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Introduction

Serpentinite is a major component of
the oceanic lithosphere formed at
slow-spreading ridges and represents
between 5% and 15% by volume of
the Atlantic seafloor (Cannat et al.,
1995; Carlson, 2001; Mével, 2003).
Recent studies have highlighted the
importance of serpentinites in sub-
duction zone geodynamics (Scambel-
luri et al., 2001a, 2004b; Hattori and
Guillot, 2003, 2007). Serpentinites can
hold on average 13 wt% H2O and
may be stable down to depths of
170 km (Ulmer and Trommsdorff,
1995; Wunder and Schreyer, 1997);
this makes serpentinite a potentially
important host of water in subducting
lithosphere at mantle depths.
Although sediments and hydrated
magmatic lithologies of subducting
slabs continuously release water dur-
ing subduction (Schmidt and Poli,
1998; Rüpke et al., 2002), dehydration
of serpentinites occurs later, between
120 and 200 km depth (Rüpke et al.,
2002). This dehydration may be
responsible for deep seismic activity

(Dobson et al., 2002; Perrillat et al.,
2005) and partial melting of the man-
tle for arc magmatism (Scambelluri
et al., 2001a; Hattori and Guillot,
2003; Rüpke et al., 2004). Like arc
magmas (Ryan et al., 1995; Leeman,
1996; Noll et al., 1996), serpentinites
contain high concentrations of fluid-
mobile elements (FME: As, Sb, B, Li,
Cs, Pb, U, Ba; e.g. Bonatti et al.,
1984; Scambelluri et al., 2001a,b,
2004a,b; Hattori and Guillot, 2003,
2007; Sharp and Barnes, 2004; Ten-
thorey and Hermann, 2004). There-
fore, serpentinites are considered to be
important in the FME budget in
subduction zones (Hattori and Guil-
lot, 2003, 2007). Previous work using
in situ analysis of serpentine minerals
has shown that these elements are
mostly hosted by serpentine phases
(Deschamps et al., 2010) but the
behaviour of FME in serpentine min-
erals during subduction processes is
still not well established.
This article presents new data on

the FME compositions of serpentine
minerals acquired from a series of
serpentinites sampled at the Mid-
Atlantic Ridge near Kane transform
fault (23�N, MARK, ODP Site 920)
and within the accretionary wedge of
the Greater Antilles (Cuba and
Dominican Republic), which pre-
serves relics of the subducted proto-
Caribbean (i.e. Caribbean Atlantic)
oceanic lithosphere. We discuss

the role of serpentinization on the
mobility of FME from spreading
ridges to subduction zones.

