen current, to
obtain a low detection limit. We also conducted X-ray absorp-
tion fine structure (XAFS) spectroscopy, consisting of X-ray
absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) spectroscopy, to identify the
oxidation state of the As, and the atoms around As. We discuss
the occurrence of As in the samples, and transfer mechanism of
As from the slab to the mantle wedge, and eventually to arc
magmas.

2. SAMPLES AND ANALYTICAL PROCEDURES

2.1. Samples

Samples were collected from discontinuous lenses of serpentinites,
100 � 1000 m in size, along the Zildat fault in contact with the Tso
Morari eclogitic unit (Fig. 1). All serpentinite samples have similar
bulk chemical compositions, with high concentrations of compatible
elements; high Cr (�2000 ppm), Ni (�2000 ppm), and MgO (�40
wt%), and low Al2O3 (�1.0 wt%) (Table 1). Overall high contents of
platinum group elements and low Re in bulk samples and high Cr/(Cr
� Al), �0.8, in chromite are consistent with the refractory mantle

origin of the samples (Guillot et al., 2000, 2001). Their refractory
mantle origin is further supported by a gradual change in concentra-
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tions, from highly compatible Mg to moderately compatible Zr (Fig. 2).
However, the serpentinites are enriched in soluble elements, such as
As, Sb, Pb, light rare earth elements (REE), and Sr (Fig. 2; Hattori and
Guillot, 2003).

The serpentinite samples consist mainly of antigorite and minor
chrysotile, chlorite, talc and chromite. Secondary magnetite occurs on
the rims, �50 �m wide, of chromite and as fine (� 10 �m) dusty
dissemination in antigorite. Coarse-grained, � 20 �m, magnetite is
present, but rare and these grains are used to obtain the As concentra-
tions. Chrysotile and chlorite crystallized later, forming veinlets. Sul-
fide minerals are largely absent, except for minute (� 5 �m) grains of
millerite (NiS) and heazlewoodite (Ni3S2) in several samples.

For comparison, we selected one serpentinite sample, CH 35A, east
of the Zildat fault (Fig. 1b). This is a representative sample at the base
of the Nidar complex, which formed as an oceanic arc developed in the
Tethyan Sea, and later was obducted over the Indian margin during
early Paleocene (Mahéo et al., 2004). The sample shows a bulk com-
position comparable to the serpentinite samples from the forearc mantle
wedge, but the chromite grains have lower Cr#, �0.6 (Guillot et al.,
2001), than that for the latter. The composition and the geological
setting suggest that the sample is most likely an uppermost oceanic
mantle peridotite.

2.2. X-ray Absorption Spectroscopy

The XAFS spectroscopic tool evaluates the local atomic structure
around a specific element in a variety of media, even when the element
occurs at a low concentration. XAFS spectroscopy has been applied to
problems in earth science over 25 yr, yet is new to petrological studies,
and thus the principles of the technique are described briefly. The
spectroscopic method relies on excitation of electrons to a higher

Fig. 1. Geological map of Lakakh area in northweste
modified after Guillot et al. (2001).
energy level or delocalized state by bombarding the material with
X-rays. This excitation of electrons is recorded as absorption of inci-
dent X-rays or fluorescence of the excited atoms. When the energy of
incident X-rays is low, there is essentially no absorbance of X-rays
because no excitation of electrons. When the energy is sufficiently
high, a large increase in absorbance occurs, thus producing an absorp-
tion edge on the plot of absorbance vs. increasing incident X-ray
energy. The position of the edge and its intensity are related to the
binding energies of the valence orbitals. The absorption spectrum near
the edge, XANES, thus provides information on the oxidation state of
the absorbing atom. On the higher energy side of the edge, the absor-
bance gradually decreases with increasing energy, but it shows a series
of oscillations due to interference of photoelectrons emitted from the
central atom by the neighboring atoms. The oscillation pattern depends
on the number of neighboring atoms (coordination number), the type of
neighboring elements, and the distance between the absorber and the
atoms involved in backscattering (interatomic distance). EXAFS spec-
troscopy utilizes this oscillatory behavior of the absorption above a
major absorption edge. This new field of study has recently been
reviewed in a book edited by Fenter et al. (2002). Other informative
papers include Brown et al. (1988) and O’Day et al. (2004).

The X-ray absorption spectroscopy analysis was conducted on pow-
dered bulk samples at BL-12C of the Photon Factory (KEK, Tsukuba,
Japan) and at BL01B1 of SPring-8 (Hyogo, Japan). The incident beam
was regulated with a Si (111) double-crystal monochromator and
focused on samples using a bent cylindrical mirror to a size of 1 � 0.5
mm2. Spectra were collected under ambient conditions (� 20°C and 1
bar) in the fluorescence mode by scanning the energy at 0.25 eV steps
in X-ray absorption near-edge structure region and recorded using a
19-element Ge semiconductor detector. Most samples were scanned
twice and samples with significant noise in the spectra were subjected
to a third scanning. During the scans, the spectra and sample temper-
ature did not show any significant changes. The peak position of
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a, showing sample locations in Indus suture zone. Map
reference materials, As2 O3 and As2 O5, did not shift more than 0.25
eV throughout this study and the duplicate runs of samples suggest that
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the uncertainties of the data are less than 10%. Energy was calibrated
by defining the main absorbance peak of As2

IIIO3 at 11.866 keV. The
detailed analytical procedure is described by Takahashi et al. (2003,
2004).

