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[1] Serpentinites associated with eclogitic rocks were examined from three areas: the Alps, Cuba, and the
Himalayas. Most serpentinites have low Al/Si and high concentrations of Ir-type platinum group elements
(PGE) in bulk rock compositions, indicating that they are hydrated mantle peridotites. A few samples
contain high Al/Si and low concentrations of Ir-type PGE, suggesting that they are ultramafic cumulates.
Among the hydrated mantle peridotites, we identified two groups, primarily on the basis of Al/Si and Mg/
Si ratios: forearc mantle serpentinites and hydrated abyssal peridotites. Forearc serpentinites occur in the
Himalayas and along a major deformation zone in Cuba. All serpentinites in the Alps and most
serpentinites in Cuba are hydrated abyssal peridotites. Himalayan serpentinites have low Al/Si and high
Mg/Si ratios in bulk rock compositions, and high Cr in spinel; they were serpentinized by fluids released
from the subducted Indian continent and enriched in fluid-mobile elements, and show high *’Sr/**Sr, up to
0.730, similar to the values of rocks of the subducted margin of the Indian continent. Although Himalayan
serpentinites have a similar refractory geochemical signature as the Mariana forearc serpentinites, the
former contain markedly high concentrations of fluid-mobile elements and high ®’Sr/**Sr compared to the
latter that were hydrated by subducted Pacific Ocean crust. The data indicate that the enrichment of fluid-
mobile elements in forearc serpentinites depends on the composition of subducted slabs. Alpine
serpentinites and most Cuban serpentinites show moderate Al/Si similar to abyssal peridotites. Hydration
of peridotites near the seafloor is supported by micro-Raman spectra of earlier formed lizardite, high §>*S
(+11 to +17%o) of sulphides, and elevated ®’Sr/*°Sr, ranging from 0.7037 to 0.7095. The data support the
contribution of S and Sr from seawater and sediments. These serpentinites are not highly enriched in fluid-
mobile elements because serpentinization occurred at a high water/rock ratio. Alkali elements are
conspicuously unenriched in all serpentinites. This lack of alkali enrichment is explained by slab retention
of alkalis. This is also consistent with the observation of relatively low alkali concentrations in volcanic
front magmas, since partial melting related to the volcanic fronts is triggered by dehydration of
serpentinites.

Copyright 2007 by the American Geophysical Union 1 of 27



i Geochemistry 3
" Geophysics ( I
_ ' Geosystems \

HATTORI AND GUILLOT: GEOCHEMISTRY OF SERPENTINITES 10.1029/2007GC001594

Components: 15,968 words, 12 figures, 9 tables.

Keywords: forearc mantle peridotites; element recycling; subduction zones; UHP and HP rocks; arc magmas; mantle

peridotites.

Index Terms: 1031 Geochemistry: Subduction zone processes (3060, 3613, 8170, 8413); 1025 Geochemistry: Composition

of the mantle.

Received 23 January 2007; Revised 13 June 2007; Accepted 28 June 2007; Published 19 September 2007.

Hattori, K. H., and S. Guillot (2007), Geochemical character of serpentinites associated with high- to ultrahigh-pressure
metamorphic rocks in the Alps, Cuba, and the Himalayas: Recycling of elements in subduction zones, Geochem. Geophys.

Geosyst., 8, Q09010, doi:10.1029/2007GC001594.

1. Introduction

[2] Serpentinites are important in subduction zones
because they contain up to 13 wt% water, and are
stable at considerable depths, down to ~100 km
[e.g., Wiinder et al., 2001]. Thus serpentinites are
large reservoirs of water and effective vehicles for
its transport from the shallow crust to the mantle.
Water is essential for the production of arc magmas
and in the transfer of elements from slabs to mantle
wedges and from mantle wedges to arc magmas. In
addition, because of their physical properties,
serpentinites may contribute to a variety of pro-
cesses in subduction zones. For example, buoyant
serpentinites, compared to anhydrous peridotites,
may play a significant role in the exhumation of
ultrahigh pressure (UHP) and high pressure (HP)
metamorphic rocks [e.g., Schwartz et al., 2001],
and the large volume change associated with the
dehydration of serpentinites may be responsible for
deep seismic activity in subduction zones [e.g.,
Dobson et al., 2002].

[3] Our earlier studies of serpentinites associated
with the Tso Morari UHP unit in the Himalayas
demonstrated that these serpentinites originated
from the base of the mantle wedge underlying
Eurasia, with the precursor peridotites hydrated
by waters released from the margin of the Indian
continent [e.g., Guillot et al., 2001; Hattori and
Guillot, 2003]. Our interpretation is consistent with
the growing geophysical evidence, including seis-
mic, electrical and magnetic data, for the occurrence
of hydrated forearc-mantle peridotites in many sub-
duction zones [e.g., Kamiya and Kobayashi, 2000;
Bostock et al., 2002; Brocher et al., 2003; Blakely et
al., 2005; Soyer and Unworth, 2006].

[4] In oceanic subduction zones, voluminous ser-
pentinites are closely associated with omphacitic

eclogitic rocks that were originally oceanic basalts
and gabbros [e.g., Pognante and Kienast, 1987;
Hacker, 1996]. The common occurrence of serpen-
tinites on the Atlantic ocean floor [e.g., Cannat,
1993; Cannat et al., 1997] and other slow- to
ultraslow-spreading oceanic lithosphere [e.g.,
Horen et al., 1996; Dick et al., 2003; Meével,
2003; Bach et al., 2002] suggest that some of these
serpentinites may have originated from oceanic
lithosphere [e.g., Lagabrielle and Cannat, 1990;
Scambelluri et al., 1997].

[s] This paper presents chemical, mineralogical
and isotope data for serpentinites associated with
HP and UHP rocks in three orogenic belts: the
Himalayas, the Alps and Cuba. In the Himalayas,
HP and UHP rocks have a metasedimentary origin,
and were deposited on the margin of the Indian
continent. In the latter two locations, UHP and HP
rocks originated from subducted oceanic basalts
and gabbros [e.g., Pognante and Kienast, 1987;
Schneider et al., 2004]. Petrogenetic studies of
many igneous rocks commonly use large-ion lith-
ophile elements to infer their origins. However,
serpentinites contain low concentrations of such
elements. In addition, many large-ion lithophile
elements are highly mobile during serpentinization.
Therefore we use compatible and fluid-immobile
elements to characterize the protoliths of these
serpentinites.

2. Samples

2.1. Himalayas

[6] We examined serpentinites in the Tertiary sub-
duction complex of the Ladakh area, northwest
Himalayas. The subduction complex formed dur-
ing the closure of the Tethyan ocean by subduction
of oceanic crust, by accretion of the Nidar and
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Figure 1a.

Geological map of Ladakh area in northwestern India showing sample locations along the northern edge

of the Tso Morari massif and in the Indus suture zone. Solid circles are villages and towns. Map modified after Guillot
et al. [2001]. Samples CH35A and TS18C were collected at the base of the highly deformed Nidar arc complex
(labeled “Nidar” in the Indus Suture zone of the map). CH52C came from the Drakkarpo unit, which is an accreted
oceanic island just south of the Nidar ophiolite complex. Both are in the Indus Suture Zone.

Spontang oceanic arcs, and by the eventual sub-
duction of the margin of the Indian continent
beneath Eurasia [e.g., Guillot et al., 2001].
Samples (CH98A, CH 98B, CH146, CH187,
CH422, CH423, CH430, CH433) were collected
from discontinuous lenses of serpentinites, 100 X
1000 m in size, along the Zildat fault in contact
with the Tso Morari UHP unit, 100 x 50 km in size
(Figure la). The Tso Morari unit was once a
shallow-water sedimentary sequence deposited on
the margin of the Indian continent prior to being
subducted beneath Eurasia at ~55 Ma [Guillot et
al., 2001; Leech et al., 2005]. The sedimentary
rocks reached a depth of ~100 km and a temper-
ature of ~600 °C at ~50 Ma [O Brien et al., 2001;
de Sigoyer et al., 2004] before being exhumed
together with the serpentinites. For comparison,
we also used serpentinite samples from the Indus
Suture Zone (Figure la). Samples CH35A and
TS18C were collected at the base of the highly
deformed Nidar arc ophiolite complex and CH52C
from the tectonic mélange of the Drakkarpo unit,
which is an accreted oceanic island [Guillot et al.,
2000] (Figure 1a).

2.2. Alps

[7] The western Alps formed during subduction of
the Piedmont-Liguria domain of the Tethyan oce-
anic lithosphere beneath Apulia, between late Ju-
rassic and early Tertiary [e.g., Agard et al., 2002;
Lombardo et al., 2002]. The rocks in the area
are divided from west to east into three tectono-
metamorphic blocks, forming a west-dipping
nappe structure: the Queyras Schistes Lustrés com-
plex, the eclogitic Monviso massif, and the UHP
Dora Maira complex to the east (Figure 1b). The
Queyras Schistes Lustrés complex is composed of
kilometer-scale slices of meta-ophiolites embedded
within the voluminous Mesozoic metasedimentary
rocks [e.g., Blake et al., 1995]. The complex shows
a record of increasing metamorphic pressures and
temperatures from lawsonite-blueschist facies in
the western part to a transition between zoisite-
blueschist and eclogite facies in the eastern part
[Caby, 1996; Agard et al., 2001]. The structurally
underlying Monviso massif contains voluminous
omphacite-bearing metavolcanic and metagabbroic
rocks with minor (<20 vol%) metasedimentary
rocks [Schwartz et al., 2001]. Eclogites occur as
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Figure 1b. Geological map of southwestern Alps showing serpentinite sample locations (solid circles) in the
Chenaillet ophiolite, Schistes Lustrés, and Monviso massif. Towns and villages are shown with solid squares. Map

modified after Lardeaux et al. [2006].

boudins in a matrix of serpentinites or highly
deformed meta-basalts in mélange. The calculated
metamorphic pressures and temperatures vary
among different boudins in the serpentinites, sug-
gesting that different boudins correspond to differ-
ent blocks of oceanic crust that were subducted to
different depths [Blake et al., 1995]. The nappe
structure, including the Dora Maira massif, is
overlain by the Chenaillet ophiolite massif, which
represents an obducted portion of the Tethyan
oceanic crust. Therefore the Chenaillet massif
escaped the Alpine metamorphism that affected
all rocks in the underlying nappe structure.

[s] Serpentinites are abundant, constituting
~40 vol% of the entire area [Schwartz et al.,
2001]. Serpentinite samples were collected from
the Chenaillet massif (S621-1, K621-4), Queyras
Schistes Lustrés (S622-3, S626-1, S626-3, S629-1,
S632-1) and Monviso massif (S623-1, K624-2,
K624-3, K624-7, K624-10, S625-4, S625-5,
K625-6, S627-1, S628-1).

2.3. Cuba

[o] Cuba is located in the northern part of the
extinct Greater Antilles volcanic arc. Formation
of the island started with development of an early
Cretaceous arc on the southern margin of the North
American plate in response to eastward subduction
of the Farallon plate in the Pacific Ocean. A
polarity reversal of subduction took place in
Aptian-Albian time and the southward subduction
of the Proto-Caribbean oceanic plate resulted in
formation of the late Cretaceous arc on the northern
margin of the Caribbean plate [Hutson et al.,
1998]. Our serpentinite samples were collected
from the Zaza zone and Escambray massif in the
central Cuba (Figure 1c). The Zaza zone is essen-
tially a large mélange, a mixture of lenses and
fragments of eclogitic basalts and gabbros plus
deformed serpentinites [Piotrowska, 1993]. It rep-
resents an accretionary prism developed north of
the late Cretaceous arc during the southward sub-
duction of the Proto-Caribbean oceanic plate, that
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Geological map of the central part of Cuba showing serpentinite sample locations (solid circles) in the

Zaza zone, Cretaceous arc, and Escambray massif. Towns and villages are shown with solid squares. Map modified

after Milldn [1993].

formed at a slow-spreading Proto-Caribbean ridge
[Pindell et al., 1988].

