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Abstract

Platinum-group-element (PGE) studies of peridotites from the supra-subduction zone (SSZ)
ophiolites of northwest Anatolia provide evidence for the nature of melt extraction within the upper-
most mantle, and interactions between subduction-related magma and oceanic lithosphere. The
peridotite samples from the mantle section of the ophiolites are mainly spinel-harzburgites and
dunites, accompanied by subordinate amounts of spinel-lherzolite. Whole-rock major-trace element
and mineral chemical characteristics indicate that the peridotites originated as the solid residues of
varying degrees of partial melting (~5 to ~20%), and were subsequently modified by interaction with
metasomatizing melts. The samples have non-chondritic, fractionated chondrite-normalized PGE
patterns. Melt-depleted (e.g., low Al,O; and CaO contents) mantle harzburgites and dunites show
moderate to strong enrichments in the palladium group relative to the iridium group PGEs (Pd/Iry =
1.81+0.23; N = Cl-chondrite normalized), and in most samples, pronounced Rh and Pd enhance-
ments relative to Pt (Rhy/Pty = 2.31 * 0.66; Pd/Pty = 1.93 + 0.20). These signatures cannot be
reconciled with a simple in situ melt extraction and removal of sulfide phases, but most likely reflect
a multi-stage petrogenetic process that selectively enriched the local mantle environment in incom-
patible and less refractory siderophile elements that are mobilized during continuous melt percola-
tion, while relatively depleting the mantle wedge in Pt, which was not as effectively mobilized by
silicate melts (or fluids).

The results of quantitative model calculations indicate that the addition of sulfides that origi-
nated from interaction between solid mantle and percolating hydrous basaltic melts may account for
the strongly supra-chondritic ratios of both Pd/Ir and Ir/Os, as well as for the formation of abundant
chromite deposits within the ophiolite complex. The peridotites show no systematic variation of
Ir-group PGE (Ir, Ru, Os; I-PGE) abundances relative to melt depletion indices such as Mg#, Al,O,,
Ca0, or spinel Cr#, despite their remarkable inter-element PGE variations. These along with
elevated values of strongly incompatible lithophile elements (e.g., Ba, U, and LREE) in the reactive
harzburgites and dunites suggest a post-melting metasomatism and melt impregnation in a supra-
subduction zone environment. Enrichment in various incompatible elements (Hf, U, Ta, Sr) relative
to the expected values for melt-depleted mantle residues and pronounced negative anomalies in
fluid-insoluble high-field-strength elements (Ta, Nb, Zr, Hf, Ti) further suggest that both siliceous
melts and slab-derived hydrous fluids were involved in mantle metasomatism.

Introduction

THE RELATIVE ABUNDANCES of platinum-group ele-
ments (PGEs) in mantle samples can be used to pro-
vide insights into a great variety of mantle
processes, such as mantle melting, melt percolation,
and mantle metasomatism (e.g., Morgan et al., 2001;

Pattou et al., 1996). With their strongly siderophile
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character, PGEs are usually assessed to have been
largely incorporated into the Earth’s metallic core
during core-mantle segregation. A large number of
high-precision analyses of PGEs from various
tectonic settings, however, have recently been inter-
preted as supporting the idea of a PGE excess in the
upper mantle, which would record a heterogeneous
distribution of these elements within the mantle
(e.g., Rehkéamper et al., 1997; Lorand and Allard,

2001). In this context, non-chondritic inter-element
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PGE fractionations and small to moderate devia-
tions from chondritic abundances have been
ascribed either to original variations in certain parts
of the mantle (e.g. compositional heterogeneity
related to a late meteoritic veneer; Morgan et al.,
2001) or to core-mantle exchanges related to deep-
seated thermal upwelling (e.g., mantle plumes origi-
nating from the core mantle boundary), possibly
delivering additional siderophile elements from the
core to the primitive upper mantle (e.g., Snow and
Schmidt, 1998).

