
Chemical Geology 312–313 (2012) 93–117

Contents lists available at SciVerse ScienceDirect

Chemical Geology

j ourna l homepage: www.e lsev ie r .com/ locate /chemgeo
Research paper

Behavior of fluid-mobile elements in serpentines from abyssal to subduction
environments: Examples from Cuba and Dominican Republic

Fabien Deschamps a,b,⁎, Marguerite Godard b, Stéphane Guillot a, Catherine Chauvel a, Muriel Andreani c,
Kéiko Hattori d, Bernd Wunder e, Lydéric France f

a ISTerre, CNRS, Université Grenoble I, 1381 rue de la Piscine, 38400 Grenoble Cedex 09, France
b Géosciences Montpellier (UMR 5243), CNRS, Université Montpellier 2, cc 060, Place E. Bataillon, 34095 Montpellier, France
c Laboratoire de Sciences de la Terre (UMR 5570), CNRS, Université Claude Bernard Lyon I, 2 rue Raphaël Dubois, 69622 Villeurbanne, France
d Department of Earth Sciences, University of Ottawa, Ottawa, Ontario, Canada, K1N 6N5
e Deutsches GeoForschungsZentrum, Section 3.3, Telegrafenberg, 14473 Potsdam, Germany
f CRPG, Nancy-Université, CNRS, 15 rue Notre Dame des Pauvres, 54501 Vandoeuvre lès Nancy Cedex, France
⁎ Corresponding author at: Géosciences Montpellier
Montpellier 2, cc 060, Place E. Bataillon, 34095 Montpel

E-mail address: Fabien.Deschamps@gm.univ-montp

0009-2541/$ – see front matter © 2012 Elsevier B.V. All
doi:10.1016/j.chemgeo.2012.04.009
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 24 February 2011
Received in revised form 29 March 2012
Accepted 11 April 2012
Available online 20 April 2012

Editor: L. Reisberg

Keywords:
Serpentinites
Subduction zones
Mantle wedge
Abyssal peridotites
Fluid-mobile elements
Serpentinites from subduction environments represent an important sink for fluid-mobile elements. In order to
constrain geochemical behavior of fluid-mobile elements hosted by serpentine phases during subduction
processes, we carried out a geochemical study (trace elements and Pb isotopes) of a series of serpentinites and
cumulates from the accretionarywedge of Greater Caribbean (Cuba and Dominican Republic). The trace element
compositions of the primary and alteration-related phases were analyzed in situ using LA–HR-ICP-MS tech-
niques. The studied samples represent parts of the subducted proto-Atlantic oceanic lithosphere, which has
experienced low to high grade metamorphism (greenschist to eclogite facies), before being exhumed; a subset
of these samples were derived from the mantle wedge. This sampling provides the opportunity to trace the
chemicalmobility of fluid-mobile elements during progrademetamorphism along a cold geotherm in an oceanic
subduction setting.
Serpentinites display strong enrichment in fluid-mobile elements indicating extensive fluid–rock interaction. In
situ analyses allow distinction of three types of serpentines related to the nature of primary minerals (olivine,
ortho- or clinopyroxene). Compositions of subducted samples, especially in fluid-mobile elements, are relatively
close to those of abyssal peridotites without noticeable evidence of mobility for trace elements during
subduction-related prograde metamorphism, with the exception of B. This confirms that the observed
enrichment results from seawater/peridotite interactions during residence time in the ocean. It also suggests
that most mobile elements stored in serpentine minerals are immobile during subduction processes. A major
consequence of this observation is that serpentine minerals are a good sink for mobile elements in subduction
zones, until their dehydration. Additionally, Pb isotopes and over-enrichment in As–Sb in high-grade subducted
serpentines (antigorite) suggest the contribution of a sedimentary component during a secondary hydration
taking place at the lizardite/antigorite transition. We propose that this new serpentinization event, taking
place at greater depth, results from mixing between sediments and serpentinites in the subduction channel.
Mantle wedge serpentinites present imprints of hydrothermal fluids: they are B-rich but without strong enrich-
ment in As and Sb, and show evidence for moderate contributions of a radiogenic Pb-component. This suggests
that the fluids that produced the mantle wedge serpentinites derived from the dehydration of the oceanic crust,
with moderate to no contribution of sediments. We posit that mantle wedge serpentinization took place around
20–25 km depth: at such depth and temperature conditions (T>200 °C), the subducted sediments still released
their B-rich pore fluids while their structural water incorporated in hydrous minerals (phengite, lawsonite)
remained stable. The existence of various potential reservoirs for fluid-mobile elements in subduction zone
environments (subducted serpentinites, mantle wedge serpentinites, as well as subducted sediments and altered
oceanic crust) that potentially release their fluids at different depths has strong implications for arc lava formation.

© 2012 Elsevier B.V. All rights reserved.
(UMR 5243), CNRS, Université
lier, France.
2.fr (F. Deschamps).

rights reserved.
1. Introduction

The release offluids from thedownwelling oceanic lithosphere plays
an important role during subduction; in particular, it triggers partial
melting in the mantle wedge and affects the composition of the arc
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magmatism and the global geochemical cycles (e.g. Plank and
Langmuir, 1998; Stern, 2002; Rüpke et al., 2004; van Keken et al.,
2011). Although serpentinizedmantle rocks constitute a minor fraction
of the downwelling slab, from a few percent (or less) of fast spread
lithosphere (Iyer et al., 2010) up to 20% of slow spread lithosphere
(Cannat et al., 1995; Carlson, 2001; Mével, 2003), they represent a
major reservoir for fluid-mobile elements (FME) in subducting litho-
sphere at mantle depth (e.g. Scambelluri et al., 2001a,b; Barnes and
Straub, 2010; Deschamps et al., 2010, 2011; John et al., 2011). Recent
studies of serpentinites sampled at present-day and fossil convergent
margins have shown that they can incorporate important quantities of
FME, such as semi-volatile elements As and Sb (e.g. Hattori and
Guillot, 2003, 2007; Deschamps et al., 2010, 2011), light elements B
and Li (e.g. Bonatti et al., 1984; Scambelluri et al., 2004a; Tonarini et
al., 2007, 2011; Pabst et al., 2011) and Large Ion Lithophile Elements
Cs, Rb, Ba, and U (Scambelluri et al., 2001a,b, 2004b; Tenthorey and
Hermann, 2004; Garrido et al., 2005; Savov et al., 2005; Agranier et al.,
2007). Further studies have demonstrated that these elements
are stored in serpentine phases during prograde metamorphism
(Scambelluri et al., 2001a,b, 2004a,b; Deschamps et al., 2011;
Kodolányi and Pettke, 2011; Vils et al., 2011), until their destabilization
at relatively great depths (>150 km, up to 650–700 °C; Ulmer and
Trommsdorff, 1995; Wunder and Schreyer, 1997; Wunder et al.,
2001). Finally, strong FME enrichments were observed in high-
pressure serpentine minerals (antigorite) sampling the hydrated man-
tle wedge (e.g. in Himalaya, Hattori and Guillot, 2003, 2007;
Deschamps et al., 2010; Mariana forearc, Savov et al., 2005). However,
the mechanisms driving the chemical mass transfers from the down-
welling slab to themantle wedge and the sequence of mineralogical re-
actions controlling the dehydration–hydration processes at depth are
still poorly constrained. In addition, little is known about the acquisition
of the FME signature during the hydration ofmantle wedge and the for-
mation of serpentinites during subduction (e.g. Savov et al., 2005, 2007;
Deschamps et al., 2010).

To better understand these processes, we studied a series of serpen-
tinites from Cuba and the Dominican Republic, which sample parts of
the accretionary wedge of the Greater Caribbean volcanic arc. These
serpentinites are parts of the subducted proto-Atlantic oceanic litho-
sphere (highly serpentinized peridotites and hydrothermally altered
cumulates), and of the hydrated mantle wedge (Hattori and Guillot,
2007; Guillot et al., 2009; Saumur et al., 2010). The subducted and
mantle wedge serpentinites are associated in the field, and represent
an extinct paleo-serpentinite subduction channel. The slab preserves
evidence of low- to high-grade metamorphism (greenschist to eclogite
facies). The close association in the field of serpentinites from the
mantle wedge and from the subducted oceanic lithosphere provides a
unique opportunity to understand the chemical mobility of FME asso-
ciated with fluid loss during prograde metamorphism along the sub-
duction zone and to characterize geochemical transfers from the slab
to the overlying mantle wedge peridotite.

In order to constrain the behavior of the fluid-mobile elements
hosted by serpentine minerals during subduction, we carried out in
situ trace element analyses on serpentine phases and associated min-
erals from subducted and mantle wedge serpentinites as well as mea-
surements of Pb isotope compositions for Cuban samples. These data
are used to characterize the nature of the protolith and of hydrating
fluid(s) in the slab and in the mantle wedge and to discuss the role of
serpentinization and dehydration in the cycling of FMEduring prograde
metamorphism associated with intra-oceanic subduction processes.

2. Geological setting and sampling

The Dominican Republic and Cuba are part of the extinct
Greater Caribbean volcanic arc, which marks the northern margin of the
Caribbean plate (Fig. 1a). The Greater Caribbean arc results from the east-
ward subduction of the Farallon plate at the southernmargin of theNorth
American plate during Cretaceous (Pindell et al., 2005). By mid-
Cretaceous, the polarity of subduction changed and caused the migration
of the arc from the Pacific to the Atlantic side and the divergence between
North and South America, which was accommodated by rifting of the
proto-Caribbean ridge (Pindell et al., 1988; Meschede and Frisch, 1998).

Well preserved ophiolitic terranes outcrop in the northern part of
Cuba (Escambray massif and Zaza zone; Fig. 1b) and in the Dominican
Republic (Rio San Juan complex; Fig. 1c). They are characterized by
abundant serpentinites associated with metamorphic rocks, making
these massifs particularly interesting for studying serpentinites in
convergent settings, as the metamorphic conditions experienced by
the selected samples could be deduced from the associated metamor-
phic rocks. For this geochemical study, we selected 15 samples from
serpentinite series that had already been well characterized in terms
of geodynamic setting, petrography and bulk-rock geochemistry
(Cuba: Auzende et al., 2002; Hattori and Guillot, 2007; Dominican
Republic: Saumur et al., 2010).

2.1. Cuba

The island of Cuba is composed of a series of accreted terranes of
continental and oceanic origins, all younger than Jurassic (Iturralde-
Vinent, 1994). The Zaza zone and Escambray massif belong to the cen-
tral Cuba unit (Meyerhoff and Hatten, 1968; Fig. 1b). The Zaza zone is
an allochtonous oceanic unit located north of a thick sequence
comprising Cretaceous volcanic arc and sedimentary rocks (noted
Cretaceous arc on Fig. 1b). It consists of a mélange of lenses of eclogitic
basalts and gabbros associated with strongly deformed serpentinites
(Piotrowska, 1993). They represent the relics of an accretionary prism
developed during the southward subduction of the proto-Caribbean
oceanic plate (Pindell et al., 1988). Locally, the transition from the
Zaza zone to the Cretaceous arc sequence is marked by a highly de-
formed area, which preserves parts of the mantle wedge. Located to
the SW of the Zaza zone and of the Cretaceous arc sequence (Fig. 1b),
the Escambray massif is composed mainly of lenses of serpentinites
(several hundred meters in length) associated with metasedimentary
rocks and metamorphosed basalts (Schneider et al., 2004; Stanek et
al., 2006). It is interpreted as an old accretionary prism formed in a
forearc setting in the Greater Caribbean Arc (Somin and Millán, 1981;
Burke, 1988; Millán, 1997; Iturralde-Vinent, 1998; Pindell et al., 2005;
García-Casco et al., 2008). Six serpentinites and two altered ultramafic
cumulates were selected for this study; these samples were previously
described by Auzende et al. (2002) and Hattori and Guillot (2007) and
their main characteristics are summarized below.

Three serpentinites (CU 54, CU 55, CU 56) and one ultramafic cumu-
late (CU 62) were sampled in the Zaza zone. Samples CU 55, CU 56 and
CU62 are associated in thefieldwithmetabasic rocks characterized by a
low-pressure amphibolitic assemblage (b0.6 GPa, 400–500 °C; Spear,
1993; Auzende et al., 2002). In contrast, sample CU 54 is associated
with basalts metamorphosed under higher temperature conditions in
the amphibolite/eclogite metamorphic facies (>0.3 GPa, >500 °C;
Spear, 1993; Auzende et al., 2002). Serpentinite CU 63 was sampled in
the deformation zone set between the Zaza zone and the base of the
Cretaceous arc sequence, close to the city of Santa Clara. It is associated
with greenish gabbros (b0.6 GPa, 300–400 °C; Auzende et al., 2002). It
is interpreted as sampling the hydrated mantle wedge (Hattori and
Guillot, 2007). Finally, two serpentinites (CU 24 and CU 65) and one
altered ultramafic cumulates (CU 69) were sampled in the Escambray
massif. Serpentinites CU 24 and CU65 are associatedwith high pressure
rocks which have experienced metamorphic conditions in the zoisite-
eclogitic facies (1.5–1.6 GPa, 600–650 °C; Schneider et al., 2004;
Stanek et al., 2006; Garciá-Casco et al., 2006) and sample CU 69 comes
from the greenschist facies nappe (0.7–0.8 GPa, b500 °C; Schneider et
al., 2004).

The Cuban serpentinites comprise either antigorite (CU 24, CU 54
and CU 65) or an assemblage of fine-grained lizardite and chrysotile
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(CU 55, CU 56 and CU 63) as distinguished by X-ray diffraction and
previous work (Raman spectroscopy, Hattori and Guillot, 2007),
plus minor disseminated magnetite, talc, edenite (CU 65), and
chlorite (clinochlore in CU 54 and CU 56; Table 1). Lizardite-bearing
samples CU 56 and CU 63 are characterized by pseudomorphic hourglass
textures (preserving the shape of the primary grains). Antigorite-bearing
samples CU 54 and CU 65 have non-pseudomorphic textures dominated
by penetrative blades of antigorite. The two ultramafic cumulates CU 62
and CU 69 are composed mostly of tremolite, edenite, chlorite and talc.