[10] The Escambray massif is an accretionary
prism developed in a forearc of the Cretaceous
Caribbean “Great Arc” [Burke, 1988; Pindell et
al., 2005] during the subduction of the Farallon
oceanic plate [e.g., Hutson et al., 1998; Schneider
et al., 2004; Stanek et al., 2006]. The massif is a
mélange composed of metasedimentary rocks,
lenses of serpentinites several hundred meters in
length, and metamorphosed basalts (Figure Ic)
[Schneider et al., 2004, Stanek et al., 2006]. Millin
[1997] identified three nappes in the massif, with
increasing metamorphic grade toward the north:
greenschist facies, lawsonite-blueschist facies and
zoisite-eclogite facies (Figure 1c).

[11] Samples (Cu54, Cu55, Cu56, Cu62) were
collected from the eclogite-bearing serpentinite
mélange in the Zaza zone, whereas other samples
(Cu51, Cu63) came from the deformation zone
between the Zaza zone and the base of the Creta-
ceous arc to the north (Figure 1c). In the Escam-
bray massif, samples (Cul2, Cu24, Cu65) were
collected from the zoisite-eclogitic facies nappe,
and sample Cu69 came from the greenschist-facies
nappe (Figure 1c).

3. Analytical Procedures

3.1. Bulk Rock Composition

[12] Hand specimens were washed with Milli-Q
water after removing weathered surfaces. After
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crushing the samples into small fragments, <2 cm,
clean pieces that were free of cracks and veins were
handpicked. These samples were again washed
with Milli-Q water before grinding in a ceramic
dish. Major and minor element concentrations were
determined using a Philips PW 2400 X-ray fluo-
rescent spectrometer at the University of Ottawa.
Replicate runs of rock references (MRG-1, Sy-2,
JP-1) indicate an accuracy and precision of <0.8%
for major elements and 10% for minor elements, in
terms of quoted values. The concentrations of Rb,
Sr and Pb were determined by isotogic dilution
using mixed spike solutions of ®’Rb-**Sr,
18N d-1*Sm, and 2°®Pb, which were added to the
samples before digestion with HF-HNO3; mixture;
each element was separated following the standard
resin technique. Isotopic ratio measurements of Rb
and Sr were made with an Agilent HP 4500 ICP-
MS at the University of Ottawa.

[13] Platinum-group element concentrations were
determined by isotopic dilution using a mixed
spike of 01Ru, 195pd, 1°°0s, 1, and '**Pt; the
isotope ratios were determined with an Agilent HP
4500 ICP-MS at the University of Ottawa. The
analytical procedure is essentially identical to that
discussed by Ravizza and Pyle [1997]. Blank
contributions were 0.002—0.004 ng Ru/g flux,
0.002—-0.007 ng Ir/g flux, 0.002—0.006 ng Os/g
flux, 0.07—0.16 ng Pt/g flux and 0.03—0.12 ng Pd/
g flux, negligible compared to the sample amounts;
thus blank corrections were not applied to the
results.

3.2. Mineral Compositions

[14] Mineral compositions were determined using
a Cameca CAMEBAX SX100 microprobe with
count time of 10 s/element, 20 kV accelerating
potential and 20 nA sample current. Standards used
were albite (Si), MgO (Mg), Al,O3 (Al), Cr,O3
(Cr), Fe,05 (Fe), TiMnOs (Ti, Mn), vanadinite (V),
NiO (Ni) and Co metal (Co). The Fe,O5 contents
of spinel were calculated assuming a stoichiometric
composition. Sulphide minerals were identified
using JEOL 6400 digital scanning electron micro-
scope equipped with a 40° take-off angle and a
Link X-ray analyzer.

3.3. Strontium Isotope Compositions

[15] For Sr isotopic analysis, samples were dis-
solved using HF-HNOj; (5:1) in Savillex screw-top
Teflon vials at 180°C for >24 hrs. After repeatedly

drying and dissolving the residue in HCI, the
sample was loaded in 2.5 N HCI on cation resin
(Bio Rad AG 50 W-X8, 200—400 mesh) and Sr
was eluted with 2.5 N HCI [Hart and Brooks,
1977]. Total chemical blanks are less than 0.05 ng
for Sr, negligible in comparison to the amount of Sr
in samples. HCI was double distilled in Savillex
Teflon distillation vessels at sub-boiling temper-
atures. Double distilled HF and HNO; were pur-
chased from Seastar Chemicals, British Columbia.

[16] Isotopic measurements were made on a multi-
collector thermal ionization mass spectrometer
(Finnigan MAT 261) at Carleton University in
Ottawa, and the ratios for Sr were normalized to
°Sr/**Sr of 0.1194. NBS987 *’Sr/*°Sr was
0.710257 £ 0.000014.

3.4. Sulphur Isotopes

[17] Total sulphur was extracted as H,S from
approximately 30—-35 g bulk rock by reacting
the samples with KIBA [Sasaki et al., 1979] in a
Pyrex flask. The H,S was precipitated as Ag,S and
the weight of Ag,S was used to calculate the
concentration of total S in the samples. For
sulphur isotope analysis, the Ag,S was mixed
with V,05 (1:2 weight ratio) in Al foil and placed
in a Carlo Erba 1110 elemental analyzer to yield
SO, at 1700°C. The SO, gas was introduced to a
Finnigan-Mat Delta Plus mass spectrometer at the
University of Ottawa after passing through 7 mL of
silica at 1000°C and Cu at 600°C. The analytical
procedure is essentially identical to that described
by Hattori et al. [2004].

4. Petrology

[18] Serpentinites from the Himalayas consist main-
ly of antigorite and spinel with minor chlorite, talc
and secondary olivine (Figures 2a and 2b). The
secondary olivine replaces antigorite and commonly
contains inclusions of magnetite and antigorite
(Figure 2a); it is characterized by high Mg (Fo >
96; Table la), which is too high to be primary
olivine (Fo < 94) in mantle peridotites. Primary
chromite grains are almost always rimmed by
ferritchromite and magnetite (Figure 2b). Sulphide
minerals are extremely rare, but very small (<5 pm)
grains of millerite (NiS) and heazlewoodite (Ni3S,)
were identified. Serpentinites from the Alps and
Cuba also contain antigorite as the predominant
serpentine mineral and minor chrysotile, lizardite,
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Figure 2a.

Photomicrograph showing the secondary olivine (Ol) replacing antigorite (Ant) in serpentinite (sample

CH 98b). The secondary olivine commonly contains antigorite and magnetite inclusions and is characterized by high
Mg (Fo > 96; Table 4c), which is clearly different from olivine in anhydrous mantle peridotites (Fo < 94).

talc, chlorite and magnetite. No primary minerals
were identified in Alpine serpentinites and all
oxides are magnetite. Most serpentinite samples
from Cuba are similar to Alpine samples with no
primary minerals, except for three samples. Sample
Cu 55 contains relict clinopyroxene, orthopyroxene
and olivine (Fo 90.5, Table 1a); samples Cu51 and
Cu63 from the deformation zone contain chromite
grains rimmed by magnetite, similar to Himalayan
serpentinites. Sulphide minerals, mostly pyrrhotite
and pentlandite, occur in Alpine serpentinites, but
not in Cuban samples.

4.1. Serpentine Minerals

[19] Antigorite is the major serpentine mineral in
all samples. The predominant occurrence of anti-
gorite as a serpentine mineral in our samples is
consistent with the close association of samples
with eclogites in the field, as described in the
geological settings, because antigorite is the high-
temperature phase of serpentine minerals [Evans,
1977; Wiinder et al., 2001]. Antigorite commonly
forms blades instead of pseudomorphs of silicate
minerals, but the relict olivine grains can be dis-
tinguished in some samples, as the original grains
are outlined by dusty magnetite. Serpentinized

orthopyroxene grains are recognized in magne-
tite-free areas of antigorite in several samples.

[20] Himalayan samples contain rare veinlets of
lizardite in the matrix of antigorite. This cross-
cutting relationship suggests that the lizardite
formed later at lower temperatures. On the other
hand, Cuban and Alpine samples show evidence

Figure 2b. Photomicrograph of chromite rimmed by
magnetite (Mag), surrounded by antigorite, under open
polarized incident light (Sample CH 98A).
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Table 1a. Compositions of Representative Olivine Grains

CH98b" CH98b* CH430 CH423 Cu55 Cu55
Areas Himalayas Himalayas Himalayas Himalayas Cuba Cuba
Remark Secondary Secondary Secondary Secondary Primary Primary
SiO, 42.73 42.67 43.45 42.56 41.27 41.17
TiO, 0.04 0.04 0.00 0.04 0.04 0.02
FeO 3.95 3.81 2.05 2.12 9.27 9.00
MgO 54.83 54.78 54.12 54.99 49.34 49.4
MnO 0.25 0.16 0.16 0.14 0.048 0.189
Cr,05 <0.02 <0.02 <0.02 <0.02 <0.01 0.054
NiO <0.02 <0.02 <0.02 <0.02 0.39 0.38
Total 101.8 1.1.4 99.79 99.87 100.4 100.2
Si 1.00 1.00 1.02 1.00 1.00 1.00
Ti 0.00 0.00 0.00 0.00 001 0.00
Fe 0.08 0.07 0.05 0.04 0.189 0.184
Mg 1.91 1.92 1.91 1.94 1.791 1.795
Mn 0.00 0.00 0.00 0.00 0.001 0.004
Cr 0.00 0.00 0.00 0.00 0.000 0.001
Ni 0.00 0.00 0.00 0.00 0.008 0.008
Fo,” % 96.1 96.3 97.9 97.9 90.5 90.7

#Qlivine grains in CH98b replace antigorite, as shown in Figure 2a.
Fo is the forsterite component, 100*(Mg/[Mg + Fe]).

for the early formation of lizardite. A detailed
micro-Raman study combined with transmission
electron microscopy of serpentinite samples by
Auzende et al. [2002, 2006] found minor lizardite
along cracks of silicate minerals, surrounded by
antigorite in Cuban samples Cul2 and Cu55

(Figure 3) and Alpine sample K624-2. A similar
occurrence of lizardite and cross-cutting antigorite
was also observed in an Alpine sample (S626-11)
during this study. Lizardite is a low-temperature
phase of serpentine minerals [e.g., Evans, 1977]
and is cut by antigorite in the Cuban and Alpine