The proportion of As(V) relative to total As was calculated from
XANES spectra of samples and two reference materials; As2

IIIO3 and
As2

VO5. The calculation involves normalization of spectra and fitting
the linear combination of the end members in the energy region
between 11.852 and 11.887 keV, as reported in Takahashi et al. (2003).
The least-square fitting was processed using Solver, an add-in program
of Microsoft Excel.

EXAFS spectra were recorded around the As K-edge over a range of
11.5 to 12.8 keV for sample CH 187 and reference materials of
NaAsO2, As2O3, and natural enargite (Cu3AsS3). EXAFS data were
analyzed using the Rigaku REX 2000 program (version 2.3) and FEFF7
(Zabinsky et al., 1995; Ankudinov and Rehr, 1997) after the initial
structural data were obtained with the ATOMS program (Ravel, 2001).
Background was removed using five cubic spline curves following
subtraction of preedge and postedge background and normalization to
the edge values. The k3-weighted EXAFS function, �(k)k3, was Fourier
transformed from k space (Å�1) into R space (Å) over the k-range 2.7
to 10.2 Å�1, which yielded a radial structure function (RSF). Inverse
Fourier transformation of a portion of the RSF was performed for the
first shell of each sample. The experimental spectra of EXAFS were
least-square fitted to theoretical EXAFS functions generated using the
computer code FEFF7 (Zabinsky et al., 1995). This yielded the average
distance between As and the neighboring atoms, coordination number

Fig. 2. (a) Composition of serpentinites normalized to
LREEs (Noll et al., 1996), but they are placed on the left
the right are placed in order of their increasing compat
McDonough and Sun (1995). Modified after Hattori and
compared to those of primitive mantle (PM; McDonough
island basalts (OIB; Noll et al., 1996). Arc magmas inclu
(Noll et al., 1996), basalt rock standards JB-2 and JB-3 fro
in Japan (Togashi et al., 2000), volcanic rocks in Hishika
Medvhizya and Brat volcanoes in Kuril arc, Russia (Voly
of As, and Debye-Waller factor for the first As atomic shell.
2.3. Total Sulfur Concentrations and Isotope Analysis

Total sulfur was extracted as H2S from �35 g of bulk rock powder
by placing the samples together with KIBA reagent (Sasaki et al., 1979)
in a Pyrex glass flask. The H2S was precipitated as Ag2S in AgNO3

solution and the weight of Ag2S was used to calculate the concentration
of total S in the samples. To reduce the blank contribution of S from the
apparatus, the Pyrex flask was washed with dilute HF before each
sample preparation. This cleaning reduced the blank contribution to
less than 0.10 mg of Ag2S (0.014 mg S). The Ag2S was mixed with
V2O5 (1:2 weight ratio) in Al foil and placed in an elemental analyzer
(Carlo Erba 1110) to yield SO2 at 1700°C for isotopic ratio measure-
ments.

2.4. Atomic Absorption Spectroscopy

The concentration of As in bulk rock was determined in 0.5-g
aliquots of samples digested by aqua regia at 95°C for 2 h, then diluted
to 10 mL with H2O. The solution was mixed with KI-C6H8O6 solution,
followed by analysis using a Perkin-Elmer 2100 atomic absorption
spectrometer with FIAS-400 hydride generating system. The detection
limit is 0.1 ppm and the overall uncertainty based on duplicate analysis
is � 10% of the quoted value. The analytical procedure is essentially
the same as that described by Hageman et al. (2002).

2.5. Electron Microprobe

Arsenic contents of various mineral phases were determined using a
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light their fluid-soluble enrichment. Elements from Zr to
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Cameca SX 50 electron probe equipped with four wave-length energy
dispersive spectrometers. Analytical conditions were 35 kV and beam
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current of 500 nA for most minerals. The As-K� peak was measured
using a LiF crystal for 600 s, and backgrounds were each measured for
300 s. High electron current, voltage and long counting time lowered
the detection limit of As to 14 to 16 ppm in all phases. The detection
limit was defined as 3 � �B � �t, where B is the background counts
and t the counting time. The beam size was �0.25 to 0.5 �m in
diameter. For antigorite, the beam size was widened to 25 to 30 �m and
the current was lowered to 100 nA to prevent rapid disintegration of the
mineral during analysis. The standard for As was natural cobaltite
containing 45.2 wt% As, obtained from Astimex Ltd. The analytical
procedure is essentially the same as that described by Hattori et al.
(2004).

3. RESULTS

The serpentinite bulk-rock samples contain high concentra-
tions of As, ranging from 6 to 275 ppm (Fig. 2; Table 1). Sulfur
concentrations were all very low, less than 51 ppm S, and three
samples yielded S concentrations below the detection limit of 4
ppm S. The S isotopic compositions show a relatively narrow
spread, ranging from �6.5 to �4.3‰ (Table 1).