2.2. Dominican Republic

Dominican serpentinites come from the Rio San Juan Complex
(RSJC), located in the northern part of the Dominican Republic (NE
margin of Hispaniola; Fig. 1c). This complex is mostly covered by
sedimentary rocks from Miocene to Quaternary (Draper and Nagle,
1991). It is subdivided into three parts: the Gaspar Hernandez serpen-
tinites in the north, metamorphic terranes mainly composed of retro-
gressed blueschists and eclogites in the central part, and the Cuaba
Gneiss and the Rio Boba Gabbro in the South. The central part of RSJC
is intruded by two serpentinite mélanges, the Jagua Clara mélange
and the Arroyo Sabana mélange. They represent tectonic mélanges
containing meter-scale blocks of blueschists (peak metamorphism at
1.7–1.8 GPa/340–380 °C), eclogites (2.3 GPa/750 °C; Krebs et al.,
2008), metamorphosed felsic rocks and serpentinites from subducted
slab. Finally, massive boulders of serpentinites outcrop in the southern
part of RSJC, near the intersection between the Septentrional Fault
Zone and the Bajabonico Fault in Lomá Quita Espuela and Rio Cuevas.
These serpentinites represent the remnants of the subducted oceanic
lithosphere; they are associated with garnet peridotites and eclogite
boulders. Locally, mantle wedge serpentinites occur along major
strike–slip fault and are associated with the subducted serpentinites
(Saumur et al., 2010). Seven serpentinites were selected for this
study among those described by Saumur et al. (2010); their main
characteristics are summarized below.

Three serpentinites (RD 8E, RD 94, and RD06 52A) were collected in
the high pressure–low temperature Jagua Clara mélange in the central
part of the RSJC (Fig. 1c). The four remaining samples come from a
large outcrop in the southern part of RSJC near the Septentrional
Fault Zone (Fig. 1c). Serpentinites RD 34C and RD 36A come from the
Lomá Quita Espuela area and represent relics of the hydrated mantle
wedge. One partially hydrated peridotite (RD 57) and one hydrated cu-
mulate (RD 62) were sampled in Rio Cuevas area and represent part of
the ancient subducted lithosphere.

Dominican serpentinites comprise mainly antigorite (RD 8E and
RD06 52A) or an assemblage of lizardite/chrysotile (RD 34C, RD 36A
and RD 94), with minor magnetite, chromite, hematite, talc, chlorite
(clinochlore), and amphibole (edenite, magnesio-hornblende; Table 1).
Several samples contain relics of primary olivines (RD94) and pyroxenes
(RD 36A, RD06 52A and RD 94). One sample, RD 57, is significantly less
altered than associated serpentinites; it comprises mainly forsterite-
rich olivine and diopside displaying secondary alteration to lizardite,
edenite, magnesio-hornblende and clinochlore. This sample is represen-
tative of a partially hydrated peridotite (less than 10% of hydrated
phases). The hydrated cumulate RD 62 comprises mainly diopside and
hornblende.



Table 1
Mineralogy and bulk rock major element compositions of samples from Cuba and Dominican Republic. (n.d. = not determined). Major elements are compiled from Hattori and
Guillot (2007; Cuba) and Saumur et al. (2010; Dominican Republic) (see footnotes for more details, notably about analytical method).

Sample CU 56 CU 54 CU 65 CU 62 CU 63 RD 94 RD 57 RD 8E RD06 52A RD 62 RD 34C RD 36A

Rocka Serp. Serp. Serp. Hydr. cum. Serp. Serp. Hydr. per. Serp. Serp. Hydr. cum. Serp. Serp.
Locationb Zaza Zaza Escambray Zaza Def. Zone melange SFZ-RC melange melange SFZ-RC SFZ-LQE SFZ-LQE
Protolithc Oceanic Oceanic Oceanic Oceanic Mantle Oceanic Oceanic Oceanic Oceanic Oceanic Mantle Mantle

Lithosphere Lithosphere Lithosphere Cumulate Wedge Lithosphere Lithosphere Lithosphere Lithosphere Cumulate Wedge Wedge
Groupd 1a 1b 1b 2 3 1a 1a 1b 1b 2 3 3

(Hattori and Guillot, 2007) (Saumur et al., 2010)
SiO2 38.88 42.21 41.17 43.52 39.71 44.72 41.18 39.3 42.31 43.68 39.84 40.84
TiO2 0.049 0.039 0.018 0.017 0.009 0.047 0.077 0.020 0.108 0.608 0.021 0.022
Al2O3 2.15 1.74 3.01 7.68 0.57 2.51 1.63 1.60 1.16 13.36 0.70 0.69
Fe2O3 (t) 9.15 8.21 9.74 7.16 8.22 8.14 13.25 10.03 9.89 10.67 8.75 8.60
MnO 0.096 0.115 0.121 0.094 0.093 0.119 0.189 0.060 0.120 0.182 0.118 0.086
MgO 35.43 35.34 34.04 26.83 36.87 34.98 32.89 37.00 33.94 15.95 38.02 37.25
CaO 0.10 0.06 0.08 5.60 0.05 0.18 6.51 0.06 3.19 11.97 0.48 0.39
Na2O n.d. n.d. n.d. 0.34 n.d. n.d. n.d. n.d. n.d. 0.87 n.d. n.d.
K2O n.d. n.d. n.d. 0.04 0 n.d. 0.02 n.d. 0 0.33 n.d. 0
P2O5 0.005 0.004 0.004 0.008 0.008 0.020 0.010 0.010 0.010 0.100 0.010 0.010
L.O.I. 13.7 11.9 12.3 8.1 14.0 10.0 4.6 12.7 9.9 1.5 13.1 13.6
Mg/Si 1.18 1.08 1.07 0.80 1.20 1.01 1.03 1.21 1.03 0.47 1.23 1.18
Al/Si 0.06 0.05 0.08 0.20 0.02 0.06 0.04 0.05 0.03 0.35 0.02 0.02
Mineralogye (determined by petrographical observations and associated microprobe analysis)
Serpentine: Lz, Ctl Atg Atg – Lz, Ctl Lz, Ctl Lz Atg Atg – Lz, Ctl Lz, Ctl

After Ol – √ – – √ √ √ – √ – √ √
After Opx – √ – – – √ – √ √ – – √
After Cpx √ – √ – – – √ √ √ – – –

Olivine: – – – – – √ Forsterite – – – – –

Pyroxene: – – – – – Enstatite Diopside – Augite Diopside – Enstatite
Amphibole: – – Ed Ed, Tr – Ed, Mg-Hbl Ed, Mg-Hbl – – Hbl Ed, Mg-Hbl –

Chlorite: Clinochlore Clinochlore – √ – Clinochlore Clinochlore Clinochlore Clinochlore – Clinochlore √
Talc: – √ √ √ – √ – √ – – √ –

Iron oxide: Mag – – – Mag Mag, Chr Mag Mag, Chr Hematite – Mag, Chr Mag, Chr
Calcite: – – – – – – √ √ √ – – –

P–T cond.f b0.6 GPa >0.3 GPa 1.5–1.6 GPa b0.6 GPa b0.6 GPa 1.6–1.8 GPa – 2.3 GPa 2.3 GPa – Along a Along a
≈450 °C >500 °C >600 °C ≈450 °C 300–400 °C 340–380 °C – 750 °C 750 °C – Fault Fault

Major element concentrations were previously determined and published by Hattori and Guillot (2007; Cuba) and Saumur et al. (2010; Dominican Republic, except samples RD 57
and RD 62, personnal communication) using a Philips PW 2400 X-ray fluorescent spectrometer at the University of Ottawa.

a Rock: Serp = serpentinites; Hydr. cum. = hydrated cumulate; Hydr. per. = hydrated peridotites.
b Location: Cuba: Zaza = Zaza zone; Escambray = Escambray massif; Def. Zone = major deformation zone; Dominican Republic: Mélange = HP-LT serpentinites Jagua Clara

mélange from central part of Rio San Juan complex; SFZ-LQE = Septentrional fault zone, Loma Quita Espuela; SFZ-RC = Septentrional fault zone, Rio Cuevas (see text for details).
c Protolith: Oceanic lithosphere = abyssal peridotites; Oceanic cumulate = abyssal cumulative hydrated rocks; Mantle wedge = forearc mantle wedge peridotites.
d Group: 1a=Lz-bearing serpentinites and, 1b=Atg-bearing serpentinites of the subducting slab; 2=Cumulates of the subducting slab; 3=Atg-bearingmantlewedge serpentinites.
e Mineralogy: Atg=antigorite; Lz= lizardite; Ctl= chrysotile; Ed=edenite; Tr= tremolite;Mg-Hbl=magnesio-hornblende;Hbl=hornblende;Mag=magnetite; Chr=chromite

(Kretz, 1983).
f P–T conditions: Metamorphic conditions experienced by studied serpentinites can be constrained using the associatedmetamorphic rocks which are well characterized. Cuba: Spear

(1993), Auzende et al. (2002), Schneider et al. (2004), Stanek et al. (2006), and Garciá-Casco et al. (2006). Dominican Republic: Krebs et al. (2008). See text for explanations.
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2.3. Main petrographic and geochemical characteristics of studied samples

On the basis of the petrographic study and of the mineral and bulk
rock major element compositions determined by Hattori and Guillot
(2007) and Saumur et al. (2010), we divided the studied samples
into four groups (see Table 1):

- (1) Subducted serpentinites: subducted serpentinites sample relics of
the subducted oceanic lithosphere. They comprise both lizardite-
bearing (CU 55, CU 56, RD 94, RD 57: Group 1a) and antigorite-
bearing (CU 24, CU 54, CU 65, RD 8E, RD06 52A: Group 1b) samples
indicating different P–T conditions during their formation. Group
1b serpentinites recorded processes occurring at deeper depths
than Group 1a serpentinites. The two groups overlap in composition
for bulk and mineral major element contents. Subducted serpenti-
nites are characterized by loss on ignition (LOI) ranging from 9.9
to 13.7 wt.% (except sample RD 57, a serpentinized peridotite
with 4.6 wt.% LOI), moderate to high Al2O3 and CaO contents
(1.16–3.01 wt.% and 0.06–6.51 wt.%, respectively), and low to mod-
erate Cr# (0.2–0.55) in spinels. These compositions reflect a fertile
mantle protolith, with late addition of magmatic components
(CaO>PM values (4 wt.%) in sample RD 57). They are comparable
to abyssal peridotites (e.g., Bodinier and Godard, 2003 (bulk); Niu,
2004 (bulk); Dick and Bullen, 1984; Dick, 1989 (spinels)).
- (2) Subducted cumulates (CU 62, CU 69, RD 62): these samples rep-
resent part of the subducted slab. They are characterized by
variable LOI (1.5–8.1 wt.%), high Al2O3 (7.68–13.36 wt.%) and
CaO (5.60–11.97 wt.%) contents. They are mainly composed of
amphiboles, and minor chlorites and primary pyroxenes.

- (3) Mantle wedge serpentinites (CU 63, RD 34C, RD 36A): the third
group is characterized by lizardite-bearing samples, higher LOI
(13.1–14 wt.%), lower Al2O3 content (0.57–0.70 wt.%) and higher
Cr# spinels (0.50–0.66; Saumur et al., 2010) compared to sub-
ducted serpentinites. These compositions indicate a more refractory
mantle protolith compared to the protolith of the subducted ser-
pentinites. Mantle wedge serpentinites overlap in composition
with the Mariana forearc peridotites (Ishii et al., 1992). We assume
that hanging-plate peridotites comprise exclusively highly refracto-
ry peridotites, whereas oceanic lithosphere has generally mildly to
moderately refractory compositions.

Associated with serpentine, we note the presence of rare chlorite,
talc, and amphiboles (edenite, Mg-hornblende) in all Caribbean sam-
ples. This observation is consistent with the interpretation that these
samples have experienced medium-grade metamorphism (greens-
chist–blueschist to amphibolite facies; Evans, 1977) during their sub-
duction. Note that no metamorphic olivine has been observed in the
studied samples.
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3. Analytical procedure

A fraction of each sample was crushed first into small fragments
and then reduced to powder in an agate ring mill. Bulk rock major
element compositions were published in Hattori and Guillot (2007;
Cuban samples), and in Saumur et al. (2010; Dominican samples)
with exception of samples RD 57 and RD 62. Complementary bulk
rock trace element data were acquired using the same ICP-MS instru-
ment on which in situ trace element compositions were obtained.

3.1. Bulk rock trace element analyses

Trace element concentrations (Li, Cd, Co, Ni, Cu, As, Rb, Sr, Y, Zr,
Nb, Cs, Ba, Rare Earth Elements (REE), Hf, Ta, Pb, Th, U and W) were
determined at Géosciences Montpellier (University Montpellier 2,
France) using a ThermoFinnigan Element2 High Resolution (HR-) ICP-
MS. These analyses were obtained together with those reported by
Deschamps et al. (2010); the analytical procedure, the detection limits
and procedural blanks as well as the precision and accuracy of the ICP-
MS analyses are described in detail in this paper. Most elements were
measured in low resolution mode (m/Δm~400), except Co, Ni, and
Cu that were analyzed in medium resolution mode (m/Δm~4000)
and As, measured in high resolutionmode (m/Δm~10000). Our results
show good agreement between measured values and expected values
for the international rock standards (dunite DTS-1, peridotite JP-1
and serpentinite UBN), and reproducibility is generally better than 1%
at concentrations >1 μg/g; it is within 1–5% for concentrations of
0.01–1 μg/g, and 5–10% for concentrations less than 0.01 μg/g. Results
of trace element analyses for Cuban and Dominican serpentinites are
reported in Table 2.