Table 1b. Compositions of Representative Spinel Grains From the Himalayas

CH35a CH98a  CH98b  CHI46  CHI87  CHI8S7  CH422  CH423  CH430  CH433
SiO, 0.03 <0.02 <0.02 <0.02 0.04 0.04 0.06 0.05 <0.02 0.05
MgO 7.88 6.74 7.72 6.32 4.57 742 5.79 6.05 7.08 8.77
ALO; 18.80 8.82 9.29 7.39 4.45 9.82 11.31 7.45 9.26 18.10
TiO, 0.10 0.04 0.04 0.13 0.05 0.07 0.11 0.15 0.58 0.12
Cr,0; 42,67 57.07 58.74 53.49 21.10 55.90 53.08 54.84 50.21 47.51
NiO 0.09 0.03 0.05 0.08 0.43 0.00 0.05 0.04 0.12 0.06
MnO 0.68 0.00 0.00 0.00 0.94 0.00 0.49 0.81 0.25 0.40
FeO 21.45 22.90 21.70 23.17 22.53 21.98 22.59 22.77 16.58 20.90
Fe,05 7.33 3.82 2.92 8.92 42.78 4.48 5.79 7.71 10.49 4.09
Sum 99.03 99.44 100.5 99.50 96.88 99.71 100.4 100.4 99.89 100.0
Al 5.77 2.85 2.94 2.41 1.55 3.13 3.57 242 2.96 5.50
Cr 8.78 12.36 12.46 11.69 4.93 11.95 11.24 11.95 10.78 9.68
Fe** 1.44 0.79 0.59 1.85 9.50 0.91 1.17 1.60 2.14 0.79
Ti*" 0.00 0.01 0.01 0.03 0.01 0.01 0.02 0.03 0.12 0.02
Fe* 4.77 5.24 4.87 5.35 5.56 4.97 5.06 525 3.76 451
Mg>" 3.06 2.75 3.09 2.59 2.01 2.99 2.74 2.48 2.87 3.37
Mn>"* 0.15 0.00 0.00 0.00 0.24 0.00 0.11 0.19 0.96 0.09
Ni2* 0.02 0.01 0.01 0.02 0.10 0.00 0.01 0.01 0.02 0.01
Cr# 0.60 0.81 0.81 0.83 0.76 0.80 0.76 0.83 0.78 0.64
Mg#* 0.39 0.34 0.39 0.33 0.27 0.38 0.35 0.32 0.43 0.43
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Table 1c. Compositions of Representative Spinel
Grains From Cuba

Cus1 Cus1 Cu63 Cu63 Cu63
SiO, 0.03 0.04 0.05 <0.02 <0.02
MgO 12.55 11.70 12.28 11.68 11.95
Al,O4 31.37 30.76 2291 23.54 22.73
TiO, 0.04 0.02 0.06 0.02 0.07
Cr,03 37.51 37.77 42.24 41.60 43.03
NiO 0.06 0.12 0.07 0.12 0.06
MnO 0.19 0.25 0.27 0.33 0.21
FeO 17.64 18.60 16.15 17.36 16.71
Fe,03 0.92 0.63 4.98 5.26 421
Sum 100.3 99.89 99.01 99.94 98.97
Al 8.78 8.71 6.73 6.87 6.69
Cr 7.04 7.17 8.32 8.14 8.50
Fe** 0.16 0.11 0.93 0.98 0.79
Ti*" 0.01 0.00 0.01 0.00 0.01
Fe*" 3.50 3.74 3.37 3.59 3.49
Mg** 4.44 4.19 4.56 431 4.45
Mn>* 0.04 0.05 0.06 0.07 0.04
NiZ* 0.01 0.02 0.01 0.02 0.01
Cr# 0.45 0.45 0.55 0.54 0.56
Mg#* 0.56 0.53 0.58 0.55 0.56

*Mg# is atomic ratios of Mg/(Mg + Fe*").

samples (Figure 3). Such textural evidence indi-
cates that peridotites in the Alps and Cuba under-
went early hydration at low temperatures, with a
later heating event to form the antigorite.

4.2. Spinel Composition

[21] Chromian spinel is extensively oxidized to
ferritchromite and magnetite (Figure 1c), but the
cores of chromite grains in all Himalayan samples
retain their primary compositions, judging from
low Fe** (Fe*'/[Fe*" + Al + Cr3+] < 0.12), and
TiO, (<0.22 wt%; Table 1b). The relict nature of
the cores is further supported by similar composi-
tions in different grains in individual samples. The
spinel grains from the Himalayan samples contain
high Cr (Cr# = atomic ratios of Cr/[Cr + Al], 0.76—
0.83). High Cr# values confirm the refractory
nature of the protoliths of our serpentinites, be-
cause Al is preferentially incorporated into melt
during partial melting. Himalayan serpentinites
plot in a field similar to those from the Mariana
forearc serpentinites, in the spinel ternary diagram
of trivalent cations (Figure 4) and also in the binary
diagram of Cr# and Mg# (Mg/[Mg + Fe**)).

[22] Alpine samples have been extensively and
pervasively oxidized, and Cr-spinel grains are all
converted to Cr-bearing magnetite. Spinel grains
from Cuban samples are also oxidized to magne-
tite. Sample Cu 55 contains relict primary olivine
and pyroxenes, but chromite grains are all porous
and oxidized to magnetite. Relic chromite grains
were found only in two samples, Cu51 and Cu63

Intensity

0 500 1000 1500 2000 2500 3000 3500 4000 4500
om-l

0 S50 1000 1500 200 2500 3000 3B/ 4000 450
ar

Figure 3. Micro-Raman spectroscopy identification of serpentine minerals. Sample Cu55 from Cuba. Cracks of
olivine grains are filled by lizardite, surrounded by antigorite, suggesting that lizardite formed earlier at lower
temperature and that antigorite formed later at higher temperature.
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Figure 4. Ternary trivalent cation plot of cores of chromite grains in the serpentinites from Himalaya (solid flat
diamonds) and Cuba (open squares). Each point represents one spinel grain. Himalayan samples include CH98A, CH
98B, CH146, CH187, and CH422, and Cuban samples are Cu51 and Cu63. Chromite grains in other Cuban samples
and all Alps samples are oxidized to ferritchromite and magnetite; their compositions are not plotted. The field of
Mariana forearc peridotites, shown by the dashed line, is from Ishii et al. [1992] and Parkinson and Pearce [1998)].
The fields for abyssal peridotites and boninites are from Dick and Bullen [1984] and Barnes and Roeder [2001],
respectively. The compositions of chromite from the MARK region, mid-Atlantic ridge, are reported by Burgath et al.
[1997], but the compositions plot within the field for abyssal peridotites.

(Table 1c). These samples were collected from the
deformation zone between the highest metamor-
phic grade of the Zaza zone and the base of the
arc igneous complex in Cuba (Figure 1c), and
have a similar texture of the chromite grains
in the Himalayan samples. The cores show mod-
erate Cr#, ranging from 0.42 to 0.56 (Figure 4 and
Table 1c). Significant amounts of Al in chromite
grains suggest an undepleted nature of the proto-
liths of the serpentinites. Indeed, they plot in the
area for less refractory forearc mantle peridotites
and also in the refractory part of abyssal peridotites
[Dick and Bullen, 1984] (Figure 4).

5. Results

5.1. Major Elements

[23] Bulk rock compositions of most samples con-
tain high MgO (30-42 wt%), Cr (>2000 ppm) and
Ni (>2000 ppm), and low Al,O3 (0.31-2.8 wt%;
Tables 2a, 2b, and 2c). In terms of Mg/Si versus
Al/Si, most samples show lower Al/Si than prim-
itive mantle values (Figure 5a). The data suggest
that the samples are refractory peridotite residues
after partial melting, because Al is mildly incom-
patible with mantle minerals and is depleted during
partial melting. Several samples show distinctly
higher Al,O3 values than primitive mantle value
(Figure 5a and Tables 2a, 2b, and 2c¢); for example,
the Al,O5 contents in Cu69, Cu62, and S621-1 are
20.7, 7.7, and 13 wt%, respectively. These samples
also contain high CaO (3—15 wt%) and low Cr
(<400 ppm) and Ni (<400 ppm). Since, CaO is
preferentially removed during the partial melting in

the mantle, the high Ca and Al suggest that these
samples are ultramafic cumulates.

[24] Compared to the other serpentinite samples,
the Himalayan samples are the most refractory
serpentinites, with high MgO (>36 wt%) and
low ALO3 (<1.2 wt%; Table 2a); they plot in a
vertical array on the Mg/Si versus Al/Si diagram
(Figure 5b). The observed vertical array at a low
Al/Si ratio suggests that they are derived from a
highly refractory mantle, since Si is removed from
peridotites after Al during partial melting. The
vertical array displayed by Himalayan samples is
similar to that for the Mariana forearc serpentinites
(Figure 5b).

[2s] Alpine serpentinites contain generally higher Al
than Himalayan samples (Figure 5b and Table 2c),
suggesting that the Alpine samples are less refrac-
tory. Alpine samples plot in the area for abyssal
peridotites (Figure 5b), and also show district-
scale compositional variations, suggesting that
different nappes originated from different mantle
domains. Serpentinites from the Monviso massif
in the Alps contain low Al/Si and plot in a narrow
area on a Mg/Si versus Al/Si diagram (Figure 5b).
They show similar compositions to those for
average abyssal peridotites, and are comparable
in composition to those of hydrated harzburgites
recovered from the MARK region of the Mid-
Atlantic Ocean ridge (Figure 5b). On the other
hand, serpentinites from the Chenaillet ophiolite
massif in the Alps show higher Al/Si, even less
refractory than the Monviso samples (Figure 5b).
Comparing the Chenaillet samples with abyssal
peridotites, the former plot in the least refractory

10 of 27



X
)
w ‘soopuad 93pam opuBWw 0IBAI0J ‘OFpom sje[nwNd ‘nwunod ‘sayjopliad jessAqe ‘ssAqe mIoloId |
@) ‘(e 21n31y) xa1dwod ayjorydo de TepIN Ay Jo aseq IBPIN Jun odrexyeiq ur S3uePW eI ,
O] “107810U93
m OpLIPAY ® 0] paydepne Iajowonoads uondiosqe orwole yy-H 10jowonodds ssewr ewseld pajdnoo Ajpanonpur ‘SN-dDI ‘uonnyip ordojost ‘qq 10owonsads doudosaronfy Ael-X 00yz-Md SAIyd Ammxn
Q “PAUIULINAP JOU “P°U "D 0501 38 1Y [< 10} sodwes 3 7 Sunedy Joye paurIlep sem [0 ‘(1) 0% St passaidxd seam 9 [e30] ‘widd ur are SI9YIO (o5 Im Ul passardxd are (uonuSt Jo $so[) [0 PUB SIPIXO ,
=N
g 7101 9001 7001 €001 G101 001 L001 0001 L101 G001 €10l 1'001 [elop
M pu 10> 7’9 LY 9 9°¢ STL €1 ol 69°0 01 Cl VV-H qas
— pu 8C 9¢ 29 gs 14 (44 LT Syl 09 149 SLT VV-H sV
a pu 61 61 0cC Sl 8’1 v'C SI'C 143 8L 9C 14! SIN-dDI qd
£ 6¢ [4 S0 0 0 'l €0 90 L0 0 S0 70 SIN-dDI A
m pu Il £'s S el 14! e Il 6'L LS 8¢ 1Y SIN-dDI 3S
Z 69 €0 0 0 0 S0 €0 0 0 €0 ¥0 0 SIN-dDI 1z
m pu pu pu 170°0 pu pu €00 ¥0°0 6100 6100 120°0 6100 alr ws
2 pu pu pu S0 pu pu 1'0 Iero 1¥0°0 600 9L0°0 850°0 alr PN
s pu pu 620 ¥S°0 o 99°0 L1°0 80 600 cro 170 8¢€0 SIN-dOI 2D
o 8¢ 9¢ 0l Ss 61 0¢ L 6 69 0¢ €l €C 44X/dl IS
M pu pu 01 10 ¥0°0 0 I1°0 010 I1°0 £€0°0 L0O°0 80°0 al Ck|
m pu pu ¥8°0 10 LO0 0 LEO 860 90°0 L00 9¢°0 280 SIN-dDI aN
W 91 06¢l 0¢ee 0861 0581 06¢C 09LT 090T 06€£C 09¢C 0€8¢C 09¢C AdX IN
T [43 091¢ 0cI¢ 0LET 091¢ 0t9¢ 89L 06¢CC 08L¢C 08S¢C 009¢C 0cLT 44X D
% L'yl [T 8¢l gel 8°CI 911 el [ 911 Lel 86 791 1071
@ 180°0 €00 180°0 9000 6000 800°0 ¥20°0 §00°0 200°0> 200°0> 9000 S00°0 14X *04
o €00 S00°0 S00°0> S00°0> S00°0> 20070 S00°0> S00°0> S00°0> S00°0> S00°0> S00°0> :0:0:¢ o™
w S00°0> 91°0 S00°0> 000> 000> §00°0> S00°0> 000> S00°0> S00°0> 000> S00°0> 49X 0%N
= vy e $9°0 vl ¥9°0 S¥0 10T°0 43 4] €0 SO'1 620 ¥9°0 AdX OeD
w L'6C 9°0¢ 98¢ SLE 8'LE {343 6’1y 0°LE 08¢ L9¢ 81y 00t 14X OSIN
a 8CT0 Iro 1o 01°0 180°0 090°0 SCl1o 680°0 1o 60°0 01°0 €ro J4X OUN
ANn S 618 8G°L 6¢°L 8G°L 6CTL 099 66'L 66'8 6S°L oL €89 AIX (® t0%d
= L9l '8 6¥°0 960 811 €T 1€0 91 601 LLO LEO S0 AdX foav
o LEO €00 00 100 €100 70°0 800°0 200 200 200 G100 €00 44X OIL
m 9°6C '8¢ L'8¢ 6¢ ¥'6¢ ey VLE 9°6¢ ¥'6¢ 9°0% oy I'se JdX ‘ors
= q 2010 q L89C q 9801 HO9I'LI H9T°LI H9I'LI Hd8L¢ey qd8L¢ey d8LeY q9L80 H9I'LI H9T°L1 opmguo|