Electron microprobe study identified minute (� 2 �m) Ni-
sulfide minerals with high As, up to 0.25 wt% in heazlewoodite
(Table 2). After extensive search for metallic minerals, we

Table 1. Compositio

Method CH 422 CH 423 CH 4

As (ppm) a 27.3 49.2 62
As(VI)(% of total) b 53 73 83
S (ppm) c 8 51 �4
�34S (‰) d n.d. �6.5 n.
SiO2(%) e 39.6 37.4 39
TiO2(%) e 0.02 0.008 0
Al2O3(%) e 1.6 0.31 0
Fe2O3(% total Fe) e 7.99 6.60 7
MnO (%) e 0.089 0.125 0
MgO(%) e 37.0 41.9 37
CaO(%) e 0.482 0.201 1
P2O5(%) e 0.005 0.024 0
LOI(%) f 13.1 13.2 13
SUM 99.88 99.72 99
V (ppm) e 45 11 34
Cr (ppm) e 2290 2770 2370
Co (ppm) e 100 114 97
Cu (ppm) g 8.74 6.68 8
Ni (ppm) e 2060 2760 1980
Zn (ppm) e 34 27 44
Nb (ppm) h 0.98 0.37 0
Sb (ppm) a 1.32 7.25 4
Pb (ppm) h 2.15 2.44 1
Sc (ppm) h 11.3 3.2 5
Rb (ppm) i 0.108 0.11 0
Sr (ppm) i 9.1 6.6 55
Nd (ppm) i 0.131 0.063 0
Sm (ppm) i 0.04 0.0186 0

a Hydride generator with atomic absorption spectrometer after aqua
b XANES fit with �10% uncertainty.
c Ag2S precipitation of H2S released from samples in Kiba reagent
d Gas-source mass spectrometer after combustion of Ag2S with V2O
e X-ray fluorescent spectrometer.
f Weight loss after heating samples for 1.5 h at 1100 C.
g ICP-MS after aqua regia digestion.
h ICP-MS after digestion with HF-HCIO4-HNO3-HCl.
i Isotopic dilution analysis using spike solutions containing enriched

n.d. 	 not determined.
found one tiny, � 2 �m, grain of arsenide. The composition is
close to orcelite (Ni5-xAs2) and maucherite (Ni11As8) (Table 3)
and it is likely that this minute grain is a mixture of two or more
phases. Nickel arsenides are rare in nature, and all known
occurrences are related to hydrothermal veins. Detailed exam-
ination of samples did not identify any other As minerals. The
concentration of As in other phases is much lower. Chromite
shows As concentrations below the detection limit of 16 ppm.
Most magnetite rimming chromite and small grains of magne-
tite in antigorite contain low As, below the detection limit of 16
ppm, but several grains contain As up to 66 ppm (Table 2). It
was difficult to obtain the precise concentrations of As in
antigorite because the mineral was not stable under high elec-
tron current and voltage, requiring the electron beam to be
widened to 25 to 30 �m. Many antigorite grains are smaller than
the beam size and most grains contain numerous dusty inclusions
of magnetite. Clear areas of large antigorite grains yielded varying
As values, with one analysis close to 90 ppm As.

The XANES of As shows strong absorption features at
around 11.870 keV, which is similar to the peak for As(V)-
bearing species in which As is bonded to oxygen such as in
As2

VO5 and adamite, Zn2(AsVO4)(OH) (Figs. 3 and 4). The

rpentinite samples.

CH 98A CH 98B CH 146 CH 187 CH 35A

275 54.1 6.0 145 56.6
59 75 43 83 4
34 �4 6.6 41 �4

�4.3 n.d n.d �0.5 n.d
35.1 40.2 40.6 39.4 38.7
0.03 0.015 0.024 0.023 0.02
0.54 0.37 0.77 1.09 0.49
6.83 7.54 7.59 8.99 7.58
0.127 0.10 0.093 0.105 0.1

40.0 41.8 36.7 38.0 38.6
0.64 0.29 1.05 0.33 0.65
0.005 0.006 0 0.001 0.003

16.7 9.7 13.1 11.8 13.8
99.89 99.99 99.88 99.73 99.88
19 18 34 37 28

2720 2600 2580 2780 2120
97 110 93 113 107
5.05 6.34 13.22 5.21 4.64

2260 2830 2260 2390 2220
51 54 30 32 49
0.82 0.56 0.07 0.08 0.84

11.97 10.07 0.69 10.2 5.08
13.7 2.64 7.83 33.7 19.3
5.3 3.8 5.7 7.9 5.3
0.075 0.067 0.033 0.11 n.d.

22.8 13.1 30.4 6.9 n.d.
0.058 0.076 0.049 0.041 n.d.
0.02 0.0213 0.0194 0.0185 n.d.

igestion.

et al., 1979).

84Sr, 142Nd, and 147Sm.
n of se

33

.1

d
.2
.013
.56
.39
.104
.5
.403
.006
.5
.65

.57

.14

.68

.95

.5

.14

.152

.041

regia d

(Sasaki
5.

85Rb,
observed XANES pattern is similar to those of AsV-O phases
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reported by Hugging et al. (1993) and Takahashi et al. (2003).
The peak position of Sample CH 35A, collected at the base of
the Nidar ophiolite, shows the maximum absorption at a sig-
nificantly lower energy, �11.866 keV, than the other samples,
and this position is similar to that of As2

IIIO3 and NaAsIIIO2

(Fig. 3).
Using the normalized spectra of the samples and reference

materials of As2O3 and As2O5, the fractions of As(V) relative to
total As was calculated from XANES spectra (Figs. 4a,b). The
fractions vary from 4 to 84%. Sample CH 35A, from the base of
the Nidar ophiolite, shows the lowest calculated fraction of As(V),
4%, but this is negligible given the uncertainty of � 10%. Bulk-
rock samples that contain greater than �60 ppm As show uni-
formly high fractions of As(V), �60% (Fig. 5), and there is a

Table 2. Arsenic concentration of various minerals.

