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a b s t r a c t
This study combines whole rock trace and major element geochemistry, and stable isotope (δD and δ18O) analyses with petrographic observations to deduce the origin and tectonic setting of serpentinization of ultramaﬁc
blocks from the exhumed HP/LT Aegean subduction complex on Syros, Greece. Samples are completely
serpentinized and are characterized by mineral assemblages that consist of variable amounts of serpentine,
talc, chlorite, and magnetite. δD and δ18O values of bulk rock serpentinite powders and chips (δD = −64 to
−33‰ and δ18O = +5.2 to +9.0‰) reﬂect hydration by seawater at temperatures b250 °C in an oceanic setting
pre-subduction, or by ﬂuids derived from dehydrating altered oceanic crust during subduction. Fluid-mobile elements corroborate the possibility of initial serpentinization by seawater, followed by secondary ﬂuid-rock interactions with a sedimentary source pre- or syn-subduction. Whole rock major element, trace element, and REE
analyses record limited melt extraction, exhibit ﬂat REE patterns, and do not show pronounced Eu anomalies.
The geochemical signatures preserved in these serpentinites argue against a mantle wedge source, as has been
previously speculated for ultramaﬁc rocks on Syros. Rather, the data are consistent with derivation from abyssal
peridotites in a hyper-extended margin setting or mid-ocean ridge and fracture zone environment. In either case,
the data suggest an extensional and/or oceanic origin associated with the Cretaceous opening of the Pindos Ocean
and not a subduction-related derivation from the mantle wedge.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Serpentinized ultramaﬁc rocks are found in most subduction-related
metamorphic complexes as massive bodies, exotic blocks, or ﬁnegrained matrix within shear zones. Often, ﬁeld relationships alone are
not sufﬁcient to determine the tectonic origin of serpentinites captured
in exhumed subduction complexes and orogenic shear zones. The
history of serpentinites can be further obscured by complete replacement of primary minerals or textures, making it difﬁcult to distinguish
between serpentinites originating from seaﬂoor-altered peridotite
(i.e., mid-ocean ridges and fracture zones or hyper-extended margins)
and hydrated mantle wedge (fore-arc) peridotite. However, recent
compilations of global serpentinite data demonstrate that whole rock
major and trace element geochemistry can be used to ﬁngerprint
different tectonic settings due to unique signatures of immobile
and ﬂuid-mobile elements created during melt-rock interaction and
serpentinization (Deschamps et al., 2013; Kodolanyi et al., 2012). In
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particular, serpentinized mantle from an abyssal origin is distinguishable from a mantle wedge origin based on variable enrichments in
trace and major element chemistry and stable isotope signatures
(e.g., Barnes et al., 2009, 2014; Dai et al., 2011; Deschamps et al.,
2013; Hattori and Guillot, 2007; Kodolanyi et al., 2012; Li and Lee,
2006; Savov et al., 2005). This distinction is critical for studies that use
ultramaﬁc rocks in exhumed subduction complexes as a window into
geochemical and geodynamic processes at the slab-mantle interface,
as it has direct implications for modeling elemental ﬂuxes and rheology
during subduction, and a wide range of ramiﬁcations for tectonic
reconstructions.
Geochemical signatures recorded in serpentinites are a complex
combination of protolith partial melting, melt-rock interaction history,
and serpentinization conditions. In general, serpentinization is
isochemical with respect to most major elements, high ﬁeld strength
elements (HFSE; Nb, Ta, Zr, Hf), medium and heavy rare earth elements
(M-HREE), and transition metals (Sc, V, Cr, Co, Ni, Cu, Zn, Ga), all of
which show limited mobility on a hand specimen scale (Deschamps
et al., 2013; Mével, 2003). Therefore, the abundances of these elements
may serve as a proxy for melt history prior to serpentinization, indicating the tectonic setting of the protolith peridotite. Some major elements
(CaO, SiO2, MgO), and light REE (LREE) can be mobilized during
serpentinization or melt-rock interaction and should be interpreted
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with caution (Malvoisin, 2015; Milliken et al., 1996; Paulick et al., 2006;
Snow and Dick, 1995).
Fluid-mobile elements (FME; e.g., B, Li, As, Sb, Pb, U, Cs, Sr, Ba) and
stable isotopes (O, H) record chemical exchanges between rock and
ﬂuid during serpentinization. Serpentinites act as “sponges” for these elements through the incorporation of up to ~ 13 wt% H2O (Deschamps
et al., 2011; Kendrick et al., 2013; Scambelluri et al., 2004b; Vils et al.,
2008). Although all serpentinites show enrichments in FME, the
magnitude and range of enrichment differs between tectonic settings
depending on the composition of the serpentinizing ﬂuid (Bebout,
2013; Deschamps et al., 2011, 2012; Lafay et al., 2013; Plank, 2014;
Scambelluri et al., 2004a, 2004b; Yuan-Hui, 1991). In mid-ocean ridge
and hyper-extended margin settings, seawater serves as the primary
serpentinizing ﬂuid and contributes enrichments in Eu, B, Cl, U, Sr, and
Li (Kodolanyi et al., 2012). Slab-derived ﬂuids are produced during the
dehydration of sediments and altered oceanic lithosphere in the subduction channel and can contribute As, Sb, Ti, Cs, Sr, Rb, Li, and LREE
to the serpentinized mantle wedge (Deschamps et al., 2010, 2013;
Hattori and Guillot, 2007; Savov et al., 2005, 2007).
Seawater, meteoric water, and slab-derived serpentinizing ﬂuids
impart diagnostic stable isotopic signatures (O and H) and may serve
as indicators of the tectonic setting of serpentinization, namely seaﬂoor,
continental, or subduction-related (Alt and Shanks, 2006; Barnes et al.,
2013, 2014; Burkhard and O'Neil, 1988; Cannaò et al., 2016;
Cartwright and Barnicoat, 1999; Früh-Green et al., 1990, 1996, 2001;
Kyser et al., 1999; Sakai et al., 1990; Skelton and Valley, 2000; Tzen-Fu
et al., 1990). Unaltered peridotite has average bulk δ18O and δD values
of ~ + 5.5‰ and ~ − 80‰, respectively (Eiler, 2001; Kyser and O'Neil,
1984; Mattey et al., 1994). Serpentinites exhibit deviations from peridotite values based on the isotopic composition of the serpentinizing ﬂuid
and the temperature of the interaction. The oxygen isotope composition
can distinguish between the contribution of seawater or subductionrelated metamorphic ﬂuids during serpentinization. Hydrogen isotope
compositions are more easily reset by subsequent ﬂuid overprinting,
and can be useful to measure the extent of interaction with meteoric
water once the serpentinites have been exposed at the surface. Hence,
stable isotopes may be used in conjunction with FME to constrain the
tectonic setting of serpentinization and the degree of postexhumation overprinting (Barnes et al., 2009, 2013, 2014; Burkhard
and O'Neil, 1988; Cartwright and Barnicoat, 1999; Deschamps et al.,
2010; Früh-Green et al., 2001).
In this study, we investigate the tectonic origin of the serpentinites
found on the island of Syros, Greece. Syros is famous for its preservation
of eclogite- and blueschist-facies rocks associated with serpentinites in
multiple meta-ophiolitic outcrops (Katzir et al., 2007; Keiter et al.,
2011; Ridley and Dixon, 1984). Well-known as an analogue for
subduction zone processes, Syros has been used as a natural laboratory
to investigate geochemical ﬂuxes across the slab-mantle interface
(Ague, 2007; Breeding et al., 2004; Miller et al., 2009), the formation
of blackwall reaction rims between maﬁc and ultramaﬁc rocks in subduction zones (Marschall et al., 2006; Miller et al., 2009; Pogge von
Strandmann et al., 2015), as well as to understand the dynamics of subduction and exhumation of high pressure - low temperature (HP/LT)
terranes (Keiter et al., 2004; Trotet et al., 2001a). Although many studies
have investigated the mechanisms of element transfer between the
subducting oceanic crust and the overlying mantle wedge using the lithologies found on Syros, there has been no systematic study to address
the tectonic origin of the serpentinites.
Previous studies have speculated that serpentinization occurred at a
late stage of the subduction-exhumation history of Syros based on two
reported mantle-like oxygen isotope values and preserved serpentine
mesh texture from one location on the island (Pogge von Strandmann
et al., 2015). We expand upon this work using a combination of major
element, trace element, and stable isotope geochemistry from
serpentinite samples that cover all major occurrences on the island of
Syros. We determine whether these serpentinites represent remnants
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of the mantle wedge, portions of the down-going oceanic slab, or a mixture of both, and whether they support the notion of one ophiolite on
Syros, as has been suggested (Keiter et al., 2011), or are derived from
multiple, unrelated ophiolitic slices. Moreover, we are able to address
whether serpentinization took place on the seaﬂoor by seawater during
Cretaceous rifting and seaﬂoor spreading (likely associated with the
Pindos Ocean), during subduction and/or exhumation by slab-derived
ﬂuids, or post-obduction via meteoric water.

2. Geologic background
2.1. Tectonic history
Syros is part of the greater Aegean subduction complex, which
represents the continuous subduction of the African plate below the
Turkish-Aegean plate (Jolivet and Brun, 2010; Keiter et al., 2011; Le
Pichon and Angelier, 1979; McKenzie, 1970; Papanikolaou, 2013;
Reilinger et al., 2006). From as far north as the Balkans, systematic age
variations in arc magmatic intrusions and volcanic rocks in the Aegean
record the consistent southward migration of the subduction trench
since the late Cretaceous to its present position south of Crete (Fytikas
et al., 1984; Pe-Piper and Piper, 2002).
Though long-lived and undoubtedly nuanced, the history of the
Aegean subduction complex is well constrained due to the unique
preservation of lithologies that record different portions of the
subduction and exhumation history. Speciﬁcally, the Cycladic Blueschist
Unit (CBU) hosts spectacularly preserved blueschist and eclogite outcrops, which place peak temperatures for HP-LT subduction of the unit
at ~500–550 °C and pressures at ~ 18–20 kbar in the Eocene (Okrusch
and Bröcker, 1990; Ridley, 1984; Ridley and Dixon, 1984; Trotet et al.,
2001b). Likewise, limited greenschist metamorphic overprinting from
Miocene-age exhumation via back-arc extension and metamorphic
core complex formation has allowed for the determination of additional
P-T-t constraints (Bröcker and Keasling, 2006; Keiter et al., 2011; Miller
et al., 2009; Ring and Layer, 2003; Soukis and Stockli, 2013; Trotet et al.,
2001b).
The majority of Syros is composed of the CBU, belonging to the lower
unit of the Attic-Cycladic Crystalline Complex (Okrusch and Bröcker,
1990). The CBU on Syros is a series of stacked tectonic units that include
Variscan basement gneiss, Triassic and Jurassic continental margin
metasediments, and Cretaceous ophiolite slices (Bulle et al., 2010;
Dürr et al., 1978; Keay, 1998; Keiter et al., 2011; Okrusch and Bröcker,
1990; Tomaschek et al., 2003). The ophiolite slices, often referred to as
the ‘metabasite unit’ (Keiter et al., 2011; Seck et al., 1996; Tomaschek
et al., 2003; Trotet et al., 2001a), include meta-maﬁc and metasedimentary fragments of oceanic crust in association with
serpentinized ultramaﬁc rocks (Bonneau, 1984; Bröcker and Enders,
2001; Broecker and Enders, 1999; Hopfer and Schumacher, 1997).
Petrology and geochemical analyses of individual blocks within these
ophiolite slices have identiﬁed them as the high-pressure equivalents
of basalt, tuff, plagiogranite, gabbro, serpentinized mantle, and marine
sediments, suggesting an oceanic lithosphere precursor (Katzir et al.,
2007; Keiter et al., 2011; Seck et al., 1996). This interpretation is
supported by well-preserved pillow and cumulate textures in larger
blocks (Keiter et al., 2011).
Though these lithologies clearly indicate that the subducted package
derived from an oceanic precursor, the tectonic setting of this oceanic
slab has remained enigmatic. Researchers have speculated both a conﬁned back-arc basin setting on the northern edge of the Tethys Ocean,
or a mid-ocean ridge setting based on geochemistry (Lagos et al.,
2002; Mocek, 2001; Seck et al., 1996). The CBU's interlayered schists
and marbles have been interpreted as remnants of a Mesozoic passive
margin sequence, dated by Triassic neritic fossils (Okrusch and
Bröcker, 1990) and zircon U-Pb ages (Tomaschek et al., 2001), whereas
the meta-igneous blocks have been interpreted as remnants of a
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Cretaceous oceanic crust based on U-Pb zircon geochronology ages of
80–75 Ma (Keay, 1998; Tomaschek et al., 2003).