Samples� key features

The studied serpentinites were selected
in order to characterize the composi-
tion of serpentinized slow-spreading
oceanic lithosphere from accretion
(abyssal serpentinites) to subduction.
Abyssal serpentinites were sampled at
ODP Site 920 (23�N Mid-Atlantic
Ridge, near its intersection with the
Kane transform fault; MARK). The
studied samples are 60–100% altered
and display pseudomorphic textures
and several generations of serpentine
veins (Andreani et al., 2007). The
Cuban and Dominican Republic sub-
ducted serpentinites are parts of the
Greater Antilles forearc serpentinite
belt on the northern margin of the
Caribbean plate. They comprise relics
of the partially altered subducting
oceanic lithosphere (subducted abys-
sal serpentinites), as well as forearc
serpentinites, which represent the
hydrated mantle wedge (Deschamps,
2010; Saumur et al., 2010; Deschamps
et al., in preparation). For this study,
we focus our sampling on the Cuba
and Dominican Republic subducted
abyssal serpentinites. These serpenti-
nites were distinguished from forearc
serpentinites on the basis of geochem-
ical data (Deschamps et al., in prepa-
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ration) using the criteria defined by
Hattori and Guillot (2007) and Des-
champs (2010) and the assumption
that peridotites in oceanic lithosphere
are generally low to moderately de-
pleted, while all hanging-plate perido-
tites are exclusively highly refractory.
Subducted abyssal serpentinites are
characterized by a moderately de-
pleted protolith (moderate Al ⁄Si
weight ratios >0.03), rare earth ele-
ment (REE) compositions similar to
abyssal peridotites (Niu, 2004; Paulick
et al., 2006) and low-to-moderate Cr#
in chromium spinel (ranging from 0.2
to 0.6). In contrast, forearc serpenti-
nites are highly refractory with low
Al ⁄Si <0.03, have U-shaped REE
patterns similar to those described
for Tso Morari forearc serpentinites
by Deschamps et al. (2010) and high
Cr# in chromium spinel >0.5 (refer to
Deschamps et al., in preparation). We
selected three samples from Cuba (CU
54, CU 56 and CU 65) and four from
the Dominican Republic (RD 8E, RD
57, RD 94 and RD06 52A). These
samples are associated with metabasic
rocks, and we assume that the two
rock types shared a common meta-
morphic history and that the meta-
morphic conditions experienced by
the serpentinite samples can be par-
tially constrained from the meta-
basites. The Cuban serpentinites
come from the �Northern Ophiolite�
representing non-metamorphosed and
metamorphosed obducted oceanic an-
d ⁄or forearc lithosphere associated
with exotic blocks of high-pressure
metamorphic rocks, and from the
Escambray massif, which is a relic of
a high-pressure platform terrane sub-
ducted during the late Cretaceous
(Somin and Millán, 1981; Millán,
1997; Iturralde-Vinent, 1998; Garcı́a-
Casco et al., 2008). The Northern
Ophiolite serpentinites have under-
gone contrasting P–T conditions:
lizardite-serpentinite CU 56 is associ-
ated with metabasic rocks character-
ized by a low-pressure (LP ⁄HT)
amphibolitic assemblage (<0.6 GPa,
400–500 �C; Spear, 1993; Auzende
et al., 2002) and antigorite–serpenti-
nite CU 54 is associated with HP ⁄MT
epidote amphibolite ⁄eclogite meta-
morphic facies conditions
(>0.3 GPa, >500 �C; Spear, 1993;
Auzende et al., 2002; up to 2.0 GPa,
550–600 �C; Garcı́a-Casco et al.,
2002). The Escambray serpentinite

CU 65 comes from the zoisite-eclogite
facies nappe of the Escambray massif
and is associated with high-pressure
rocks that have experienced metamor-
phic conditions of approximately 1.5–
1.6 GPa at 600–650 �C (Schneider
et al., 2004; Garcı́a-Casco et al.,
2006; Stanek et al., 2006). Three of
the Dominican Republic serpentinites
(RD 8E, RD 94, RD06 52A) are
Gaspar Hernandez serpentinites from
the northern part of the Rio San Juan
Complex (RSJC; Deschamps, 2010;
Saumur et al., 2010; Deschamps et al.,
in preparation). They are associated
with metre-scale blocks of omphacite
blueschist (1.6–1.8 GPa ⁄340–380 �C;
RD 94) and eclogite (2.3 GPa ⁄750 �C;
Krebs et al., 2008; RD 8E and RD06
52A). Sample RD 57 comes from Rio
Cuevas in the southern part of the
RSJC and has undergone low-grade
metamorphism based on the lizar-
dite ⁄chrysotile paragenesis; however,
precise determination of its P–T con-
ditions are difficult because no meta-
morphic rocks are clearly associated
with this sample.
MARK serpentinites comprise

lizardite and minor chrysotile (Andre-
ani et al., 2007). The subducted serp-
entinites sampled in the Greater
Antilles comprise serpentinites com-
posed of lizardite ⁄chrysotile assem-
blages with few and small relics of
primary minerals such as forsterite,
diopside and enstatite (CU 56, RD 57
and RD 94), having undergone low-
grade metamorphism, and a group of
high-grade serpentinites with only
antigorite without pseudomorphic
texture (CU 54, CU 65, RD 8E and
RD06 52A; Hattori and Guillot, 2007;
Saumur et al., 2010). Rare chlorite,
talc and amphiboles (edenite,
Mg-hornblende) are associated with
serpentine in most Caribbean antigor-
ite–serpentinite samples, which indi-
cates that these samples have
undergone medium-grade metamor-
phism (blueschist to amphibolite fa-
cies; Evans, 1977) during their
subduction. In contrast to serpenti-
nites from the Tso Morari complex
(Guillot et al., 2001), Erro-Tobbio
massif (Scambelluri et al., 1995,
1997, 2001b), Cerro del Almirez mas-
sif (Scambelluri et al., 2001a; Garrido
et al., 2005) and Zermatt-Saas ophio-
lite complex (Li et al., 2004), meta-
morphic olivine is not observed in the
high-grade samples, indicating that