e J FC.8L 9T8L FC.8L ,CCo8L ,CC8L ,CCo8L [1T8L JC.8L J1T8L ,STBL ,CCo8L ,CCo8L
- N 8%7°1C N I891 N CT'1¢ N 2€'9C N 2€9¢ N 2€9¢ N 20Cl N 20°Cl N 20°Cl N L6°6S N 2€9¢ N 7€'9C spmne]

£ . SToEC SToE€ SToEe E1oE€ E1.E€ E1oE€ Flo.E€ n4r333 Flo.E€ 60,£€ E1oE€ E1oE€

mm £ nwno nwno nuwno o3pam o3pom a8pom o3pam o3pom o3pom o3pom a8pom o3pam PUMI0I0Ig

mmlm PRI JepIN TepIN ¥eplrzZ ¥eplizZ ¥eplrz ¥eplizZ ¥epliZ ¥eplz ¥eplizZ ¥eplrz JepIzZ ,UONEd0]

O Q»n

289 DCSHD O8ISL BGEHD €EYHD CEYHD 0E€YHO €CYHD CCYHD L1 HD 9% IHD qQ86HD 86 HO qPOURIN

o0 [eonAjeuy

LSeAerewnly ay) woly sajdwes jo suonisodwo)) [eorway) 300y Yng °BE dqRL

11 of 27



GEOCHEMISTRY OF SERPENTINITES 10.1029/2007GC001594

( |~j HATTORI AND GUILLOT

ICS

Geochemistr
Geophys
Geosystems

‘saopriad 98pam dpuew 01eA10J ‘OFpam {sare[nwund ‘nwnd synopud [essAqe ‘ssAqe :yijoloid
“BqN)) Ul SO0I JIUBD[OA JIE JO 3SB(] Y} PUE SUOZ BZBZ Y JO SY001 9peid orydioweiow JsaySIy 9y} Usdm3aq SUOZ UOHBULIONP I0few Z JO( Bqn)) UI JISSBW AvIqUIEdSH ‘WBISH

q

L 101 101 9001 6'66 001 S00I1 00l €001 1001 Y001 [e10L
€0°0> 600 €0°0> L00 S0°0 €0°0> 10 90°0 80°0 700 VV-H qas
90 8¢ 9°C 'l I'c [4 8¢ |4 €0 L1 VV-H SV
90 €ro L9°0 90 1340 SI°o 61 Sl ¥l vL0 SIN-dDI qd
8% ¢l 1’0 9°¢ 0’1 0C [ 10> St Sl SIN-dDI A
€L €l 8 91 €l 4! L'L I €l 14! SIN-dDI 3S
9L €0 0 70 €0 90 €0 0> $9°0 [ SIN-dDI 1z
ST pu 6000 L9°0 pu pu ¢80°0 0’0 7o pu dal ws
8V pu 150°0 00°1 pu pu yero S¥0°0 Sto pu dl PN
9% €1o 80°0 w0 00 ¥0°0 850 90°0> L9°0 [ SIN-dDI D
I'S [ 4 11 I'l vl I'y 91 €L0 0’1 al IS
8T0 pu ¥1°0 (4] LS00 S0 1’0 $80°0 s00 80°0 dal qq
8¢€¢ 090¢ 029¢ 0191 0v€C 000¢ 08¢S1 061¢ 0¢col 0SLIT JIX IN
19¢ 0L¥C (11394 0081 0€6¢ 00t¢C (11014 089¢ 00t 0cee JIX D
611 €Tl 4 '8 L'el 1'9 6'11 Syl s ¢l 1071
6200 ¥00°0 800°0 8000 S00°0 S00°0 ¥00°0 L00°0 9000 L00°0 JIX *04d
S00°0> S00°0> S00°0> LEO0 S00°0> 9€0°0 S00°0> S00°0> S00°0> S00°0> JdX o
S00°0> S00°0> S00°0> €0 S00°0> €0°0 S00°0> S00°0> S00°0> S00°0> JIX O%N
SLO 80°0 S0°0 09°¢ 010 LT 90°0 610 60 800 JIX (0150)
L€e (143 6'9¢ 8'9C 1433 9'8¢ €ee 1433 6'Ce 1% JdX OSIN
€0 cro 600 600 010 cro 7o 0ro 10 cro JIX OUN
yesl YL'6 (1% 9lI'L SlI'e 118 17’8 9L'L 16'8 w8 JIX ®) o4
L0t 10°¢ LSO 89°L SI'e 9I'C YL'1 8L°0 YL'1 w9C JdX OV
00°1 810°0 6000 L10°0 6¥0°0 850°0 6£0°0 800°0 €L0°0 L0°0 JdX tOLL
8'LT cly L6t Sey 6'8¢ vy (44 8°0% Vey 9'6¢ JIX RO
M 0TS¢ M SS°TS M £8°6S M 0€°SS M T8°0¢ M LOSS M T8°0¢ M €9°00 M 'Sy M 1TSS opmyiSuo]

¥0,08 15,61 ,CSo6L ,61,6L LSo6L /€561 LSo6L ,65,6L ,CYo6L AY6L
N 86'1+ N L8°ST N Z1°0c N 9¢'1¢ N IT°LT N 6811 N IT°LT N 8790 N ¥T°C0 N 6681 spmne

9S.1CT 65,1CT YT.CC ,CE.CT 0T,CC ¥.CC 0T,CC 81,CC 08,1C 08,1CT
nwno nwno a8pom sskqe sskqe sskqe sskqe o3pam sskqe sskqe qWIo301d
weosy weosyq "7 'Jod ezRy vze7 vzZRZ ezRy 7 1o weosy weosy LUoned0]

691D sond €9ny o) 9snd gend ¥s 0D s nd yand [que) POURIN
[eonAeuy

eqn) woi] sojdureg jo suonisodwo)) [eorwoy)) ooy Jng °qg dqeL

12 of 27



=)
)
s
m ‘soppoprad aFpom S[UEL JIedI0f ‘OFpom saje[nund ‘nwno ‘sojopriad [essAqe ‘ssqe yprojod
m OSIAUOJN ‘OSIA <SQNSNT SAISIYOS “SoMsn J9[[1eudy) nw:o:OL
S "SQINXA) JOI[AI OU (PIM paures-auly st [-[79S searsym duaxoikdoyuo jo sydiowopnasd juepunge SUIBUOD -] 793 "UONEIO] SWES dY} J& PIJIJ[0d UM H-[793] pue [-[Z9S sojdweg
m 1ot £€9°66 €00l V101 €001  ¥00I S0l 1666 0866 S00I Y001 €001 Y001 €00l 6001 +°00I 1001 [eI0L
— 00> pu 00 S0 1240 L00 90°0 00> pu L00 ¥0°0 ¥0°0 €00 ¥0°0 100> 870 00 VV-H as
2 90 pu Ly €e 8¢ Le 6C I'c pu v €T <0 o v'e 70 ¥0 L1 VV-H sV
2 1€°0 pu 170 9L°0 980 91 90 €5°0 pu 81 8C°0 ceo 290 [€°0 610 80°0 01 SIN-dDI ad
= €l LT 8¢C 90 LT el 1At 0l pu 90 60 91 ve (a4 60 vl 61 SIN-dDI A
Z L6 pu 6C LS 4 01 ! 86 pu €6 0r 4! 4! €l 0l I €l SIN-dDI 3§
m 0S1 ¥6 0TI > > > pu > pu > > V'l > > > I 4 SIN-dOI 1z
2 0¢ pu pu $900  S¥I'0  PU pu y¥0'0  PU pu w00 ¢80°0 I1°0 pu LLOO  SLOO 0010 ar ws
& €¢ pu pu 90 ¥T0 pu pu ¢Iro  pu pu €51°0 9LT0  8CTO PU €ro 8CI'0 w10 dal PN
H 'y 91 €l 70 61°0 LEO €0 8800 PU IS0 ¥0 Seo Ycro  LEO €0 SI°0 9¢0 SIN-dDI D
o el €61 LE [4 ¢c S0 S0 £€6°0 pu e S0 I'c 't S0 y9°¢ €T 8 art IS
M 8200 8 €0 €00  SI'0 6100 8100 ¥900 PU (400 6200 9€0'0 €900 S€00  8TO (430 vTo ar qq
g 0081 LIT ITI 0ovLT 0€0¢ 0651 0081 01¢€¢ 001c 060C 0961 ovIc 0€ce 09cc oreI 000¢ 0¥0T JIX IN
= 0€el €LT 10¢ 029t 0cse 0sce 0€LT 016¢ 0661 0€1¢ 00ce (1 4¥4 orie 0vLT 0Tse 098¢ 086C JIX D
m €1l 8’1 69 6°¢Cl 4! cl 811 9°¢l el LTI el 811 611 811 cl 6 97l 1071
% 8050 9L0'0 910 9000  SO000  LOO'O 9000 €100 €100  S000 ¥00°0 000 ¥00'0  ¥00'0  SO000  ¥00'0 9000 JIX ‘04
@ §00°0> I1SC0  €00°0> ¢S00°0> S000> S000> S000> 000> €000> ¢S000> ¢S000> ¢S000> S000> 000> S000> 000> ¢S000> JdX 0l
iz S00°0> LB¢ S00°0> S00°0> S000> S000> €000> ¢S000> S000> 000> €S000> 000> S000> S000> 000> S000  SO00> JIX O%N
m $89°0 LCl Sl €00 0ro 10°0 000 L00 S0°0 10°0 10°0 €000 8000 €000 80T 9C1'0  92L°0 JIX (0150)
= (43 1°8 9vI 9°9¢ 8°¢6¢ 0°8¢ 6°LE 0°LE 6°LE €9¢ 6°LE L'LE VLE 9LE I'LE 0°0¢ IA43 JdX 03N
W 060°0 S0 0€0 L00 1o €ro 010 cro 110 1L0°0 860°0 €600  11°0 L60°0 0600 0600 0I'0 JIX OUN
A LOEl SC8 €08 IT1I1 ¥6'8 'L ce8 LT°6 ILL €e'8 96°L 8 05’8 SI'8 €99 901 €6°L X () f0%d
ANn €59 €¢I L€l 6C'1 L8'T 8¢'1 11 9¢'l 'l 8L'1 €l 67’1 LS'1 6Vl Lyl €LT 6C'C JIX 09V
—_ 140! €l el L200 €00 €10'0 9100 1€00  8€00  LTOO S10°0 €100 ¥20'0  ¥I0°0 9100  €0I'0 €900 JIX OLL
m 6'v¢ 8Ly L6g ¥'8¢ 8'6¢ 'y oy 8'LE €6¢ Sy €0y % [0y oy 660y  I'LV ly JIX oIS
m APV dvPcc d8LYS H SELS HS8E0 HLI'EC HO0I'8C dT6€0 dLOTE HPPCT d6€6S H90LC dTC0E dTT0E HSL9T Hov' Il H8LYS apmduo]
S0.L0  S0.L0  ,£7:90  ,SS.90  ,T06L0  ,S0.L0  80oL0 ,10,L0 ,£5.90  ,S0,L0  ,900L0 ,L0oLO  ,LOoLO  ,LOoLO  ¥0.LO ,10,L0 ,£¥590
e N €887 N €887 N €C°¢S N L0€E N LV TIT NTI'00 N ILTS N T9°0C N 83CC N €887 N 1087 N IT6I N6CLI N6TLI N690C N LSTT N €T°€S opmnie]
fLU LS 25 4 21 0 2% 4 A7 74 (R 0 2% 7 A 1748 74 (AN 2% 7 R R 0% 4 N § 0% 74 (3 378 70 Y 0 25 4 N £ 97 70 B R 0%y 4 AN VR 98 4 (N 03 398 0 (AN 2% 24 AN ) 29 4 A A % 4 4
2 nuno  nwnd  nwno  ssAqe  ssAqe  ssAqe  ssAqe  ssAqe  ssAqe  ssAqe sskqe  ssAqe  ssAqe  ssAqe  ssAqe  ssAqe  ssAqe SQolo1g
...m ® m OSIA OSIA  BUOUD SIS sonsng OSIA OSIA  Sonsn  sonsng OSIA OSIA OSIA OSIA OSIA OSIA  Ssomsn  eudy) quonEO0]
28
MhMHV/ 9-GC9A G-6T9S I-1T9S 1-CE€9-S 1-6C9S [-8C9S 1-LT9S ¢€-9C9S [1-9C9S ¥-ST9S OI-¥TOA L-PTOA €-¥COA T-HCOA [-€C9A €-TCOA P-I1C9A  POUIPIN
o900 [eonAjeuy
Q090
000
SA1v a1 woig sspdureg jo suonisodwo)) [eorway)) 300y Jng I IqEL