Vari Unit
Ortho- and
paragneisses

2.2. Previous geochemical work

Cycladic Blueschist Unit

Syros, Greece
Kampos
Grizzas Bay

Marbles

Previous geochemical work on Syros has primarily focused on:
(1) Assessing the petrology and petrogenesis of the meta-maﬁc (basalt
and gabbro) blocks and (2) Studying ﬂuid-mobile element transfer
within metasomatic reaction zones (‘blackwall alteration’) between
meta-maﬁc blocks and the serpentinite-dominated matrix. Boron and
chlorine measurements, and estimated H2O content in the cores of
meta-maﬁc blocks in Kampos are consistent with an altered oceanic
crust source for the metabasites (Marschall et al., 2009). Metagabbros
from ophiolitic sites across the island exhibit REE patterns and Sr and
Nd isotope values similar to oceanic crustal sections from the Western
and Ligurian Alps, as well as the Atlantis II fracture zone of the SW
Indian Ridge (Seck et al., 1996). In addition, studies note preserved
FME and stable isotope signatures of seawater alteration in these blocks,
consistent with enrichments and variability observed in modern
seaﬂoor environments (Katzir et al., 2007; Putlitz et al., 2000; Seck
et al., 1996). Stable isotope (δ18O and δD) values of meta-gabbros are
diagnostic of both unaltered igneous oceanic crust and high- and lowtemperature, hydrothermally altered oceanic crust (Putlitz et al.,
2000). This remarkable preservation has been noted as evidence for
limited release of ﬂuids during subduction and high-pressure metamorphism of these blocks (Putlitz et al., 2000).
The association of meta-igneous rocks with serpentinites has been
the focus of studies on the ﬂuid-assisted reaction zones at their
interfaces, with particular interest in the blackwall zones on Syros
(Breeding et al., 2004; Marschall et al., 2009). Using the mineralogy of
an alteration zone between a metavolcanic layer and the serpentinized
ultramaﬁc rocks in Kampos, Breeding et al. (2004) calculate formation
conditions of 500–550 °C and 11.7–12.3 kbar for blackwall alteration,
concluding that the reaction zones formed at or near the slab-mantle
interface, as ﬂuids released during slab dehydration and prograde
metamorphism equilibrated with metamorphosed ultramaﬁc, maﬁc,
and sedimentary rocks. In another study, Marschall et al. (2006) calculate P-T conditions for the zones to be 400–430°C and 6.2–7.2 kbar, suggesting that the ﬂuid-rock interaction may have occurred at shallower
depths during exhumation. Low concentrations of LILE, U, and Pb are
observed in ultramaﬁc matrix rocks proximal to metasedimentary
units near these zones, and are interpreted as the result of removal by
directed ﬂuid ﬂow through the subduction shear zone (Breeding et al.,
2004). Corollary modeling studies demonstrate that ﬂuid ﬂuxes divert
around lower permeability blocks within such a shear zone and become
highly concentrated in the matrix (in this case, the serpentinites) (Ague,
2007).
3. Sample localities and description
The largest ophiolite exposure, including abundant serpentinite
outcrops, is in northern Syros in the Kampos shear zone, which extends
E-W from Grizzas Bay to Lia Beach (Fig. 1). In the west, less extensive
outcrops occur at Kini beach, and on the Charassonas peninsula, (the
latter of which we divide into ‘N. Galissas’ and ‘Finikas’ locations). On
the eastern coast, outcrops appear south of Ermoupoli, just east of the
airport. Twelve serpentinite samples were collected from these ﬁve locations throughout Syros, sampling the majority of volumetricallysigniﬁcant ultramaﬁc outcrops on the island (Kampos, Kini, N. Galissas,
Airport, and Finikas) (Fig. 1; some samples courtesy of Mark Caddick
and Ethan Baxter, as indicated in Table 1). When possible, samples
were collected from the center of large blocks, avoiding pervasively altered reaction rims between serpentinite and surrounding lithologies.
Antigorite was identiﬁed as the primary serpentine polymorph
using the Renishaw inVia Micro-Raman Spectrometer at the University
of Texas at Austin. Multiple spot analyses on samples from Kampos,

Lia Beach

Conglomerate of Palos
Schists
Metabasites,
blueschist- to eclogite-facies
Schists and metabasites,
with greenschist overprint
Gneisses of Mavra-Vounakia
Serpentinites
Alluvium
Late normal or
strike slip fault

Kini

N. Galissas
Airport

N
Finikas

(

Sample location
denotes chlorite schist)
2 km

Fig. 1. Geologic map of Syros, Greece showing locations of serpentinite (black circles). The
Cycladic Blueschist Unit (CBU) dominates the island, with the overlying Upper Unit (Vari
Unit) outcropping on the southeastern portion of the island. Modiﬁed from (Keiter et al.,
2011).

Finikas, and Kini (13KA03, SY1512, 14FI03, 13KIN01) were acquired
and compared to diagnostic spectra for lizardite and antigorite presented in Groppo et al. (2006). Antigorite was identiﬁed by the distinct occurrence of a high intensity peak at 1045 cm− 1, present only for
antigorite (Groppo et al., 2006). This corroborates other studies that
have noted the sole presence of antigorite on Syros (Keiter et al.,
2011; Marschall, 2005; Pogge von Strandmann et al., 2015).
Textural observations in thin sections distinguish six ‘deformed’ and
six ‘undeformed’ serpentinite samples from across the island. Deformed
samples display a strong foliation, shear fabric, and/or folding of primary minerals on a thin section scale. In contrast, ‘undeformed’ samples
are distinguished by preserved, undeformed pseudomorphic mineral
textures (primarily after orthopyroxene). These terms are reported in
Table 1 and photomicrographs are available in the online appendix.
At Kampos, serpentinites exist in broad shear zones between
stratigraphically-coherent, laterally-extensive meta-sedimentary and
meta-maﬁc bodies. Five serpentinite samples (13KA03, SY1512,
14CSY-3D, 14BSY-22B, and 14KA01) were collected in a lateral E-W
transect across the Kampos shear zone, terminating at Lia Beach on
the west coast (Fig. 1; Appendix Fig. A1–5). 14CSY-3D, 14BSY-22B,
and 14KA01 are ﬁne-grained serpentinites with variable amounts
of intergrown talc. 14KA01 contains pseudomorphs of talc after
orthopyroxene within an intergrown chlorite and serpentine matrix.
SY1512 consists of serpentine and chlorite interspersed with fractured
opaque minerals (most in the range of 10′s of μm's, rarely N2 mm).
The opaque minerals are most often found in association with
completely serpentinized pseudomorphs (no relict primary mantle
minerals were identiﬁable). 13KA03 and 14CSY-3D are most deformed,
consisting of highly sheared serpentine surrounded by talc ± chlorite. In
13KA03, subhedral to euhedral magnetite ranging from μm's to cm's in
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Table 1
Sample descriptions and localities.
Sample

Latitude/Longitude

Location

Mineralogy

Description

SY1512
13KA03
14CSY-3Da
14BSY-22Ba
14KA01
13KIN01
14KIN01
14RSY-56Aa
14CSY-30Aa
14HSY-7Ba
14FI02
14FI03

N 37°29′24.5″/E 024°54′06.0″
N 37°29′24.69″/E 024°54′6.13″
N 37°29′34.1″/E 024°54′05.1″
N 37°29′36.2″/E 024°54′26.4″
N 37°29′36.42″/E 024°54′35.21″
N 37°26′37.68″/E 024°53′20.40″
N 37°26′37.68″/E 024°53′20.40″
N 37°25′50.6″/E 024°52′48.2″
N 37°25′48.7″/E 024°52′56.2″
N 37°25′08.7″/E 024°57′40.3″
N 37°23′32.96″/E 024°53′5.93″
N 37°23′33.00″/E 024°53′5.96″

Kampos
Kampos
Kampos
Kampos
Kampos
Kini
Kini
N. Galissas
N. Galissas
Airport
Finikas
Finikas

Serpentine + talc + opaques
Serpentine + talc + chlorite + magnetite
Serpentine + talc + chlorite + magnetite
Serpentine + chlorite + magnetite
Serpentine + talc + amphibole + opaques
Serpentine + relict fragmented opx
Serpentine + talc + opaques
Serpentine + talc + carbonate
Serpentine + chlorite + carbonate
Serpentine + talc + chlorite
Talc + serpentine + chlorite
Serpentine + talc + chlorite

Deformed serpentinite
Deformed serpentinite
Deformed serpentinite
Massive serpentinite with pseudomorphs
Massive serpentinite with pseudomorphs after pyroxene
Massive coarse-grained serpentinite
Massive serpentinite with pseudomorphs after pyroxene
Massive ﬁne-grained serpentinite
Massive serpentinite with pseudomorphs
Deformed serpentinite
Foliated ﬁne-grained talc-serpentinite schist
Foliated ﬁne-grained serpentinite

a

Sample courtesy of M. Caddick and E. Baxter.

diameter are found in association with talc (Cooperdock and Stockli,
2016). In contrast, less deformed sample 14BSY-22B contains trace
bastite texture.
Serpentinites from Kini beach (13KIN01, 14KIN01) on the western
coast are found in contact with a sequence of exceptionally wellpreserved eclogitized metagabbros and metabasalts (Fig. 1; Appendix
Fig. A6–7). 14KIN01 is dominated by ﬁne-grained serpentinite with
minor talc. Remnant pseudomorphs of unknown origin are replaced
by serpentine and possess thin talc rims. 13KIN01 is a coarse-grained
serpentinite with a foliated, serpentinized fabric that contains
completely serpentinized pseudomorphs, often preserved in the
process of rotating into the plane of the foliation, sitting within the
surrounding serpentine matrix and ﬁne-grained amphibole.
Two samples from Finikas beach (14FI02, 14FI03) at the southern
end of Syros outcrop close to blocks of blueschist, and consist of ﬁnegrained serpentine with some chlorite (Fig. 1; Appendix Fig. A8–9). A
pervasive foliation is clearly visible in both serpentinite samples, particularly among the chlorite crystals. 14FI03 contains crenulations deﬁned
by chlorite.
A single, deformed serpentinite (14HSY-7B) was acquired on the
eastern side of Syros, southeast of the Ermoupoli airport (Fig. 1). We
herein refer to this location as “Airport.” The serpentinite outcrops are
found north of a series of deformed blueschist overprinted by localized
greenschist retrogression. This sample contains ﬁnely intergrown
chlorite and serpentine and no evidence of pseudomorphs (Appendix
Fig. A10).
Finally, two samples (14RSY-56A, 14CSY-30A) near metabasites on
the northeastern side of the Charassonas peninsula north of Galissas,
show minor fractures in the ﬁne-grained serpentinite matrix inﬁlled
with talc (Fig. 1). Both samples preserve relict textures with undeformed bastites (Appendix Fig. A11–12). 14CSY-30A contains bastites
(no relict primary mantle minerals identiﬁable) with talc rims that
appear to have formed as inﬁll in cracks around the refractory pseudomorph grains. 14RSY-56A is extremely ﬁne-grained and contains talc
inﬁll in fractures.