3.2. Lead isotopes

The Pb chemistry was done at LGCA (University of Grenoble,
France), using the anion resin technique of Manhès et al. (1984),
while the isotopic ratios were measured using the MC -ICP-MS
national facility at Ecole Normale Supérieure (ENS) of Lyon (France).
The method for Pb elution is described in Chauvel et al. (2011). Proce-
dural blank was negligible (b50 pg; n=2) relative to the amounts of
Pb in samples and blank correction was therefore not applied. The
NBS 981 standard was run every second sample and Pb isotope ratios
were corrected by sample-standard bracketing to the NBS 981 TIMS
values (Galer and Abouchami, 1998). Due to fluid circulation during
serpentinization, we cannot consider hydrated peridotites as a closed
system; so no age corrections were applied to our samples. Results
are reported in Table 3.

3.3. Mineral characterization

The mineralogy of bulk samples was characterized using a Siemens
D5000 X-ray diffractometer at LGIT (Grenoble, France). A Cameca SX
100 electron microprobe at the Laboratory Magma et Volcans
(Clermont Ferrand, France) was used to determine the major element
concentrations of minerals. The operating conditions were 15 kV accel-
erating voltage, sample current of 15 nA and count time of 10 s/
element, except for Ni (20 s). Standards used were albite (Na), forster-
ite (Mg), orthose (K), wollastonite (Ca and Si), MnTiO3 (Ti and Mn),
Cr2O3 (Cr), fayalite (Fe), olivine (Ni), and synthetic Al2O3 (Al).

In situ trace element compositions were determined at Géosciences
Montpellier (University Montpellier 2, France) using a ThermoFinnigan
Element 2 HR-ICP-MS using a single collector double-focusing sector
field Element XR (eXtended Range) coupled with laser ablation (LA) sys-
tem, a Geolas (Microlas) automated platform housing a 193 nm Compex
102 laser from LambdaPhysik. Analyses were carried out on 150 μm thick
polished sections using the method, settings and calibration techniques
described in Deschamps et al. (2010). A spot size of 77 μm was used
for sample CU 54, and 122 μm for other samples. A large beam size was
used during this study to achieve better accuracy. This resulted in a sen-
sitivity of ~500 cps/ppm for B, of ~2000 cps/ppm for Li, Ni, Ti, Zn, As and
Cr, and of ~18,000 cps/ppm for the other analyzed elements based on
measurements of the NIST 612 certified reference material. Data were
subsequently reduced using the GLITTER software (Van Achterberg et
al., 2001) using the linear fit to ratio method. This typically resulted
in a 5 to 10% precision (1 sigma) for most analyses evaluated by repeat-
ed analyses of reference basalt BIR 1-G (values are reported in
Deschamps et al., 2010; preferred values from Jochum et al., 2005;
Jochum and Stoll, 2008). Detection limits were below 0.08 μg/g for
most elements except Li (average of ~0.8 μg/g), B (~0.6 μg/g), Ti
(~5 μg/g), Cr (~3 μg/g), Ni (~25 μg/g), Zn (~2 μg/g) and As (~0.3 μg/
g). Values within 2σ of the detection limit were eliminated using a log-
ical test ((values−2σ)>detection limit). Representative trace element
analyses are reported in Table 4; all results are reported in Appendices
1 (serpentine phases) and 2 (amphiboles, chlorites, iron oxides).

To minimize the contribution of other phases, we analyzed homo-
geneous clear areas with characteristic habitus of lizardite, chrysotile,
and antigorite, in the limit of apparatus optical resolution. However,
we cannot preclude that some serpentine phases contain dusty
inclusions of magnetite and other minor secondary phases (chlorite,
calcite, sulfide) which may concentrate certain trace elements (e.g. Ti
in magnetite or As and Sb in sulfides). We tried to limit the possible in-
fluence of such grains during analysis using GLITTER software, which
displays elementary ablation profile, and thus allows elimination of
contaminated and/or mixed analyses.

4. Results

4.1. Bulk rock trace element compositions

The subducted serpentinites (Group 1) have moderately depleted
compositions with MREE and HREE compositions and ratios close to
C1-chondrite values (e.g. YbN=0.67–1.28; GdN/YbN=0.60–1.38;
N=C1-chondrite normalized; Fig. 2a, b). Group 1 serpentinites are
LREE depleted relative to MREE and HREE (LaN/SmN≈0.25), except for
samples CU 54 and RD 94 which display selective enrichments in LREE
(LaN/SmN=1.33–2.45). Group 1 serpentinites are characterized by
variable Eu anomalies, from slightly positive (RD 57, EuN/Eu*N=1.23)
to none in the Dominican serpentinites (0.80bEuN/Eu*Nb1.00) to nega-
tive (0.60bEuN/Eu*Nb0.79) in the Cuban serpentinites and Dominican
serpentinites RD 8E. Except for the Eu anomalies, the REE composition
of Group 1 serpentinites is comparable to that of the lherzolites sampled
in the Western Alps ophiolites (see review in Bodinier and Godard,
2003) for the LREE depleted samples. Group 1 serpentinites plot in the
field defined by Paulick et al. (2006) for the impregnated abyssal perido-
tites (Fig. 2c).

Cumulate CU 62 (Group 2) has higher REE contents compared to
serpentinites (e.g., YbN ~3; Fig. 2a). It is characterized by a convex-
upward REE pattern with a strong depletion in LREE (LaN/SmN=
0.11), similar to that of spinel pyroxenites in orogenic massifs (e.g.,
Bodinier and Godard, 2003). Similar to Group 1 serpentinites, it
displays a strong negative Eu anomaly (EuN/Eu*N=0.37).

In contrast, mantle wedge serpentinites (Group 3) are characterized
by low HREE contents (e.g., YbN=0.19–0.29) and by enrichment in
LREE relative to MREE and even HREE in sample RD 34C (GdN/
YbN=0.31–0.98; LaN/YbN=0.62–2.34; Fig. 2a, b). These selective LREE
enrichment are commonly interpreted as the result of progressive melt/
rock reequilibration associatedwith the percolation of LREE-richmelts in-
filtrating a depleted mantle (e.g. Navon and Stolper, 1987; Bodinier et al.,
1990; Bodinier and Godard, 2003). Group 3 samples display no to slight
Eu anomalies (EuN/Eu*N=1.06–1.19). Their composition is typical of
forearc serpentinites (Savov et al., 2005, 2007; Deschamps et al., 2010;
Fig. 2c).



Table 2
Bulk rock trace element (HR-ICP-MS) concentrations (in μg/g) for Cuban and Dominican serpentinites. (n.d. = not determined). Errors are given at the 2σ level (in μg/g).

Sample CU 54 2σ error CU 56 2σ error CU 65 2σ error CU 62 2σ error CU 63 2σ error

Group 1b 1a 1b 2 3
(μg/g) (μg/g) (μg/g) (μg/g) (μg/g)

Li (μg/g) 2.79 0.0003 0.96 0.0001 n.d. n.d. n.d. n.d. 0.66 0.0001
Co 84 0.0041 121 0.0080 107 0.0098 87 0.0035 119 0.0061
Ni 1570 0.0900 2358 0.1108 2114 0.0415 1715 0.0157 3603 0.0449
Cu 14.0 0.0007 25.8 0.0013 60.3 0.0015 3.1 0.0002 3.8 0.0003
As 3.74 0.0003 0.34 0.0002 0.64 0.0006 0.64 0.0005 0.19 0.0001
Rb 0.09 0.0096 0.06 0.0041 0.04 0.0055 0.239 0.0065 0.13 0.0062
Sr 3.95 0.1010 1.11 0.0374 0.61 0.0557 21.117 0.6831 2.08 0.0189
Y 0.891 0.0268 0.973 0.0173 1.032 0.0131 4.892 0.1139 0.128 0.0028
Zr 0.318 0.0033 0.473 0.0129 0.322 0.0163 0.558 0.0422 0.140 0.0052
Nb 0.129 0.0081 0.011 0.0013 0.092 0.0165 0.020 0.0015 0.006 0.0014
Cd 0.03 0.0000 0.02 0.0000 0.04 0.0000 0.07 0.0000 0.06 0.0000
Cs 0.020 0.0004 0.012 0.0007 0.012 0.0019 0.014 0.0010 0.011 0.0037
Ba 29.200 0.1395 0.735 0.0539 0.708 0.0329 1.427 0.0440 2.453 0.0791
La 0.3382 0.0043 0.0202 0.0011 0.0310 0.0016 0.0697 0.0014 0.0273 0.0019
Ce 0.9326 0.0213 0.0432 0.0018 0.1120 0.0023 0.3531 0.0128 0.0644 0.0012
Pr 0.1309 0.0027 0.0096 0.0007 0.0232 0.0007 0.0979 0.0026 0.0090 0.0012
Nd 0.5850 0.0237 0.0853 0.0016 0.1434 0.0070 0.7546 0.0023 0.0386 0.0038
Sm 0.1588 0.0109 0.0515 0.0020 0.0664 0.0105 0.3904 0.0041 0.0093 0.0024
Eu 0.0340 0.0011 0.0203 0.0016 0.0185 0.0009 0.0650 0.0010 0.0040 0.0004
Gd 0.1808 0.0130 0.1117 0.0099 0.1258 0.0114 0.7282 0.0262 0.0114 0.0006
Tb 0.0280 0.0016 0.0218 0.0005 0.0268 0.0005 0.1412 0.0009 0.0022 0.0002
Dy 0.1808 0.0114 0.1706 0.0150 0.2068 0.0099 1.0284 0.0245 0.0195 0.0040
Ho 0.0349 0.0017 0.0390 0.0015 0.0444 0.0015 0.2095 0.0015 0.0049 0.0004
Er 0.1053 0.0065 0.1169 0.0011 0.1344 0.0019 0.5618 0.0176 0.0175 0.0020
Tm 0.0165 0.0009 0.0194 0.0009 0.0225 0.0003 0.0792 0.0022 0.0037 0.0002
Yb 0.1091 0.0070 0.1356 0.0091 0.1685 0.0011 0.4575 0.0099 0.0299 0.0040
Lu 0.0180 0.0011 0.0252 0.0006 0.0299 0.0006 0.0687 0.0024 0.0061 0.0007
Hf 0.0151 0.0026 0.0221 0.0033 0.0175 0.0032 0.0412 0.0020 0.0040 0.0022
Ta 0.0060 0.0004 0.0002 0.0001 n.d. n.d. 0.0015 0.0001 0.0001 0.0000
W n.d. n.d. 0.014 0.0000 n.d. n.d. n.d. n.d. 0.003 0.0000
Pb n.d. n.d. 0.264 0.0055 0.283 0.0204 0.603 0.0234 0.623 0.0048
Th 0.251 0.0088 0.008 0.0010 0.028 0.0002 0.019 0.0008 0.011 0.0016
U 0.073 0.0031 0.135 0.0028 0.248 0.0028 0.056 0.0011 0.017 0.0017

Sample RD 8E 2σ error RD 94 2σ error RD06 52A 2σ error RD 34C 2σ error RD 57 2σ error

Group 1b 1a 1b 3 1a
(μg/g) (μg/g) (μg/g) (μg/g) (μg/g)

Li (μg/g) n.d. n.d. n.d. n.d. 1.92 0.0002 n.d. n.d. 2.01 0.0001
Co 109 0.0069 105 0.0069 133 0.0044 123 0.0023 129 0.0148
Ni 2108 0.1338 2132 0.0523 1399 0.0732 2221 0.0601 516 0.0159
Cu 9.9 0.0009 5.2 0.0005 3.3 0.0001 1.4 0.0001 7.5 0.0004
As 1.52 0.0005 0.31 0.0004 1.70 0.0016 0.22 0.0001 0.64 0.0007
Rb 0.04 0.0040 0.08 0.0034 0.04 0.0024 0.09 0.0056 0.59 0.0241
Sr 15.99 0.8315 3.84 0.1279 5.73 0.1041 16.46 0.3818 16.64 0.1913
Y 0.964 0.0386 1.680 0.0330 1.683 0.0328 0.279 0.0130 1.061 0.0206
Zr 0.285 0.0138 0.591 0.0177 1.600 0.0257 0.239 0.0017 0.433 0.0045
Nb n.d. n.d. 0.029 0.0012 0.010 0.0006 n.d. n.d. 0.006 0.0008
Cd 0.01 0.0000 0.05 0.0000 0.08 0.0000 0.01 0.0000 0.04 0.0000
Cs 0.012 0.0041 0.088 0.0049 0.008 0.0010 0.077 0.0018 0.036 0.0042
Ba 0.441 0.0572 16.488 0.4368 1.706 0.0500 22.112 0.5986 11.672 0.2122
La 0.0188 0.0010 0.4027 0.0067 0.0540 0.0011 0.1590 0.0049 0.0429 0.0033
Ce 0.0932 0.0043 0.1608 0.0006 0.1472 0.0068 0.3994 0.0013 0.1210 0.0035
Pr 0.0218 0.0011 0.0930 0.0040 0.0382 0.0022 0.0508 0.0011 0.0236 0.0015
Nd 0.1546 0.0069 0.4725 0.0031 0.2808 0.0051 0.2158 0.0059 0.1667 0.0040
Sm 0.0718 0.0042 0.1025 0.0128 0.1357 0.0120 0.0478 0.0044 0.0878 0.0050
Eu 0.0195 0.0011 0.0373 0.0026 0.0580 0.0016 0.0181 0.0007 0.0500 0.0011
Gd 0.1331 0.0033 0.1866 0.0024 0.2281 0.0087 0.0557 0.0029 0.1691 0.0031
Tb 0.0263 0.0007 0.0259 0.0015 0.0438 0.0024 0.0080 0.0001 0.0303 0.0010
Dy 0.1954 0.0070 0.1631 0.0034 0.3256 0.0057 0.0473 0.0004 0.2266 0.0054
Ho 0.0430 0.0020 0.0370 0.0014 0.0714 0.0009 0.0099 0.0002 0.0474 0.0013
Er 0.1252 0.0067 0.1110 0.0040 0.2044 0.0036 0.0339 0.0018 0.1338 0.0115
Tm 0.0198 0.0014 0.0160 0.0008 0.0309 0.0004 0.0056 0.0003 0.0185 0.0006
Yb 0.1284 0.0034 0.1090 0.0046 0.2074 0.0013 0.0461 0.0010 0.1167 0.0014
Lu 0.0228 0.0015 0.0242 0.0011 0.0338 0.0008 0.0096 0.0003 0.0201 0.0015
Hf 0.0244 0.0023 0.0214 0.0017 0.0757 0.0044 0.0051 0.0005 0.0204 0.0029
Ta n.d. n.d. 0.0014 0.0005 0.0009 0.0007 0.0030 0.0002 0.0002 0.0001
W n.d. n.d. n.d. n.d. 0.025 0.0000 n.d. n.d. n.d. n.d.
Pb 1.360 0.0378 0.331 0.0251 0.063 0.0038 0.810 0.0429 0.884 0.0206
Th 0.002 0.0002 0.011 0.0012 0.002 0.0007 0.061 0.0011 0.002 0.0009
U 0.019 0.0006 0.009 0.0001 0.042 0.0008 0.041 0.0014 0.008 0.0008
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Table 3
Pb isotopic compositions for Cuban serpentinites. Errors are given at the 2σ level. Bis are for duplicate dissolution and Rep for duplicate run.