An alternative to these hypotheses is that such
fractionations in PGEs are due to recent melt extrac-
tion (and infiltration) processes in the shallow
(uppermost) mantle, and have no bearing on the
heterogeneity and the processes occurring in the
deep mantle. Osmium isotopic studies of relatively
fertile peridotites, for instance, support the hypothe-
sis of a primitive upper mantle characterized by
chondritic evolution of Re/Os and Pt/Os (e.g., Bran-
don et al., 2000; Meisel et al., 1996, 2001). A large
number of recent studies also provide evidence that
the less refractory PGEs (Pd and Pt) fractionate
during adiabatic partial melting (e.g., Lorand et al.,
1999; Rehkémper et al., 1999; Puchtel and Huma-
yun, 2001), leading to the view that intimate rela-
tionships between incompletely extracted partial
melts and positive Pd (and Pt) anomalies in variably
depleted mantle peridotites can most likely be inter-
preted to signify the effects of melt extraction on PGE
relative abundances (e.g., Luguet et al., 2001, 2003).

The effects of melt metasomatism on PGE distri-
butions of mantle residues, however, are not well
constrained due mainly to the complicating effects
of the variety of petrogenetic processes, including
wide range of metasomatic agents (e.g., basaltic
melts, volatile-rich alkaline melts, alkali-silica—rich
melts), and variable melt/rock ratios (e.g., Lenoir et
al., 2000). The variable effect of melt/rock reactions
on PGE behavior has been documented in a number
of recent attempts; some bulk-rock studies did not
detect significant effects (e.g., Handler and Bennett,
1999), whereas others have identified coupled
enrichment of Pt, Pd, Cu, and S resulting from
precipitation of PGE-rich sulfides of metasomatic
origin (Alard et al., 2000; Lorand and Allard, 2001;
Griffin et al., 2002). Some recent studies also pro-
vided evidence that percolation of basaltic melts at
high melt/rock ratios can change the PGE relative
abundances of mantle rocks significantly, by remov-
ing the sulfide phases residual from previous meli-
ing events and resulting in sulfides re-equilibrated

with the percolating melts in terms of their PGE
budgets (e.g. Biichl et al., 2002; Lorand et al.,
2003). One should therefore expect that the frac-
tionated patterns of PGEs provide important infor-
mation regarding the history of mantle rocks, and
precise determination of the relative abundances
of highly siderophile elements may shed light on
processes that have obscured the original signature
of upper-mantle rocks.

The Northwest Anatolian orogenic complex
contains a number of ophiolite fragments that are
considered to represent remnants of oceanic litho-
sphere formed in supra-subduction zone (SSZ)
tectonic settings (Okay et al., 1998; Onen, 2003;
Beccaletto and Jenny, 2004). The rocks of these
mantle representatives were emplaced mostly onto
passive-margin sequences of the Anatolite-Tauride
platform as a result of the Mesozoic accretion of con-
tinental blocks (or arc-related terranes). This suite
of ophiolites provides the opportunity to examine
inter-element PGE fractionation during relatively
large degrees of melting and subduction-induced
mantle metasomatism, because textural and chemi-
cal characteristics of the rocks indicate that they
experienced melt extraction and extensive melt/rock
interaction. The large, reactive dunite and harzburg-
ite lenses within the mantle section of the ophiolites
contain abundant chromite deposits, the formation
of which can most likely be explained within the
general context of melt/rock or melt/melt interaction
during melt percolation (e.g., Zhou et al., 1996,
1998; Melcher et al., 1997; Ballhaus, 1998).

In this contribution, we combine whole-rock
lithophile-, calcophile- and siderophile-element
systematics of the residual mantle rocks sampled
from Northwest Anatolian ophiolites, with a special
emphasis on ascertaining mechanisms controlling
PGE distributions and the influence of percolating
fluids (or melts) on the behavior of PGEs and Cr
in the Earth’s upper mantle. We also evaluate the
relative importance of partial melting, melt/rock
interaction and mantle compositional evolution in
the supra-subduction zone mantle of northwest
Anatolia.

Geological Background

The Northwest Anatolian ophiolite complex rep-
resents remnants of oceanic lithosphere interpreted
to have formed in a supra-subduction zone tectonic
setting, that floored a part of the northern Neo-tethys
ocean (Sengor and Yilmaz, 1981) and, subsequent to
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FIG. 1. Regional tectonic map showing the distribution of the Northwest Anatolian ophiolites (dark areas) and the

other ophiolite bodies of the eastern Mediterranean (shaded areas).