13 of 27



HATTORI AND GUILLOT: GEOCHEMISTRY OF SERPENTINITES 10.1029/2007GC001594

r ~3 Geochemistry 3
" Geophysics ( |
_ . Geosystems \

Q- . .
CEIEIZET field for abyssal peridotites, defined by 10th and
SR A 90th percentile values of 126 samples compiled by
Sl moyn s Niu [2004] (Figure 5b).
=3 AN AN O~
“ [26] Most samples from Cuba plot in the field of
%' QA abyssal peridotites on an Al/Si versus Mg/Si dia-
© gram (Figure 5b), but two samples, Cu51 and
S| = iRl Cu63, show low Al/Si and plot in an area similar
— v . .
& — = to that from the Himalayas and Mariana forearc
| <o an s;rpenf[inite.s. As menti'o.ned, these two samples
S|t =2" differ in spinel composition and texture from the
S rest of the Cuban samples, and resemble Himala-
8 — e ed yan samples (Figure 5b). The difference in bulk
_ rock compositions, and the texture and composi-
2lIITST tion of spinel suggests that the two serpentinite
© samples are different from the rest of the Cuban
§ Sennd samples; they may be similar to forearc-mantle
© ' serpentinites from the Himalayas.
(@]
El R R [27] The ratios of Mg/Si and Al/Si appear to
O . . AT .
provide definite parameters indicating a primary
ﬁ"a % Q0o %o nature of the protoliths of the peridotites, but not
g5|lsss™ all major elements are immobile. The CaO is
_ highly mobile, and its depletion is noted in all
o R samples from the Alps and most samples from
& . Cuba (Figure 6). The data suggest that alteration
- = of clinopyroxene is accompanied by dissolution
qlemoxs | & of Ca
Na) NN oon v wn '_‘ *
2 —
_ N [281 The Mg# values (atomic ratios of Mg/[Mg +
2| ammino |3 Fe”"] or Mg/[Mg + YFe]) in bulk rocks) are
Q &
Yl oo .
A 3 commonly used to show the degree of depletion
— z after partial melting; however, we do not use these
Sl dadima | B values since it is not possible to determine the
A 2 concentrations of Fe*" in spinel-containing rocks.
T s g0 g Furthermore, the Mg# appears not as sensitive as
%‘ A S| g Al/Si ratios as a parameter for the degrees of partial
& melting, since most serpentinite samples have a
) E Q| similar Mg#, ~0.90, using total Fe content.
2 -3 P N =
=] n = .
2 - g 5.2. Minor and Trace Elements
RN = » o
m é NETRAINE R [29] The compositions of serpentinites indicate the
%‘ M g enrichment of fluid-mobile elements (Figure 6). To
5 o E quantify the degrees of enrichment, we selected Ce
el 213553598 as a reference, although Ce is still mobile in
E M g hydrothermal fluids (Figure 6). Strictly speaking,
= q " é therefore, Ce is not a suitable reference, but it is the
= R R R <% most abundant REE and its concentrations are
; M =3 available from many other samples in literature.
5 e ewo |25 Furthermore, Ce is considered to have a similar
g g cleioiwen 2 8 incompatibility as Pb during partial melting in
© - e g mantle peridotites [e.g., Hofinann et al., 1986; Noll
o =l eamgn E § et al., 1996]. Therefore Ce was used as a reference
% gl TTeIgE to compare the degrees of mobility of other fluid-
% e = SL mobile elements (Figures 7a and 7b). The ratios of
= O=&aa
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Figure 5. Weight ratios of Mg/Si versus Al/Si of
serpentinite samples. The large solid circle with the
primitive mantle value is from McDonough and Sun
[1995]. Mariana forearc peridotites are from Ishii et al.
[1992], Yamamoto et al. [1992], and Parkinson and
Pearce [1998]. The field of hydrated peridotites, mostly
harzburgites, from the MARK section, mid-Atlantic
ridge (light solid line), is from Burgath et al. [1997]
and Casey [1997]. Serpentinites from the MARK
region are mostly refractory harzburgites and not totally
enclosed within the abyssal peridotite field (light
shaded area) that is defined by 10th and 90th percentile
values of 126 abyssal peridotite samples compiled by
Niu [2004]. Data from Alps include those obtained by
Chalot-Prat et al. [2003], shown in diamonds,
Chenaillet and Monviso (solid diamonds), and Schistes
Lustrés (grey diamonds). The compositional variation
expected during partial melting is shown with arrows.
Residues have higher Mg/Si and lower Al/Si, whereas
melt has a lower Mg/Si and higher Al/Si. Symbols are
the same in Figure 4 for Himalayan samples (flat
diamonds) and Cuban samples (squares). Note the large
compositional variation for Cuban samples, because
they originated from peridotites in a mantle wedge and
also abyssal peridotites.

Pb/Ce for our serpentinites show that Pb is highly
enriched in comparison to anhydrous abyssal
peridotites; also, the enrichment is greatest in
Himalayan samples (Figure 7a). Cuban and Al-

pine samples show the enrichment of soluble
chalcophile elements, but not as great as Himala-
yan samples (Figure 7a). Two samples from the
deformation zone in Cuba, which were noted for
their different spinel textures and low Al/Si com-
pared to other Cuban samples, show evidence for
a high enrichment of chalcophile elements, in-
cluding Pb, in comparison to the other Cuban
samples (Figure 7a).

[30] Chalcophile elements have an affinity with S
and are commonly concentrated in sulphide min-
erals in crustal rocks. Our earlier X-ray absorption
study [Hattori et al., 2005] indicates that As in
Himalayan serpentinites is mostly As®*, and that
As is not hosted by sulphides. Instead, As is
hosted by oxides and antigorite in the samples.
The low concentrations of S and the lack of
positive correlations between the concentrations
of these chalcophile elements and S also support
this interpretation.

1000 1

primitive mantle normalized
- =
sy o (=]

o
P

As Pb . Ce zr Ti Al Sc .. Mg

Sh Sr Nd Sm Y Ca Si
incompatible moderately compatible  highly compatible
fluid soluble

Figure 6. Normalized concentrations of fluid-mobile and
fluid-immobile elements in serpentinites from Himalaya
compared to samples of continental crust and arc magmas at
volcanic fronts. Fluid-mobile elements refer to those with high
solubilities in aqueous fluids. Most fluid-mobile elements have
similar compatibility with light rare earth elements during
partial melting but are on the left side of the x axis to show
their enrichment and to clarify the diagram. Fluid-immobile
elements are listed in order of compatibility with mantle
minerals during partial melting. Serpentinites and continental
crust are normalized to primitive mantle [McDonough and
Sun, 1995]. The values of bulk continental crust are from
Taylor and McLennan [1995]. Note that the enrichment
patterns of serpentinites are different from those of the crustal
rocks. Therefore simple physical contamination by crustal
rocks does not explain the enrichment of fluid-mobile
elements.
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Figure 7. Primitive mantle normalized Ce versus Pb/
Ce (Figure 7a) and Rb/Ce ratios (Figure 7b) of
serpentinites. The field for abyssal peridotites (light
shaded area) is based on 10th and 90th percentile values
of 126 samples by Niu [2004]. Data from Alps include
those determined by Chalot-Prat et al. [2003] and are
shown as diamonds. The primitive mantle value of Pb is
from McDonough and Sun [1995]. Rubidium content of
the primitive mantle used is 0.4975 ppm, 0.025 times
the Sr content. To eliminate the melt-solid fractionation
of elements, arc volcanic rock values are normalized to
N-MORB values of 0.489 ppm Pb, 7.5 ppm Ce, and
0.56 ppm Rb. The volcanic rocks are those at volcanic
fronts, listed by Hattori and Guillot [2003]. Rubidium
was used to represent alkalis because the concentrations
of Rb were precisely determined using isotopic dilution.

[31] We examined the degrees of the enrichment of
alkalis using Rb/Ce ratios, using Rb to represent
alkalis instead of the more abundant K because the
concentrations of Rb were precisely determined
using the isotope dilution technique.

[32] Alkalis are highly soluble in water at rela-
tively low temperatures, but their enrichment in

serpentinites is not as apparent as Pb. The prim-
itive mantle-normalized ratios of Rb/Ce are com-
parable to or lower than those of abyssal
peridotites, indicating that there is essentially no
enrichment of Rb during the hydration of perido-
tites. High Rb/Ce ratios are observed in several
serpentinites from the Alps, especially those from
Schistes Lustrés accretionary prism that is domi-
nated by metasedimentary rocks [e.g., Agard et
al., 2001]. Because sediments contain high Rb
and low REE, high observed ratios of Rb/Ce are
most likely explained by the incorporation of
aqueous fluids from sediments.

5.3. Platinum Group Elements

[33] All mantle peridotite samples contain high Ir-
type PGE (Os, Ir and Ru), comparable to primitive
mantle values (Figure 8 and Table 2d), confirming
that they are mantle residues of partial melting
because refractory Ir-type PGE are low in partial
melts [e.g., Righter et al., 2004; Brenan et al.,
2005]. Samples identified as ultramafic cumulates,
on the basis of high Al/Si ratios in bulk-rock
compositions (Figure 5a), contain low Ir-type
PGE compared to the primitive mantle values
(Figure 8). For example, ultramafic cumulate sam-
ples TS18 and Cu69 (Figure 5a) plot outside the
field for mantle peridotites; rather, they are similar
to ultramafic cumulates from the base of Talkeetna
arc, Alaska, and the base of the Kohistan arc
(Figure 8).