Mineral As (ppm) Remarks

Sample CH 98 A

Heazlewoodite 769 Grain is enclosed in an aggregate of
antigorite

Heazlewoodite 751 Ditto
Pentlandite 2300 Ditto
Pentlandite 1900 Ditto
Chromite �16 Core of chromite rimmed by

magnetite
Magnetite 48 Rim of chromite grain
Magnetite 25 Rim of chromite grain
Magnetite 45 Small grain in an aggregate of

antigorite
Magnetite 35 Small grain in an aggregate of

antigorite

Sample CH 187

Pentlandite 564 Grain is enclosed by an aggregate
of antigorite

Pentlandite 684 Grain is enclosed by an aggregate
of antigorite

Pentlandite 697 Grain is enclosed by an aggregate
of antigorite

Chromite �16 Core of chromite rimmed by
magnetite

Magnetite 48 Magnetite rimming chromite
Magnetite 25 Magnetite rimming chromite
Magnetite 45 Small grain of magnetite enclosed

in an aggregate of antigorite
Magnetite 35 Small grain of magnetite enclosed

in an aggregate of antigorite
Antigorite 66 Coarse-grained antigorite
Antigorite 89 Rim of coarse-grained antigorite
Antigorite 69 Core of coarse-grained antigorite

Table 3. Composition of arsenide in CH 187.a

wt% Atomic %

Fe 0.11 0.14
Ni 49.7 58.5
As 43.0 39.6
Sb 2.68 1.52
S 0.08 0.16
Te 0.09 0.05
a Concentrations of Mn, Co, and Zn are �0.01 wt%.
positive correlation between the As contents and As(V) fractions
in samples with lower As concentrations. Thus, higher proportions
of As(V) are found in samples with higher concentrations of total
As, excluding the sample from the Nidar ophiolite (Fig. 5), which
does not plot on the correlation. The data are consistent with this
sample having an origin different from the rest of samples.

The XANES spectra suggest that O is mostly the neigh-
boring atoms of As in the samples. This is supported by RSF
computed from the EXAFS spectra (Fig. 6). The peak max-
imum of RSF for the sample occurs at lower R than those for
NaAsIIIO2, As2

IIIO3 and enargite (Cu3AsS4) (Fig. 6). These
results confirm that As in the sample is predominantly As(V)
and that the neighboring atoms are mostly O.

The bond distance between As and O, and the coordina-
tion number of As, are quantitatively derived for samples
and reference materials using the EXAFS fits (Table 4). For
reference materials, we obtained coordination numbers of
3.2 and distances of 1.79 Å between As and O for both
As2

IIIO3 and NaAsIIIO2 (Table 4). The values are in good
agreement with respective values of 3 and 1.79 Å for
As2

IIIO3 and 3 and 1.68 to 1.83 Å for NaAsIIIO2, based on
crystallographic studies by Pertlik (1978) and Emmerling
and Roehr (2003), respectively. Our estimate of 2.19 Å as
the distance between As and S in enargite (Cu3AsS4) is
similar to the distance of 2.21 to 2.22 Å based on a crystal-
lographic study (Henao et al., 1994). These excellent agree-

Fig. 3. Arsenic K-edge XANES spectra of serpentinite samples and
reference materials of pure oxides; As2

IIIO3, As2
VO5, NaAsIIIO2 and

adamite, Zn2AsVO4(OH). a.u. 	 arbitrary units.
ments with crystallographic results of the reference materi-
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als validate the use of EXAFS-based calculations for our
samples.

Sample CH187 yielded an average bond distance between
As and neighboring atoms of 1.68 Å (Table 4). This is similar
to the average AsV-O distance, 1.68 to 1.69 Å, in arsenate
(AsVO4)2� that is not combined with H (e.g., Mihajlović and
Effenberger, 2004; Locock et al., 2005). The result confirms
that As is bonded to O and that most of the As is indeed As(V)

Fig. 4. Arsenic K-edge XANES spectra of samples CH
reference materials, As2O3 and As2O5. Calculation cond
reference materials.

Fig. 5. Concentrations of total As vs. proportion of As (V) to total As
in Tso Morari serpentinite samples. Proportion of As(V) calculated

V III
187 and CH 98A, and calculated spectra fitting based on two
using absorption peak of reference As oxides, As2 O5 and As2 O3. Error
bars show uncertainty of �10%.
Fig. 6. Radial structure function (RSF) spectra of As, derived from
EXAFS spectroscopy data. Spectrum of sample CH 187 compared to those
of NaAsIIIO2, As2

IIIO3, and natural enargite (Cu3AsS3). Circles 	 original
EXAFS spectra; solid lines 	 fitted spectra. Fourier transforms are not
corrected for phase shifts; distances between As and neighboring atoms
shown in RSF diagram are shorter than true distance. Quantitative esti-

mates of distance between As and neighboring atoms, and coordination
number of As are listed in Table 4.
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in the sample, since the ionic radius of As(V) is smaller than
that of As(III).