Late Cretaceous (90 Ma; Okay et al., 1998; Onen,
2003) north-dipping subduction and plate collision,
was emplaced onto passive-margin volcano-sedi-
mentary sequences of Tauride-Anatolide platform.
The ophiolites consist of a number of disrupted
ultramafic bodies exposed along the northern Neo-
Tethyan suture zone (Fig. 1). The original internal
structure of the ophiolites was largely disrupted
during emplacement. The rock types are predomi-
nantly harzburgite and dunite with minor lherzolite,
gabbro, pyroxenite, and chromitite. Subvertical
peridotite (mainly harzburgite and dunite) sheets
with several kilometers of total thickness contain
thin layers of gabro and pyroxenite. The peridotites
show remarkable tectonic foliation that forms
mainly parallel to the compositional layering and is
defined by preferred orientation of olivine grains
and elongate enstatite crystals (Okay et al., 1998).
Thin pyroxenite layers within the peridotites are
interpreted to represent crystal cumulates from
mantle-derived magmas intruded as dikes and later
were rotated toward subhorizontal foliation planes.

The rocks of the Northwest Anatolian ophiolites
differ from “MORB”-type ophiolites in their mantle
sequences, the more common presence of podiform
chromite deposits, the existence of large proportions
of reactive harzburgite and dunite bodies, and the
crystallization of pyroxene before plagioclase, which
is evident from the high abundances of pyroxenite
relative to troctolite in the cumulate sequences.
Volcanic arc—related geochemical signatures in the
melt products of the ophiolites (e.g., gabbros and
gabbroic dikes with high ratios of LILE/HFSE;
Onen, 2003) may further imply that these ophiolites
are fragments of oceanic lithosphere formed above a
subduction zone. The general characteristics of the
Northwest Anatolian ophiolites resemble those of
many other classic examples of Mesozoic ophiolites
of the eastern Mediterranean, Oman, and California,
which are described as representing forearcs that
formed during episodes of subduction initiation (e.g.
Shervais, 2001).

In some parts of the Northwest Anatolian ophio-
lites, abundant chromite deposits are accompanied
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by large elongated dunite lenses hosted in basal
units of harzburgites within mantle sequences.
Contacts between the dunite lenses and their host
peridotites are relatively sharp, but the dunite enve-
lopes around the chromite ore bodies grade outward
into harzburgite. These sections are interpreted to
mark zones of extensive melt-solid interaction,
along which extensive chromite deposits form in a
mode of either disseminated grains or rare massive
chromitite layers.

Sample Description

The peridotites sampled from the Northwest
Anatolian complex are moderately serpentinized
(~20-40%, estimated by loss on ignition values;
Table 1) mantle representatives. The rocks are
predominantly harzburgites and dunites (with
subordinate lherzolites) with original compositions
of ~65-92% olivine, 5-20% orthopyroxene, 2-10%
clinopyroxene, and accessory chrome spinel and
chromite.

The lherzolites are composed dominantly of

olivine and lesser amounts of orthopyroxene, clino-
pyroxene, and minor spinel. Most olivines have a
grain size of up to 3 mm in diameter and show a
meshwork texture where partly altered to serpen-
tine. Orthopyroxenes are typically the largest miner-
als in the lherzolites, attaining diameters up to 5
mm. Clinopyroxene is variable in size, but not larger
than 2 mm in diameter, with strongly concave
boundaries and surrounded by fine-grained olivine.
Spinels are generally fine grained and less than
2 mm in diameter.