the selected Cuban and Dominican
serpentinites did not experience dehy-
dration due to the antigorite break-
down. In addition, there is no
evidence that the serpentine phases
might be retrograde products. Previ-
ous studies in Cuban serpentinites
(Auzende et al., 2002; Hattori and
Guillot, 2007; Schwartz et al., submit-
ted) have shown that lizardite formed
first, probably in an oceanic environ-
ment, then antigorite appeared at
higher temperature ⁄higher pressure,
probably during burial in the subduc-
tion zone. Identical conclusions were
reached for Dominican serpentinites
by Saumur et al. (2010) who observed
primary lizardite overprinted by per-
vasive blades of antigorite.

Geochemistry of serpentine phases

We determined the compositions of
serpentine minerals, including trace
elements, using a Laser ablation sys-
tem coupled to a ThermoFinnigan
Element 2 HR-ICPMS (Table 1).
The analytical procedure is reported
in Appendix S1, and a detailed
description of the analytical procedure
is reported in Deschamps et al. (2010).
Abyssal serpentinites sampled at

MARK (Andreani et al., 2008) and
in the Greater Antilles (Deschamps
et al., in preparation) are character-
ized by low bulk-rock concentrations
of incompatible elements [e.g. Y, Zr,
REE <1 · primitive mantle (PM);
McDonough and Sun, 1995] and have
similar compositions to oceanic peri-
dotites: for example, REE concentra-
tions overlap those of abyssal
peridotites (Niu, 2004; Paulick et al.,
2006). The serpentine phases also
preserve the geochemical characteris-
tics of the primary mineral phases
(olivine, orthopyroxene and clino-
pyroxene; Deschamps et al., 2010)
for these elements. This observation
is consistent with the results of previ-
ous serpentinite studies suggesting
moderate (e.g. REE) or no mobility
of many incompatible elements (e.g.
Sc, Ti, Y) at the scale of the sample in
spite of extensive hydration (Des-
champs et al., 2010). Yet, all abyssal
serpentinite samples studied here are
characterized by significant bulk-rock
enrichments in FME, a feature that
we attribute to interaction with
seawater during serpentinization
(Deschamps, 2010; Deschamps et al.,
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in preparation). This increase in FME
occurs in most serpentine minerals,
whatever the mineral they replace (As,
Sb, B and to a lesser extent Cs, U and
Pb; Fig. 1), but FME concentrations
remain very low in magnetite and Cr-
spinel (F. Deschamps, unpublished
data; Deschamps et al., 2010).

Origin and timing of fluid-mobile
element enrichments

Abyssal peridotites are hydrated dur-
ing their exposure to seawater on the
seafloor or at shallow depths during
ridge hydrothermal activity. Andreani
et al. (2007) have demonstrated that
MARK serpentinites were formed

after tectonically controlled penetra-
tion of seawater intomantle peridotites
to depths of 3–8 km (Andreani et al.,
2007) at T < 300–350 �C (Allen and
Seyfried, 2003). Abyssal serpentines
from MARK are characterized by
significant enrichments in B (10.5–
136 lg g)1), Li (0.20–26.1 lg g)1), As
(0.07–2.16 lg g)1), Sb (0.02–1.19
lg g)1), U (up to 7 lg g)1), Pb (up
to 3 lg g)1) and Cs (up to
0.52 lg g)1) compared with primitive
mantle values (McDonough and Sun,
1995) and depleted mantle values
(Salters and Stracke, 2004; Fig. 1).
Such enrichments in FME are com-
mon in serpentinites (Hattori and
Guillot, 2007) and are explained by

intense hydrothermal activity under
high fluid ⁄ rock ratios. A comparison
between the chemical compositions of
serpentines and fluids from the Log-
atchev hydrothermal field (Schmidt
et al., 2007) reveals that serpentine is
enriched in FME by 10–100 times
compared with fluids. This implies
extreme fluid ⁄ rock ratios, between
�20 and up to 106, during the hydra-
tion of abyssal serpentinites (Delacour
et al., 2008). B is enriched in all
serpentine phases, while Li is rela-
tively depleted compared with PM
values (McDonough and Sun, 1995)
and primary phases (Fig. 2), yet both
B and Li have high solubilities in
aqueous fluids and are commonly

Table 1 Average and standard deviations of FME (B, Li, As, Sb, Pb, U, Ba, Sr and Cs) concentrations measured from in situ

analyses of abyssal and subducted serpentine phases.