4. DISCUSSION

4.1. Possible Sites of Arsenic in Serpentinites

4.1.1. Sulfide minerals

Arsenic is a chalcophile element with strong affinity for S,
and sulfide minerals are considered to be the major hosts of As
in a variety of crustal rocks (e.g., Onishi and Sandell, 1955).
Sulfide grains in our samples are locally high in As, up to 2500
ppm (Table 2), but the limited and minute grains of sulfide
phases likely host only a small fraction of the total As. First, the
abundance of sulfide minerals is very low. The concentrations
of total S vary from below the detection limit of 4 ppm to a
maximum of 51 ppm (Table 1). Using the concentration of S in
bulk rocks and sulfide mineralogy, the maximum amount of As
in our whole rocks that can be fixed in sulfides is estimated to
be less than 0.4 ppm As, even if sulfides contain 2000 ppm As.
Thus, the As contained by sulfides in each sample is less than
�0.8% of the total As in the samples.

Secondly, XANES spectra of our samples do not show
evidence for a contribution of As from sulfide minerals. Ar-
senic in sulfide minerals occupies the cation site, such as
realgar (AsS) and orpiment (As2S3), or forms dianions with S,
such as (AsS)2� in arsenopyrite (FeAsS) and pyrite (Zachariáš
et al., 2004). In either case, As in sulfides shows distinctly
different X-ray absorption spectra from As in oxides, with the
peak absorption at much lower energy sites than those of As
oxides (Savage et al., 2000; Takahashi et al., 2003). Thirdly, As
in our samples shows a short, �1.7 Å, average bond length
between As and adjacent elements compared to the bond length
of As-S in sulfide minerals (Fig. 6, Table 4). Other minerals
also have short As-S distance. For example, the As-S distance
of realgar is 2.23 Å (Pertlik, 1994) and that of arsenopyrite
2.35 Å (Morimoto and Clark, 1961). The bond length of our
samples is even shorter than that of AsIII-O in NaAsIIIO and

Table 4. Arsenic EXAFS spectra

Sample

Calculated based on

A-B CN R (Å) �2 (Å

Refere

As2III AO3 As-O 3.3 1.79 0.00
NaAsIII AO2 As-O 3.2 1.78 0.00
Enargite Cu3AsS4 As-S 4.3 2.19 0.00

CH 187 As-O 5.2 1.68 0.00

a A-B 	 absorber-back scatterer atom pair in the material; CN 	 c
(�0.02 Å; O’Day et al., 1994); �2 	 Debye-Waller mean-square dis
experimental and the final fitted value after computation.

b References for crystallographic data of As2O3, NaAsO2, and enarg
al. (1994), respectively.

c Residual to total proportion in R space.
2

As2
IIIO3 (Fig. 6, Table 4). This indicates the predominant oc-
currence of As in the samples is AsV-O because As(V) is much
smaller than less charged As (III).

4.1.2. Other minerals

Arsenic forms arsenate (AsVO4) with a variety of
metals, such as scorodite (FeIIIAsVO4), pharmacosiderite
[KFe4

III(AsVO4)3(OH)4 6H2O], erythrite [Co3(AsVO4)2 · 8H2O)],
and annabergite [Ni3(AsVO4)2 · 8H2O]. However, these minerals
are very unlikely to be present in our samples. The formation of
scorodite requires high Fe contents and highly oxidized conditions
compared to the magnetite-hematite f O2 buffer (Figs. 7a,b). He-
matite has not been found in the serpentinites. Erythrite and
annabergite, hydrated Co and Ni arsenate minerals, are highly
soluble and only are found at the surface overlying weathered
Ni-Co sulfide deposits, where abundant metals and As(V) are
available. Such conditions are highly unlikely in mantle serpen-
tinites.

Arsenate(AsVO4) may substitute for PVO4 in apatite
[Ca3(PO4)2] and pharmacolite (CaHPO4). It is not easy to
detect trace amounts of phosphate minerals in samples because
of their inconspicuous optical and physical properties. We
consider that they are unlikely hosts of As in our samples,
although we can not rule out this possibility. Our samples
contain low concentrations of CaO (� 1.4 wt %) and P2O5 (�
0.024 wt %). Secondly, there are no positive correlations be-
tween As and P and between As and Ca contents (Table 1).
Thirdly, apatite has not been reported in depleted-mantle peri-
dotites. Furthermore, P is not considered to be a mobile ele-
ment, incorporated from slabs into overlying mantle wedges in
subduction zones, based on the low P contents in arc volcanic
rocks (e.g., Elliott et al., 1997; Togashi et al., 2000).

Arsenic was detected in many grains of antigorite and
magnetite by electron microprobe analysis, although the
concentrations of As are overall low (Table 2). The site and
valence of As in silicate and oxide minerals are poorly
known, but it was suggested that the small radius of AsV (0.6
Å) may allow it to reside in tetrahedral sites of silicate
minerals by substituting for SiIV (0.54 Å) (Esson et al.,

ers of the first neighboring atom.