Most of the harzburgites and dunites are essen-
tially homogeneous, largely comprising olivine,
orthopyroxene, and spinel, and resemble mantle
restites (e.g., Bonatti and Michael, 1989). Olivine
forms anhedral grains, 1-4 mm, many of which
typically have kink-band textures. Orthopyroxene
forms subhedral, generally tabular grains up to 10
mm long. Accessory chromite is anhedral in
harzburgites but typically euhedral in dunites. The
samples display typical coarse-granular textures
characterized by a network of rounded orthopyrox-
ene crystals immersed in an olivine matrix that may
contain relict Cr-spinel. Most of the orthopyroxene
grains have lobate boundaries, which may be inter-
preted as resulting from either incongruent dis-
solution of orthopyroxene or trapping during
asthenospheric recrystallization. The reactive

dunite samples display an abundant mesh texture of

serpentine with relicts of olivine and disseminated
chromite. Other non-silicate minerals associated
with the chromite-rich harzburgites and dunites
include magnetite, pyrite, pyrrhotite, millerite,
ilmenite, chalcopyrite, and the PGE-bearing sulfide
minerals valleriite, mackinawite, and pentdlandite.

Ultramafic cumulates consist of pyroxenite
(websterite) and wehrlite. Some orthopyroxene
grains in websterite are extremely coarse (up to 2
cm). Fine-grained clinopyroxene, orthopyroxene,
and spinel generally surround them. Websterite
contains orthopyroxene (60-65%), clinopyroxene
(25-30%), olivine (0-5%), and spinel (1-3%),
whereas wehrlite contains olivine (70-75%), clino-
pyroxene (5-25%), orthopyroxene (0-5%), and
spinel (2-4%).

Bulk-Rock Chemistry

Whole-rock major-oxide and trace-element
abundances for the peridotites were measured at the
ALS Chemex Analytical Laboratories at Toronto. In
order to obtain representative major- and trace-ele-
ment analyses of coarse-grained peridotites, all rock
powders were prepared from at least 2 kg of material
and crushed to <125 pm in an agate ball mill. Rock
powders were first fused to ensure dissolution of all
phases and then dissolved in hot HF and HNO, to
prepare the solutions from which major- and trace-
element abundances were determined using ICP-
AES and ICP-MS respectively. Loss on ignition
(LOI) was determined by heating a separate aliquot
of rock powder. Serpentine alteration, as reflected
by the range of LOI, was corrected for by recalculat-
ing the whole-rock analyses as anhydrous composi-
tions. Whole-rock major- and trace-element data for
the mantle peridotites along with two samples of
layered cumulate pyroxenite are given in Table 1.

PGE and Au concentrations of 13 ultramafic
peridotites and two pyroxenites are presented in
Table 2. PGE and Au analyses are by nickel sulfide
fire assay—induced coupled plasma—mass spectrom-
etry method at the same laboratory. NiS fire assay
was done to pre-concentrate PGEs. The NiS button
was dissolved in HCl and PGE phases were
collected on a filter paper. Further dissolution of
PGE phases was done following the procedures
described in Plessen and Erzinger (1998). Analyses
of spinels and olivines from the peridotites were
performed using a Cameca CAMEBAX electron
microprobe at the Blaise Pascal University (France),
with operating conditions of 15 kV accelerating
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FIG. 2. Variations of whole-rock Si0,, Al,0,, CaO, and Na,O concentrations as a function of MgO in peridotites from

Northwest Anatolian ophiolites. The curves represent the residues of incrementally isentropic polybaric batch melting

calculated using the MELTS thermodynamic approach (Ghiorso and Sack, 1995). Calculations use the primitive upper

mantle (PUM) composition of McDonough and Sun (1995) as a starting source. The curves correspond to melting pres-

sures of 1.5, 2.0, and 2.5 GPa as indicated in the figure. The major-element variations are consistent with the calculated

trends of experimental results for low-pressure (<1.5 GPa) partial melting of spinel-lherzolites.

voltage, 10-12 nA beam current, and 10 s counting
time per element.

Major, minor, and transition elements

The variations in some whole-rock major-ele-
ment concentrations for the 13 best-preserved
spinel-peridotites from the Northwest Anatolian
ophiolites are shown in Figure 2. Alteration, partic-
ularly serpentinization, can potentially be consid-
ered to have caused large changes to bulk chemistry,
e.g. in Fe, Mg, Ca, Na, and K (Seyfried and Dibble,
1980). As a measure of the integrity of the chemical
systems, the alkalis might be expected to increase
during hydration. However, Na,O and K,O are both
extremely low in abundances in all samples, sug-

gesting that hydration processes, although creating
some scatter in the trends, did not significantly
affect the overall chemistry. Furthermore, the major-
element abundances do not show any correlation
with loss on ignition, indicating little or no sensitiv-
ity to alteration. Thus, any geochemical trends
between samples are candidates for original features
rather than reflecting variable degrees of alteration.