[34] Among the PGE, Cuban and Alpine samples
show a significant variation in Pd contents with
comparable concentrations of Ir. For example,
sample K624-10 from Lago Superiore in Monviso
contains low Pd, 0.59 ppb, which is much lower
than other samples from the Alps (3.3 to 7.2 ppb
Pd), even lower than the primitive mantle value.
The variation of Pd concentration is most likely
explained by its relatively high mobility in aqueous
fluids [e.g., Hattori and Cameron, 2004; Hinchey
and Hattori, 2005].

5.4. Strontium Isotope Compositions

[35] All serpentinite samples discussed here have
elevated *’Sr/**Sr values compared to those of
mantle rocks. The Himalaﬁyan samples in particular
show very high ®’Sr/*°Sr, ~0.72. Such high
87Sr/*°Sr ratios are indicative of ancient crustal
material and are consistent with low eNd, as low
as —15 in the samples, reported by Guillot et al.
[2001]. Cuban and Alpine samples vary from
0.703 to ~0.710. The low values are similar to
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Figure 8.

Iridium and Ir/(Pt + Pd) weight ratios of bulk rocks. Primitive mantle value is shown with a large solid

circle, labeled PM. The field for mantle peridotites includes abyssal peridotites [Snow and Schmidt, 1998; Rehkdmper
et al., 1999], Horoman, Japan [Rehkdmper et al., 1999], Ronda and Beni Bousera [Garuti et al., 1996; Gueddari et
al., 1996], and Zabargad, Red Sea [Schmidt et al., 2000]. The fields for ultramafic cumulates include data from the

Jijal ultramafic complex at the base of the Kohistan arc,
Talkeetna arc [Hattori and Hart, 1997]. The symbols are the

northern Pakistan [Hattori and Shirahase, 1997], and
same as in Figure 5. Iridium is a refractory Ir-type PGE,

whereas Pt and Pd are preferentially incorporated in partial melt. Therefore the ratios of Ir/Pt + Pd are expected to be

low in partial melt.

the upper mantle value of 0.7027 [e.g., Allegre et
al., 1983], whereas the high values are similar to
87Sr/*°Sr of present-day marine Sr, ~0.709 [Faure,
2005] (Figure 9). Considering that marine®”Sr/3¢Sr
values were lower in the Tertiary than the present
value, these elevated ¥’Sr/*°Sr values suggest a
contribution of Sr from sedimentary rocks. This
is not surprising since sedimentary rocks dominate
in the Schistes Lustrés, and are significant,
~20 vol%, at Monviso. These sedimentary rocks
have a high ¥’Sr/**Sr signature [e.g., Amato et al.,
1999]. Our Sr isotopic data are similar to those for
three serpentinite samples obtained from Schistes
Lustrés and Monviso by Chalot-Prat et al. [2003]
(Figure 9).

5.5. Sulphur Concentrations and Isotope
Compositions of Serpentinites

[36] Himalayan samples have low concentrations of
S, all less than 51 ppm S. Most samples contain S
below the Kiba-method detection limit of 4 ppm S.
Therefore only a limited number of samples yielded
S isotopic compositions; these values have a rela-
tively narrow spread, ranging from —6.5 to + 4.3%o
(Table 3). Alt and Shanks [2006] found high con-
centrations, up to 3,588 ppm, of sulphate S in
Mariana forearc serpentinites, but we did not find
any sulphate S in our samples. A high concentration

of S is present in one sample (TS 18C) in the
Himalayan serpentinites, collected at the base of
Nidar arc ophiolite complex gFigure 1a). It contains
744 ppm S and is enriched in **S, +12.6%o (Table 3).

[37] Most Alpine and Cuban samples contain S
below 4 ppm, except for two cumulate samples
(K625-5 and K625-6) from the Alps containing
high S, up to 2400 ppm S (Table 3). All Cuban
serpentinites yielded low S contents, <5 ppm. The
data are surprising considering that they originated
from abyssal peridotites, and that high concentra-
tions of sulphide S (up to 1 wt%) are reported for
serpentinites in the MARK area of the mid-Atlantic
ridge [e.g., Alt and Shanks, 2003]. Isotopic com-
positions of sulphide S that were measurable in our
samples are overall enriched in **S, from +11 to
+17%0 (Table 32, which is consistent with the
contribution of **S-rich marine sulphate S. This
is distinct from all but one of the Himalayan
samples.

6. Discussion

6.1. Protoliths of Serpentinites

[38] Major-element concentrations of serpentinites
indicate that the Himalayan samples originated
from highly refractory peridotites. Both bulk-rock
compositions and chromian spinel data for the
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Figure 9. Strontium isotope compositions of serpentinites. Symbols for Cuba (open squares) and Himalaya (flat
diamonds) are the same as in Figure 5. Alps data include three serpentinite samples (open tall diamonds) from
Chalot-Prat et al. [2003]. Shaded area shows the values for mid-oceanic ridge basalts (MORB), abyssal peridotites
altered by seawater [Kimball and Gerlach, 1986; Snow et al., 1994], and arc magmas [Heath et al., 1998; Faure,

2005].

Himalayan serpentinites are similar to those of
Mariana forearc serpentinites. The Himalayan ser-
pentinite samples are closely associated with the
Tso Morari UHP unit [Guillot et al., 2001], a
metamorphic product of continental margin sedi-
ments. There are no oceanic rocks in the vicinity of
the area. Therefore these serpentinites originated
from the base of the forearc-mantle wedge overly-
ing the subducted Indian continent underlying the
margin of Eurasia.

[39] Most Cuban and Alpine samples have variably
less refractory geochemical signatures, with signif-
icant concentrations of Al and Ca in bulk-rock
compositions compared to the Himalayan samples
(Figure 5b). These serpentinites are comparable
in bulk-rock composition to abyssal peridotites
(Figure 5), and such an origin of the serpentinites
is supported by their occurrences. In Cuba and the
Alps, serpentinites are voluminous and are associ-
ated with omphacitic eclogites, which are meta-
morphic products of oceanic basalts and gabbros
[e.g., Pognante and Kienast, 1987; Schneider et
al., 2004].

[40] Two Cuban samples (Cu51 and Cu63) from the
deformation zone between the northern margin of the
UHP Zaza zone and the base of arc igneous rocks
show lower Al/Si in bulk-rock compositions than the
majority of Cuban serpentinites (Figure 5b). Low Al/
Si ratios are similar to the Himalayan and Mariana
forearc serpentinites (Figure 5b). In addition, chro-
mite is still present in cores of spinel grains and
rimmed by ferritchromite and magnetite in these two
Cuban samples. The texture of spinel grains is
similar to that of spinel in Himalayan serpentinites.

These two samples are interpreted to be mantle-
wedge peridotites, but Cr# in spinel grains are
distinctly low compared to the Himalayan samples
(Figure 4). Moderate values of Cr# are consistent
with the relatively low Mg/Si ratios for bulk-
rock compositions compared to high ratios of the
Himalayan and Mariana forearc serpentinites
(Figure 5b), suggesting that the Cuban mantle
wedge was not as refractory as that in the more
mature subduction systems of the Himalayas and
Mariana. In Cuba, the southward subduction of
the Proto-Caribbean oceanic plate just started in the
late Cretaceous, shortly before exhumation of the
serpentinites.

[41] An abyssal peridotite origin of all Alpine
samples and most Cuban samples agrees with their
association with omphacitic eclogites, which were
originally oceanic basalts and gabbros before high-
pressure metamorphism in subduction zones [e.g.,
Pognante and Kienast, 1987; Schneider et al.,
2004]. Furthermore, this interpretation is also
supported by the nature of subducted oceanic
plates in Cuba and the Alps, i.e., produced at
very slow spreading ridges [e.g., Lagabrielle and
Cannat, 1990; Pindell et al., 1988]. Oceanic plates
produced at slow- to ultraslow-spreading ridges,
such as the Atlantic Ocean plate, commonly con-
tain thin and discontinuous basaltic crust [e.g.,
Gracia et al., 1977; Dick et al., 2003] and exhibit
abundant exposure of mantle peridotites on the
seafloor [e.g., Cannat, 1993; Cannat et al., 1997,
Lagabrielle et al., 1998; Mével, 2003].

[42] The oceanic origin of our samples from the
Alps and Cuba is further supported by micro-
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Table 3. Sulphur Contents and Isotope Compositions
of Bulk Rock Samples

S Content, 8**Scp,
Location ppm %0
Himalayas
CH98a Zildat fault 34 +4.3
CH98b Zildat fault 48 +2.8
CH146 Zildat fault 6
CHI187 Zildat fault 30 -0.49
CH422 Zildat fault 8
CH423 Zildat fault 51 —6.7
CHA433 Zildat fault <5
CH35a Nidar arc <5
TS18¢c Nidar arc 740 +12.3
Alps
S623-1 Monviso 347 +17.4
K624-2 Monviso <5
K624-10 Monviso <5
S625-5 cumulate, 1630 +11.9
Monviso
K625-6 cumulate, 2410 +11.7
Monviso
Cuba

Cu24 Escambray <5
Cu51 south of Zaza zone <5
Cus4 Zaza zone <5
Cu55 Zaza zone <5

Raman spectral data that show low-temperature
serpentine minerals as early phases and high-tem-
perature antigorite as a late phase [Auzende et al.,
2002, 2006] (Figure 3). Serpentinization in abyssal
peridotites mostly takes place at relatively low
temperatures, on or near the seafloor, and is fol-
lowed by antigorite formation during subduction of
the oceanic plate.

[43] Alpine serpentinites possess district-scale
compositional variations (Figure 5b). The serpen-
tinites in the Chenaillet massif are least refractory
compared to most abyssal peridotites and serpen-
tinites in the Monviso massif, suggesting that the
two massifs represent two different areas. The
Schistes Lustrés serpentinites show a large compo-
sitional variation, ranging between those of the
Monviso and Chenaillet samples. This variation
supports the origin of Schistes Lustrés as being a
metasedimentary accretionary prism containing
different slices of oceanic lithosphere [Agard et
al., 2001]. The least refractory nature of peridotites
in the Chenaillet massif agrees with the composi-
tion data of basaltic rocks from the massif. Chalot-
Prat et al. [2003] showed that the basalts have an
affinity with “enriched mid-oceanic ridge basalts

(E-MORB)”. Considering the geological events in
the area, oceanic rocks in the early formed Che-
naillet massif were likely produced at an immature
oceanic ridge near continents. The geochemical
signature of E-MORB from the igneous rocks is
explained by interaction with continental litho-
sphere. On the other hand, the oceanic rocks now
in the Monviso massif were produced at a fully
developed ridge, with little influence from distant
continents; they are therefore more refractory than
the Chenaillet samples.