S spectraa Crystallographic datab


E (eV) Residual (%)c CN R (Å)

terials

6.2 0.4 3 1.79
7.6 1.8 3 1.83, 1.82, 1.68
9.5 0.3 4 2.21, 2.22

3.5 0.1

ation number (�20%; O’Day et al., 1994); R 	 interatomic distance
arameter; 
E 	 energy shift between the value determined through

AsS4) are Pertlik (1978), Emmerling and Roehr (2003), and Henao et
paramet

EXAF

2)

nce ma

4
8
4

Sample

4

oordin
order p

ite (Cu3
1965; Smedley and Kinniburgh, 2002). This is supported by
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relatively high Al2O3, up to 2.5 wt %, in antigorites with
elevated concentrations of As, because the presence of
Al(III) in SiIV-O tetrahedra can compensate for the charge
imbalance where Si(IV) is substituted by As(V). Further-
more, antigorite does not have a rigid crystallographic struc-
ture, which may facilitate a substantial substitution of ions
with different valences, such as Si(IV) by As(V).

Arsenic may be sorbed on the surface of fine-grained ser-
pentine minerals since sheet silicates have high sorption coef-
ficients for As(V) (e.g., Smedley and Kinniburgh, 2002). Mag-
netite disseminated in serpentine is another possible mineral
that may adsorb As(V), as As(V) is known to form relatively
strong chemical bonds with metal oxide surfaces (e.g., Taka-
hashi et al., 2004). Although reasonable size grains of magne-
tite do occur in antigorite, most grains of Fe-oxides in our
samples are fine-grained with irregular shape, suggesting high
surface areas. Adsorption of elements on mineral surfaces is
well documented at low temperatures, but it may also be
important at elevated temperatures. For example, Au- and
As-bearing Fe-sulfides are known in many hydrothermal ore
deposits, and the enrichment of As and Au in sulfides has been
explained by their adsorption from aqueous fluids at tempera-
tures ranging from 300° to 550°C, followed by their incorpo-
ration into sulfide crystal structures (e.g., Fleet and Mumin,
1997; Scaini et al., 1998; Simon et al., 1999). In our study,
although it was not possible to obtain the concentrations of As
on the surface, it is probable that As(V) was adsorbed on their
surface and that it may be still present on their surface. Some
of As may have led to subsequent incorporation into their

Fig. 7. Stability of dissolved As species at 150°C and 30
predominant dissolved sulfur species; thick dot-dashed lin
shaded areas 	 stable fields for oxidized As(V)-bearing s
pH and f O2 shown here unless solutions contain unrealis
of Shock et al. (1997) and Pokrovski et al. (1996) with
FreeGs program, distributed by Geoscience Australia (Ba
crystal structures.
4.2. Source of Arsenic

The subduction zone where our serpentinite samples formed
has a long history starting with the subduction of Tethyan
oceanic crust followed by the subduction of the Indian conti-
nental margin. This long history of subduction, more than
100 m.y., may have contributed to the enrichment of As and
other soluble elements in our samples. Furthermore, the margin
of the Indian continent was overlain by shallow water sedi-
ments, of which protoliths are granitic rocks in the interior of
the continent. Such sediments were most likely high in As
because of their granitic source and depositional environments,
since granitic rocks contain higher concentrations of As than
mafic rocks. Furthermore, shallow-water sediments are com-
monly highly enriched in As compared to their sources in
general (Onishi and Sandell, 1955; Togashi et al., 2000). These
factors likely contributed to high As contents in the serpentinite
samples.

There are two types of As in crustal rocks and sediments.
The first type is As(III) or As(�1) in the structure of sulfides
and organic compounds (Bose and Sharma, 2002; Smedley and
Kinniburgh, 2002). This structurally bound As is minor in most
crustal rocks except for sulfide-rich sediments (Smedley and
Kinniburgh, 2002). The second type is As(V) adsorbed on
organic matter, clays and Fe-Mn oxy-hyroxides. This type of
As is more abundant and volumetrically important, especially
in sediments. Among the adsorbents, Fe-oxides are the most
important in crustal rocks because of their greater abundance in
sediments and their strong binding affinity for As(V) (Smedley
and Kinniburgh, 2002).

ater vapor pressures. Dashed lines 	 boundaries between
bility boundary between hematite (H) and magnetite (M);
Scorodite (FeIIIAsVO4 · 2H2O) is not stable in ranges of
high Fe concentrations. Diagrams constructed using data

elgeson-Kirkham-Flower model for aqueous species in
et al., 2004).
0°C at w
es 	 sta
pecies.
tically
The first type of As, structurally bound in minerals, is re-
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leased only when the host phases are destabilized. On the other
hand, the second type of As, adsorbed As(V), is readily re-
leased from sediments to pore water during changes in chem-
ical environments, such as pH, salinity, temperature and redox
conditions (Smedley and Kinniburgh, 2002; Takahashi et al.,
2004).

The high abundance of As(V) in our samples with elevated
As concentrations (Fig. 5) suggests that the source of As was
As(V), most likely released by desorption from sediments and
slabs during the early stage of subduction. This is supported by
low concentrations of As in metamorphosed rocks, as compiled
for a variety of rocks by Onishi and Sandell (1955) and Togashi
et al. (2000). The data suggest that As is released from rocks
even during greenschist-facies metamorphism. This is in accord
with the systematic analysis of As concentrations in the
Catalina Schist, considered to represent subducted sediments,
where As contents sharply decrease in higher grade epidote-
bearing rocks (Bebout et al., 1999). Such data are consistent
with As being released from subducted sediments and slabs at
relatively low temperatures, �350°C, and thus shallow depths,
� 25 km.