Sample 206Pb/204Pb ±2σ 207Pb/204Pb ±2σ 208Pb/204Pb ±2σ

CU 24 (Group 1b) 18.7524 ±15 15.6599 ±13 38.3040 ±33
CU 55 (Group 1a) 17.8845 ±08 15.5800 ±09 37.5710 ±24
CU 62 (Group 2) 18.5567 ±13 15.6461 ±14 38.2301 ±34
CU 62 (Bis) (Group 1b) 18.5595 ±10 15.6471 ±08 38.2358 ±24
CU 63 (Group 3) 18.1494 ±15 15.6179 ±15 38.0464 ±39
CU 65 (Group 1b) 19.0177 ±28 15.6718 ±22 38.4549 ±56
CU 69 (Group 2) 18.6606 ±12 15.6532 ±10 38.5552 ±28
CU 69 (Rep) (Group 2) 18.6595 ±17 15.6534 ±14 38.5677 ±53

MC–ICP-MS standards
NBS 981
Galer and Abouchami (1998) 16.94 ±15 15.5 ±16 36.72 ±44
Average (n=11) 16.9395 ±330 15.4892 ±174 36.6968 ±224
Biais (μg/g) 60 459 683
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As shown in Fig. 2d and e, the serpentinite trace element composi-
tions normalized to Primitive Mantle (PM, McDonough and Sun, 1995)
show spiked U-shaped patterns characterized by variable enrichments
in the most incompatible elements relative to LREE (e.g., Th/
La=0.22–7.31×PM), a strong enrichment in U and Pb relative to
neighboring elements (U/Th~28×PM−Pb/Ce~58×PM), a systematic
depletion in Nb, Ta, Zr and Hf relative to neighboring elements (e.g.,
Nb/La~0.47×PM; Zr/Sm~0.25×PM). Mantle wedge serpentinites are
characterized by higher Zr/Hf (Zr/Hf=0.95–1.27×PM) compared to
subducted serpentinites (Zr/Hf=0.31–0.75×PM).

The analyzed serpentinites display variable Sr anomalies (Fig. 2d, e);
the absence of correlation between EuN/Eu*N (0.37–1.23) and Sr con-
centration pleads for Eu variation due to interactionwith hydrothermal
fluids during serpentinization and a only minimal effect of plagioclase
(Paulick et al., 2006; Godard et al., 2009).

All studied samples are enriched in highly incompatible and fluid-
mobile elements compared to PM values (e.g. As, Pb, U). These en-
richments are attributed to extensive hydration with high fluid/rock
ratios. Although substantial, the enrichments observed in the studied
serpentinites are not as high as those observed in the Tso Morari
mantle wedge serpentinites (Hattori and Guillot, 2003, 2007;
Deschamps et al., 2010).

4.2. Lead isotopic compositions

Isotopic ratios for Pb for Cuban samples are reported in Table 3.
206Pb/204Pb varies from 17.88 to 19.02, 207Pb/204Pb from 15.58 to
15.67, and 208Pb/204Pb from 37.57 to 38.57. Samples are plotted in
Fig. 3 and define a linear trend at the high 207Pb/204Pb edge of the
field defined by Atlantic MORB along the Mid-Atlantic Ridge between
30°N and 30°S (compiled from PETDB, http://www.petdb.org)
(Fig. 3a, c). Overall, serpentinite samples have more radiogenic 207Pb/
204Pb compositions than Atlantic MORB and igneous rocks from Cuba
(Blein et al., 2003; Marchesi et al., 2007; Fig. 3a, c) and define a trend
parallel to, but much higher in 207Pb/204Pb than, the NHRL. Studied
samples fall in an area typical of crustal materials such as data reported
for the SW Amazon craton (Tohver et al., 2004) or data reported for
sediments coming from the South American continent (Carpentier et
al., 2008).

4.3. Mineral trace element compositions

Trace element compositions for serpentine phases, amphiboles,
chlorites and iron oxides are reported in Table 4 (representative
analyses) and Appendices 1 and 2.

4.3.1. Serpentine phases
Combining petrological and textural observations in the least

altered samples and in situ analyses allows us to distinguish three
types of serpentine related to the primary minerals from which they
derive (olivine, orthopyroxene and clinopyroxene). Each serpentine
type is characterized by its composition, in particular for REE and com-
patible trace elements, as illustrated in Figs. 4–6.

Serpentine minerals derived from olivine (serp-ol) are the most
depleted in minor and trace elements (e.g., Sc: 2.7–12.3 μg/g, Ti:
5.2–114.8 μg/g, Ybb0.068 μg/g, Y: 0.1–0.3 μg/g, Fig. 4). They are char-
acterized by relatively flat C1-chondrite normalized REE patterns
(Fig. 5a, b) although, in detail, we observe differences in REE fraction-
ation between Dominican and Cuban samples: serp-ol from Cuba are
LREE depleted with a strong variability in LREE/HREE (0.08bLaN/
YbNb2.77; Figs. 4a, 5a) while most Dominican serp-ol are LREE
enriched compared to MREE and HREE (LaN/YbN up to 8.15; Figs. 4a,
5b). Serp-ol REE patterns are similar to those of olivine separates in
ultramafic nodules from southeastern British Columbia (Sun and
Kerrich, 1995) and serpentinized olivine from Tso Morari serpenti-
nites (Deschamps et al., 2010; Fig. 5c). These compositions are how-
ever enriched, especially in LREE, when compared to the olivines
from the mantle wedge xenoliths sampled by the andesitic Avacha
volcano (Kamchatka, Ionov, 2010; Fig. 5c).

Serpentineminerals after orthopyroxene (serp-opx; Figs. 4a and 5d,
e) are characterized by higher REE (e.g. Yb~0.03–0.24 μg/g; Fig. 4), Y
(0.2–1.5 μg/g), Sc (5.8–49.3 μg/g) and Ti (38.1–468.6 μg/g) contents
compared to serp-ol. Except for sample RD 94, a subducted serpenti-
nite, serp-opx REE patterns are relatively flat (SmN/YbN~1.28) with
slight LREE enrichments (Fig. 5e), in particular in the Dominican
Republic serpentinites (LaN/YbN~3.77). These samples overlap in com-
position with the orthopyroxenes analyzed by Sun and Kerrich (1995)
(Fig. 5f). Sample RD 94 is distinguished by its LREE depleted composi-
tion and plots in the field defined by serpentine after orthopyroxene
from the Tso Morari serpentinite series (Deschamps et al., 2010). The
REE heterogeneity of serp-opx is interpreted as evidence that the
primary orthopyroxene REE content was (at least in part) preserved
during serpentinization. Nevertheless, similar to serp-ol, the analyzed
serp-opx compositions are enriched compared to the Avacha xenolith
series (Ionov, 2010), suggesting a different mantle protolith.

Finally, serpentine formed after clinopyroxene (serp-cpx) presents
strongly LREE depleted patterns (Fig. 5 g, h) with higher contents in
moderately incompatible elements such as Sc, Y, Ti, Co, and V com-
pared to serp-ol and serp-opx (Fig. 4). This group presents characteris-
tics close to those of clinopyroxene analyzed in abyssal peridotites
(Johnson et al., 1990; Dick and Natland, 1996; Hellebrand et al., 2002;
Fig. 5i), suggesting a low mobility of REE, at least for HREE, and of
moderately incompatible elements during serpentinization of primary
phases (Andreani et al., 2009; Deschamps et al., 2010). It should be
noted however that such depleted LREE patterns were not observed
in the Tso Morari mantle wedge serpentinites (Deschamps et al.,
2010). Serp-cpx patterns from Cuba display negative Eu anomaly
(0.40bEuN/Eu*Nb0.85), whereas the latter is not really marked in
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Dominican serpentines derived from pyroxene (average of EuN/
Eu*N=0.95; Fig. 5 g, h).

On PM-normalized spidergrams (Fig. 6), nearly all serpentine pat-
terns normalized to Primitive Mantle present enrichments in U, Pb and
Cs (U/Th~22.9×PM; Pb/Ce~37.6×PM; Cs/Rb~14.18×PM). All Cuban
serpentines (serp-ol, serp-opx and serp-cpx) are characterized by a
higher content in Hf than Zr (0.08×PMbZr/Hfb0.61×PM, except two
Table 4
Representative trace element analyses (LA–HR-ICP-MS) of serpentine minerals after olivine
tinites. All elements are in μg/g, except Si in wt.% (n.d. = not determined; b.d.l. = below d

Sample CU 54 CU 54 CU 6

Abyssal Abyssal Wed

#1 #6 #10

Spot size 77 μ 77 μ 122 μ

Minerals Serpentine Serpentine Serpe

Group 1b 1b 3

Primary mineral Olivine Olivine Olivi

All elements in %
SiO2 40.35 43.14 40.38
TiO2 b.d.l. b.d.l. 0.01
Al2O3 1.28 1.16 0.39
Cr2O3 0.29 0.24 0.04
MgO 37.34 32.80 35.49
FeO 6.51 5.92 4.37
MnO 0.11 0.06 0.07
NiO 0.07 0.10 0.78
CaO 0.01 b.d.l. 0.06
Na2O 0.02 0.01 0.02
K2O b.d.l. b.d.l. 0.01
Total 85.98 83.43 81.62

All elements in μg/g
Li 0.68 3.67 0.37
B 6.6 15.7 94.8
Ca 188 279 636
Sc 2.7 8.6 7.8
Ti 31.7 69.3 17.4
V 14.9 47.7 10.6
Cr 2077 2722 173
Co 21.7 71.9 98.6
Ni 581 1708 1193
Cu 2.3 16.7 3.7
Zn 15 58 36
As 0.74 1.66 0.31
Rb 0.053 0.270 0.094
Sr 0.372 1.583 5.050
Y 0.195 0.343 0.252
Zr 0.073 b.d.l. 0.140
Nb 0.010 0.035 n.d.
Sb 0.04 0.07 0.03
Cs 0.032 0.027 n.d.
Ba 1.087 2.176 0.765
La 0.0226 0.0439 0.012
Ce 0.0468 0.0657 0.010
Pr n.d. 0.0243 0.001
Nd 0.0453 0.1000 0.033
Sm 0.0397 0.0301 b.d.l.
Eu 0.0062 b.d.l. 0.011
Gd 0.0283 0.0423 0.024
Tb 0.0051 0.0103 0.007
Dy 0.0326 0.0591 0.024
Ho 0.0072 0.0118 0.010
Er 0.0229 0.0423 0.030
Tm 0.0039 0.0038 0.006
Yb 0.0228 0.0586 0.033
Lu 0.0046 0.0103 0.009
Hf 0.0064 0.0114 0.024
Ta n.d. 0.0025 b.d.l.
Pb 0.050 0.125 0.034
Th 0.006 0.026 0.005
U 0.007 0.027 0.004
analyses at 1.11×PM and 3.25×PM). Both elements are depleted
compared to neighboring elements (Zr/Sm~0.33×PM), whereas no
particular behavior is discernable for these elements concerning Domin-
ican serpentines (0.05×PMbZr/Hfb19.35×PM, average of 2.08×PM;
Zr/Sm~1.73×PM). A systematic depletion in Nb compared to Ta is ob-
served in each types of serpentines for both locations (0.11×PMbNb/
Tab0.91×PM). Note that serpentine after orthopyroxene from
or pyroxene, amphiboles, chlorites and iron oxides from Cuban and Dominican serpen-
etection limit). All analyses are reported in Appendixes 1 and 2.