[44] The above discussion emphasizes that major-
element ratios of Mg/Si and Al/Si did not change
during the hydration and metamorphism of peri-
dotites, and also that the ratios reflect those of
anhydrous peridotites. The hydration of peridotites
in the mantle wedge was presumably continuous at
low to high temperatures, >300°C, and high pres-
sures. The serpentinization of abyssal peridotites
may occur at high temperature, associated with
ocean-ridge hydrothermal activity. Furthermore,
serpentinites in oceanic lithosphere were heated
again when they were subducted. Although Al, Si
and Mg are relatively immobile, Si is known to
migrate in aqueous fluids at temperatures as low as
400°C [Allen and Seyfried, 2003]. Thus such loss
of Si may cause higher Mg/Si and Al/Si ratios in
serpentinites than anhydrous peridotites. However,
we discount this possible mobility of Si as the
cause for the observed variation of Mg/Si and Al/Si
in our samples. First, the data do not show a
positive slope expected from the loss or addition
of Si (Figure 5b). Secondly, the major-element
compositions of serpentinites of partially and
totally hydrated peridotites in each district are very
similar to one another. For example, samples
Cu55 and Cu56 are close, <1 km from each, in
the Zaza zone in Cuba; Cu55 retains unaltered
pyroxenes and olivine with 6.1 wt% loss of igni-
tion (LOI), whereas sample Cu56 is fully hydrated
with 13.7 wt% LOI. The ratios of Al/Si and Mg/Si
for the two samples are very similar, ~0.06 for Al/
Si and ~1.19 for Mg/Si. Similarly, all samples
from Monviso have a very small variation in Mg/Si
versus Al/Si ratios, even though they have different
degrees of hydration, ranging from 3 to 13 wt%
H,O (Figure 5b). Thirdly, peridotites in the MARK
region of the Mid-Atlantic ridge show a wide range
in LOI, from 4 to 13 wt% [Casey, 1997], but the
weight ratios of Al/Si and Mg/Si are similar
(Figure 5b). This generalization also applies to
peridotites from Mariana forearc serpentinites
[e.g., Ishii et al., 1992; Yamamoto et al., 1992;
Parkinson and Pearce, 1998; Savov et al., 2005].
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Variably serpentinized peridotites show a similarly
low Al/Si ratio. Therefore the ratios of Mg/Si and
Al/Si likely represent those of the primary perido-
tites. The concentrations of Si, Al and Mg are
readily available and these data provide useful
criteria to identify serpentinite sources.

[45] This proposed interpretation, no significant
change in Mg/Si and Al/Si during hydration to
form serpentinites, does not mean that the concen-
trations of all major elements remained constant.
Among the major elements, Ca is clearly mobile
(Figure 6). For example, the content of CaO in
fully serpentinitized Cu56 is 0.14 wt%, compared
to 3.12 wt% in partially serpentinized sample
Cu55, both of which were collected within a short
distance, less than 100 m of each other. The
depletion of CaO is most prominent in Alpine
serpentinites (Figure 6). A depletion of CaO has
been noted in hydrated abyssal peridotites by
previous workers, such as King et al. [2003],
who reported progressively lower CaO in more
hydrated peridotites in the accretionary prism of
the Franciscan Complex. This evidence suggests
that CaO is removed by seawater during hydration
of abyssal peridotites on or near the seafloor or
ridge hydrothermal systems. The depletion of Ca
from ultramafic rocks during the interaction with
seawater is further supported by experimental data.
Allen and Seyfried [2003] noted in their hydrother-
mal experiments that Ca is quickly leached by
saline waters from clinopyroxene-bearing ultramaf-
ic rocks. The high mobility of Ca is also supported
by elevated concentrations of Ca in seawater that
has reacted with abyssal peridotites [e.g., Kelley et
al., 2001]. Other supporting evidence is the occur-
rence of abundant calcite pillars near submarine
hydrothermal vents in regions dominated by ultra-
mafic rocks, such as Lost City [e.g., Kelley et al.,
2001; Friith-Green et al., 2003]. Therefore both
field observations and experimental data suggest
that clinopyroxene and amphiboles are not stable
during serpentinization, and readily release Ca
during their hydration. This high mobility of Ca
is consistent with the very rare retention of clino-
pyroxene grains in our serpentinites.

6.2. Source of Water for the Hydration of
Peridotites

[46] The sources of water for hydration are con-
sidered on the basis of the protoliths of the serpen-
tinites. For forearc-mantle peridotites, it appears
that they were hydrated by the water released from
subducted slabs. For abyssal peridotites, it is likely

that seawater contributed to the hydration. The
sources of water can be further evaluated using
isotope data.

[47] Strontium isotope compositions of serpentin-
ites agree with the forearc-mantle origin of Hima-
layan samples, and an abyssal-peridotite origin of
most Alpine and Cuban samples. In the Himalayas,
the northern margin of the Indian continent was
subducted below the southern margin of Eurasia
after collision between the two continents at
the time of the Paleocene-Eocene boundary, at
~55 Ma [e.g., Leech et al., 2005]. There were
shallow-water sediments on the margin of the
Indian continent including evaporites, sandstones,
and mudstones [e.g., Steck et al., 1993]. Evaporites
formed in such a semi-closed sedimentary basin
commonly have higher ®’Sr/*®Sr than oceanic Sr
because of the influx of riverine Sr from the
surrounding continents. Furthermore, the clastic
components of these sediments were derived from
Precambrian granitic gneisses on the northern mar-
gin of the Indian continent, which have high
’St/*®Sr (>0.72 [Whittington et al., 2000]). During
subduction, water and fluid-mobile elements were
released from these immature sediments and
moved upward to the base of the mantle wedge.
They were introduced and incorporated into the
overlying serpentinites.

[4s] We consider that the high concentrations of
fluid-mobile elements in the Himalayan samples
are explained by their uptake from the subducting
slab during hydration of peridotites. It may be
argued instead that crustal water may have partic-
ipated in the hydration of peridotites during their
exhumation. We discount this possibility. Once
peridotites are hydrated, serpentinites would not
incorporate any more aqueous fluids, since unlike
smectite minerals, serpentine minerals do not have
interlayer sites to accommodate water molecules.
Furthermore, serpentine minerals in the Himalayan
serpentinites are still mostly antigorite with minor
late veins of crysotile. The preservation of antigor-
ite suggests that its composition was likely
retained. In addition, numerical modeling suggests
that the buoyancy and low viscosity of serpentin-
ites are critical for the exhumation of dense eclo-
gites [e.g., Schwartz et al., 2001; Gerya et al.,
2002]. To achieve this buoyancy and low viscosity,
the peridotites had to be hydrated before initiation
of exhumation of the accompanying eclogites at a
depth ~100 km.

[49] For the Alpine and most Cuban samples, the
hydration of peridotites most likely was caused by
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Table 4. Strontium Isotope Compositions of
Serpentinites®
¥Sr/**Sr  Rb,  Sr, *’Sr/*°Sr
Location® Present ppm  ppm ®°
Himalayas
CHO98a Zildat  0.72998 +3  0.08 23 0.72997
CH98b Zildat  0.72435+4 0.07 13 0.72434
CH146 Zildat  0.70653 +3 0.033 30 0.70653
CH187 Zildat ~ 0.72080 +5 0.11 7 0.72076
CH422 Zildat  0.72896 + 10  0.10 9 0.72893
CH423 Zildat  0.72716 +2  0.11 7 0.72712
CH433 Zildat  0.71831 +2 0.14 55 0.71831
Cuba
Cu24 Escam  0.70810 £3 0.052 0.73  0.70776
Cus4 Zaza  0.70669 £3 0.10 4.11 0.70657
Cus5 Zaza  0.70802+2 0.50 1.35 0.70622
Cu62 Zaza  0.70375+4 022 11.0 0.70365
Cu69 Escam  0.70733 +£1 028 5.12 0.70707
Alps

K621-4 Chena  0.70716 £ 6 0.24 7.65 0.70698
K622-3  Lustrés  0.71047 £2 0.32 191 0.70954
K622-3b  Lustrés  0.71033+5 0.36 570 0.70998
S623-1 Viso  0.70478 =1 0.28 3.64 0.70435
K624-3 Viso  0.70854 £8 0.063 0.445 0.70774
K624-7 Viso  0.70977 £2 0.036 0.19 0.70869
S625-5 Viso  0.70397+1 0.11 230 0.70397
K625-6 Viso  0.70463 £2 0.028 10.8 0.70462

*Longitudes and latitudes of sample locations are in Tables 2a—2d.
Cu24, only antigorite, from the Escambray massif, associated with
eclogites; Cu54, predominantly antigorite with minor chrysotile and
talc, from the Zaza zone, embedded with eclogites; CuS5, partially
serpentinized lherzolite with the primary olivine (Fo = 90) and
pyroxene grains, associated with amphibolite facies metabasalts in the
Zaza zone; serpentine minerals are mostly chrysotile with veinlets of a
mixture of chrysotile + lizardite, later cut by antigorite (Figure 3),
cumulate with high Si and low Mg (plotted outside Figure 5a) in Zaza
zone, associated with eclogites; Cu69, cumulate (Figure 5a), mélange
zone of Escambray massif, greenschist facies nappe; K621-4, base of
Chenaillet ophiolite; K622-3, Queyras Schistes Lustrés; K622-3B,
fissile samples adjacent to K622-3; S623-1, Monviso; K624-3,
Monviso; K624-7, Monviso; K 625-6 and S625-6.

Escam, Escambray, Cuba; Lustrés, Shistes Lustrés, Alps; Viso,
Monviso, Al_Ps; Zaza, Zaza zone, Cuba; Zildat, Zildat fault, Himalayas.

“Initial ¥St/*®Sr values are calculated at 60 Ma for Himalayan
samples, 120 Ma for Cuban samples [Pindell et al., 2005], and 140 Ma
for the Alpine samples [Lemoine et al., 1987]. Small errors in ages do
not have a significant effect in the calculated initial ¥’Sr/*®Sr because
of low Rb/Sr ratios.

seawater, considering that their bulk-rock compo-
sitions are very similar to those of abyssal perido-
tites, and that their associated omphacitic eclogites
were originally oceanic basalts and gabbros. This
conclusion is supported by **S-enriched sulphide S
and *’Sr/*°Sr. Although S contents of the Alpine
and Cuban samples are low compared to serpen-
tinites in the MARK region [Alt and Shanks,
2003], the 6**S values for sulphide S, >15%o, in
the serpentinites from the Alps are high. Signifi-

cant enrichment of **S in S is consistent with the
contribution of marine S, ~+20%o. Other support-
ing evidence is provided by high ¥’Sr/*°Sr values
for serpentinites compared to the upper mantle
value (Figure 9); most values are similar to the
present-day marine Sr value. Considering that there
was a lower ®’Sr/*°Sr ratio of marine Sr in the
Paleocene-Eocene than the present-day [McArthur
et al., 2001], a high ¥'Sr/*Sr ratio suggests a
contribution of Sr from abundant sediments, which
likely accumulate on a slow-spreading oceanic
plate. Abyssal peridotites and oceanic basalts are
known to acquire Sr in solution during alteration
with seawater, as evidenced by the low contents of
Sr in anhydrous peridotites [e.g., Kimball and
Gerlach, 1986; Snow et al., 1994].

[s0] Sample K621-4 collected from the base of
Chenaillet massif has a rather low ®’Sr/*°Sr ratio
(0.707 at 140 Ma) compared to the values of
~0.710 for serpentinite samples from Schistes
Lustrés and Monviso (Table 4). Our data are
consistent with the finding of Chalot-Prat et al.
[2003], who analyzed one serpentinite sample each
from Chenaillet, Schistes Lustrés and Monviso,
and also found rather low ¥’Sr/*°Sr (140 Ma) of
0.7054 from a serpentinite sample collected at the
base of the Chenaillet massif. The Chenaillet
massif does not contain abundant sediments, as
does the Shistes Lustrés or the Monviso massif.
This lack of sediments overlying ultramafic rocks
may partially explain the rather low Sr isotope
ratios. In addition, the Chenaillet massif is consid-
ered to have formed near continents [e.g., Agard et
al., 2001] and the abyssal peridotites were not
exposed to seawater for as long a time as the
others.

6.3. Transfer of Fluid-Mobile Elements
From Slabs to Mantle Wedges

6.3.1. Forearc-Mantle Serpentinites

[s1] The serpentinite samples are variably enriched
in soluble chalcophile elements, including As, Sb,
and Pb [Hattori and Guillot, 2003] (Figure 6). Our
earlier X-ray absorption study indicates that As
occurs in the +5 state in Himalayan serpentinites,
suggesting that As’" was transferred by aqueous
fluids from a slab under oxidized condition at
shallow depths, <25 km [Hattori et al., 2005].