PlasmaQuad ExCell quadrupole ICP-MS. All reported analyses are
blank corrected by procedural blanks run after every four unknowns.
However, the sodium sinter reagent had high, and somewhat variable,
background Sr (~6 μg/g) that likely contributed to poor Sr concentrations in samples.
Quality control was monitored through a combination of rock
standards (UB-N, BIR-2), procedural blanks, and drift and standard
solutions. Trace element concentrations were calculated after drift
correction using a standard solution curve. Ba interference on Eu was
corrected through measurement of Ba solution.
4.2. Stable isotope geochemistry
Oxygen and hydrogen stable isotope ratios were measured at the
University of Texas at Austin. All stable isotope ratios were measured
on a ThermoElectron MAT 253 mass spectrometer. Serpentinite
samples were coarsely crushed and handpicked under a binocular
microscope to ensure visual absence of magnetite inclusions. The
handpicked grains were then washed with dilute HCl to remove any
carbonate material. Approximately 2.0 mg of serpentinite grains were
analyzed using the laser ﬂuorination method of Sharp (1990) to determine the δ18O value. Precision and accuracy of oxygen analyses were
monitored through garnet standard UWG-2 (δ18O = +5.8‰) (Valley
et al., 1995), in-house olivine standard San Carlos (δ18O = + 5.2‰),
and in-house quartz standard Lausanne-1 (δ18O = +18.1‰). All δ18O
values are reported relative to SMOW, where the δ18O value of NBS-28
is + 9.65‰. The error on each δ18O analysis is ±0.1‰, based on longterm analyses of standards.
δD values were determined on approximately 1 mg of powdered
bulk rock using the methods of Sharp et al. (2001). Sample powders
were loaded into silver capsules and pyrolized in a ThermoElectron
MAT TC-EA (high temperature conversion elemental analyzer). All samples were normalized to biotite standard NBS-30 (δD value = −65‰).
The error on each δD analysis is ±2‰.

4. Analytical methods

5. Results

4.1. Major and trace element geochemistry

5.1. Major element geochemistry

Major elements were measured at Franklin and Marshall College on
a PANanalytical 2404 X-Ray ﬂuorescence vacuum spectrometer.
Crushed rock powders (400 mg) were mixed with 3.6 g of lithium
tetraborate, placed into a platinum crucible and heated until molten.
The molten material was quenched and used for XRF analysis. Trace element analyses were measured at Lamont-Doherty Earth Observatory.
100 mg of whole rock powders were dissolved with Na2O2 sinter for
trace element concentrations following the procedures outlined in
Meisel et al. (2002) to ensure complete digestion of chromite, zircon,
and other accessory minerals. Trace elements were analyzed on a VG

MgO/SiO2 and Al2O3/SiO2 anhydrous wt% ratios of the serpentinite
samples range from 0.57 to 1.02 and 0.04 to 0.68, respectively (Fig. 2).
Samples with higher abundances of talc and chlorite trend toward
lower MgO/SiO2 ratios and higher Al2O3/SiO2 values, respectively.
Al2O3 concentrations range from 1.75 to 4.98 wt%, with one chloriterich sample (14HSY-7B) containing 19.72 wt%. CaO concentrations are
b1 wt% in serpentinite samples, with the exception of Finikas samples
(14FI02, 14FI03), which contain 2.99 and 6.09 wt%. Cr and Ni concentrations range from 1792 to 3273 μg/g and 1727 to 2517 μg/g, respectively
(Table 2). The mean LOI value for Syros serpentinites is 11.4%, with
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Fig. 2. Whole rock major element ratios of MgO/SiO2 (anhydrous) vs. Al2O3/SiO2 (anhydrous) of serpentinites. Samples are plotted against a compilation of whole rock serpentinite data
from hyper-extended margin (black circles, n = 96) (Kodolanyi et al., 2012; Müntener et al., 2010; Cooperdock, unpublished data), mid-ocean ridge and fracture zone (gray circles, n =
228) (Augustin et al., 2012; Delacour et al., 2008; Kodolanyi et al., 2012; Niu, 2004; Paulick et al., 2006), and fore-arc mantle wedge (white circles n = 260) tectonic settings (Ishii, 1992;
Kodolanyi et al., 2012; Lagabrielle et al., 1992; Parkinson and Pearce, 1998; Pearce et al., 2000; Savov et al., 2007). Dashed-outline polygons note deformed samples. Dashed white line is the
“terrestrial array” (e.g., Jagoutz et al., 1979) in which partial melt extraction yields melt residues with higher MgO/SiO2 and lower Al2O3/SiO2 ratios than the melt. Depleted mantle value is
from McDonough and Sun (1995). Serpentinite samples plotted in gray circles for Syros, Tinos and Naxos from Katzir et al. (1999) and Pogge von Strandmann et al. (2015). The composition of Syros serpentinites is enriched compared to mantle wedge serpentinites. The presence of talc and chlorite shift the Syros serpentinites below the terrestrial array. Average compositions for talc, lizardite, and antigorite are plotted as hatched polygons.

extreme values ranging from 7.6% in one sample from Kampos
(13KA03) to 18.6% in one sample from Finikas (14FI03).

5.2. Trace element geochemistry
Serpentinite samples show a range in REE and trace element patterns that generally vary with deformation and the amount of chlorite
and talc in the sample (Fig. 3a). Bulk serpentinite samples have relatively high incompatible trace element and rare earth element (REE) concentrations compared to typical depleted MORB-mantle (Fig. 3)
(Kodolanyi et al., 2012). REE patterns are ﬂat with the majority showing
a slight negative Eu anomaly (LaN/SmN = 0.16–2.64, LaN/YbN = 0.09–
2.14, SmN/YbN = 0.26–1.69) (N = C1-chondrite normalized;
McDonough and Sun, 1995). Samples SY1512 and 14CSY-3D are
enriched in LREE (Fig. 3a, Appendix Fig. A14). Trace element patterns
normalized to primitive mantle (Sun and McDonough, 1989) show depletions in U (Th/U ratios of 0.84 to 58.23), which has been observed for
other Aegean meta-ophiolitic lithologies (Pe-Piper and Piper, 2001)
(Fig. 3a).

5.3. Stable isotope geochemistry
Samples from Kampos, Kini, and N. Galissas show a range of δ18O
values from +5.4 to +7.4‰, +5.3 to +7.0‰, and +5.5 to +8.9‰, respectively. Finikas and Airport localities record slightly higher δ18O
values ranging from +8.1 to +8.2‰, and +7.6 to +8.4‰, respectively.
δ18O sample duplicates reproduced within 0.3‰, on average, likely due
to trace inclusions of magnetite or other mineral phases. δD values
range from − 59 to − 35‰ across the island. δD sample duplicates
reproduced within 2‰, on average (Table 3).

6. Discussion
Previous studies of Syros interpret that the serpentinite-meta-maﬁc
rock associations on the island occurred at the slab-mantle interface
during subduction or late-stage during exhumation, rather than presubduction, associated with serpentinized mantle at a mid-ocean
ridge or hyper-extended margin (Breeding et al., 2004; Marschall and
Schumacher, 2012). However, slab dehydration models conﬁrm that
seaﬂoor serpentinites can survive subduction until temperatures exceed the antigorite breakdown threshold (~ 600 °C) (Rüpke et al.,
2004; Ulmer and Trommsdorff, 1995). As peak temperature conditions
for Syros blueschist and eclogite units did not exceed 500–550° C (Dürr
et al., 1978; Jolivet et al., 2003; Okrusch and Bröcker, 1990; Ridley, 1984;
Tomaschek et al., 2003; Trotet et al., 2001a, 2001b), it is feasible that the
serpentinized ocean lithosphere studied here may have survived subduction and is preserved in the ultramaﬁc units exposed on the island.
6.1. Serpentinization ﬂuid source
Across Syros, δ18O serpentinite compositions range from values of
+ 5.2‰ up to + 9.0‰, without a discernable trend with deformation
textures or geographic location on the island (Fig. 4). This is consistent
with previous studies that report mantle-like values of + 5.52 and
+ 5.57‰ for two serpentinites from Kampos (Pogge von Strandmann
et al., 2015), and metagabbro whole rock δ18O values of + 3.44 to +
6.45‰, indicating preserved signatures of altered oceanic crust at Kini,
Galissas and Kaloyevos (Putlitz et al., 2000). Positive deviations from
mantle-like δ18O compositions can result from serpentinization by seawater at low temperatures (b250 °C, regardless of which oxygen isotope serpentine-water fractionation calibration is used) (Saccocia
et al., 2009; Savin and Lee, 1988; Wenner and Taylor, 1971; Zheng,
1993), ﬂuids derived from dehydrating altered oceanic crust
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Table 2
Major and trace element concentrations.
Lithology

Serpentinites

Locality

Finikas

Finikas

N. Galissas

N. Galissas

Kini

Kini

Airport

Kampos

Kampos

Kampos

Kampos

Kampos

Sample name

14FI02

14FI03

14CSY-30A

14RSY-56A

13KIN01

14KIN01

14HSY-7B

14KA01

14BSY-22B

13KA03

14CSY-3D

SY1512

42.18
0.00
1.75
6.72
0.10
33.28
2.99
0.12
0.00
0.00
13.52
100.68
0.79
0.04

32.36
0.03
3.15
8.22
0.19
32.89
6.09
0.26
0.03
0.00
18.59
101.79
1.02
0.10

41.91
0.01
2.63
9.17
0.13
35.05
0.09
0.04
0.00
0.00
11.46
100.49
0.84
0.06

42.14
0.01
2.24
8.15
0.08
35.68
0.20
0.05
0.02
0.00
11.65
100.22
0.85
0.05

42.11
0.00
2.47
9.25
0.14
34.73
0.04
0.09
0.01
0.00
11.25
100.09
0.82
0.06

42.34
0.00
2.57
9.68
0.16
34.28
0.04
0.08
0.00
0.00
10.77
99.91
0.81
0.06

28.94
0.31
19.72
12.80
0.33
26.68
0.22
0.08
0.00
0.00
11.02
100.11
0.92
0.68

42.76
0.01
2.85
9.95
0.15
33.65
0.12
0.08
0.00
0.00
10.50
100.07
0.79
0.07

42.12
0.02
2.72
8.95
0.13
33.96
0.71
0.08
0.01
0.01
11.59
100.29
0.81
0.06

52.53
0.01
3.19
6.07
0.06
29.89
0.05
0.26
0.03
0.00
7.64
99.73
0.57
0.06

44.81
0.60
4.98
10.19
0.14
29.36
1.53
0.12
0.01
0.02
8.03
99.80
0.66
0.11

40.62
0.00
3.02
8.17
0.10
36.05
0.04
0.10
0.02
0.01
11.88
100.00
0.89
0.07

1.08
8.80
35
2486
85
2092
4.2
44.7
16.14
0.38
60.8
0.53
0.91

0.98
12.61
31
1792
79
1727
2.3
51.3
1.10
0.21
4.4
0.43
0.11

0.18
0.06
2.79
0.04
0.09
0.01
0.04
0.02
0.01
0.01
0.04
0.06
0.02
0.07
b.d.l.
0.07
0.01
0.02
b.d.l.
0.15
0.28
1.37
0.07
20.30
1.50
0.40
0.27

0.28
0.07
1.64
0.03
0.07
0.01
0.07
0.01
0.01
0.01
0.04
0.06
0.02
0.05
b.d.l.
0.06
0.01
0.01
b.d.l.
0.08
0.64
0.74
0.01
58.23
1.19
0.31
0.26

12.72
11.99
56
2747
70
2133
2.9
108.0
1.30
0.47
2.6
0.23
0.58
0.24
b.d.l.
0.03
0.53
0.03
0.16
0.02
0.13
0.04
0.01
0.01
0.04
0.04
0.01
0.02
0.00
0.02
0.00
0.03
0.03
b.d.l.
0.03
0.02
0.01
1.20
0.59
0.99
1.69

4.54
10.64
36
2842
85
2517
1.9
187.5
2.56
3.48
3.1
0.16
0.48
0.05
0.58
0.31
0.44
0.04
0.12
0.01
0.05
0.02
0.00
0.00
0.02
0.03
0.01
0.02
0.00
0.01
0.00
0.01
0.00
0.09
0.07
0.06
0.02
2.56
1.72
2.02
1.18

1.16
8.79
51
2845
117
2196
5.0
81.7
0.99
0.37
15.4
1.02
0.13
0.06
0.05
0.04
7.66
0.02
0.19
0.04
0.22
0.09
0.03
0.03
0.13
0.18
0.04
0.13
b.d.l.
0.19
0.03
0.02
0.01
0.01
0.14
0.04
0.03
1.35
0.16
0.09
0.52

1.45
12.94
58
2114
112
1936
1.4
77.0
1.55
1.06
0.5
0.42
0.19
0.14
0.06
0.11
1.52
0.07
0.16
0.02
0.11
0.02
0.01
0.01
0.05
0.06
0.02
0.06
b.d.l.
0.07
0.01
0.01
b.d.l.
0.05
0.12
0.05
0.01
4.77
1.79
0.72
0.40