3 CU 63 CU 54 CU 63

ge Wedge Abyssal Wedge

#13 #17 #19

122 μ 77 μ 122 μ

ntine Serpentine Serpentine Serpentine

3 1b 3

ne Olivine Opx Opx

38.66 40.35 37.71
0.02 b.d.l. 0.01
0.27 1.28 0.09
0.02 0.29 b.d.l.
33.78 37.34 37.29
2.77 6.51 2.39
3.52 0.11 0.06
1.48 0.07 0.30
0.14 0.01 b.d.l.
0.01 0.02 b.d.l.
0.02 b.d.l. b.d.l.
80.71 85.98 77.84

0.46 1.76 0.23
39.5 16.2 27.5
317 169 223
4.3 8.7 49.3
6.5 86.9 208.9
6.9 47.6 142.6
109 4746 6225
51.0 62.5 46.9

4 6653 1767 2430
1.0 9.8 0.8
13 44 14
0.23 2.37 0.18
b.d.l. 0.060 b.d.l.
1.701 1.392 1.127
0.083 0.792 0.450
0.050 0.166 0.172
n.d. 0.026 0.004
0.02 0.09 0.07
n.d. 0.009 b.d.l.
0.368 3.280 0.244

4 0.0057 0.1004 0.0290
6 b.d.l. 0.2510 0.0874
6 0.0017 0.0401 0.0193
7 b.d.l. 0.2380 0.0462

b.d.l. 0.0951 0.0271
2 n.d. 0.0249 b.d.l.
5 0.0098 0.1000 0.0304
1 n.d. 0.0172 0.0091
9 0.0110 0.1481 0.0776
1 0.0036 0.0348 0.0165
7 0.0098 0.1036 0.1035
6 0.0032 0.0197 0.0119
1 0.0200 0.1300 0.0776
2 0.0058 0.0194 0.0216
1 0.0100 0.0578 0.0159

n.d. n.d. n.d.
0.016 0.348 0.009
b.d.l. 0.026 0.002
0.001 0.339 0.009



Sample CU 56 CU 65 RD 94 RD 34C RD 36A RD 94

Abyssal Abyssal Abyssal Wedge Wedge Abyssal

#22 #31 #40 #44 #48 #54

Spot size 122 μ 122 μ 122 μ 122 μ 122 μ 122 μ

Minerals Serpentine Serpentine Serpentine Serpentine Serpentine Serpentine

Group 1a 1b 1a 3 3 1a

Primary mineral Cpx Cpx Olivine Olivine Olivine Opx gr.1

All elements in %
SiO2 42.01 41.98 40.82 43.54 42.77 41.22
TiO2 0.05 b.d.l. 0.01 0.01 0.03 0.05
Al2O3 1.68 2.88 b.d.l. 0.02 0.06 1.38
Cr2O3 0.06 0.36 b.d.l. b.d.l. b.d.l. 0.14
MgO 39.46 33.20 36.64 36.37 39.19 34.24
FeO 3.14 8.08 6.24 4.59 3.64 7.05
MnO 0.07 0.13 0.02 0.05 0.00 0.12
NiO 0.07 0.25 0.36 0.41 0.24 0.10
CaO 0.03 0.04 0.02 0.04 0.02 0.03
Na2O 0.02 b.d.l. 0.01 0.02 0.01 b.d.l.
K2O b.d.l. b.d.l. b.d.l. b.d.l. 0.03 b.d.l.
Total 86.58 86.93 84.11 85.06 85.99 84.34

All elements in μg/g
Li 0.43 0.79 0.63 0.25 0.53 3.20
B 48.0 8.1 17.2 23.2 33.5 32.2
Ca 326 163 76 206 149 330
Sc 20.5 14.3 12.3 4.2 3.8 15.9
Ti 351.6 69.3 114.8 11.3 14.4 277.9
V 70.6 173.4 82.8 8.2 3.4 46.5
Cr 2931 2879 3309 616 47 704
Co 77.4 102.5 61.8 74.3 181.1 42.6
Ni b.d.l. 2244 2795 3079 b.d.l. 619
Cu 7.7 64.3 0.9 2.7 2.8 6.6
Zn 22 73 16 50 15 17
As b.d.l. 0.83 0.13 0.27 0.13 0.13
Rb 0.409 0.107 0.576 0.073 n.d. 0.059
Sr 0.594 1.458 0.470 1.149 0.999 3.190
Y 1.306 3.090 0.145 0.200 0.255 0.200
Zr 0.441 0.283 0.083 0.110 0.225 0.387
Nb 0.005 0.087 0.005 0.014 0.071 0.006
Sb b.d.l. 0.13 0.16 0.01 0.04 0.02
Cs 0.069 0.038 0.362 0.019 0.170 0.026
Ba 0.397 0.431 5.220 2.760 4.030 2.810
La b.d.l. 0.0823 0.1028 0.0383 0.0803 0.0134
Ce 0.0103 0.3750 0.1115 0.0858 0.2287 0.0296
Pr 0.0061 0.0924 0.0133 0.0258 0.0719 0.0069
Nd 0.0749 0.5520 0.0775 0.0576 0.3020 0.0090
Sm 0.0552 0.2940 0.0152 0.0193 0.0528 b.d.l.
Eu 0.0221 0.0623 0.0067 0.0090 0.0269 0.0022
Gd 0.1186 0.3600 0.0286 0.0276 0.0735 0.0198
Tb 0.0266 0.0761 0.0022 0.0036 0.0115 0.0032
Dy 0.2070 0.5630 0.0246 0.0314 0.0587 0.0226
Ho 0.0453 0.1209 0.0052 0.0062 0.0155 0.0066
Er 0.1592 0.3830 0.0152 0.0157 0.0340 0.0380
Tm 0.0250 0.0631 0.0025 0.0038 0.0082 0.0085
Yb 0.1760 0.4270 0.0238 0.0291 0.0405 0.0790
Lu 0.0293 0.0752 0.0045 0.0072 0.0093 0.0187
Hf 0.0403 0.0168 0.0086 0.0030 0.1184 0.0144
Ta n.d. 0.0100 n.d. n.d. 0.0168 0.0013
Pb 0.039 0.090 0.073 0.354 0.627 0.183
Th b.d.l. 0.041 0.007 0.023 0.197 0.014
U 0.006 0.003 0.015 0.041 0.057 0.005

Table 4 (continued)

(continued on next page)
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Sample RD 36A RD 36A RD 8E RD 8E

Wedge Wedge Abyssal Abyssal

#62 #64 #67 #69

Spot size 122 μ 122 μ 122 μ 122 μ

Minerals Serpentine Serpentine Serpentine Serpentine

Group 3 3 1b 1b

Primary mineral Opx gr.2 Opx gr.2 Cpx Cpx

All elements in %
SiO2 42.57 42.22 45.75 43.40
TiO2 b.d.l. b.d.l. 0.03 0.06
Al2O3 0.07 0.03 1.23 1.01
Cr2O3 0.05 b.d.l. 0.16 0.09
MgO 38.02 39.57 35.32 36.55
FeO 4.49 3.07 6.04 6.26
MnO 0.06 0.05 0.04 0.03
NiO 0.36 0.33 0.30 0.27
CaO 0.01 0.01 0.01 b.d.l.
Na2O b.d.l. b.d.l. b.d.l. b.d.l.
K2O b.d.l. b.d.l. b.d.l. 0.02
Total 85.62 85.28 88.90 87.69

All elements in μg/g
Li 1.29 0.43 0.47 2.04
B 80.8 27.8 19.8 16.7
Ca 424 2714 135 314
Sc 29.3 13.6 12.4 16.6
Ti 128.8 38.1 92.1 141.9
V 100.0 25.2 41.4 92.2
Cr 3197 b.d.l. 619 5338
Co 67.0 67.0 87.0 95.9
Ni b.d.l. b.d.l. b.d.l. b.d.l.
Cu 1.0 2.2 0.4 85.6
Zn 107 26 44 44
As 0.28 0.22 1.27 1.24
Rb 0.282 0.069 0.066 0.090
Sr 1.914 2.223 0.385 0.695
Y 0.624 0.775 0.934 1.237
Zr 0.742 0.503 1.159 2.820
Nb 0.223 0.184 0.021 0.017
Sb 0.04 0.09 0.14 0.20
Cs 0.186 0.022 0.025 0.040
Ba 8.170 3.890 0.117 0.133
La 0.1825 0.2229 0.0109 0.0441
Ce 0.7110 0.9880 0.0753 0.1637
Pr 0.0891 0.1641 0.0286 0.0416
Nd 0.4290 0.7000 0.1213 0.2410
Sm 0.1523 0.2340 0.0767 0.0889
Eu 0.0584 0.0546 0.0307 0.0378
Gd 0.1337 0.1690 0.1196 0.1780
Tb 0.0358 0.0340 0.0295 0.0364
Dy 0.1411 0.1950 0.1847 0.2403
Ho 0.0349 0.0330 0.0428 0.0598
Er 0.1067 0.1087 0.1153 0.1482
Tm 0.0259 0.0184 0.0219 0.0292
Yb 0.1888 0.1341 0.1293 0.1798
Lu 0.0326 0.0183 0.0284 0.0293
Hf 0.1106 0.0306 0.0374 0.0487
Ta 0.0478 0.0164 0.0043 0.0039
Pb 1.375 0.541 0.151 0.702
Th 0.578 0.104 0.009 0.054
U 0.228 0.066 0.123 0.043

Table 4 (continued)

(continued on next page)
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Sample CU 56 CU 62 CU 62 RD 36A RD 62 RD 34C

#76 #85 #86 #93 #105 #108

Spot size 122 μ 122 μ 122 μ 122 μ 122 μ 122 μ

Minerals Iron oxide Amphibole Chlorite Iron oxide Amphibole Chlorite

Magnetite Tremolite Magnetite Mg-Hbl Bastite

Group 1a 2 2 3 2 3

All elements in %
SiO2 0.22 57.87 31.49 0.04 45.51 32.73
TiO2 0.21 0.03 0.03 0.63 0.23 0.04
Al2O3 0.40 0.53 13.38 15.75 12.90 16.18
Cr2O3 9.82 0.04 0.15 37.87 0.08 1.80
MgO 0.63 22.68 28.80 6.61 15.48 31.06
FeO 79.81 4.57 6.11 34.64 7.43 2.78
MnO 0.47 0.13 0.04 0.42 0.07 0.02
NiO 0.06 0.10 0.19 0.22 0.04 0.21
CaO 0.04 11.41 0.04 b.d.l. 12.64 b.d.l.
Na2O b.d.l. 1.02 0.02 0.02 1.08 b.d.l.
K2O b.d.l. 0.09 b.d.l. b.d.l. 0.70 b.d.l.
Total 91.67 98.48 80.26 96.20 96.16 84.82

All elements in μg/g
Li 0.04 0.32 1.77 0.07 2.36 1.53
B 0.3 9.0 3.4 0.1 5.4 31.3
Ca 12 93104 5756 8 104089 7563
Sc 0.1 35.0 7.6 b.d.l. 43.7 20.8
Ti 89.2 168.2 65.5 16.5 1587.0 133.6
V 24.2 63.6 108.3 17.8 201.6 51.1
Cr 3830 321 2371 1743 427 2251
Co 23.7 43.9 84.7 4.0 49.8 87.3
Ni b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 1266
Cu 211.8 0.2 1.5 0.1 0.6 2.4
Zn 118 29 58 33 8 49
As b.d.l. 0.15 0.19 0.02 0.47 0.29
Rb 0.013 0.194 0.277 0.030 6.010 0.137
Sr 0.014 57.340 3.950 0.023 133.410 5.120
Y 0.007 12.880 0.492 0.001 6.370 0.595
Zr 0.008 1.402 0.700 0.119 8.620 30.140
Nb 0.003 0.051 0.078 0.004 0.306 0.119
Sb b.d.l. 0.06 0.02 0.01 0.09 0.02
Cs 0.001 0.015 0.270 0.003 0.028 0.062
Ba 0.029 0.256 0.826 0.106 104.130 5.100
La 0.0060 0.0937 0.0901 0.0109 0.8630 0.4700
Ce 0.0748 1.1170 0.1479 0.0313 2.8340 1.4350
Pr 0.0098 0.2440 0.0230 0.0084 0.4610 0.1970
Nd 0.0027 1.8630 0.4210 0.0229 2.2890 0.8260
Sm 0.0010 1.0850 0.0637 0.0014 0.9000 0.1210
Eu 0.0026 0.2103 0.0313 0.0012 0.3000 0.0609
Gd 0.0026 1.8660 0.0803 0.0009 1.3010 0.1210
Tb 0.0007 0.3610 0.0290 0.0004 0.1969 0.0152
Dy 0.0019 2.7300 0.1064 0.0006 1.3480 0.1122
Ho 0.0003 0.5520 0.0304 0.0004 0.2587 0.0273
Er 0.0012 1.5250 0.0837 0.0003 0.6460 0.0772
Tm 0.0010 0.1988 0.0197 0.0003 0.0835 0.0114
Yb 0.0012 1.1800 0.0712 0.0004 0.4700 0.1680
Lu 0.0003 0.1506 0.0149 0.0002 0.0640 0.0282
Hf 0.0024 0.1558 0.0488 0.0025 0.3660 0.0118
Ta 0.0009 0.0167 0.0100 0.0003 0.0154 0.0079
Pb 0.029 0.980 0.181 0.017 0.964 0.386
Th b.d.l. 0.255 0.047 0.008 0.071 0.145
U 0.027 0.046 0.367 0.003 0.045 0.082

Table 4 (continued)
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Dominican Republic display two types of patterns as already observed
with REE patterns: LREE-depleted patterns (sample RD 94) are also less
enriched in all elements but remain U–Pb rich.

Some fluid-mobile elements, such as B (2–120 μg/g), As (0.1–2.4 μg/
g), and Sb (0.01–0.6 μg/g) are moderately to highly enriched compared
to Primitive Mantle values (from 2 up to 400 times PM values;
McDonough and Sun, 1995) in all groups and for both locations
(Fig. 7). Nevertheless, it appears in this context that antigorite from
high-grade subducted samples (Group 1b) are slightly enriched in As,
and, to a lesser extent, in Sb compared to the mixture of lizardite/
chrysotile in low-grade subducted samples (Group 1a) and in mantle
wedge serpentinites (Group 3). We note the particular case of Li
(0.1–4.6 μg/g) which is on average depleted compared to PM values.

4.3.2. Amphiboles—pyroxenes
Amphiboles were analyzed in the two cumulates (Group 2; Fig. 8):

CU 62 which is mainly composed of tremolite and RD 62 which is
dominated by magnesio-hornblende. Trace elements are discriminating
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104 F. Deschamps et al. / Chemical Geology 312–313 (2012) 93–117
between the two groups: tremolites are LREE depleted (0.065bLaN/
YbNb0.134) whereas Mg-hornblendes are HREE depleted (1.4bLaN/
YbNb4.8; Fig. 8 a, b). Cumulate RD 62 in which the Mg-hornblendes
were analyzed was sampled next to garnet peridotites, although the
structural relationships between these rock typeswere difficult to estab-
lish in the field (Hattori et al., 2010). Nevertheless, the strong HREE de-
pletion could point to a formation or re-equilibration of these
amphiboles in the garnet stability field.