The peridotites overall display a remarkably
variable degree of fertility with a range of MgO from
40 to 47 wt%. The MgO contents increase systemat-
ically from lherzolite to harzburgite to dunite and
can be considered as an index of “melt depletion”
(e.g., Parkinson and Pearce, 1998). Although some
samples have fertile average major-element compo-
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FIG. 3. Whole-rock multi-element abundances of peridotites from the Northwest Anatolian ophiolites represented on

a primitive upper mantle (PUM)-normalized diagram. Dashed curves in the diagram illustrate the effect of dynamic
extraction of different amounts of melt (5% to 25% melting within the spinel stability field, with mode and melt mode

described in Kinzler, 1997) from a PUM composition. The modeling uses the mineral/matrix partition coefficients of

McKenzie and O’Nions (1991) and the parameters described in Zou (1998). Normalizing values are from McDonough

and Sun (1995).

sitions (i.e., rich in basaltic components with CaO
~3 %, AL,0, >2.5 %, MgO <43 %) the majority of
the peridotites are moderately to highly depleted in
basaltic components and are more refractory than
fertile upper-mantle composition (Table 1; Fig. 2).
Whole-rock analyses indicate that the peridotites
display a progressive trend of depletion in fusible
elements such as Ca, Al, and Na with increasing the
MgO content of the rocks. This depletion trend,
which is accompanied by a decrease of the modal
abundances of clinopyroxene and increase of those
of olivine, is, to a first order, consistent with the
formation of the peridotites as mantle residues from
a variable extent of basaltic melt extraction (Fig. 2).
The samples are mostly characterized by near-con-
stant CaO/Al,0, ratios consistent with continuous
melt extraction from a source, but higher Ca0/Al0,
ratios (>0.8) in a number of samples may be consid-
ered indicative of calcium-rich melt metasomatism.

The chemical compositions of peridotite miner-
als can be used estimating the degree of melt extrac-
tion. We use an approach based on the numerical
expression by Hellebrand et al. (2001). This param-
eter is based on the spinel Cr# [Cr/(Cr+Al)] (e.g.,
with increasing degree of partial melting, decreasing
activity of aluminum in peridotite leads to an
increase in equilibrium Cr# in spinel). The Cr# of

the spinels from the studied peridotites range widely
from 0.17 to 0.69 (Table 1) and lie predominantly
within the range of ophiolites worldwide (e.g.,
Melcher et al., 1997). Results indicate that the stud-
ied peridotites are likely to be the residual products
formed after 6.3 (20.7) to 20.3 (£2.6)% basaltic melt
extraction from a mantle source that is similar in
composition to the primitive upper mantle (Table 1).

Incompatible trace elements

Primitive upper mantle (PUM)-normalized
trace-element patterns for the peridotites are shown
in Figure 3. The samples as a whole have incompat-
ible trace-element concentrations that are generally
lower than those of primitive mantle. In the majority
of the samples, Sr and Y form smooth patterns with
the REE, but negative Nb, Zr, Hf (and Ti for some
samples) troughs are present. The peridotites
display significantly greater concentrations of
LREE and highly incompatible elements (in partic-
ular the fluid-soluble elements—K, U, and Ba) than
expected for mantle residues, despite their variable
degree of depletion in fusible major-element
concentrations. This may suggest subsequent
enrichment processes in the mantle melting region.

Chondrite-normalized whole-rock REE patterns
for the Northwest Anatolian peridotites are shown in
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Figure 4. The samples have low total REE contents,
with LREE abundances of between 5.6 and 0.5 x CI
chondrite, whereas HREE abundances are less vari-
able, ranging between 2.0 and 0.4 x CI chondrite.
Consistent with the interpretation from the major-
element data, none of the samples show the highly
modified, strongly LREE-depleted patterns that
might be expected if serpentinization had affected
the original chemistry significantly. Theoretically, in
the upper mantle melting regimes, REEs behave
incompatibly with spinel-bearing mantle residues,
with the LREE being the most incompatible, which