52.64
3.07
51
2137
74
1740
1.0
197.0
0.02
0.04
b.d.l.
6.91
24.94
0.62
b.d.l.
0.03
b.d.l.
0.23
1.34
0.30
1.64
0.68
0.28
0.16
0.99
1.30
0.27
0.83
0.12
0.80
0.11
0.68
0.07
b.d.l.
0.17
0.03
0.03
0.84
0.21
0.19
0.93

2.04
6.42
52
2766
80
2225
7.6
96.7
2.34
0.06
2.5
2.16
0.54
0.30
b.d.l.
0.01
1.42
0.16
1.08
0.17
0.82
0.25
0.04
0.04
0.26
0.29
0.07
0.22
0.03
0.30
0.04
0.04
0.04
b.d.l.
0.27
0.09
0.02
4.58
0.40
0.37
0.93

2.17
14.05
32
2059
62
1730
7.9
77.9
4.40
0.09
4.1
2.09
0.65
0.46
b.d.l.
0.01
1.65
0.19
0.71
0.12
0.64
0.22
0.08
0.04
0.31
0.35
0.08
0.23
0.04
0.24
0.04
0.04
0.02
b.d.l.
0.16
0.18
0.06
2.91
0.52
0.52
1.00

0.43
7.65
55
3273
98
2132
6.1
63.0
0.46
0.23
8.4
0.05
0.01
0.01
0.35
0.01
2.04
0.02
0.05
0.01
0.02
0.01
0.01
0.00
0.01
0.01
0.00
0.01
b.d.l.
0.01
0.00
0.00
b.d.l.
0.05
1.57
0.04
0.01
4.13
1.86
2.14
1.15

1.59
12.55
47
2837
73
1858
3.5
91.8
0.38
0.18
7.4
25.51
88.97
4.04
b.d.l.
0.00
2.28
8.49
13.85
1.57
6.60
2.01
0.45
0.48
2.96
4.25
1.02
3.46
0.62
5.01
0.82
2.28
0.26
0.15
5.31
0.61
0.65
0.94
2.64
1.15
0.44

0.53
12.42
37
2579
69
1956
3.7
52.9
2.25
0.17
2.8
1.32
0.16
0.06
b.d.l.
0.01
0.84
4.13
8.98
1.01
3.84
0.51
0.11
0.05
0.42
0.27
0.05
0.15
0.02
0.16
0.02
0.02
0.00
b.d.l.
0.11
0.18
0.04
4.36
5.03
17.84
3.54

Major elements (wt%)
SiO2
TiO2
Al2O3
Fe2O3T
MnO
MgO
CaO
Na2O
K2O
P2O5
LOI
Total
MgO/SiO2
Al2O3/SiO2
Trace elements (ppm)
Li
Sc
V
Cr
Co
Ni
Cu
Zn
As
Rb
Sr
Y
Zr
Nb
Mo
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Tb
Gd
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
W
Pb
Th
U
Th/U
LaN/SmN
LaN/YbN
SmN/YbN

UB-N
27.12
48
2521
95
2496
9.0
106
12.87
3.29
9.2
2.26
2.71
0.03
0.17
10.52
21.76
0.30
0.75
0.11
0.58
0.20
0.08
0.05
0.31
0.40
0.08
0.26
0.27
0.04
0.11
0.02
9.51
10.52
0.06
0.04

N = normalized to C1 (McDonough and Sun, 1995).

(metagabbros and metabasalts), or sedimentary-derived ﬂuids during
subduction and/or exhumation (sediments have high δ18O values typically from ~+10 to +30‰; (Sharp, 2007).
High δD values (−64 to − 33‰) indicate that the serpentinites on
Syros experienced little-to-no alteration by late-stage meteoric water,
which would lower the δD values, as is commonly documented in
serpentinites collected on shore (Fig. 4). These δD values are consistent
with serpentinization by seawater at low temperatures (b 250 °C;
Saccocia et al., 2009) (Fig. 4); however, some interaction with
dehydrating altered oceanic crust or sedimentary-derived ﬂuids during
subduction and/or exhumation is a possibility. δD values for actinolite,

chlorite, and glaucophane in metagabbros from Syros exhibit a similar
range to the serpentinites, from − 70 to − 38‰ (Putlitz et al., 2000).
Although δD measurements do not exist on sedimentary material
from Syros, sediments have a large range of possible δD values that encompass the measured values (approximately −95 to −35‰; Sharp,
2007 and references therein). Although interaction with slab-derived
ﬂuids remains a viable interpretation, high δD values are commonly
interpreted as serpentinization via seawater and low δD values are
interpreted as interaction with meteoric ﬂuid and/or metamorphicderived ﬂuid (e.g., Burkhard and O'Neil, 1988; Cartwright and
Barnicoat, 1999; Früh-Green et al., 2001; Kyser et al., 1999). For
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Table 3
Stable isotope compositions of Syros serpentinites.
Location

Sample

δ18O (‰)

δD (‰)

Kampos
Kampos
Kampos
Kampos
Kampos
Kini
Kini
N. Galissas
N. Galissas
Airport
Finikas
Finikas

SY1512
13KA03
14CSY-3D
14BSY-22B
14KA01
13KIN01
14KIN01
14RSY-56A
14CSY-30A
14HSY-7B
14FI02
14FI03

5.3, 5.5
5.8, 6.0
7.2
7.3, 7.1
6.2, 7.0
5.3, 5.2
7.0, 7.0
8.8, 9.0
5.5
8.4
8.1, 8.3
7.8, 8.4

−47, −47
−51, −48
−47, −47
−54, −53
−36, −33
−35
−48, −45
−44, −43
−48, −48
−53, −53
−54, −51
−64, −54

example, Burkhard and O'Neil (1988) interpret δ18O and δD values
(+4.4 to +7.4‰ and −42 to −34‰, respectively) of metamorphosed
serpentinites from Valmalenco, eastern Central Alps, as a preserved
seaﬂoor serpentinization signature via seawater. These values largely
overlap with the compositions reported here, particularly with samples
recording low δ18O values and high δD values (e.g., 13KIN01, SY1512).
The combined δ18O and δD compositions are not able to deﬁnitively
distinguish between low-temperature serpentinization in a seaﬂoor environment and/or ﬂuid interaction in the subduction channel from
dehydrating altered oceanic crust. Regardless, the data support that
serpentinization occurred pre- or syn-subduction and not by meteoric
water during late-stage exhumation.
Distinct FME enrichments have been used to discriminate between
seawater alteration during seaﬂoor serpentinization (e.g., Sr, U, Pb, Eu)
and alteration by sediment-derived ﬂuids near the slab-mantle inter-

359

face (e.g., Cs, As, Sb, Rb) (Agranier et al., 2007; Deschamps et al., 2013;
Kodolanyi et al., 2012). With the exception of elevated Pb at Finikas
and Kampos, typical seawater-related ﬂuid-mobile elements (e.g., U,
Sr, Pb, Eu) show minor enrichments when compared to other trace elements, but not to the magnitude of enrichment typical for mid-ocean
ridge and fracture zone serpentinites (Fig. 3). Evidence for sedimentderived ﬂuid interaction is limited, and present in Kini and N. Galissas
localities, which have minor enrichments in As, Cs and Rb (Sb not
measured).
These subtle FME enrichments are more compatible with the type of
FME signatures observed in a hyper-extended margin, where subcontinental mantle is juxtaposed against extended continental crust in an
oceanic environment, resulting in minor enrichments in both seawater
and sedimentary FME. Alternatively, the low U and Pb abundances may
be explained by removal of these elements during subduction-related
ﬂuid ﬂow, as previously suggested by Breeding et al. (2004), and elevated Rb and Cs may be due to minor interaction with slab-derived ﬂuids
from sediment dehydration during subduction. Both of these scenarios
imply that some degree of serpentinization occurred prior to subduction, which is consistent with the stable isotope compositions that indicate seawater serpentinization (Fig. 5). The degree to which secondary
serpentinization reactions from slab ﬂuids occurred within the subduction zone is unclear. However, the stable isotope and FME data do not
support that all serpentinization happened by slab-derived ﬂuids in
the subduction zone and/or during post-subduction/exhumation.
6.2. Tectonic setting of the mantle protolith
Trace element compositions of serpentinites vary systematically by
tectonic setting. REE concentrations for fore-arc mantle wedge

Fig. 4. Oxygen and hydrogen composition of Syros serpentinites. Dashed black line represents the composition of serpentine in equilibrium with seawater at given temperatures using the
fractionation factors of Saccocia et al. (2009). δ18O and δD values of oceanic serpentinites (ﬁlled circles, n = 82) from oceanic environments sampled by drillcore or dredging (Agrinier et al.,
1988, 1995, 1996; Agrinier and Cannat, 1997; Barnes et al., 2009; Bonatti et al., 1984; Evans and Baltuck, 1988; Früh-Green et al., 1996, 2001; Hoernes et al., 1978; Hoernes and
Friedrichsen, 1977; Komor et al., 1990; Sakai et al., 1990; Skelton and Valley, 2000; Wenner and Taylor, 1973). Compilation (open circles, n = 298) of serpentinites collected on shore,
such as obducted and exhumed serpentinites (Barnes et al., 2013, 2014; Burkhard and O'Neil, 1988; Cartwright and Barnicoat, 1999; Engström et al., 2007; Früh-Green et al., 2001;
Kyser et al., 1999; Magaritz and Taylor, 1976; Miller et al., 2001; Wenner and Taylor, 1973, 1974; Yui and Jeng, 1990). Average δ18O and δD value of the upper mantle are compiled
from Eiler (2001), Kyser and O'Neil (1984), and Mattey et al. (1994). GMWL = global meteoric water line.

Fig. 3. Bulk serpentinite trace element (left column) and REE (right column) data from Syros compared to compilation of bulk rock serpentinite analyses from different tectonic settings.
Trace elements are normalized to primitive mantle and REE are normalized to C1 chondrite (McDonough and Sun, 1995). A) Chondrite normalized REE and primitive mantle normalized
trace element compositions of all Syros samples. Naxos REE data (dashed line) from Katzir et al. (1999). B) Syros serpentinite trace and REE data for all samples in this study presented with
hyper-extended margin serpentinites (n = 73) (Kodolanyi et al., 2012 Müntener et al., 2010; Cooperdock, unpublished data). C) Syros serpentinite trace and REE data for all samples in this
study presented with mid-ocean ridge and fracture zone serpentinites (n = 222) (Augustin et al., 2012; Delacour et al., 2008; Kodolanyi et al., 2012; Niu, 2004; Paulick et al., 2006).
D) Syros serpentinite trace and REE data for all samples in this study presented with mantle wedge serpentinites (n = 97) (Ishii, 1992; Kodolanyi et al., 2012; Lagabrielle et al., 1992;
Parkinson and Pearce, 1998; Pearce et al., 2000; Savov et al., 2005, 2007).
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Fig. 5. Schematic diagram illustrating the two possible settings of serpentinization for the Syros serpentinites given trace element, major element, and stable isotope data. (1) At least
partial serpentinization occurred in either (A) a hyper-extended margin or (B) at a mid-ocean ridge or fracture zone with re-fertilized mantle. (2) Limited metasomatism and possible
secondary serpentinization occurred at slab-bend faults and/or at the slab-mantle interface.