Tremolite are characterized by a strong Eu (0.38bEuN/Eu*Nb0.56),
Ba, Nb and Zr depletion, a slight enrichment in MREE, Pb, Th, Cs and
strong enrichment in U. The bulk rock geochemistry of sample CU
62 (Fig. 2a) is similar and appears mainly inherited from tremolite
(which represents ~60% of the sample volume). Mg-hornblendes
from RD 62 are HFSE depleted and present relative enrichment in
Rb, Ba, U, Pb and Sr. Their compositions plot in the depleted part of
the field defined on the REE diagrams by amphiboles from ODP Site
920-MARK zone (Gillis and Meyer, 2001) and present similarities
with amphiboles from talc-tremolite schists drilled in Atlantis Massif
(Expedition IODP 304-305; Andreani, pers. com.).

Both amphiboles present enrichments in As (0.05–1.40 μg/g) and Sb
(0.01–0.84 μg/g) close to those observed for serpentine phases. Li is
enriched in amphibole (0.32–2.74 μg/g) compared to serpentine phase
whereas B (3.93–9.33 μg/g) is less concentrated, but still higher than
Primitive Mantle value. Magnesio-hornblende from sample RD 62 are
enriched in Li (1.38–2.74 μg/g), B (5.3–9.3 μg/g), As (0.41–1.40 μg/g)
and Sb (0.05–0.33 μg/g) compared to tremolite from sample CU 62 (Li,
0.32–1.52 μg/g; B, 3.9–9.2 μg/g; As, 0.05–0.15 μg/g; Sb, 0.01–0.07 μg/g,
one analysis at 0.84 μg/g).

Two analyses of orthopyroxene with enstatite composition are also
reported (Fig. 8 a, b). They present U-shape REE patterns but remain
relatively close to the chondritic values, with slight enrichments in
Ba, Th and U. Note the convergent characteristics between these ortho-
pyroxenes and serpentine minerals derived from primary orthopyrox-
enes (Figs. 4c, d and 5d, e). Unfortunately, it was not possible during
this study to analyze systematically the associated primary phases in
serpentinite samples due to the strong alteration experienced by our
samples and the size of relict phases, too small compared to the spot
size.

4.3.3. Chlorites
Chlorites (clinochlore) were also analyzed in two samples (cumu-

late CU 62 and serpentine RD 34C). REE patterns are relatively homoge-
neous in term ofMREE andHREE (from Sm to Lu), but differ strongly for
LREE: 0.08bLaN/SmNb0.9 for sample CU 62 and 2.4bLaN/SmNb4.8 for
sample RD 34C. Both extended patterns are dominated by Cs, Th, U,
and Pb positive anomalies. Chlorite is enriched in As (0.07–0.73 μg/g),
Sb (0.02–0.06 μg/g), and B (2.5–31.26 μg/g) compared to Primitive
Mantle values (McDonough and Sun, 1995).

4.3.4. Iron oxides
Iron oxides (magnetites) are characterized by very low REE con-

centrations and for most elements, but show relative enrichments
in U and Pb (from 0.1 PM to PM values). Concentrations in FME for
iron oxides are lower than observed values for serpentine phases.
The concentrations of B (0.007–0.43 μg/g), Li (up to 1.12 μg/g), U,
Pb, Cs, and Ba are lower than the PM values, while As (up to
0.22 μg/g) and Sb (up to 0.084 μg/g) range from 0.1 to 10 times PM;
note that one analysis (#89; Appendix 2) shows a concentration in
As of 7.69 μg/g which might be due to a mixed analysis between an
iron oxide and an arsenide grain similar to that observed by Hattori
et al. (2005).

5. Discussion

The Cuban and Dominican serpentinites can be divided in two
types. The first type (Group 1a and 1b) comprises the less depleted ser-
pentinites; it is characterized by high bulk rock Al/Si ratio and low to
moderate Cr# in chromite (Table 1) and it overlaps in composition



Cuba Dom. Rep.

after olivine

after orthopyroxene

after clinopyroxene

Serpentine...
Sub

du
cte

d

W
ed

ge

Sub
du

cte
d

W
ed

ge

S
c 

(µ
g/

g)

Y
 (

µg
/g

)

T
i (

µg
/g

)

b

dc

La
/Y

b

0.001

0.01

0.01

0.01

0.1

0.1

0.1

1

1

1

1

1

10

10

10

10

100 100

1000

100

Yb (µg/g)

0.01 0.1 1

Yb (µg/g)

0.01 0.1 1

Yb (µg/g)

0.01 0.1 1

Yb (µg/g)

Serp-ol

Serp-opx

Serp-cpx

a

Serp-ol

Serp-opx

Serp-cpx

Serp-ol

Serp-opx

Serp-cpx

Serp-ol

Serp-opx
Serp-cpx

Fig. 4. Plots of La/Yb ratios and immobile trace elements (Sc, Y, and Ti) against Yb for serpentine phases. As shown by Deschamps et al. (2010), compatible elements and HREE allow
distinguishing primary minerals. Three groups are recognized: serpentine after olivine (serp-ol; solid points and black field), serpentine after orthopyroxene (serp-opx; dark gray
points and field) and serpentine after clinopyroxene (serp-cpx; open points and light gray field). Circles are Cuban samples and diamonds are Dominican samples. Samples coming
from the mantle wedge (noted wedge in inset) are distinguished from samples from the subducted slab (noted subducted in inset) by a cross inside the symbol.

15.45

15.50

15.55

15.60

15.65

15.70

15.75

37.00

37.50

38.00

38.50

39.00

39.50

17.40 17.80 18.20 18.60 19.00 19.40

15.45

15.50

15.55

15.60

15.65

15.70

15.75

37.00

37.50

38.00

38.50

39.00

39.50

17.40 17.80 18.20 18.60 19.00 19.40

Cuba

Cumulate

Mantle wedge

Subducted

MORB  
Atlantic

GLOS

GLOS

MORB  
Atlantic

MORB  
Atlantic

NHRL

NHRL

NHRL

NHRL

SW Amazon craton
Atlantic 

subducted 
sediments

CU 63

CU 65

CU 69

CU 24
CU 62

CU 63

CU 65

CU 69

CU 24
CU 62

Plutonic rocks of the 
Northern Appalachian 

Mountains

SW Amazon craton

Subducted 
sediments

Subducted 
sediments

GLOS

GLOS

CU 55

CU 55

Mabujina Complex, Central Cuba
(Blein et al., 2003)
Cretaceous igneous rocks, Eastern Cuba
(Marchesi et al., 2007)

Depleted mantle Depleted mantle

Depleted mantle

Depleted mantle

20
8 P

b/
20

4 P
b

206Pb/204Pb 206Pb/204Pb

20
7 P

b/
20

4 P
b

20
8 P

b/
20

4 P
b

20
7 P

b/
20

4 P
b

a

b

c

d

Fig. 3. 207Pb/204Pb (a) and 208Pb/204Pb (b) vs. 206Pb/204Pb diagrams for Cuban serpentinites (no age correction due to the open system; 2σ errors are smaller than the size point).
Solid circle is for sample representing hydrated mantle wedge (CU 63), gray circles are for subducted serpentinites (CU 24, 55, 65), and open circles represent subducted hydrated
cumulative rocks (CU 62, 69). Note that sample CU 55 is lizardite-bearing serpentinites (Group 1a; see text for definition) whereas samples CU 24 and CU 65 are antigorite-bearing
serpentinites (Group 1b); CU 62 and CU 69 are hydrated cumulative rocks (Group 2) and CU 63 is lizardite-bearing serpentinite from mantle wedge (Group 3; see text for discus-
sion). Isotopic field for Atlantic MORB along the mid-Atlantic ridge between 30°N and 30°S (little gray circles; compiled from PETDB, http://www.petdb.org/science.jsp) and North-
ern Hemisphere Reference Line (Hart, 1984) are reported for comparison. Average composition of global subducting sediments (GLOSS; Plank and Langmuir, 1998) is shown with a
white star, whereas average composition of depleted mantle (Rehkämper and Hofmann, 1997) is shown with a black star. Isotopic compositions of cretaceous arc rocks coming
from the Mabujina Complex in Central Cuba (gray squares; Blein et al., 2003) and cretaceous igneous rocks from the Eastern part of Cuba (gray diamonds; Marchesi et al.,
2007) are shown for comparison.In figure c (20Pb/204Pb vs. 206Pb/204Pb) and d (208Pb/204Pb vs. 206Pb/204Pb), different isotopic fields are reported: plutonic rocks from the Northern
Appalachian Mountains (North America; dotted area; Ayuso and Bevier, 1991), fields for SW Amazon craton are from Tohver et al. (2004), and isotopic field (dark gray) for sed-
iments close to the trench of Lesser Antilles Arc (Carpentier et al., 2008). See text for explanations.

105F. Deschamps et al. / Chemical Geology 312–313 (2012) 93–117

http://www.petdb.org/science.jsp


M
in

er
al

/C
I c

ho
nd

rit
e

La Ce Pr Nd Sm Gd Tb Dy Ho Er Tm Yb LuEu Sm Gd Tb Dy Ho Er Tm Yb LuEu

0.001

0.01

0.1

1

10

M
in

er
al

/C
I c

ho
nd

rit
e

0.001

0.01

0.1

1

10

M
in

er
al

/C
I c

ho
nd

rit
e

0.001

0.01

0.1

1

10

a

La Ce Pr Nd Sm Gd Tb Dy Ho Er Tm Yb LuEu La Ce Pr Nd

La Ce Pr Nd Sm Gd Tb Dy Ho Er Tm Yb LuEu Sm Gd Tb Dy Ho Er Tm Yb LuEuLa Ce Pr Nd Sm Gd Tb Dy Ho Er Tm Yb LuEu La Ce Pr Nd

La Ce Pr Nd Sm Gd Tb Dy Ho Er Tm Yb LuEu Sm Gd Tb Dy Ho Er Tm Yb LuEuLa Ce Pr Nd Sm Gd Tb Dy Ho Er Tm Yb LuEu La Ce Pr Nd

b

Cuba Dominican Republic

Serpentine after olivine     Serpentine after olivine     

d e

Serpentine after orthopyroxene     Serpentine after orthopyroxene     

g h

Serpentine after clinopyroxene     

Serpentine after clinopyroxene     

Cuba Dom. Rep.

after olivine

after orthopyroxene

after clinopyroxene

Serpentine...
Sub

du
cte

d

W
ed

ge

c

Reference Plots

Olivine     

f

Orthopyroxene     

Orthopyroxene
(Sun & Kerrich, 1995)

Olivine
(Sun & Kerrich, 1995)

Serpentine after olivine
(Deschamps et al., 2010)

Serpentine after orthopyroxene
(Deschamps et al., 2010)

Olivine
(Ionov, 2010)

Orthopyroxene
(Ionov, 2010)

Sub
du

cte
d

W
ed

ge

Depleted
serp-opx
(RD 94)

Clinopyroxene     

Clinopyroxene
(Johnson et al., 1990; 

Dick and Natland, 
1996;

i

Fig. 5. Chondrite-normalized REE compositions of serpentines after olivine (a, b; black dot), after orthopyroxene (d, e; gray dot), and after clinopyroxene (g, h; open dot) in the
serpentinites from Cuba and Dominican Republic (this study), compared to date from literature (c, f, i). Note the LREE-depleted composition of serpentine after orthopyroxene
in sample RD 94. Symbols (in inset) for the Cuba and the Dominican Republic samples are the same as in Fig. 4. In Fig. 5c, light gray field represent olivine separates of ultramafic
nodules from southeastern British Columbia, Canada (Sun and Kerrich, 1995), dotted field are for olivine from mantle wedge xenoliths from the andesitic Avacha volcano (Kam-
chatka; Ionov, 2010), and dark gray field represent serpentinized olivine from hydrated mantle wedge serpentinites in Tso Morari, Himalaya (Deschamps et al., 2010). In Fig. 5f,
light gray (orthopyroxene) and dark gray (serpentinized orthopyroxene) fields are from Sun and Kerrich (1995) and Deschamps et al. (2010) respectively. Dotted field are for
orthopyroxene from mantle wedge xenoliths from the andesitic Avacha volcano (Kamchatka; Ionov, 2010). In Fig. 5i, light gray field represent compiled values for clinopyroxene
patterns from abyssal peridotites (Johnson et al., 1990; Dick and Natland, 1996; Hellebrand et al., 2002). Chondrite normalizing values for all diagrams were taken fromMcDonough
and Sun (1995).

106 F. Deschamps et al. / Chemical Geology 312–313 (2012) 93–117
with abyssal peridotites as defined by Niu (2004) andwith the various-
ly altered impregnated abyssal peridotites sampled at the Mid-Atlantic
Ridge (Paulick et al., 2006) (Fig. 2a, b, c). Together with the ultramafic
cumulates (Group 2), they come from structural units interpreted as
sampling the relics of the subducted Atlantic oceanic lithosphere. The
second type of serpentinites (Group 3) has significantlymore refractory
compositionswith lowbulk rockAl/Si ratio (b0.03; Table 1), high Cr# in
chromites (>0.50), a strong depletion in moderately incompatible
elements (Y, Zr and HREE), and U-shaped REE patterns, similar to
those of the mantle wedge serpentinites of Tso Morari (Deschamps et
al., 2010; Fig. 2a, b, c). These serpentinites were sampled in structural
units interpreted as sampling part of the hydrated mantle wedge of
the extinct Greater Caribbean volcanic arc.