Rocks Abyssal serpentinite Subducted serpentinite Subducted serpentinite

Mineralogy Chrysotile and lizardite Chrysotile and lizardite Antigorite

Location MARK Greater Antilles Greater Antilles

Elements

(lg g)1)

Concentration

(average, lg g)1)

(n = 27) SD

Concentration

(average, lg g)1)

(n = 18) SD

Concentration

(average, lg g)1)

(n = 34) SD

B 47.77 26.97 41.25 32.27 14.27 7.10

Li 2.66 5.43 1.46 1.38 1.04 0.80

As 0.31 0.44 0.27 0.16 1.03 0.53

Sb 0.18 0.30 0.04 0.05 0.13 0.11

Pb 0.66 0.79 0.27 0.34 0.21 0.24

U 0.43 1.33 0.01 0.01 0.10 0.16

Ba 1.43 3.25 4.03 11.15 0.65 0.72

Sr 1.75 1.49 5.33 11.66 3.43 9.34

Cs 0.11 0.13 0.06 0.10 0.06 0.06

FME, fluid-mobile element.

Analytical methods are reported in Deschamps et al. (2010).
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Fig. 1 Plots of concentrations of selected fluid-mobile elements (B, Li, As, Sb, Pb, U, Ba, Sr and Cs) in abyssal serpentines from
ODP Site 920 (23�N, MARK Zone; white circles) and in subducted serpentines from Cuba and the Dominican Republic
(lizardite ⁄ chrysotile assemblage = grey circles; antigorite assemblage = black circles). Values of primitive mantle after
McDonough and Sun (1995) and depleted mantle after Salters and Stracke (2004) are also reported (grey lines). Grey boxes
represent the typical ranges of each fluid-mobile element observed in serpentine phases analysed during this study.
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enriched in seawater and hydrother-
mal fluids. This decoupled behaviour
of B and Li is typical of abyssal
serpentines (Lee et al., 2008; Vils
et al., 2008).
Subducted serpentines have high

levels of FME enrichment in B (2–
120 lg g)1), Li (0.1–4.6 lg g)1), As
(0.1–2.4 lg g)1), Sb (0.01–0.6 lg g)1),
U (up to 0.62 lg g)1), Pb (up to
1.38 lg g)1) and Cs (up to 0.36 lg
g)1) compared with primitive mantle
(McDonough and Sun, 1995; Table 1;
Fig. 1). Note the high Sr concentra-
tions in some subducted serpentines
(Fig. 1), which are best explained by
the presence of carbonate grains dis-
seminated in the serpentine phase.
Except for As and Sb, the FME
composition of subducted serpentines
is similar to that ofMARK serpentines
(Figs 1 and 3). As and, to a lesser
extent, Sb are enriched in antigorite in
subducted serpentinites comparedwith
lizardite and chrysotile in abyssal and
subducted serpentinites. The bulk-rock
composition also shows this increase in
As and Sb concentrations from
lizardite ⁄chrysotile serpentinites (As:
0.31–0.64 lg g)1; Sb: �0.05 lg g)1) to
antigorite serpentinites (As: 0.64–
3.74 lg g)1; Sb: 0.09–0.14 lg g)1;
Hattori and Guillot, 2007; Deschamps
et al., in preparation).
Micro-Raman spectroscopy in low-