serpentinites are generally characterized by LREE depletion due to ﬂux
melting, and a strong positive slope from LREE to HREE (Fig. 3d)
(Deschamps et al., 2013; Kodolanyi et al., 2012). In contrast, abyssal
peridotites are overall more enriched and ﬂat, particularly in a hyperextended margin setting.
LREEs, however, can become enriched in serpentinites during melt/
rock interaction prior to serpentinization or via interaction with
sedimentary material in the subduction channel (summarized in
Deschamps et al., 2013). In ten of the twelve Syros serpentinite samples,
slight variations in LREE concentrations correlate with changes in immobile HFSE and HREE concentrations, suggesting that the LREE in
these samples were not signiﬁcantly altered during subductionrelated metasomatism (Appendix Fig. A13). Two samples from Kampos
(14CSY-3D, SY1512), show LREE enrichments that do not trend with
HFSE or HREE concentrations (Appendix Fig. A14). These two outlying
samples may have been enriched in LREE from late interaction with
sediment-derived ﬂuids during subduction/exhumation. Thus, with
the exception of these two samples, we are able to suggest that the
REE concentrations of Syros serpentinites may be used as indicators
for the protolith composition to distinguish the tectonic origin of the
peridotite.
Bulk trace element concentrations for the Syros serpentinites that
were not affected by LREE addition are ﬂat and overall more enriched
than fore-arc mantle wedge, characteristic of abyssal peridotites. Moreover, the REE proﬁles from Syros are within the same range of REE concentrations reported for Naxos serpentinites, which are interpreted as
slices of subducted oceanic lithosphere, and not mantle wedge (Fig. 3)
(Katzir et al., 1999). The REE patterns of Syros serpentinites correspond
well with serpentinites from hyper-extended margin settings
(e.g., Galicia and Newfoundland margins, Platta and Malenco in the
Eastern Alps), which display a relatively restricted range of REE concentrations and lack a major Eu anomaly, compared to serpentinites from
mid-ocean ridge and fracture zone settings (Kodolanyi et al., 2012;

Müntener et al., 2010). However, the compiled mid-ocean ridge and
fracture zone serpentinite data span a large range of REE concentrations,
so complete exclusion of a potential mid-ocean ridge provenance for the
Syros serpentinites is impossible.
The Syros serpentinite major element composition (MgO/SiO2 vs.
Al2O3/SiO2) is also consistent with the range of concentrations measured in serpentinites from mid-ocean ridge and fracture zone or
hyper-extended margin settings, which are less melt-depleted than
mantle wedge (Fig. 2). In contrast to trace element concentrations and
stable isotope ratios, which vary little across all samples, deformed
samples have variable major element concentrations, particularly in
MgO, Al2O3, and water content (Fig. 2, Appendix Fig. 15). This variability
can be attributed to higher abundances of talc and chlorite in the
samples that experienced subduction-related deformation. In contrast,
the undeformed serpentinites have consistent compositions, suggesting
that they reﬂect the pre-subduction signatures.
In sum, the immobile element compositions of the serpentinites on
Syros are indicative of precursor mantle rocks from a hyper-extended
margin or a refertilized mid-ocean ridge and fracture zone setting, and
not a fore-arc mantle wedge. This is in agreement with the stable
isotope and FME signatures that suggest an oceanic origin for these
serpentinites, which experienced at least partial serpentinization prior
to subduction.
6.3. Implications for Aegean paleogeography
Serpentinite data presented in this study corroborate previous ﬁeld,
geochemistry, and geochronology work that demonstrates evidence
for subducted Cretaceous-age oceanic crust in the CBU on Syros. The
precise paleogeographic setting or size of this ocean is not well understood, though some have suggested a back-arc environment (Lagos
et al., 2002; Mocek, 2001; Seck et al., 1996). Serpentinite data for
Syros presented in this study support the presence of an oceanic
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tectonic realm and further suggest the existence of a hyper-extended
margin and/or mid-ocean ridge type of setting. Preserved hyperextended margin lithologies include the association of thinned, preexisting continental crust with a zone of exhumed mantle and oceanic
crust (Beltrando et al., 2014; Manatschal and Müntener, 2009). On
Syros, the presence of Carboniferous gneisses and Triassic continental
margin lithologies (marbles and metasediments) with Cretaceousaged oceanic crust is consistent with the age and lithologic relationships
expected for a hyper-extended margin setting (Seman, 2017;
Tomaschek et al., 2003, 2008). Additionally, gabbro and plagiogranite
in the Kampos belt (Bröcker and Enders, 2001; Bröcker and Keasling,
2006; Broecker and Enders, 1999; Putlitz et al., 2005; Tomaschek
et al., 2003) require the presence of mid-ocean ridge magmatism within
the oceanic domain.
It has already been proposed that the Cycladic Blueschist Unit may
represent subducted components of the Pindos Ocean, which has been
depicted in paleotectonic reconstructions as a conﬁned ocean basin at
the northwestern margin of the larger Neo-Tethys (Stampﬂi and Borel,
2002). Similar small oceanic basins (~ 300 km) are documented in
Alpine domains, e.g., Liguria-Piemonte, Platta (Li et al., 2013; Picazo
et al., 2016), and are characterized by thinned continental crust, mantle
exhumation, and incipient oceanic crust formation. In particular, the
well-preserved Platta nappe in eastern Switzerland serves as an
intriguing possible analogue for the genetic relationship between a
hyper-extended margin and MORB magmatism, exposing the oceancontinent transition from exhumed sub-continental mantle, to
incipient, sputtering MORB magmatism, and mature magmatic ocean
crust (e.g., Desmurs et al., 2001, 2002; Manatschal and Müntener,
2009; Marotta et al., 2016; Schaltegger et al., 2002). Such a setting
would account for the presence of serpentinized mantle with geochemical signatures related to both hyper-extended margin and mid-ocean
ridge settings, and igneous components with MORB geochemical signatures, including metabasalt, metagabbro, and plagiogranite.
7. Implications for ﬂuid–rock interaction in subduction zones
The production and movement of metamorphic ﬂuids within a subduction zone are critical in controlling element ﬂuxes, as well as key
chemical reactions, thermal gradients, partial melting in the mantle
wedge, and rheology. Many subduction models predict large ﬂuid ﬂuxes
during devolatilization of the downgoing slab (Gorman et al., 2006;
Hacker, 2008; Kerrick and Connolly, 2001a, 2001b; Peacock, 1990; van
Keken et al., 2011) and pervasive, regional-scale migration of ﬂuids in
subduction zones has been proposed based on stable isotope and trace
element data (Bebout and Barton, 1989, 1993; Sorensen and
Grossman, 1989). In contrast, evidence from the Cyclades and the Alps
suggest that in some subduction environments ﬂuid ﬂow may be highly
channelized (Barnicoat and Cartwright, 1995; Bebout and
Penniston-Dorland, 2016; Bröcker et al., 1993; Ganor et al., 1996;
Spandler et al., 2011; Zack and John, 2007), resulting in preserved presubduction chemical enrichments, and in some cases, limited transport
of volatile and nonvolatile elements into the mantle wedge (Getty and
Selverstone, 1994; Philippot and Selverstone, 1991; Putlitz et al., 2000;
Selverstone et al., 1992). Speciﬁcally in the Cyclades, O– and H– isotope
compositions of metabasalts and metagabbros show no evidence for
pervasive ﬂuid ﬂux during their subduction history (Putlitz et al.,
2000). Instead, focused channelization of metamorphic ﬂuids during
subduction creates spatial variations in ﬂuid ﬂow, as evidenced by
metasomatic reaction zones that form at the contact between metacrustal and ultramaﬁc rocks, with the interiors of the rocks being
relatively protected from ﬂuid inﬁltration (also evidenced by stable
isotopes) and the boundary zones serving as the primary conduit for
ﬂuids (Ague, 2007; Breeding et al., 2004).
The Syros serpentinites suggest only limited interaction with slabderived ﬂuids, corroborating previous studies that show evidence for
channelized ﬂuid ﬂow during subduction (Fig. 5). This is at odds with
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the observation that highly sheared serpentinites can act as the major
pathway for ﬂuids in subduction zones. Indeed, in the south and east
of Syros at the Finikas and Airport localities, we observe sheared and
folded serpentinite samples that lack any discernable relict textures of
seaﬂoor serpentinization. In contrast, western-southwestern portions
of Syros – Kini and N. Galissas localities – preserve orthopyroxene pseudomorph textures commonly replaced by talc. Serpentinites from
Kampos display a combination of both pervasively deformed and preserved pseudomorphic textures. Despite these geographic trends in
the degree of preserved relict textures, we do not observe a corresponding geochemical trend in trace element or stable isotope compositions
(with the exception of talc and chlorite addition in highly deformed
samples). The mantle protolith geochemical ﬁngerprint and ﬂuid history preserved in the Syros serpentinites supports the interpretation that
these rocks were part of a coherent ophiolitic unit that was
serpentinized prior to subduction, with subsequent, minor secondary
ﬂuid interaction (Fig. 5).
A substantial thickness of serpentinized upper mantle lithosphere
input to subduction zones would alter the strength and velocity proﬁle
of the subducting slab, as the serpentinization reaction increases volume, lowers density, and weakens peridotite. The rheological disparity
between relatively weak serpentinite and strong oceanic lithosphere
could serve as a mechanism for incorporating large slices of oceanic
crust into the subduction shear zone (e.g., Escartin et al., 1997, 2001;
Hilairet et al., 2007). This type of process, in part, may explain alreadydocumented evidence for km-scale, coherent packages of subducted
crustal material in exhumed subduction complexes in the Alps
(Angiboust et al., 2009, 2011; Beltrando et al., 2014; Cloos, 1986;
Ernst, 1975; Heim, 1921), and may be an appropriate model for similar
observations on Syros (Seman, 2017).
8. Conclusions
Using petrography, stable isotope (δD and δ18O) analyses, and whole
rock trace and major element geochemistry, we present the ﬁrst geochemical survey of serpentinites from Syros, Greece and interpret
their tectonic signiﬁcance. We ﬁnd that the serpentinites on Syros are
not derived from altered fore-arc mantle wedge as has been previously
speculated, but rather are of abyssal origin and likely entered the subduction zone as part of the downgoing slab. Additionally, the relative
geochemical homogeneity in the samples suggests that the various outcrops of serpentinites on Syros may be part of the same oceanic lithosphere component, potentially as part of the Pindos Ocean. Trace and
REE element patterns and enrichments do not reﬂect melt depletion
typical of fore-arc mantle wedge serpentinites, and correlate well with
serpentinites from hyper-extended margins or enriched mid-ocean
ridge and fracture zone settings. Stable isotope ratios preserve signatures indicative of low-temperature seawater interaction prior to subduction or interaction with dehydrating altered oceanic crust during
subduction. Fluid-mobile element concentrations are consistent with
only minor interaction with sediment-derived ﬂuids. Interactions with
late meteoric ﬂuids are not recorded within the serpentinites. This
study demonstrates that ultramaﬁc rocks that do not preserve relict
minerals can still record important tectonic information—this should
not be overlooked in other localities with completely serpentinized assemblages. The signiﬁcance of the subduction of serpentinized oceanic
lithosphere warrants further investigation and consideration, as the
introduction of a signiﬁcantly hydrated and weakened zone has the potential to fundamentally alter the initial chemical and rheological inputs
into its respective subduction zone.
Acknowledgements
The authors thank Horst Marschall, Antonio Garcia-Casco, and two
anonymous reviewers for their in-depth reviews, and Marco
Scambelluri for his helpful input and handling of this manuscript. We

362

E.H.G. Cooperdock et al. / Lithos 296–299 (2018) 352–364

thank Whitney Behr and Kostis Soukis for helpful discussions and
Miguel Cisneros, Alissa Kotowski, and Spencer Seman for help with ﬁeld
work and discussion. We also thank Stan Mertzman, Toti Larson, Yue
(Merry) Cai, and Louise Bolge for their expertise and aid with analytical
work. Thank you to Mark Caddick and Ethan Baxter for providing some
samples (collected on NSF grant EAR-1250470 and EAR-1250497 to
Caddick and Baxter, respectively). Funding for this research was provided by a Mineralogical Society of America's Student Research Grant in
Mineralogy and Petrology to Cooperdock, and a University of Texas at
Austin Undergraduate Research Fellowship to Raia.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2017.10.020.