In situ analyses of serpentine phases revealed three types of REE
patterns, which were correlated with different compositions of com-
patible minor and trace elements (e.g. Sc, Ti; Figs. 4, 5). Following
Deschamps et al. (2010), these three groups are considered as repre-
sentative of the primary mineralogy of the serpentinites: serpentine
after olivine, orthopyroxene, or clinopyroxene. We note that samples
having the most refractory bulk compositions, and interpreted as
sampling the hydrated mantle wedge (Group 3) are dominated by
serp-ol and serp-opx suggesting an initial mineralogy made of olivine
and orthopyroxene. In addition, we never observed evidence of prima-
ry or altered clinopyroxenes in these samples. This observation is in
agreement with the conclusion of Dick and Bullen (1984), Arai
(1994) and Arai and Ishimaru (2008) about the refractory nature of
peridotites from the mantle wedge due to high degrees of partial
melting. In contrast, all subducted serpentinites are characterized by
the occurrence of serpentinized pyroxenes (serp-opx and serp-cpx).
Yet, in spite of these differences in modal compositions, the trace
element composition of the serpentine minerals doesn't allow distinc-
tion of subducted from mantle wedge serpentinites. This suggests that
although the geochemistry of the protolith is preserved, to some
extent, at the scale of the bulk rock sample, chemical exchanges do
occur during hydration but probably at a very local scale. For example,
serpentinized olivine (serp-ol) display relatively homogeneous trace
element patterns and compositions systematically more enriched
than that of depleted olivine in subduction zone environments
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(Ionov, 2010; Fig. 5a, b,c), although they show good correlation with
the metasomatised olivines analyzed by Sun and Kerrich (1995). More-
over, we note that the LREE content of many of the clinopyroxenes are
actually lower than that of olivines. Despite the absence of primary ol-
ivine in our samples, we suggest that the LREE compositions of serp-ol
could be explained by either a (L)REE-enrichment during
serpentinization, or a redistribution and equilibration with the sur-
rounding matrix composed of olivines and pyroxenes which imprint
their (L)REE signature during serpentinization. This last option could
explain the LREE enrichment of serp-ol to a level close to that of serp-
(opx), which pleads in favor of localized homogenization processes.

While themajor, minor andmoderately incompatible trace element
compositions of the analyzed serpentinites and serpentine minerals
appear mostly dominated by the composition of their mantle and min-
eral protoliths, the (re-)distribution of fluid-mobile elements (FME)
such as light elements (B, Li), semi volatile and chalcophile elements
(As, Sb, Pb) and LILE (Sr, Rb, Cs, Ba and U) reflect the different condi-
tions and settings during serpentinization. These elements being
enriched in fluids interacting with the rock during alteration, they
can be used to trace the sequence of serpentinization processes and
the nature of percolating fluids, from the ridge to the subduction
zone, during prograde metamorphism in the slab and the mantle
wedge hydration.

5.1. Distribution of fluid-mobile elements in subducted serpentinites and
associated cumulates

5.1.1. A ridge hydrothermal imprint on subducted serpentinites
In contrast to REE and to immobile highly incompatible elements,

the FME compositions of serpentine phases in subducted serpentinites
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(Group 1) do not depend on the nature of primary minerals (Figs. 7, 9).
As, Sb, B and, to a lesser extent, Cs, Li, Pb and U are systematically
enriched compared to Primitive Mantle values. Serpentine minerals
plot in the field defined for serpentine minerals coming from ODP
Site 920-MARK Zone (23°NMAR, Andreani et al., 2009) or from general
subduction contexts (Kodolányi et al., 2012; Figs. 7, 9, 10), and present
B-Li contents identical to those observed by Vils et al. (2008) in serpen-
tine minerals from serpentinized peridotites from ODP Leg 209 (Holes
1272A and 1274A). On PM-normalized diagrams, As, Sb, B and, to a
lesser extent, Cs, Li, Pb and U are enriched compared to all REE and
to immobile highly incompatible elements; the distinct behavior of
FME precludes a magmatic origin (late melt–rock interaction and refer-
tilization) for the observed enrichments.
Except for As and Sb, serpentine minerals display the same patterns
as fluids sampled at ultramafic hosted hydrothermal vents along slow
spreading ridges (Logatchev, Rainbow, Snake Pit; Schmidt et al., 2007).
Fluid/rock interactions, hydrothermal fluxes and serpentinization are
controlled by seawater-derived fluids in these environments where
mantle rocks are commonly exposed at the seafloor (Escartin and
Cannat, 1999; Kuhn et al., 2004). We suggest that most of the observed
FME variability and enrichments observed in the subducted serpenti-
nites result from chemical exchanges related to hydrothermal circula-
tions during serpentinization at the ridge, and maybe during the aging
of the oceanic lithosphere (Mével, 2003). The higher concentrations in
chalcophile elements (As, Sb) compared to hydrothermal fluids (Fig. 9)
suggest that subducted serpentinites have undergone a secondary
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addition of these elements, maybe during subduction; this point is dis-
cussed in Section 5.2.

The content of fluid-mobile elements is 10 to 100 times higher in the
serpentine phases than in of seawater-derived hydrothermal fluids
(Schmidt et al., 2007). This feature can be explained by high fluid/rock
ratios (~20 up to 106) during serpentinization. The Sr isotope study
of the Cuban samples indicated also that these samples had
undergone high water/rock ratios during serpentinization (1 to 100;
0.70365b 87Sr/86Sr(120 Ma)b0.70776; Hattori and Guillot, 2007). These
values are consistent with those typically obtained on abyssal serpenti-
nites (e.g., Delacour et al., 2008), and suggest that serpentinites can be
formed in a fluid dominated environment at ridges (Paulick et al., 2006).

No correlation exists between the estimated water content of the
analyzed serpentine phases and their FME contents. We propose that,
in spite of their complete hydration and the impossibility to incorpo-
rate more water, serpentinites are still infiltrated by fluids in chemical
disequilibrium and the serpentine minerals continue to equilibrate
with these fluids and to incorporate FME until equilibrium is reached.
This hypothesis is in agreement with the relative homogeneity of
FME compositions in serpentine phases from the different studied
locations. In particular, we do not observe any significant difference
between subducted (Groups 1a and b) and mantle wedge (Group 3)
serpentinites, except for B, As and Sb (see Discussion sections 5.2 and
5.3). Furthermore, we note that FME enrichments appear to occur up
to a threshold, probably due to the structure of serpentine minerals.
This point is especially valid for boron compositions; we note a
maximum uptake of B close to 100 μg/g, which is in agreement with
those observed for oceanic serpentines (up to 139 μg/g B; Bonatti et
al., 1984; Vils et al., 2008) and for forearc serpentines (up to 200 μg/
g; Deschamps et al., 2010; Pabst et al., 2011; Kodolányi et al., 2012).
Thus, due to this maximum storage capacity, boron is enriched by a
factor of ~10 in serpentine compared to hydrothermal fluids, whereas
As and Sb seem to reach higher values (~100 times).

5.1.2. Incorporation of fluid-mobile elements in serpentines
In spite of concentrations sometimes lower than PM values, U, Pb

and, to a lesser extent, Cs are 10 to 100 times enriched in serpentine
minerals, especially in those derived from primary pyroxenes, com-
pared to hydrothermal fluids from oceanic environments (Fig. 9).
This behavior is similar to that observed for Sb, As, and B, which are
significantly enriched in serpentinites and associated serpentine
phases compared to PM values (Fig. 9). In contrast, lithium presents,
with a few exceptions (up to 2 times PM values), values systematical-
ly lower than those of PM for all groups of serpentine minerals
(Fig. 10c) indicating a stronger loss in Li than in B and other FME.
This behavior is similar to that observed by Vils et al. (2008) in
serpentinized abyssal peridotites, where primary minerals (olivine
and pyroxene) present higher Li concentrations than serpentine
minerals. It is also consistent with the observation made on some hy-
drothermal fields where measured fluids are selectively enriched in
Li, Sr and Rb but depleted in B compared to seawater (Schmidt et
al., 2007).

Previous works on major elements have shown preferential loss of
Ca during serpentinization (Miyashiro et al., 1969; Coleman and
Keith, 1971; Komor et al., 1985; O'Hanley, 1996), favoring the forma-
tion of secondary carbonates. Sr has the same behavior as Ca and is
preferentially concentrated in fluids. Lithium, which is characterized
by a large ionic radius (0.76 Å) will be incorporated partly in the
octahedral site and also in chrysotile core (Wunder et al., 2010), but
seems to be mainly lost during serpentinization. The same conclusions
can be made for Cs and Ba. On the basis of these observations, we sug-
gest that the incorporation of fluid-mobile elements into serpentine
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phases is controlled by their ionic potential defined by Railsback
(2003) as the ratio charge/radius (i.e. z/r): elements with a low ionic
potential (z/rb2, such as Li, Ca, Sr, Rb, Ba and Cs) are preferentially
removed from the protolith and relatively enriched in percolating
aqueous fluids during serpentinization, while elements with a high
ionic potential (z/r>2; e.g. As, Sb, B, Pb) will be more easily incorporat-
ed into the crystal network.

5.1.3. Trapping of fluid-mobile elements in serpentinites during
subduction-related metamorphism

Field evidence and the observed secondary mineral assemblage
(chlorite, talc, tremolite) indicate that the subducted serpentinites
have experienced blueschist to amphibolite metamorphism. Previous
works on FMEmobility during prograde metamorphism have demon-
strated the mobility of some elements, such as As, Sb, B, Cs, during
low grade metamorphism (Tb350 °C) associated with subduction
for metasedimentary rocks (e.g. Bebout et al., 1999, 2007). Yet we
observe the same range of concentrations of these elements in the
studied subducted serpentines and in abyssal serpentines sampled
near the mid-ocean ridge (Vils et al., 2008; Andreani et al., 2009)
(Figs. 7, 9, 10). Considering that the FME enrichments found in
abyssal serpentines sampled at the ridge are due to chemical ex-
changes during ridge hydrothermalism (Fig. 9), we interpret the simi-
lar compositions of abyssal and subducted serpentinites as evidence
that once incorporated into serpentine phases, most of the FME stay
immobile during subduction down to the lizardite/antigorite transition
and probably up to 650–700 °C, temperature of the “antigorite break-
down” (Ulmer and Trommsdorff, 1995; Wunder and Schreyer, 1997;
Wunder et al., 2001; Bromiley and Pawley, 2003). The lack of meta-
morphic olivine in the studied samples indicates that neither dehydra-
tion, nor partial dehydration occurred before the final “antigorite
breakdown”, in contrast to what is observed in the high-pressure ser-
pentinites from the Betic Cordillera (Spain; Scambelluri et al., 2001a)
or from the Alps (Scambelluri et al., 2001b).

Similar to Vils et al. (2011), Deschamps et al. (2011) and Kodolányi
and Pettke (2011), we note a minor loss of boron during the transition
chrysotile/lizardite to antigorite. However, the serpentinites sampled
in Cuba and in the Dominican Republic show no evidence of a loss of
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lithium or strontium in contrast to the serpentinites sampled in the
Alps (Vils et al., 2011) and in Guatemala (Kodolányi and Pettke,
2011). Pelletier et al. (2008) showed that late stage metasomatism
could develop during exhumation of high pressure terranes and induce
secondary enrichments in fluid-mobile elements, but only over very
short distances from the contact with metasediments (100–150 m).
Similarly, a late FME-enrichment process could have affected the stud-
ied serpentinites and thus explain the relative enrichments in Li and Sr
compared to those studied by Vils et al. (2011) and Kodolányi and
Pettke (2011). However, our study was carried out mostly on serpenti-
nites sampled at the center of large and well defined structural units,
which led us to eliminate this hypothesis to explain these differences
in the observed mobility of B and Li in subducted serpentinites. Alter-
natively, we propose that these differences may reflect the lithology
and composition of the downwelling slabs (crust-dominated fast
spread lithosphere vs. mantle-dominated slow spread lithosphere)
and the water partial pressure during the lizardite/antigorite transition
in these different subduction settings (e.g. Van Keken et al., 2011).

5.2. Evidence for a second stage of serpentinization during subduction

Hattori and Guillot (2007) have shown that the Sr isotopic signa-
ture of the studied Cuban serpentinites varies between upper mantle
and contemporaneous marine Sr values (0.70365b 87Sr/86Sr(120 Ma)b

0.70776). The highest 87Sr/86Sr values are higher than Tertiary marine
Sr values. Hattori and Guillot (2007) interpreted the occurrence of such
radiogenic samples as evidence for a contribution from sediment-
derived fluids in the formation of these serpentinites. Our lead isotope
data and trace element data support, in part, this interpretation but
reveal also a complex pattern of contamination by sediment-derived
fluids.

5.2.1. Identification of subduction related-metasomatising fluids and
geodynamic implications

Cuban serpentinites are characterized by radiogenic compositions,
especially in 207Pb/204Pb, typical of island arc environments (Table 3;
Fig. 3a). Although the studied serpentinites derive from different proto-
liths and geological settings (peridotites and cumulates from the proto-
Atlantic oceanic lithosphere and parts of the hydrated mantle wedge),
all samples plot on a linear trend in 207Pb/204Pb versus 206Pb/204Pb
space (Fig. 3a). We tested the possibility that this linear trend could de-
rive from the post-emplacement decay of uranium series nuclides: the
calculated age is 1.22 Ga, a value that is clearly not consistent with the
Jurassic age of our samples.

When compared with arc volcanic rocks from Cuba (Blein et al.,
2003; Marchesi et al., 2007), our samples plot on the same trend on
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the 208Pb/204Pb versus 206Pb/204Pb diagram, but differ by their more
radiogenic 207Pb/204Pb ratios (Fig. 3a). Mixing between a depleted
mantle source and the GLOSS (Global subducting sediments, Plank
and Langmuir, 1998) cannot explain the trend observed for Cuban
serpentinites (Fig. 3c, d) and a high 207Pb/204Pb component is needed
to account for the observed variations.

No preferential enrichment or particular behavior, depending on
the initial protolith of serpentinites, is observed, as well as no particular
trends and coupling between Pb- and Sr isotopes. We note that
lizardite-bearing sample (Group 1a, CU 55) is less radiogenic that
antigorite-bearing samples (Group 1b, CU 24 and CU 65) which could
be explained by a stronger influence of a sedimentary-rich fluid for
the latter.

The proto-Caribbean oceanic crust is inferred to have been formed
in the Middle Jurassic/Early Cretaceous during the opening of a narrow
oceanic basin between North and South America continents (Ross and
Scotese, 1988; Morris et al., 1990; Pindell and Barrett, 1990; Sawyer et
al., 1991; Meschede and Frisch, 1998; Mann, 1999). The composition of
the sediments entering the subduction zone was influenced by the
lithologies coming from both continents (Marchesi et al., 2007). Yet,
mixing between mantle composition and an average of plutonic rocks
from the Northern Appalachians Mountains representative of the
North American craton (Ayuso and Bevier, 1991) or an average of sed-
iments subducting at the level of the Lesser Antilles Arc (Carpentier et
al., 2008) does not really explain the radiogenic composition of Cuban
serpentinites (Fig. 3c, d).