The argument that As and other soluble elements were
present in the samples before the subduction process is not
supported because it would require that As(V) was present in
the anhydrous mantle peridotites. This is highly unlikely given
that high As contents have not been reported in anhydrous
mantle peridotites. Furthermore, As in anhydrous mantle peri-
dotites, if there is any, is likely to be As(III) because of the
generally reduced conditions in the mantle.

It may be further argued that As was incorporated during the
exhumation of serpentinites. This can be discounted because
once hydrated, serpentinites do not incorporate much water and
water-soluble elements. Furthermore, the exhumation of our
serpentine samples was accompanied by minor dehydration,
forming secondary olivine (Fo 96) and talc from antigorite
(Guillot et al., 2001). Veinlets of chlorite, chrysotile, and minor
calcite formed at a much later date, but they are easily identified
and were excluded from analysis.

Sample CH 35A, from the base of the Nidar ophiolite, is
quite different from the rest of samples, as it contains mostly
As(III). This peridotite, likely hydrated during obduction of the
Nidar arc, did not receive a continuous flux of water from an
external, oxidized source. A low water/rock ratio during the
serpentinization likely kept the serpentinite at a reduced state
because release of Fe(II) from olivine commonly maintains a
low f O2 during hydration (Palandri and Reed, 2004).

4.3. Transfer of Arsenic from Slabs to Mantle Wedge

Arsenic is highly soluble in aqueous fluids as hydroxide
complexes, such as H2AsIIIO3

0 and HAsvO4
2�, and its solubil-

ity increases at elevated temperatures (e.g., Pokrovski et al.,
1996; Shock et al., 1997). Arsenic may be transported also in
the vapor phases, as AsIII(OH)3 and AsVO(OH)3, especially at
high temperatures (Pokrovski et al., 2002). Another possible
process for the transport of As(V) involves the release of As(V)
from minerals in subducting slabs an sediments. As(V) in
minerals likely stay as its oxidation state as far as the host
minerals are stable. Disintegration of such minerals in sub-

ducted slabs and sediments would release As(V) into fluids to
the overlying mantle wedges. We consider this as a minor
component because As incorporated in minerals is minor in
sediments and slabs.

Although As would be easily transported in subduction
zones, an evaluation of the environment of As transport is not
easy because the thermodynamic properties of aqueous As
species, especially for As(V) species, are not well defined at
elevated temperatures. This poses large uncertainties in the
estimates of the stability fields of aqueous As species at ele-
vated temperatures. However, the available data suggest that
aqueous As(V) species are stable over a wide range of tempera-
tures (Shock et al., 1997). They are stable at high pH and f O2, and
their stability fields overlap with those of sulfate (Figs. 7a,b).

Fluids that hydrate peridotites become alkaline as the hydra-
tion reaction proceeds (e.g., Normand et al., 2002), and alkaline
solutions, with pH �11, are common in association with the
hydration of ultramafic rocks (e.g., Barnes and O’Neil, 1969;
Bruni et al., 2002; Kelley et al., 2005). This evidence suggests
that As(V) released from sediments and slabs is likely stable in
such highly alkaline conditions during the serpentinization of
peridotites. The As concentration of the fluids during serpen-
tinization increases as water is consumed by continuous hydra-
tion reactions, and the solutes are eventually fixed in the ser-
pentinite minerals. Once As(V) is adsorbed onto or
incorporated into mineral phases in serpentinites, it will likely
retain its oxidation state.

The oxidized conditions during serpentinization of our sam-
ples may seem odd because highly reduced conditions are
associated with the hydration of some peridotites (e.g., Sleep et
al., 2004). Minerals indicative of reduced conditions are reported
from serpentinites, such as native Fe and awaruite (Ni2-3Fe), and
graphite. Our samples lack such minerals, which is consistent with
their oxidized condition.

What were the causes for the high oxidized state of our
samples? First, our samples directly overlaid the subduction
plane, thus they were continuously exposed to aqueous fluid
from dehydrating slabs and sediments. Such a high flux of
water likely maintained a high oxidation state during the hy-
dration of peridotites. Second, gypsum in subducted evaporite
beds likely acted as an oxidant of our serpentinite samples.
There are abundant evaporate beds with gypsum and anhydrite
on the northern margin of the Indian continent (e.g., Gaetani et
al., 1986; Steck et al., 1993), and some of these evaporites were
undoubtedly subducted beneath Eurasia based on the relics of
evaporitic rocks in the Tso Morari eclogitic unit (Colchen et al.,
1994).

Our proposed interpretation is consistent with low abun-
dance of sulfides, � 51 ppm S, and the limited range of �34S in
our samples (Table 1). Sulfide minerals were not stable where
our samples formed because of the oxidized conditions of
serpentinization. The absence of sulfides in our samples con-
trast with sulfide-rich serpentinites formed under a low flux of
water, which show a large range in �34S values due to a
variable degree of sulfate reduction (e.g., Alt et al., 1998).