References
Agranier, A., Lee, C.-T.A., Li, Z.-X.A., Leeman, W.P., 2007. Fluid-mobile element budgets in
serpentinized oceanic lithospheric mantle: insights from B, As, Li, Pb, PGEs and Os isotopes in the Feather River Ophiolite, California. Chemical Geology 245, 230–241.
Agrinier, P., Cannat, M., 1997. Oxygen-isotope constraints on serpentinization processes
in ultramaﬁc rocks from the Mid-Atlantic Ridge (23 N). Notes 47, 95.91.
Agrinier, P., Mével, C., Girardeau, J., 1988. Hydrothermal alteration of the peridotites cored
at the ocean/continent boundary of the Iberian margin: petrologic and stable isotope
evidence. In: Boillot, G., Winterer, E.L., et al. (Eds.), Proc. ODP, Sci. Results,
pp. 225–234.
Agrinier, P., Hékinian, R., Bideau, D., Javoy, M., 1995. O and H stable isotope compositions
of oceanic crust and upper mantle rocks exposed in the Hess Deep near the Galapagos
Triple Junction. Earth and Planetary Science Letters 136, 183–196.
Agrinier, P., Cornen, G., Beslier, M.-O., 1996. 32. Mineralogical and oxygen isotopic
features of serpentinites recovered from the ocean/continent transition in the
iberia abyssal plain. Proceedings of the Ocean Drilling Program, Scientiﬁc Results,
p. 541.
Ague, J.J., 2007. Models of permeability contrasts in subduction zone mélange: implications for gradients in ﬂuid ﬂuxes, Syros and Tinos Islands, Greece. Chemical Geology
239, 217–227.
Alt, J.C., Shanks, W.C., 2006. Stable isotope compositions of serpentinite seamounts in the
Mariana forearc: serpentinization processes, ﬂuid sources and sulfur metasomatism.
Earth and Planetary Science Letters 242, 272–285.
Angiboust, S., Agard, P., Jolivet, L., Beyssac, O., 2009. The Zermatt-Saas ophiolite: the largest (60-km wide) and deepest (c. 70–80 km) continuous slice of oceanic lithosphere
detached from a subduction zone? Terra Nova 21, 171–180.
Angiboust, S., Agard, P., Raimbourg, H., Yamato, P., Huet, B., 2011. Subduction interface
processes recorded by eclogite-facies shear zones (Monviso, W. Alps). Lithos 127,
222–238.
Augustin, N., Paulick, H., Lackschewitz, K., Eisenhauer, A., Garbe-Schönberg, D., Kuhn, T.,
Botz, R., Schmidt, M., 2012. Alteration at the ultramaﬁc-hosted Logatchev hydrothermal ﬁeld: constraints from trace element and Sr-O isotope data. Geochemistry,
Geophysics, Geosystems 13.
Barnes, J.D., Paulick, H., Sharp, Z.D., Bach, W., Beaudoin, G., 2009. Stable isotope (δ18O, δD,
δ37Cl) evidence for multiple ﬂuid histories in mid-Atlantic abyssal peridotites (ODP
Leg 209). Lithos 110, 83–94.
Barnes, J.D., Eldam, R., Lee, C.-T.A., Errico, J.C., Loewy, S., Cisneros, M., 2013. Petrogenesis of
serpentinites from the Franciscan complex, western California, USA. Lithos 178,
143–157.
Barnes, J.D., Beltrando, M., Lee, C.-T.A., Cisneros, M., Loewy, S., Chin, E., 2014. Geochemistry of alpine serpentinites from rifting to subduction: a view across paleogeographic
domains and metamorphic grade. Chemical Geology 389, 29–47.
Barnicoat, A., Cartwright, I., 1995. Focused ﬂuid ﬂow during subduction: oxygen isotope
data from high-pressure ophiolites of the western alps. Earth and Planetary Science
Letters 132, 53–61.
Bebout, G.E., 2013. Metasomatism in subduction zones of subducted oceanic slabs, mantle
wedges, and the slab-mantle interface. Metasomatism and the Chemical Transformation of Rock. Springer, pp. 289–349.
Bebout, G.E., Barton, M.D., 1989. Fluid ﬂow and metasomatism in a subduction zone hydrothermal system: Catalina schist terrane, California. Geology 17, 976–980.
Bebout, G.E., Barton, M.D., 1993. Metasomatism during subduction: products and possible
paths in the Catalina Schist, California. Chemical Geology 108, 61–92.
Bebout, G.E., Penniston-Dorland, S.C., 2016. Fluid and mass transfer at subduction
interfaces—the ﬁeld metamorphic record. Lithos 240, 228–258.
Beltrando, M., Manatschal, G., Mohn, G., Dal Piaz, G.V., Brovarone, A.V., Masini, E., 2014.
Recognizing remnants of magma-poor rifted margins in high-pressure orogenic
belts: the alpine case study. Earth-Science Reviews 131, 88–115.
Bonatti, E., Lawrence, J.R., Morandi, N., 1984. Serpentinization of oceanic peridotites:
temperature dependence of mineralogy and boron content. Earth and Planetary Science Letters 70, 88–94.
Bonneau, M., 1984. Correlation of the Hellenide nappes in the south-east Aegean and their
tectonic reconstruction. Geological Society, London, Special Publications 17, 517–527.

Breeding, C.M., Ague, J.J., Bröcker, M., 2004. Fluid–metasedimentary rock interactions in
subduction-zone mélange: implications for the chemical composition of arc magmas.
Geology 32, 1041–1044.
Bröcker, M., Enders, M., 2001. Unusual bulk-rock compositions in eclogite-facies rocks
from Syros and Tinos (Cyclades, Greece): implications for U–Pb zircon geochronology. Chemical Geology 175, 581–603.
Bröcker, M., Keasling, A., 2006. Ionprobe U-Pb zircon ages from the high-pressure/lowtemperature mélange of Syros, Greece: age diversity and the importance of preEocene subduction. Journal of Metamorphic Geology 24, 615–631.
Bröcker, M., Kreuzer, H., Matthews, A., Okrusch, M., 1993. 40Ar/39Ar and oxygen isotope
studies of polymetamorphism from Tinos Island, Cycladic blueschist belt, Greece.
Journal of Metamorphic Geology 11, 223–240.
Broecker, M., Enders, M., 1999. U–Pb zircon geochronology of unusual eclogite-facies
rocks from Syros and Tinos (Cyclades, Greece). Geological Magazine 136, 111–118.
Bulle, F., Bröcker, M., Gärtner, C., Keasling, A., 2010. Geochemistry and geochronology of
HP mélanges from Tinos and Andros, Cycladic blueschist belt, Greece. Lithos 117,
61–81.
Burkhard, D.J., O'Neil, J.R., 1988. Contrasting serpentinization processes in the eastern central alps. Contributions to Mineralogy and Petrology 99, 498–506.
Cannaò, E., Scambelluri, M., Agostini, S., Tonarini, S., Godard, M., 2016. Linking
serpentinite geochemistry with tectonic evolution at the subduction plateinterface: the Voltri Massif case study (Ligurian Western Alps, Italy). Geochimica et
Cosmochimica Acta 190, 115–133.
Cartwright, I., Barnicoat, A., 1999. Stable isotope geochemistry of alpine ophiolites: a window to ocean-ﬂoor hydrothermal alteration and constraints on ﬂuid–rock interaction
during high-pressure metamorphism. International Journal of Earth Sciences 88,
219–235.
Cloos, M., 1986. Blueschists in the Franciscan complex of California: petrotectonic constraints on uplift mechanisms. Geological Society of America Memoirs 164, 77–94.
Cooperdock, E.H., Stockli, D.F., 2016. Unraveling alteration histories in serpentinites and
associated ultramaﬁc rocks with magnetite (U-Th)/He geochronology. Geology 44,
967–970.
Dai, J.-G., Wang, C.-S., Hébert, R., Santosh, M., Li, Y.-L., Xu, J.-Y., 2011. Petrology and
geochemistry of peridotites in the Zhongba ophiolite, Yarlung Zangbo Suture Zone:
implications for the Early Cretaceous intra-oceanic subduction zone within the
Neo-Tethys. Chemical Geology 288, 133–148.
Delacour, A., Früh-Green, G.L., Frank, M., Gutjahr, M., Kelley, D.S., 2008. Sr-and Nd-isotope
geochemistry of the Atlantis Massif (30 N, MAR): implications for ﬂuid ﬂuxes and
lithospheric heterogeneity. Chemical Geology 254, 19–35.
Deschamps, F., Guillot, S., Godard, M., Chauvel, C., Andreani, M., Hattori, K., 2010. In situ
characterization of serpentinites from forearc mantle wedges: timing of
serpentinization and behavior of ﬂuid-mobile elements in subduction zones.
Chemical Geology 269, 262–277.
Deschamps, F., Guillot, S., Godard, M., Andreani, M., Hattori, K., 2011. Serpentinites act as
sponges for ﬂuid-mobile elements in abyssal and subduction zone environments.
Terra Nova 23, 171–178.
Deschamps, F., Godard, M., Guillot, S., Chauvel, C., Andreani, M., Hattori, K., Wunder, B.,
France, L., 2012. Behavior of ﬂuid-mobile elements in serpentines from abyssal to
subduction environments: examples from Cuba and Dominican Republic. Chemical
Geology 312, 93–117.
Deschamps, F., Godard, M., Guillot, S., Hattori, K., 2013. Geochemistry of subduction zone
serpentinites: a review. Lithos 178, 96–127.
Desmurs, L., Manatschal, G., Bernoulli, D., 2001. The Steinmann trinity revisited:
mantle exhumation and magmatism along an ocean-continent transition: the Platta
nappe, eastern Switzerland. Geological Society, London, Special Publications 187,
235–266.
Desmurs, L., Müntener, O., Manatschal, G., 2002. Onset of magmatic accretion within a
magma-poor rifted margin: a case study from the Platta ocean-continent transition,
eastern Switzerland. Contributions to Mineralogy and Petrology 144, 365–382.
Dürr, S., Altherr, R., Keller, J., Okrusch, M., Seidel, E., 1978. The median Aegean crystalline
belt: stratigraphy, structure, metamorphism, magmatism. Alps, Apennines,
Hellenides 38, 455–476.
Eiler, J.M., 2001. Oxygen isotope variations of basaltic lavas and upper mantle rocks.
Reviews in Mineralogy and Geochemistry 43, 319–364.
Engström, A., Skelton, A., Grassineau, N., 2007. Isotopic and petrological evidence of ﬂuid–
rock interaction at a Tethyan ocean–continent transition in the alps: implications for
tectonic processes and carbon transfer during early ocean formation. Geoﬂuids 7,
401–414.
Ernst, W., 1975. Systematics of large-scale tectonics and age progressions in Alpine and
Circum-Paciﬁc blueschist belts. Tectonophysics 26, 229–246.
Escartin, J., Hirth, G., Evans, B., 1997. Effects of serpentinization on the lithospheric
strength and the style of normal faulting at slow-spreading ridges. Earth and
Planetary Science Letters 151, 181–189.
Escartin, J., Hirth, G., Evans, B., 2001. Strength of slightly serpentinized peridotites:
implications for the tectonics of oceanic lithosphere. Geology 29, 1023–1026.
Evans, C., Baltuck, M., 1988. Low-temperature alteration of peridotite, Hole 637A.
Proceedings of the Ocean Drilling Program, pp. 235–239.
Früh-Green, G.L., Weissert, H., Bernoulli, D., 1990. A multiple ﬂuid history recorded in alpine ophiolites. Journal of the Geological Society 147, 959–970.
Früh-Green, G.L., Plas, A., Lécuyer, C., 1996. Petrologic and stable isotope constraints on
hydrothermal alteration and serpentinization of the EPR shallow mantle at Hess
Deep (site 895). Proceedings of the Ocean Drilling Program, Scientiﬁc Results,
pp. 255–291.
Früh-Green, G.L., Scambelluri, M., Vallis, F., 2001. O–H isotope ratios of high pressure ultramaﬁc rocks: implications for ﬂuid sources and mobility in the subducted hydrous
mantle. Contributions to Mineralogy and Petrology 141, 145–159.