results in unmodified residua having LREE-
depleted patterns. The lherzolite samples are char-
acterized by a slight LREE depletion (Lay/Yby =
0.49-0.71; the subscript N denotes chondrite-nor-
malized) with a flat to slightly fractionated HREE
segments (Dyy/Yby = 0.84-0.91; Fig. 4A). LREE
profiles for the harzburgites and dunites, however,
vary from slightly depleted to highly enriched (La,/
Yby =0.48 and 6.23), consistent with some trapping
of, or interaction with, melts or aqueous fluids con-
taining high concentrations of highly incompatible
LREE. Some samples show slightly concave
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FIG. 5. Copper vs. sulfur plot for peridotites from the
Northwest Anatolian ophiolites, illustrating their division on
the basis of their Cu/S ratios. The heavy line denotes the
primitive upper mantle Cu/S ratio of 0.12 (McDonough and
Sun, 1995).

patterns with unfractionated HREE segments, and
have U-shaped REE profiles owing to pronounced
MREE depletions relative to HREE (Dyy/Yby =
0.74 to 0.88; Fig. 4B). Similar characteristics are
usually interpreted as resulting from interaction
between an LREE-enriched melt and an LREE-
depleted mantle residue (e.g., Pearce et al., 1999).
Overall, the incompatible trace-element patterns
are consistent with a multi-stage evolution of the
peridotites, indicating that the peridotites have
experienced re-enrichment in LREE and other
highly incompatible lithophile elements, in particu-
lar the fluid mobile elements K, U (e.g. relative to
Th), and Ba. This suggests that the peridotites were
metasomatized by hydrous fluids (or fluid-enriched
melts) subsequent to the earlier melt extraction.

Chalcophile and siderophile elements

Sulfur abundances of peridotites range from 94
ppm to 186 ppm, and show no systematic correlation
with the melt depletion indices of major oxides (e.g.,
MgO, AL,O,, or Ca0). There is also no systematic
variation of S with absolute PGE abundances,
implying that the variation in S is unlikely to have
been controlled solely by melt extraction. Similar
characteristics of non-systematic variations between
S and melt-depletion indices are observed in many
other peridotite massifs worldwide and are usually
interpreted as resulting from combination of mantle
metasomatism and interaction with mantle melts (or
fluids) rather than progressive loss of the mantle sul-
fides by increasing degree of partial melting. Figure

5 shows an apparent positive correlation between
S and Cu abundances of the peridotites. The rocks
as a whole plot in an area defined by Cu-S trends
corresponding to Cu/S ratios of 0.12 and 0.30, and
have Cu/S ratios greater than the estimated value
for the silicate Earth (McDonough and Sun, 1995).
Elevated values in Cu/S ratios relative to the aver-
age primitive upper mantle composition can be
interpreted as reflecting precipitation of Cu-rich
interstitial sulfides from basaltic melts that perco-
lated through peridotite channels (e.g. Lorand et al.,
1999; Alard et al., 2000).

Measured concentrations of whole-rock PGE and
Au for the mantle rocks from Northwest Anatolia are
listed in Table 2. Despite large variations in abso-
lute PGE abundances, relative PGE abundances for
individual samples do not vary significantly
throughout the entire suite, indicating no significant
within-suite variations. One of the pyroxenite sam-
ples analyzed, however, displays a PGE pattern that
is characterized by extremely high Pd/Ir and Pt/Ir
ratios. Such a pattern differs markedly from those of
the other mantle peridotites from the same suite and
is interpreted to have resulted from equilibration of
significant amounts of the primary sulfide (rich in Pt
and Pd) with mantle melt (probably associated with
processes of melt percolation during formation of a
pyroxenite vein component). This sample is there-
fore excluded from the dataset, inasmuch as it does
not reflect the PGE abundances of a typical mantle
residue. Our results show that total PGE contents for
the peridotites are between 17 and 38 ppb, lying
typically within the range measured for many other
mantle representatives. Rhenium and Pd concentra-
tions for the samples are significantly high
compared with those of primitive mantle, whereas
Os, Ir, Ru, and Pt concentrations are similar to, or
slightly lower than, those of primitive mantle. The
Os concentrations vary from 1.45 to 4.83 ng/g, Ir
from 1.02 to 4.75 ng/g, Ru from 1.74 to 2.81 ng/g, Pt
from 3.53 to 11.32 ng/g, and Pd from 4.32 to 10.64
ng/g (Table 2). As shown in Figure 6, PGEs that are
characterized by remarkably different crystal chem-
ical properties and geochemical behavior (e.g., Pd-
Ir, Ru-Ir, and Pt-Ir) correlate positively, suggesting
that most of the PGEs strongly partition into the
same discrete phases, probably Cu-Fe-Ni sulfides.
Deviations from these correlations for some
samples, however, denote specific enhancements of
Pd and depletions of Os relative to Ir (Fig. 6).