grade Cuban serpentinites shows two
stages of serpentinization (Hattori and
Guillot, 2007): a low-temperature ser-
pentinization formed lizardite along
cracks in olivine, and a later high-
temperature serpentinization resulted
in the development of antigorite in the
matrix. The high As and Sb concen-
trations characterizing the antigorite-
dominated serpentinites are likely
related to this second stage of serpent-
inization, while antigorite is formed
after lizardite ⁄ chrysotile. This second-
ary enrichment may result from the
preferential incorporation of As and
Sb into antigorite due to a change in
local pH, fO2 or fS: such variations in
the local conditions of alteration
would destabilize accessory phases
such as sulphides, arsenides or Fe
oxides and thus favour the release of
chalcophile elements. Model calcula-
tions (Klein et al., 2009) show the
intimate connection of partitioning
and oxidation state of iron with
temperature and water ⁄ rock ratio dur-
ing serpentinization, notably for the
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stability of Fe–Ni–O–S phase assem-
blages. However, previous studies
(Hattori et al., 2005; Deschamps
et al., 2010) and our unpublished data
on the trace element compositions of
iron oxides demonstrate that Fe-rich
phases cannot explain the whole-rock
budget of As and Sb. Moreover, if
chalcophile elements are redistributed
from iron oxides and sulphides ⁄arse-
nides to antigorite during the trans-
formation from lizardite ⁄chrysotile to
antigorite, the bulk-rock composition
should remain the same. We observe
higher bulk concentrations of As and
Sb in rocks dominated by antigorite
(Hattori and Guillot, 2007; Des-
champs et al., in preparation). There-
fore, we propose that As and Sb in the

serpentine originated from an external
source.
The concentration of As in ridge

hydrothermal fluids is 10 times high-
er (0.01 lg g)1; Schmidt et al., 2007)
than the As concentration in sea-
water (0.001 lg g)1; Correia et al.,
2010). However, sedimentary rocks
commonly have high As contents
(‡1 lg g)1; Smedley and Kinniburgh,
2002). We propose that the As in
antigorite is mainly derived from
sediments. The secondary enrichment
of As and Sb observed in antigorite
cannot occur at, or close to, the
mid-ocean accretion zone because
sediments represent a very minor
component of the lithosphere at
ridges. As higher concentrations of
As and Sb are only observed in high-

grade subducted serpentinites, As-
and Sb-rich fluids originating from
subducted sediments likely penetrated
into the downwelling abyssal serpen-
tinites.
Interactions between serpentinites

and sediments are greatly facilitated
by the tectonic context of subduction
zones (Fig. 4), and thus two scenarios
could be envisaged to explain the
serpentinite ⁄ sediment ⁄fluid interac-
tions. (i) Faulting in the early stages
of subduction favours the accumula-
tion of sediments and the infiltration
of fluids bearing this sedimentary
signature into the slab: normal faults
that formed earlier at spreading ridges
are likely to be reactivated when the
serpentinized oceanic lithosphere
enters into the subduction zone, and
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Fig. 4 Sketch illustrating the two-step serpentinization of abyssal peridotites. The first serpentinization takes place at or close to a
slow-spreading ridge, whereas the second serpentinization is related to (i) bending faults when the slab is subducted or (ii)
mechanical mixing between metasediments and serpentinites in the subduction channel. In this context, the contribution of
sediments is marked by high As–Sb concentrations in subducted serpentinites. Thus, serpentinites act as sponges from the ridge
until their dehydration, incorporating great amounts of fluid-mobile element (FME). They are a temporary reservoir and can
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new bending normal faults may also
form at the outer rise ⁄ trench zone
(Savage, 1969; Kirby et al., 1996; Jiao
et al., 2000; Peacock, 2001; Ranero
et al., 2005; Nedimović et al., 2009).
(ii) Sediment-derived fluids infiltrate
the serpentinized oceanic lithosphere
along major faults in the accretionary
prism or percolate through the serp-
entinites along the subduction chan-
nel, where sediments and serpentinites
are more or less intimately mixed. We
observe the As–Sb over-enrichment
after the recrystallization of lizar-
dite ⁄chrysotile into antigorite, which
implies that it occurred at least around
isotherms 300–380 �C (Schwartz
et al., submitted). The occurrence of
As- and Sb-rich antigorite is in agree-
ment with the data of Bebout et al.
(1999), which showed that As and Sb
are released from metasediments at
the lawsonite–blueschist to epidote–
blueschist transition between 350–
400 �C and 0.9–1.2 GPa.