[s52] The Himalayan samples show the greatest
enrichment in these chalcophile elements compared
to the Alpine and Cuban samples (Figures 6 and 7a).
This difference between the Himalayan samples
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and the others is explained by the different modes
of hydration among the three locations. The fore-
arc-mantle peridotites in the Himalayas were hy-
drated by water released from a slab, with aqueous
fluids ascending to the overlying mantle wedge,
causing hydration of forearc-mantle peridotites.
During fluid ascent, the concentrations in solution
continually increase because water is continuously
consumed by the hydration of peridotites, concen-
trating the soluble ions in solution. Highly concen-
trated elements are eventually incorporated in
serpentinites, after all the water in the aqueous
fluid is consumed. This concentration mechanism
is probably the reason why serpentinites that orig-
inate from mantle wedges are enriched in fluid-
mobile elements.

[s3] As mentioned above, two Cuban samples
(Cu51, Cu63) from the deformation zone adjacent
to arc rocks most likely originated from the mantle
wedge overlying the subducted oceanic plate, on
the basis of low Al/Si ratios (Figure 5b), relatively
high Cr# of chromite (Figure 3), and the texture of
the chromite. It is interesting to note that these two
samples contain high concentrations of Pb of all
the Cuban samples.

[s4] The hydration process of forearc-mantle peri-
dotites suggests that the concentrations of fluid-
mobile elements in forearc-mantle serpentinites
may vary depending on the subducted material.
For example, Mariana forearc serpentinites and
Himalayan serpentinites show similar Mg/Si and
Al/Si ratios (Figure 5b), but the concentrations of
fluid-mobile elements differ greatly. The Mariana
forearc serpentinites are underlain by subducted
Pacific Ocean lithosphere, whereas the Himalayan
serpentinites were underlain by shallow-water
sediments on the margin of the Indian continent.
Himalayan samples contain high As, up to 275 ppm
[Hattori et al., 2005], whereas Mariana forearc
serpentinites contain less than 2.5 ppm As, with
an average of 0.48 ppm [Savov et al., 2005]. High
As in the Himalayan serpentinites is explained
by the high As contents that are common in shal-
low-water sediments [e.g., Togashi et al., 2000;
Smedley and Kinniburgh, 2002]. In addition, granitic
clasts in the shallow-water sediments were most
likely high in As content and other soluble chalco-
phile elements [Smedley and Kinniburgh, 2002].

[s5] Serpentinites in forearc mantle may display a
compositional gradient with distance from the
subducted slabs. Large quantities of water pass
through serpentinites in direct contact with the
subducting plates and the serpentinites may not

be highly enriched in many elements discharged
from slabs. On the other hand, partially hydrated
peridotites may be highly enriched in fluid-mobile
elements because water may have been totally
consumed by hydration reactions, leaving all ini-
tially dissolved elements to remain in the rocks
during hydration. Some elements may not be fixed
immediately during hydration; for example, ser-
pentinites in the Himalayas are low in S because
evaporites containing sulphate were subducted,
which kept the base of the mantle wedge oxidized,
as indicated by the occurrence of As™ in those
serpentinites [Hattori et al., 2005]. The SOz~
released from the slab was eventually fixed as
sulphides in the overlying peridotites because the
fO, of the aqueous fluids decreased during ascent.
The Fe*" released from hydrating olivine and
pyroxenes also reduces the fO, of fluids during
serpentinization [e.g., Sleep et al., 2004].

[ss] The variables that affect the abundance of
fluid-mobile elements in forearc serpentinites, dis-
cussed above, make it difficult to evaluate the
global average composition of forearc serpentin-
ites. Furthermore, a volume of serpentinites would
be required to evaluate the net amounts of such
element recycling in subduction zones, but the
distribution of forearc serpentinites is not yet
fully characterized from geophysical data [e.g.,
Kamiya and Kobayashi, 2000; Bostock et al.,
2002; Brocher et al., 2003; Blakely et al., 2005;
Ramachandran et al., 2005]. Numerical simula-
tions show that the size and distribution of serpen-
tinites may vary greatly along the subduction zones
depending on many parameters, such as subduction
angle and the nature of subducting plate [e.g.,
Gerya et al., 2002].

6.3.2. Hydrated Abyssal Peridotites

[571] The mode of hydration for serpentinites in the
Alps and Cuba is distinctly different from that in
the Himalayas. All Alpine and most Cuban ser-
pentinite samples originated from abyssal perido-
tites and were most likely hydrated by seawater.
These serpentinites were also enriched in fluid-
mobile elements by seawater that circulated
through sediments, basalts and peridotites, but
these elements could not be highly enriched in
seawater simply circulating in fractures.

[ss] High sulphide S contents are commonly
recorded in serpentinites formed in oceanic envi-
ronments; high sulphide S contents are explained
by the reduction of marine SOF~ to S*~ during
serpentinization [e.g., A/t and Shanks, 2003]. How-
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ever, only two Alpine samples contain significant
concentrations of sulphide S in our serpentinite
samples; the otherwise low concentrations of sul-
phide S in our samples from the Alps and Cuba
suggest that sulphide may have been removed
during subduction, either by decomposition or
dissolution. We discount the former possibility
because sulphide minerals, mostly pyrrhotite and
pentlandite, are stable at temperatures above
600°C. One possible explanation is the relatively
high solubility of sulphur in aqueous fluids. During
subduction of oceanic lithosphere, sediments lose
much of their H,O at shallow depths, <30 km
[Riipke et al., 2004], whereas underlying altered
basalts release H,O gradually during the entire path
of metamorphism. Serpentine minerals remain, but
sulphides may dissolve in hot aqueous fluids
released from sediments and altered basalts, to be
transferred to the overlying mantle wedges.

6.4. Transfer of Fluid-Mobile Elements
From Slabs to Arc Magmas

[s9] Arc magmas are characterized by elevated
concentrations of large-ion lithophile elements
and fluid-mobile elements [Ryan et al., 1995; Noll
et al., 1996]. The commonly held view suggests
that the eclogitization of slabs releases aqueous
fluids to the overlying mantle wedges; the water
then causes partial melting, forming arc magmas
[e.g., Peacock, 1993]. Riipke et al. [2004] demon-
strated evidence for the continuous release of fluid
from subducting slabs, with over 40 vol% water in
sediments released in the very early stages of
subduction, at depths shallower than 30 km. This
conclusion is supported by the occurrence of As™
in Himalayan serpentinites, because oxidized As
is most commonly released from sediments at
shallow levels, <25 km [Hattori et al., 2005]. To
explain the apparent contradiction between the lack
of volcanism in forearc regions and the continuous
release of fluids from slabs, Hattori and Guillot
[2003] suggested that the aqueous fluids released
from slabs is incorporated in a layer of serpentin-
ites at the base of mantle wedges; thus formation of
serpentinite layers keeps the interiors of the wedges
dry. The serpentinites at the base of wedges are
subsequently dragged down to greater depths by
mantle corner flow; the eventual decomposition of
serpentinites at a depth of ~100 km releases water
to the interior of mantle wedges, leading to partial
melting and the generation of arc magmatism at
volcanic fronts.

+5

[e0] The proposed interpretation for arc magma-
tism is based on our study of Himalayan forearc-
mantle serpentinites; this is also applicable to
oceanic subduction zones, where voluminous abys-
sal serpentinites are present in the subducting
plates. Because the stability of serpentine minerals
is pressure-sensitive, serpentinites both overlying
and underlying the plates would decompose to
orthopyroxene + olivine + water at a depth of
~100 km [Wiinder et al., 2001]. Elements that
cannot be accommodated in orthopyroxene and
olivine would be partitioned into the fluid phase
and ascend to the interior of the mantle wedge.
These fluid-mobile elements are then incorporated
into arc magmas during partial melting. Therefore
the abundance of fluid-mobile elements in arc
magmas at volcanic fronts reflects the composi-
tions of subducted slabs, because forearc-mantle
serpentinites are the primary transient reservoir for
these elements in the mantle.

6.5. Differentiation of Fluid-Mobile

Elements

[61] Alkalis are highly soluble in water, but their
concentrations are not significant in our serpentin-
ite samples. The low concentrations of alkalis in
forearc-mantle serpentinites may be attributed to
their retention in subducting slabs. In slabs, alkalis
reside in phengite and amphiboles in sediments and
altered igneous rocks [e.g., Bach et al., 2003].
Amphibole minerals break down to form clinopyr-
oxene during eclogitization of slabs at the depth of
~80 km [e.g., Peacock, 1993], but sodium and
other alkalis released from amphiboles are retained
in clinopyroxene and phengite. Phengite has a wide
stability field and is stable in subducting slabs until
a depth of ~300 km [e.g., Domanik and Holloway,
2000]. Sodium in clinopyroxene remains in slabs at
even deeper levels.

[62] Alkalis are not high in volcanic-front magmas,
and their concentrations increase in arc magmas
with increasing distance from trenches [e.g., Gill,
1981; Ryan et al., 1995]; this is consistent with the
low concentrations measured in our forearc serpen-
tinites, because dehydration of serpentinites at
~100 km likely triggers partial melting for volca-
nic front magmas [Hattori and Guillot, 2003].

7. Summary

[63] Serpentinites associated with HP and UHP
rocks have three possible origins: ultramafic cumu-
lates, abyssal peridotites, and mantle peridotites
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from overlying wedges. This study shows that the
ratios of Mg/Si and Al/Si provide clear parameters
to identify their origins. Himalayan samples are
mostly derived from a refractory forearc-mantle
wedge with low Al/Si, similar to the Mariana
forearc serpentinites. They were hydrated by water
released from the subducted margin of the Indian
continent and therefore have high concentrations of
fluid-mobile elements and high *’Sr/*°Sr ratios.

[64] Serpentinites from forearc-mantle wedges
show a strong enrichment of fluid-mobile elements.
These elements and radiogenic isotope signatures
are transferred to greater depths in the mantle as
serpentinites are dragged down in the mantle by
mantle corner flow. Eventual breakdown of serpe-
nitine minerals releases water and fluid-mobile
elements, contributing to mantle metasomatism in
the mantle wedge and arc magmas. Considering the
mode of serpentinization, the abundances of fluid-
mobile elements in forearc mantle serpentinites
varies greatly depending on the subducted material.

[6s] Serpentinites from oceanic subduction zones,
such as in Cuba and the Alps, are associated with
high-pressure omphacitic rocks. The association
suggest that these serpentinites originated mostly
from abyssal peridotites of oceanic plates produced
at slow spreading ridges. Alpine serpentinites show
a nappe-by-nappe major-element compositional
variation, reflecting different domains of abyssal
peridotites. Serpentinites from the Chenaillet mas-
sif represent fertile peridotites, those from the
Monviso refractory peridotites and Schistes Lustrés
contain a variety of peridotites.

[66] The abyssal peridotites were hydrated by sea-
water to form lizardite and minor chrysotile and
talc on or near the ocean floor at low temperatures.
They were subsequently transformed to antigorite
during subduction. The enrichment of soluble
elements is not as great as that in the forearc
mantle peridotites because hydration took place
under a high water/rock ratio environment.

[67] Cuban serpentinites that occur along a major
shear deformation are not abyssal peridotites, but
originated from a forearc-mantle wedge and show
many similarities with the Himalayan forearc man-
tle serpentinites. This evidence suggests that minor
forearc-mantle peridotites can also occur in an
oceanic subduction environment.

[¢s] A lack of alkali enrichment is noted in all
serpentinites in this study. Such data suggest that
alkalis are retained in sediments and subducted
slabs until a depth of ~300 km, where phengite

may break down. This wide pressure range of the
stability of alkali-bearing phases is consistent with
the relatively low contents of alkalis in volcanic
front magmas and their high concentrations in
magmas associated with back-arc volcanism.
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