E.H.G. Cooperdock et al. / Lithos 296–299 (2018) 352–364
Fytikas, M., Innocenti, F., Manetti, P., Peccerillo, A., Mazzuoli, R., Villari, L., 1984. Tertiary to
quaternary evolution of volcanism in the Aegean region. Geological Society, London,
Special Publications 17, 687–699.
Ganor, J., Matthews, A., Schliestedt, M., Garfunkel, Z., 1996. Oxygen isotopic heterogeneities of metamorphic rocks: an original tectonostratigraphic signature, or an imprint
of exotic ﬂuids? A case study of Sifnos and Tinos islands (Greece). European Journal
of Mineralogy-Ohne Beihefte 8, 719–732.
Getty, S., Selverstone, J., 1994. Stable isotopic and trace element evidence for restricted ﬂuid migration in 2 GPa eclogites. Journal of Metamorphic Geology 12,
747–760.
Gorman, P.J., Kerrick, D., Connolly, J., 2006. Modeling open system metamorphic decarbonation of subducting slabs. Geochemistry, Geophysics, Geosystems 7.
Groppo, C., Rinaudo, C., Cairo, S., Gastaldi, D., Compagnoni, R., 2006. Micro-Raman spectroscopy for a quick and reliable identiﬁcation of serpentine minerals from ultramaﬁcs. European Journal of Mineralogy 18, 319–329.
Hacker, B.R., 2008. H2O subduction beyond arcs. Geochemistry, Geophysics, Geosystems 9.
Hattori, K.H., Guillot, S., 2007. Geochemical character of serpentinites associated with
high-to ultrahigh-pressure metamorphic rocks in the Alps, Cuba, and the Himalayas:
recycling of elements in subduction zones. Geochemistry, Geophysics, Geosystems 8.
Heim, A., 1921. Geologie der Schweiz: 1–2. Tauchnitz.
Hilairet, N., Reynard, B., Wang, Y., Daniel, I., Merkel, S., Nishiyama, N., Petitgirard, S., 2007.
High-pressure creep of serpentine, interseismic deformation, and initiation of subduction. Science 318, 1910–1913.
Hoernes, S., Friedrichsen, H., 1977. Oxygen isotope investigations of rocks of leg 37. Initial
Reports of the Deep Sea Drilling Project 37, 603–606.
Hoernes, S., Friedrichsen, H., Schock, H., 1978. Oxygen-and hydrogen-isotope and traceelement investigations on rocks of DSDP hole 395A, leg 45. Initial Reports of the
Deep Sea Drilling Project 45, 541–550.
Hopfer, N., Schumacher, J., 1997. New ﬁeld work and interpretations of the sedimentary
sequence, the position of the ophiolitic rocks and subsequent deformation on Syros.
Cyclades, Greece. Beihefte zur European Journal of Mineralogy 9, 162.
Ishii, T., 1992. Petrological studies of peridotites from diapiric serpentinite seamounts in
the Izu-Ogasawara-Mariana forearc, LEG125. Proc. ODP, Sci. Results. Ocean Drilling
Program, College Station, TX, pp. 445–485.
Jagoutz, E., Palme, H., Baddenhausen, H., Blum, K., Cendales, M., Dreibus, G., Spettel, B.,
Wänke, H., Lorenz, V., 1979. The abundances of major, minor and trace elements in
the earth's mantle as derived from primitive ultramaﬁc nodules. Lunar and Planetary
Science Conference Proceedings, pp. 2031–2050.
Jolivet, L., Brun, J.-P., 2010. Cenozoic geodynamic evolution of the Aegean. International
Journal of Earth Sciences 99, 109–138.
Jolivet, L., Faccenna, C., Goffé, B., Burov, E., Agard, P., 2003. Subduction tectonics and exhumation of high-pressure metamorphic rocks in the Mediterranean orogens. American
Journal of Science 303, 353–409.
Katzir, Y., Avigad, D., Matthews, A., Garfunkel, Z., Evans, B., 1999. Origin and metamorphism of ultrabasic rocks associated with a subducted continental margin, Naxos
(Cyclades, Greece). Journal of Metamorphic Geology 17, 301–318.
Katzir, Y., Garfunkel, Z., Avigad, D., Matthews, A., 2007. The geodynamic evolution of the
Alpine Orogen in the Cyclades (Aegean Sea, Greece): insights from diverse origins
and modes of emplacement of ultramaﬁc rocks. Geological Society, London, Special
Publications 291, 17–40.
Keay, S., 1998. The Geological Evolution of the Cyclades, Greece: Constraints from SHRIMP
U-Pb Geochronology. Australian National University.
Keiter, M., Piepjohn, K., Ballhaus, C., Lagos, M., Bode, M., 2004. Structural development of
high-pressure metamorphic rocks on Syros island (Cyclades, Greece). Journal of
Structural Geology 26, 1433–1445.
Keiter, M., Ballhaus, C., Tomaschek, F., 2011. A new geological map of the Island of
Syros (Aegean Sea, Greece): implications for lithostratigraphy and structural history
of the Cycladic Blueschist Unit. Geological Society of America Special Papers 481,
1–43.
Kendrick, M.A., Honda, M., Pettke, T., Scambelluri, M., Phillips, D., Giuliani, A., 2013. Subduction zone ﬂuxes of halogens and noble gases in seaﬂoor and forearc serpentinites.
Earth and Planetary Science Letters 365, 86–96.
Kerrick, D., Connolly, J., 2001a. Metamorphic devolatilization of subducted marine sediments and the transport of volatiles into the Earth's mantle. Nature 411, 293–296.
Kerrick, D., Connolly, J., 2001b. Metamorphic devolatilization of subducted oceanic
metabasalts: implications for seismicity, arc magmatism and volatile recycling.
Earth and Planetary Science Letters 189, 19–29.
Kodolanyi, J., Pettke, T., Spandler, C., Kamber, B.S., Gmeling, K., 2012. Geochemistry of
ocean ﬂoor and fore-arc serpentinites: constraints on the ultramaﬁc input to Subduction Zones. Journal of Petrology 53, 235–270.
Komor, S., Grove, T., Hébert, R., 1990. Abyssal peridotites from ODP Hole 670A (21 10′N,
45 02′W): residues of mantle melting exposed by non-constructive axial divergence.
Proceedings of Ocean Drilling Program, Scientiﬁc Results, pp. 85–101.
Kyser, T.K., O'Neil, J.R., 1984. Hydrogen isotope systematics of submarine basalts.
Geochimica et Cosmochimica Acta 48, 2123–2133.
Kyser, T.K., O'Hanley, D.S., Wicks, F.J., 1999. The origin of ﬂuids associated with
serpentinization processes: evidence from stable-isotope compositions. Canadian
Mineralogist 37, 223–237.
Lafay, R., Deschamps, F., Schwartz, S., Guillot, S., Godard, M., Debret, B., Nicollet, C., 2013.
High-pressure serpentinites, a trap-and-release system controlled by metamorphic
conditions: example from the Piedmont zone of the western Alps. Chemical Geology
343, 38–54.
Lagabrielle, Y., Karpoff, A.-M., Cotton, J., 1992. Mineralogical and geochemical analyses of
sedimentary serpentinites from conical seamount (Hole 778A): implications for the
evolution of serpentine seamounts. Proceedings of the Ocean Drilling Program, Scientiﬁc
Results, pp. 325–342.

363

Lagos, M., Münker, C., Tomaschek, F., Ballhaus, C., 2002. Geochemistry and Lu-Hf geochronology of the metavolcanic Grizzas sequence in northern Syros (Cyclades, Greece).
Beihefte zum European Journal of Mineralogy 14, 97.
Le Pichon, X., Angelier, J., 1979. The Hellenic arc and trench system: a key to the
neotectonic evolution of the eastern Mediterranean area. Tectonophysics 60, 1–42.
Li, Z.-X.A., Lee, C.-T.A., 2006. Geochemical investigation of serpentinized oceanic lithospheric mantle in the Feather River Ophiolite, California: implications for the
recycling rate of water by subduction. Chemical Geology 235, 161–185.
Li, X.-H., Faure, M., Lin, W., Manatschal, G., 2013. New isotopic constraints on age and
magma genesis of an embryonic oceanic crust: the Chenaillet Ophiolite in the
Western Alps. Lithos 160, 283–291.
Magaritz, M., Taylor, H.P., 1976. Oxygen, hydrogen and carbon isotope studies of the
Franciscan formation, Coast Ranges, California. Geochimica et Cosmochimica Acta
40, 215–234.
Malvoisin, B., 2015. Mass transfer in the oceanic lithosphere: serpentinization is not
isochemical. Earth and Planetary Science Letters 430, 75–85.
Manatschal, G., Müntener, O., 2009. A type sequence across an ancient magma-poor
ocean–continent transition: the example of the western Alpine Tethys ophiolites.
Tectonophysics 473, 4–19.
Marotta, A.M., Roda, M., Conte, K., Spalla, M.I., 2016. Thermo-mechanical numerical model
of the transition from continental rifting to oceanic spreading: the case study of the
Alpine Tethys. Geological Magazine 1–30.
Marschall, H.R., 2005. Lithium, Beryllium and Boron in High-Pressure Metamorphic Rocks
from Syros (Greece). Dr. rer. nat. thesis. Universität Heidelberg.
Marschall, H.R., Schumacher, J.C., 2012. Arc magmas sourced from mélange diapirs in
subduction zones. Nature Geoscience 5, 862–867.
Marschall, H.R., Ludwig, T., Altherr, R., Kalt, A., Tonarini, S., 2006. Syros metasomatic
tourmaline: evidence for very high-δ11B ﬂuids in subduction zones. Journal of
Petrology 47, 1915–1942.
Marschall, H.R., Altherr, R., Gméling, K., Kasztovszky, Z., 2009. Lithium, boron and chlorine
as tracers for metasomatism in high-pressure metamorphic rocks: a case study from
Syros (Greece). Mineralogy and Petrology 95, 291–302.
Mattey, D., Lowry, D., Macpherson, C., 1994. Oxygen isotope composition of mantle peridotite. Earth and Planetary Science Letters 128, 231–241.
McDonough, W.F., Sun, S.-S., 1995. The composition of the earth. Chemical Geology 120,
223–253.
McKenzie, D., 1970. Plate tectonics of the Mediterranean region. Nature 226, 239–243.
Meisel, T., Schöner, N., Paliulionyte, V., Kahr, E., 2002. Determination of rare earth elements, Y, Th, Zr, Hf, Nb and Ta in geological reference materials G-2, G-3, SCo-1
and WGB-1 by sodium peroxide sintering and inductively coupled plasma-mass
spectrometry. Geostandards Newsletter 26, 53–61.
Mével, C., 2003. Serpentinization of abyssal peridotites at mid-ocean ridges. Comptes
Rendus Geoscience 335, 825–852.
Miller, J.A., Cartwright, I., Buick, I.S., Barnicoat, A.C., 2001. An O-isotope proﬁle through the
HP–LT Corsican ophiolite, France and its implications for ﬂuid ﬂow during subduction. Chemical Geology 178, 43–69.
Miller, D.P., Marschall, H.R., Schumacher, J.C., 2009. Metasomatic formation and petrology
of blueschist-facies hybrid rocks from Syros (Greece): implications for reactions at
the slab–mantle interface. Lithos 107, 53–67.
Milliken, K., Lynch, F., Seifert, K., 1996. Marine weathering of serpentinites and
serpentinite breccias, Sites 897 and 899, Iberia Abyssal Plain. Proceedings-Ocean Drilling Program Scientiﬁc Results. National Science Foundation, pp. 529–540.
Mocek, B., 2001. Geochemical evidence for arc-type volcanism in the Aegean Sea: the
blueschist unit of Siphnos, Cyclades (Greece). Lithos 57, 263–289.
Müntener, O., Manatschal, G., Desmurs, L., Pettke, T., 2010. Plagioclase peridotites in
ocean–continent transitions: refertilized mantle domains generated by melt
stagnation in the shallow mantle lithosphere. Journal of Petrology 51, 255–294.
Niu, Y., 2004. Bulk-rock major and trace element compositions of abyssal peridotites:
implications for mantle melting, melt extraction and post-melting processes beneath
mid-ocean ridges. Journal of Petrology 45, 2423–2458.
Okrusch, M., Bröcker, M., 1990. Eclogites associated with high-grade blueschists in the
Cyclades archipelago, Greece: a review. European Journal of Mineralogy 451–478.
Papanikolaou, D., 2013. Tectonostratigraphic models of the Alpine terranes and
subduction history of the Hellenides. Tectonophysics 595, 1–24.
Parkinson, I.J., Pearce, J.A., 1998. Peridotites from the Izu–Bonin–Mariana forearc (ODP Leg
125): evidence for mantle melting and melt–mantle interaction in a suprasubduction zone setting. Journal of Petrology 39, 1577–1618.
Paulick, H., Bach, W., Godard, M., De Hoog, J., Suhr, G., Harvey, J., 2006. Geochemistry of
abyssal peridotites (Mid-Atlantic Ridge, 15 20′ N, ODP Leg 209): implications for
ﬂuid/rock interaction in slow spreading environments. Chemical Geology 234,
179–210.
Peacock, S.M., 1990. Fluid processes in subduction zones. Science 248, 329–337.
Pearce, J.A., Barker, P., Edwards, S., Parkinson, I.J., Leat, P., 2000. Geochemistry and tectonic
signiﬁcance of peridotites from the South Sandwich arc–basin system, South Atlantic.
Contributions to Mineralogy and Petrology 139, 36–53.
Pe-Piper, G., Piper, D.J., 2001. Late Cenozoic, post-collisional Aegean igneous rocks: Nd, Pb
and Sr isotopic constraints on petrogenetic and tectonic models. Geological Magazine
138, 653–668.
Pe-Piper, G., Piper, D.J., 2002. The Igneous Rocks of Greece. Gebr. Borntraeger.
Philippot, P., Selverstone, J., 1991. Trace-element-rich brines in eclogitic veins:
implications for ﬂuid composition and transport during subduction. Contributions
to Mineralogy and Petrology 106, 417–430.
Picazo, S., Müntener, O., Manatschal, G., Bauville, A., Karner, G., Johnson, C., 2016. Mapping
the nature of mantle domains in Western and Central Europe based on clinopyroxene
and spinel chemistry: evidence for mantle modiﬁcation during an extensional cycle.
Lithos 266, 233–263.