Our proposed interpretation, fluid transfer of oxidized As(V)
from slabs to mantle wedges, is comparable to the transfer of
U(VI) from slabs to mantle wedges. High U/Th ratios are noted
in many arc magmas, attributed to the transfer of fluid-mobile
U(VI) from subducting slabs to arc magmas via mantle wedges

(e.g., Sigmarsson et al., 1990; Elliott et al., 1997; Hawkesworth
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et al., 1997). Uranium in surface environments occurs as oxi-
dized U(VI) species which are easily reduced to immobile
U(IV), even during the diagenesis of sediments and in ground
waters (e.g., Suzuki and Banfield, 1999). The release of U(VI)
from slabs to mantle wedges also requires an oxidized state at
the interface between slabs and overlying mantle wedges. El-
evated U/Th ratios common in arc magmas suggest that oxi-
dized conditions are not rare along subduction planes.

4.4. Transfer of Fluid-Soluble Elements to Arc Magmas

Partial melting that leads to the generation of arc magmas
takes place in mantle wedges in response to an influx of water
from subducting slabs and sediments (e.g., Tatsumi, 1986).
However, the process by which water and soluble elements are
transferred from slabs to the interior of the mantle wedge is in
debate (e.g., Mibe et al., 1999; Hattori and Guillot, 2003). The
most widely held view involves the rapid release of water from
slabs during the eclogitization of slabs (e.g., Tatsumi, 1986;
Peacock, 1993; Peacock and Wang, 1999). The water is sug-
gested to form amphiboles in the overlying mantle wedge and
their breakdown leads to partial melting.

Several workers have noted the problems associated with
this model. First, the transformation of slabs to eclogites would
occur at much shallower depths than expected (e.g., Fukao et
al., 1983; Schmidt and Poli, 1998). Slabs are already eclogi-
tized beneath the volcanic fronts. Second, water is continuously
released from subducting slabs and overlying sediments in the
fore arc region where the interior of the mantle wedge is hot
enough for partial melting to occur (e.g., Schmidt and Poli,
1998), but the is no evidence here for partial melting. Further-
more, Sb is highly enriched in arc magmas (e.g., Noll et al.,
1996), but it is a high-field strength element and should be
retained in slabs during the eclogitization (Zack et al., 2002).
Such enrichment can only be explained by its release from
slabs at shallower depths before the eclogitization of slabs. A
similar conclusion is reached from B isotope data of forearc
serpentinites (Benton et al., 2001) and arc magmas in the
Mariana arc (Straub and Layne, 2002). Boron is released during
the early stage of subduction and is stored in the overlying
mantle wedges.

We proposed a layer of serpentinites at the base of wedges as
a sink for water and such highly fluid-mobile elements (Hattori
and Guillot, 2003). This can explain the lack of volcanism in
the forearc region because the serpentine layers would insulate
the interior of wedges and keep it dry. Our proposed model is
further supported by this study of the speciation of As, whereby
As is released from slabs as As(V) early in subduction and is
transferred to the overlying mantle wedge by fluids, to be
incorporated in the serpentinite layer at its base.

When the serpentinite layer is transported downward by
mantle flow, the As(V) is also transported with the serpentinites
to hotter and deeper levels in the mantle. Thus, elements that
may be released from the slab at low temperatures are trans-
ported with the serpentinites to deeper parts of the mantle. The
stability of serpentine minerals is pressure-sensitive, and even-
tual dehydration of serpentine minerals causes a discharge of
water and soluble elements at a depth of �100 km (Hattori and
Guillot, 2003). Arsenic and other soluble elements are not

easily included in silicate minerals in the mantle and so are
incorporated into the partial melt, although As may also be
partially included in sulfides in the mantle wedge (Hattori et al.,
2004).

In the mantle, As is reduced to As(III) in silicate melt or As
(�1) in sulfides. The presence of As(III) in melt is suggested
based on the presence of As(III) in high-temperature volcanic
gases and magmatic hydrothermal fluids (Onishi and Sandell,
1955; Smedley and Kinniburgh, 2002). This implies the reduc-
tion of As(V) to As(III) or As(�1) in the interior of the mantle
wedge. Although As is minor in concentration compared to S
and Fe(III), reduction of As(V) will contribute to the oxidation
of mantle wedges.

5. SUMMARY

Strong absorption peaks at around 11.87 keV in XANES
spectra suggest that As in serpentinite samples is mostly As(V),
bonded with O. Arsenic present in sulfide minerals and ar-
senides is minor, despite high concentrations of As in a few
sulfide grains and the finding of one grain of Ni arsenide. The
abundance of As(V) is further confirmed by structural param-
eters obtained from EXAFS spectra of one sample, compared to
reference materials. The fraction of As(V) to the total As
increases in samples with higher concentrations of As, indicat-
ing that As was introduced to the mantle peridotites as the
oxidized species As(V). This As was most likely derived from
As(V) released from sediments and slabs by desorption at a
relatively shallow depth in a subduction zone along with other
fluid-soluble elements. The subduction of evaporites and a
continuous flux of water from slabs to the overlying mantle
wedge likely kept the serpentinites at the base of the mantle
wedge in an oxidized state. Once As(V) was incorporated into
serpentinite minerals, it likely retained its valence in the mantle
and was transported together with the host to deep levels, �100
km, of the mantle before final exhumation with the Tso Morari
eclogitic unit.
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