Serpentinites: a sponge for fluid-
mobile elements

Except for B, our results do not show
evidence of loss of FME in serpenti-
nites between the ridge and subduc-
tion environments. This result
contradicts the common assumption
that FME are mobile in fluids at high
temperatures. Cs, like B, is easily
removed by fluids at low T (200–
300 �C) from metasedimentary rocks,
whereas As and Sb will be released at
higher T (350–400 �C; Bebout et al.,
1999) when antigorite becomes stable
(Wunder and Schreyer, 1997). Yet, in
spite of the transition from chrysotile ⁄
lizardite to antigorite in subducted
serpentinites when temperature in-
creases, Li, Pb, U, Ba Sr and Cs
concentrations remain similar to those
observed in abyssal serpentinites,
whereas As and Sb are secondarily
enriched (Figs 1 and 2). Only B shows
evidence of depletion (65%) from low-
grade subducted serpentines to anti-
gorite (Fig. 2); such loss has already
been observed in Mariana forearc
serpentinites by Benton et al. (2001)
as well as in metasediments (Bebout
et al., 1999). It can be explained (i) by
a reequilibration with a B-depleted
fluid during the already discussed As–
Sb secondary enrichment or (ii) by an
increase in temperature at the lizar-
dite–antigorite transition, similar to

that observed in metasediments
around 250–300 �C (Bebout et al.,
1999). Because B and Li preserve their
decoupled behaviour whatever the
grade of metamorphism (Fig. 2), we
favour the second hypothesis.
With the exception of As, Sb and B,

most FME have similar concentra-
tions in the serpentine phases of abys-
sal and subducted serpentinites. This
observation suggests that these ele-
ments are not mobile in serpentinites
during phase transitions, in contrast
with the devolatilization of FME
observed during prograde metamor-
phism of subducted sedimentary rocks
(Bebout et al., 1999, 2007) and of
altered oceanic crust (Bebout, 2007;
Marschall et al., 2007).
Serpentine phases, and therefore

serpentinites, act as a sponge in sub-
duction zone environments (Fig. 4).
They can incorporate large amounts
of FME in their crystal structure near
ridges and in subduction zones. The
high degree of FME enrichment sug-
gests that serpentinization at spread-
ing ridges occurs under very high
fluid ⁄ rock ratios. Subsequently, serp-
entinites undergo a second stage of
serpentinization marked by the lizar-
dite–antigorite transition. This second
event involves loss of B but additional
incorporation of FME, especially As
and Sb, which are released from sed-
imentary rocks. We propose that
serpentinites act as a temporary reser-
voir, which will transport from shal-
low depths to great depths (between
100 and 170 km, depending on the
geothermal gradient) in the sub-arc
mantle not only large amounts of
FME, typical of abyssal serpentinite
compositions, but also the As–Sb
sedimentary signature acquired during
the onset of subduction.
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Garrido, C.J., López Sánchez-Vizcaı́no, V.,
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metamórfico del Escambray. In: Estudios
Sobre Geologı́a de Cuba (G.F. Furrazola
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Rüpke, L.H., Morgan, J.P., Hort, M. and
Connolly, J.A.D., 2004. Serpentine and
the subduction zone water cycle. Earth
Planet. Sci. Lett., 223, 17–34.

Ryan, J.G., Morris, J., Tera, F., Leeman,
W.P. and Tsvetkov, A., 1995. Cross-arc
geochemical variations in the Kurile arc
as a function of slab depth. Science, 270,
625–627.

Salters, V.J.M. and Stracke, A., 2004.
Composition of the depleted mantle.
Geochem. Geophys. Geosyst., 5, Q05B07,
27pp., doi: 10.1029/2003GC000597.

Saumur, B.-M., Hattori, K.H. and Guillot,
S., 2010. Contrasting origins of serpen-
tinites in a subduction complex, northern
Dominican Republic. Geol. Soc. Am.
Bull., 122, 292–304.

Savage, J.C., 1969. The mechanics of deep-
focus faulting. Tectonophysics, 8, 115–
127.

Scambelluri, M., Müntener, O., Hermann,
J., Piccardo, G.B. and Trommsdorff, V.,
1995. Subduction of water into the
mantle: history of an alpine peridotite.
Geology, 23, 459–462.

Scambelluri, M., Piccardo, G.B., Philippot,
P., Robbiano, A. and Negretti, L., 1997.
High salinity fluid inclusions formed
from recycled seawater in deeply sub-
ducted alpine serpentinite. Earth Planet.
Sci. Lett., 148, 485–499.

Scambelluri, M., Bottazzi, P., Trom-
msdorff, V., Vannucci, R., Hermann, J.,
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