In contrast, the studied serpentinites Pb-isotopic compositions over-
lap with those of the sediments from the South American continent.
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the SW Amazon craton (Tohver et al., 2004) and the field of sediments
close to the trench of the Lesser Antilles Arc (Carpentier et al., 2008). For
the latter, it was demonstrated that their compositions (high Pb isotopic
ratios) are partially controlled by radiogenic detrital materials from the
Brazilian and Guyana cratons (Carpentier et al., 2008). Acquisition of a
detrital-rich Pb signature in a forearc context during formation of the
Greater Carribean arc is consistent with the conclusions of Marchesi et
al. (2007) on Cretaceous magmatic rocks from the Cuban paleo-island
arc. We propose that the fluids that contaminated the Cuban serpenti-
nites were enriched in Pb with high 207Pb/204Pb ratios and that these
fluids originated from the dehydration of sediments deriving from the
South American craton. This process appears to have erased totally
the initial Pb isotopic signature of the mantle protolith, especially in
207Pb/204Pb versus 206Pb/204Pb space.

5.2.2. Arsenic and antimony: tracers of sedimentary influence
As and, to a lesser extent, Sb contents are enriched in antigorite from

high-grade subducted serpentinites (Group 1b; As: 0.41–2.37 μg/g and
Sb: 0.02–0.15 μg/g), compared to lizardite/chrysotile from the low-
grade subducted serpentinites (Group 1a; As: 0.10–0.53 μg/g and Sb:
0.01–0.16 μg/g) and from the mantle wedge (Group 3; 0.13–0.31 and
0.02–0.07 μg/g respectively). These elements are also enriched com-
pared to fluids sampled at ultramafic hosted hydrothermal vents at
ridges (Logatchev, Rainbow, Snake Pit; Schmidt et al., 2007; Fig. 9).

The trends defined by Ba and Sr vs. B (Fig. 11) for both subducted
and mantle wedge serpentines suggest that these elements are equally
enriched in hydrating fluids. Such enrichment could be acquired during
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seawater interactions, as indicated by the observed compositions close
to those observed in subduction-related serpentinites (Kodolányi et al.,
2012) or in abyssal serpentinites from ODP Site 920-MARK (Andreani
et al., 2009). But two different trends are observed in As vs. B and Sb
vs. B diagrams. Fluids which percolate through subducted antigorite-
bearing-serpentinites (Group 1b) are greatly enriched in As and Sb
compared to the fluids at the origin of low-grade subducted serpenti-
nites (Group 1a) and those percolating later mantle wedge (Group 3).

As discussed in the previous section, subducted serpentinites
(Group 1) acquired during subduction a lead isotopic composition typ-
ical of island arc magmas that is particularly well marked for 206Pb/
204Pb and 208Pb/204Pb in antigorite-bearing serpentinites (Group 1b)
which were subducted to greater depth. This signature suggests a
secondary imprint from sediment-derived fluids. Sediments are char-
acterized by high As and Sb concentrations (Plank and Ludden, 1992;
Leeman et al., 1994; Jochum and Verma, 1996; Leeman and Sisson,
1996). The high As and Sb contents measured in antigorite-bearing
serpentinites could result from a second stage of serpentinization asso-
ciated with the circulation of the same sediment-derived Pb-radiogenic
fluids.

The As and Sb over-enrichment in antigorite-bearing samples
(Group 1b) suggests that sediment-derived fluids (As-, Sb-rich, and
radiogenic) percolated through serpentinites at temperatures ranging
from 250 to 400 °C corresponding to the lizardite–antigorite transition.
Although limited, our data on cumulates are consistent with this sce-
nario. The magnesio-hornblende-bearing cumulate (RD 34C) is likely
to have experienced higher P–T conditions than the tremolite-bearing
cumulate (CU 62); it is also enriched in As and Sb (but also in B and
Li) compared to sample CU 62. It probably interacted with the same
As–Sb rich sedimentary-derived fluids during subduction.
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5.2.3. How and where is the sedimentary signature acquired?
Different geodynamic scenarios could explain the sedimentary

signature observed in the subducted serpentinites (over-enrichment
in As and Sb, radiogenic compositions in Pb-isotopes).

First, fluids derived from sedimentary deposits close to the ridge
could infiltrate the serpentinized mantle lithosphere during aging of
the oceanic lithosphere. This model is compatible with the paleogeo-
graphic reconstitution of basin opening at that time (Pindell et al.,
2005). Occurrence of sediments close to the ridge could have modified
the hydrothermal signature and then the isotopic composition of abys-
sal peridotites. But the over-enrichment in As and Sb seems to occur at
the lizardite/antigorite transition, that is at increasing P–T conditions,
which is not characteristic of ridge environments and suggests that
this sedimentary signature is acquired in a subduction context.

Second, aqueous fluids released by dehydration of the downwelling
altered oceanic mantle, crust and sediments percolate upward through
the downwelling slab and the mantle wedge. Rüpke et al. (2004) esti-
mate that half of the 7% of water of GLOSS sediments (Plank and
Langmuir, 1998) is released in the first 50 km of subduction. However,
this simple model is not consistent with our observations, which
indicate that the serpentinites, i.e. the lowermost part of the slab, are
contaminated by sediment-derived fluids.

Third, fluids produced in the accretionary prism infiltrate through
the bending faults (Fig. 12) formed at the outer rise/trench into the
crust and upper mantle of subducting slabs (Savage, 1969; Kirby et
al., 1996; Jiao et al., 2000; Peacock, 2001; Ranero et al., 2003, 2005).
But, the highest As content is related to antigorite formation at high
temperatures: this suggests that contamination by sediment-derived
fluids was most efficient at temperatures of about 300 to 400 °C corre-
sponding to the lizardite/antigorite transition.
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Fourth, contamination by sediment-derived fluids occurred at
depth within the subduction channel where sediments and serpenti-
nites are mechanically mixed and could exchange their geochemical
characteristics. Bebout et al. (1999) showed that As and Sb are released
from metasediments between 350 and 400 °C at 0.9–1.2 GPa (lawso-
nite–blueschists to epidote–blueschists transition) during prograde
metamorphism. As- and Sb-rich fluids resulting from the dehydration
of metasediments are good candidates for the As and Sb over-
enrichments observed in high-grade serpentinites. Field observations
provide no evidence for or against this scenario: serpentinites from
Group 1b outcrop either as (i) serpentinites constituting a matrix host-
ing mafic+sedimentary rocks like in a channel (Dominican Republic,
samples RD 8E and RD06 52A), or as (ii) lenses of serpentinite in a
metamorphized sedimentary matrix (Cuba, sample CU 65).

We favor this last scenario for the formation of the Cuban and Do-
minican serpentinites as it best fits our observations (Fig. 12): pore
water and FME, especially As and Sb (Bebout et al., 1999), are expelled
from downgoing subducted hydrated sediments and migrate upward
and laterally (Bebout and Barton, 1989) in the subduction channel be-
neath the forearc domain (Guillot et al., 2009 and references therein)
which is controlled by mechanical and metasomatic mixing processes.

5.3. Geochemical differences between mantle wedge and subducted ser-
pentines: source and nature of hydrating fluid

As indicated previously, mantle wedge serpentinites are charac-
terized by refractory compositions and strong depletion in moderate-
ly incompatible elements. Nevertheless, these samples are also
enriched in FME due to serpentinization processes. Undoubtedly,
these samples have experienced a complex history within the mantle
wedge and the following scenario is proposed.

First, mantle wedge peridotites experienced partial melting trig-
gered by the infiltration of slab-derived fluids which produced their
highly refractory and Ti depleted compositions typical of peridotites
sampled in subduction zone environments (e.g. Arai and Ishimaru,
2008). The analyzed serpentines have low Ti content similar to those
observed in serpentines after olivine from Tso Morari serpentinites
(Deschamps et al., 2010; Fig. 7). The same Ti-depletion characterizes
also secondary hydrous phases, such as phlogopite and pargasite, in
mantle wedge xenoliths (Arai and Ishimaru, 2008). The analyses of pri-
mary orthopyroxene (enstatite—RD 36A) and secondary chlorite (RD
34C) from mantle wedge serpentinites are characterized by U-shaped
REE patterns with slight enrichment in LREE (Fig. 7a, c). Fluids released
from the subducting slab into themantle wedge are hotter (T≈300 °C)
than the fluids at the origin of subducted samples, and consequently
slightly enriched in LREEs (Gammons et al., 1996) relative to HFSE
which remains insoluble (Keppler, 1996). Such fluids could be respon-
sible for the LREE enrichment in chlorite and low Ti contents observed
in serpentine phases.

Second, the refractory mantle wedge peridotites are serpentinized.
Due to the mantle wedge dynamics, we propose that the refractory pe-
ridotites are (1) exhumed or protruded in an upwelling movement
(e.g. Saumur et al., 2010), or (2) mechanically incorporated to the sub-
buction channel, but are still infiltrated by slab-derived fluids. At low
temperature (b350 °C) these fluids trigger serpentinization. Thus, ser-
pentine phases (lizardite and chrysotile essentially) in mantle wedge
samples (Group 3) present relatively the same range of compositions
for mostly of the FME compared to the low-grade (Group 1a) and
high-grade (Group 1b) subducted serpentines. However FME do not
allow discriminating between the source of contaminating fluids: sea-
water, hydrothermal fluids or aqueous fluids released from a subduct-
ing slab, because all of them are theoretically enriched in these
elements (e.g. Pearce, 1983; Tatsumi, 1986; Brenan et al., 1995;
Keppler, 1996; Kogiso et al., 1997; Stalder et al., 1998; Li and Lee,
2006; Schmidt et al., 2007). Note that the sedimentary signature of
mantle wedge sample CU 63 is consistent with the models of sediment
dehydration into subduction zones, but this sedimentary signature is
less important than that observed in antigorite-bearing serpentinites
from Group 1b (Fig. 3). This suggests that contamination by
sediment-derived fluids was probably minor inmantle wedge samples.
Another possible scenario would be that the fluid percolates themantle
wedge as focussed fluid flow rather than pervasive fluid flow and that
our sampling is not sufficient to catch the dehydration veins having a
more radiogenic signature.

We note an interesting feature with B compositions (Figs. 10, 11):
it appears that mantle wedge serpentines are enriched in B compared
to antigorite-bearing samples and present the same enrichment as
observed in lizardite-bearing subducted serpentinites. Bebout et al.
(1999) have shown that B is removed from metasedimentary rocks
around 200–300 °C at 0.6–0.8 GPa (lawsonite–albite to lawsonite–
blueschists transition) and before As and Sb. We propose that these
fluids were liberated from the slab at a depth comprised between
the isotherm where dehydration of sediments occurs (Tb300 °C,
depthb50 km; Rüpke et al., 2004) and the isotherms marking the be-
ginning of the stability of antigorite into the mantle wedge
(isotherm>250–400 °C; Berman et al., 1986).

6. Conclusions

Using bulk-rock and in situ trace element analyses coupled with
Pb isotopic systematics, we distinguished three stages of serpentini-
zation in the series of serpentinites sampled in the Cuban and Domin-
ican Republic, each stage characterized by fluids of different origins
and FME content.

(1) Subducted serpentinites derive from a fertile mantle protolith
and are associated in the field with altered ultramafic cumu-
lates mainly composed of amphibole and chlorite. These sam-
ples are considered as relics of the subducted then exhumed
slabs. In situ analyses of these serpentinites display three
types of serpentines in term of REE and compatible elements
reflecting primary olivine, clinopyroxene or orthopyroxene.
Serpentine minerals (lizardite, chrysotile and antigorite) and
hydrated phases in associated cumulate are characterized by
strong enrichments in fluid-mobile elements (B, As, Sb, Li, Cs,
U, Pb) close to those observed in serpentinites in abyssal envi-
ronments. The subducted serpentinites are interpreted as
being formed at the ridge or during aging of a mantle-
dominated oceanic lithosphere by interaction with seawater-
derived hydrothermal fluids. The similarity of the FME enrich-
ment (with the exception of As and Sb for antigorite) observed
in the serpentine phases from abyssal serpentinites and from
samples coming from the subducted slab suggest that FME
stay trapped in these serpentine phases during subduction.
Our data suggest that this is true, down to the depth of the
“antigorite breakdown” (650–700 °C) (not observed in our
sampling). Except for B, no evidence of mobility of FME is ob-
served despite prograde metamorphism.

(2) Subducted serpentinites are divided in two groups: lizardite-
bearing samples and antigorite-bearing samples. High-grade ser-
pentinites are distinguished by enriched As and, to a lesser extent,
Sb compositions, as well as more radiogenic Pb isotopic ratios.
Such enrichments are due to contamination by sediment-
derived fluids. The sedimentary input ismainly controlled by sed-
iments coming from South America, specifically from theAmazon
craton. We propose that this signature is acquired during serpen-
tinization in the first step of subduction (200bTb400 °C) during
mixing betweenmetasediments and serpentinites in the subduc-
tion channel.

(3) Mantlewedge serpentinites derive fromahighly refractoryman-
tle protolith and serpentine phaseswere formed essentially from
low-Ti olivine and orthopyroxene. The fluids that serpentinized



115F. Deschamps et al. / Chemical Geology 312–313 (2012) 93–117
themantle wedge present characteristics similar to those of oce-
anic hydrothermal fluids. We propose that the serpentinization
of mantle wedge took place at around 20–25 km, in the stability
field of lizardite/chrysotile (Tb250–400 °C). At such depth and
temperature conditions, the sediments are still releasing their
pore fluids (Tb200 °C), explaining the relative B-enrichment
and the similarity of FME-enrichment with subducted serpenti-
nites, while their structural water incorporated in hydrous
mineral (e.g. phengite, lawsonite) remains stable.

Supplementary materials related to this article can be found on-
line at http://dx.doi.org/10.1016/j.chemgeo.2012.04.009.
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