364

E.H.G. Cooperdock et al. / Lithos 296–299 (2018) 352–364

Plank, T., 2014. The chemical composition of subducting sediments. Treatise Geochemistry
4, 607–629.
Pogge von Strandmann, P.A., Dohmen, R., Marschall, H.R., Schumacher, J.C., Elliott, T.,
2015. Extreme magnesium isotope fractionation at outcrop scale records the mechanism and rate at which reaction fronts advance. Journal of Petrology 56, 33–58.
Putlitz, B., Matthews, A., Valley, J.W., 2000. Oxygen and hydrogen isotope study of highpressure metagabbros and metabasalts (Cyclades, Greece): implications for the subduction of oceanic crust. Contributions to Mineralogy and Petrology 138, 114–126.
Putlitz, B., Cosca, M., Schumacher, J., 2005. Prograde mica 40 Ar/39 Ar growth ages recorded in high pressure rocks (Syros, Cyclades, Greece). Chemical Geology 214, 79–98.
Reilinger, R., McClusky, S., Vernant, P., Lawrence, S., Ergintav, S., Cakmak, R., Ozener, H.,
Kadirov, F., Guliev, I., Stepanyan, R., 2006. GPS constraints on continental deformation
in the Africa-Arabia-Eurasia continental collision zone and implications for the dynamics of plate interactions. Journal of Geophysical Research: Solid Earth 111.
Ridley, J., 1984. Evidence of a temperature-dependent ‘blueschist’ to ‘eclogite’ transformation in high-pressure metamorphism of metabasic rocks. Journal of Petrology 25,
852–870.
Ridley, J., Dixon, J.E., 1984. Reaction pathways during the progressive deformation of a
blueschist metabasite: the role of chemical disequilibrium and restricted range equilibrium. Journal of Metamorphic Geology 2, 115–128.
Ring, U., Layer, P.W., 2003. High-pressure metamorphism in the Aegean, eastern Mediterranean: Underplating and exhumation from the Late Cretaceous until the Miocene to
recent above the retreating Hellenic subduction zone. Tectonics 22.
Rüpke, L.H., Morgan, J.P., Hort, M., Connolly, J.A., 2004. Serpentine and the subduction
zone water cycle. Earth and Planetary Science Letters 223, 17–34.
Saccocia, P.J., Seewald, J.S., Shanks, W.C., 2009. Oxygen and hydrogen isotope fractionation
in serpentine–water and talc–water systems from 250 to 450 °C, 50MPa. Geochimica
et Cosmochimica Acta 73, 6789–6804.
Sakai, R., Kusakabe, M., Noto, M., Ishii, T., 1990. Origin of waters responsible for
serpentinization of the Izu-Ogasawara-Mariana forearc seamounts in view of hydrogen and oxygen isotope ratios. Earth and Planetary Science Letters 100, 291–303.
Savin, S., Lee, M., 1988. Isotopic studies of phyllosilicates. Reviews in Mineralogy and
Geochemistry 19, 189–223.
Savov, I.P., Ryan, J.G., D'Antonio, M., Kelley, K., Mattie, P., 2005. Geochemistry of
serpentinized peridotites from the Mariana Forearc Conical Seamount, ODP Leg
125: implications for the elemental recycling at subduction zones. Geochemistry,
Geophysics, Geosystems 6.
Savov, I.P., Ryan, J.G., D'Antonio, M., Fryer, P., 2007. Shallow slab ﬂuid release across and
along the Mariana arc-basin system: insights from geochemistry of serpentinized peridotites from the Mariana fore arc. Journal of Geophysical Research: Solid Earth 112.
Scambelluri, M., Fiebig, J., Malaspina, N., Müntener, O., Pettke, T., 2004a. Serpentinite subduction: implications for ﬂuid processes and trace-element recycling. International
Geology Review 46, 595–613.
Scambelluri, M., Müntener, O., Ottolini, L., Pettke, T.T., Vannucci, R., 2004b. The fate of B, Cl
and Li in the subducted oceanic mantle and in the antigorite breakdown ﬂuids. Earth
and Planetary Science Letters 222, 217–234.
Schaltegger, U., Desmurs, L., Manatschal, G., Müntener, O., Meier, M., Frank, M., Bernoulli,
D., 2002. The transition from rifting to sea-ﬂoor spreading within a magma-poor
rifted margin: ﬁeld and isotopic constraints. Terra Nova 14, 156–162.
Seck, H.A., Kötz, J., Okrusch, M., Seidel, E., Stosch, H.-G., 1996. Geochemistry of a metaophiolite suite: an association of metagabbros, eclogites and glaucophanites on the island of Syros, Greece. European Journal of Mineralogy 607–624.
Selverstone, J., Franz, G., Thomas, S., Getty, S., 1992. Fluid variability in 2 GPa eclogites as
an indicator of ﬂuid behavior during subduction. Contributions to Mineralogy and
Petrology 112, 341–357.
Seman, S.M., 2017. The Tectonostratigraphy of the Cycladic Blueschist Unit and New
Garnet Geo/Thermochronology Techniques. Ph.D. thesis. The University of Texas at
Austin.
Sharp, Z.D., 1990. A laser-based microanalytical method for the in situ determination of
oxygen isotope ratios of silicates and oxides. Geochimica et Cosmochimica Acta 54,
1353–1357.
Sharp, Z.D., 2007. Principles of Stable Isotope Geochemistry. Pearson Prentice Hall, Upper
Saddle River, NJ.
Sharp, Z., Atudorei, V., Durakiewicz, T., 2001. A rapid method for determination of hydrogen and oxygen isotope ratios from water and hydrous minerals. Chemical Geology
178, 197–210.

Skelton, A.D., Valley, J.W., 2000. The relative timing of serpentinisation and mantle exhumation at the ocean–continent transition, Iberia: constraints from oxygen isotopes.
Earth and Planetary Science Letters 178, 327–338.
Snow, J.E., Dick, H.J., 1995. Pervasive magnesium loss by marine weathering of peridotite.
Geochimica et Cosmochimica Acta 59, 4219–4235.
Sorensen, S.S., Grossman, J., 1989. Enrichment of trace elements in garnet amphibolites
from a paleo-subduction zone: Catalina Schist, southern California. Geochimica et
Cosmochimica Acta 53, 3155–3177.
Soukis, K., Stockli, D.F., 2013. Structural and thermochronometric evidence for multi-stage
exhumation of southern Syros, Cycladic islands, Greece. Tectonophysics 595,
148–164.
Spandler, C., Pettke, T., Rubatto, D., 2011. Internal and external ﬂuid sources for eclogitefacies veins in the Monviso meta-ophiolite, Western Alps: implications for ﬂuid ﬂow
in subduction zones. Journal of Petrology 52, 1207–1236.
Stampﬂi, G.M., Borel, G., 2002. A plate tectonic model for the Paleozoic and Mesozoic
constrained by dynamic plate boundaries and restored synthetic oceanic isochrons.
Earth and Planetary Science Letters 196, 17–33.
Sun, S.-S., McDonough, W.F., 1989. Chemical and isotopic systematics of oceanic basalts:
implications for mantle composition and processes. Geological Society, London,
Special Publications 42, 313–345.
Tomaschek, F., Kennedy, A., Keay, S., Ballhaus, C., 2001. Geochronological constraints on
carboniferous and Triassic magmatism in the Cyclades: SHRIMP U–Pb ages of zircons
from Syros, Greece. Journal of Conference Abstracts 315.
Tomaschek, F., Kennedy, A.K., Villa, I.M., Lagos, M., Ballhaus, C., 2003. Zircons from Syros,
Cyclades, Greece—recrystallization and mobilization of zircon during high-pressure
metamorphism. Journal of Petrology 44, 1977–2002.
Tomaschek, F., Keiter, M., Kennedy, A.K., Ballhaus, C., 2008. Pre-Alpine basement within
the Northern Cycladic Blueschist Unit on Syros Island, Greece [Präalpines
Grundgebirge in der Nördlichen Kykladischen Blauschiefereinheit auf der Insel
Syros, Griechenland.]. Zeitschrift der Deutschen Gesellschaft für Geowissenschaften
159, 521–531.
Trotet, F., Jolivet, L., Vidal, O., 2001a. Tectono-metamorphic evolution of Syros and Sifnos
islands (Cyclades, Greece). Tectonophysics 338, 179–206.
Trotet, F., Vidal, O., Jolivet, L., 2001b. Exhumation of Syros and Sifnos metamorphic rocks
(Cyclades, Greece). New constraints on the PT paths. European Journal of Mineralogy
13, 901–902.
Tzen-Fu, Y., Hsueh-Wen, Y., Lee, C.W., 1990. A stable isotope study of serpentinization in
the Fengtien ophiolite, Taiwan. Geochimica et Cosmochimica Acta 54, 1417–1426.
Ulmer, P., Trommsdorff, V., 1995. Serpentine stability to mantle depths and subductionrelated magmatism. Science 268, 858.
Valley, J.W., Kitchen, N., Kohn, M.J., Niendorf, C.R., Spicuzza, M.J., 1995. UWG-2, a garnet
standard for oxygen isotope ratios: strategies for high precision and accuracy with
laser heating. Geochimica et Cosmochimica Acta 59, 5223–5231.
van Keken, P.E., Hacker, B.R., Syracuse, E.M., Abers, G.A., 2011. Subduction factory: 4.
Depth-dependent ﬂux of H2O from subducting slabs worldwide. Journal of Geophysical
Research: Solid Earth 116.
Vils, F., Pelletier, L., Kalt, A., Müntener, O., Ludwig, T., 2008. The lithium, boron and beryllium content of serpentinized peridotites from ODP leg 209 (sites 1272A and 1274A):
implications for lithium and boron budgets of oceanic lithosphere. Geochimica et
Cosmochimica Acta 72, 5475–5504.
Wenner, D.B., Taylor Jr., H.P., 1971. Temperatures of serpentinization of ultramaﬁc rocks
based on O18/O16 fractionation between coexisting serpentine and magnetite.
Contributions to Mineralogy and Petrology 32, 165–185.
Wenner, D.B., Taylor, H.P., 1973. Oxygen and hydrogen isotope studies of the
serpentinization of ultramaﬁc rocks in oceanic environments and continental
ophiolite complexes. American Journal of Science 273, 207–239.
Wenner, D.B., Taylor, H.P., 1974. D/H and O 18/O 16 studies of serpentinization of
ultramaﬂc rocks. Geochimica et Cosmochimica Acta 38, 1255–1286.
Yuan-Hui, L., 1991. Distribution patterns of the elements in the ocean: a synthesis.
Geochimica et Cosmochimica Acta 55, 3223–3240.
Yui, T.-F., Jeng, R.-C., 1990. A stable-isotope study of the hydrothermal alteration of the
East Taiwan Ophiolite. Chemical Geology 89, 65–85.
Zack, T., John, T., 2007. An evaluation of reactive ﬂuid ﬂow and trace element mobility in
subducting slabs. Chemical Geology 239, 199–216.
Zheng, Y.-F., 1993. Calculation of oxygen isotope fractionation in anhydrous silicate minerals. Geochimica et Cosmochimica Acta 57, 1079-1079.