Chondrite-normalized PGE patterns of the peri-
dotites, plotted in order of decreasing melting points
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FIG. 6. Covariation of the concentrations (in ppb) of Os, Ru, Pt and Pd with Ir for the peridotites from the Northwest
Anatolian ophiolites. Solid lines denote the chondritic (CI) ratios.

of the metals, demonstrate that the rocks exhibit
systematics in inter-element variations (Fig. 7A).
The samples are, in general, characterized by abso-
lute PGE concentrations of 0.002-0.02 x ClI-chon-
drite and have supra-chondritic Rh/Ir, Pd/Ir, and
Pd/Pt, but near-chondritic Ru/lr and Pt/Ir ratios.
Rh/Ir and Pd/Ir ratios are significantly high at ~2.0
and 1.5 x Cl-chondritic values respectively (Fig.
7B). Palladium and Rh are also significantly
enriched compared with Ru. Such non-chondritic
ratios and perturbations in PGE systematics are the
result of strong enrichment in the light PGE (Rh and
Pd) abundances relative to all other noble metals,
and may be interpreted to result from recent, shal-
low-level petrogenetic processes. A moderate Os
depletion for almost the entire suite is marked by
subchondritic ratios of Os\/Iry that range from 0.50
to 1.10, but remain mostly smaller than 0.80 (Table
2; Fig. 7B). This marked fractionation of Os from Ir
is an unusual characteristic for melt-depleted resi-
dues and can be explained by mantle processes,
which can dissolve some residual sulfides and
hence lower Os (e.g., Lorand et al., 2003; Luguet et
al., 2003).

P-PGE (Pt and Pd) abundances of the peridotites
are highly variable. Platinum concentrations range
from compositions similar to those of undepleted
fertile upper mantle (~0.01 x chondritic) down to
very low values (~0.003 x chondritic) that may char-
acterize residues of high degrees of mantle melting.
Palladium concentrations are also variable, and
show the least degree of correlation with Ir (Fig. 6).
Although no clear systematics are evident, both Pt
and Pd are most depleted in samples with the lowest
AL0,, consistent with their origin via the highest
degree of melting. This indicates that progressive
melt extraction from the mantle may have some
significance for mantle PGE systematics. Almost all

samples display strong Pd enrichments relative to Pt
(Pdy/Pty = 1.6-2.2).

Petrogenetic Considerations
PGE behavior during mantle melting
The Northwest Anatolian peridotites display a
remarkably variable range of degree of melt extrac-

tion as evidenced from their considerably variable
Al,0, and CaO abundances that range from 0.98 to
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FIG. 7. A. Chondrite-normalized PGE patterns for the peridotites from Northwest Anatolian ophiolites. Also plotted

for comparison are the PGE concentrations of primitive mantle (shown as a dashed line). Normalizing values and PM

concentrations are from McDonough and Sun (1995). B. Average PGE concentrations normalized to Ir and CI-chondrite.

The heavy line corresponds to the normalized average values.

3.37 and from 0.42 to 3.01 wt% respectively (Table
1); they provide an opportunity to investigate PGE
behavior during partial melting in the mantle.
Fractionated relative abundances of PGEs can be
generated during partial melting of mantle peridot-
ites, inasmuch as Ir and Os, with their greater bulk
partition coefficients, are the most compatible
during mantle melting, and the PGEs showing
decreasing compatibility to Pd (Barnes et al.,
1985; Brenan et al., 2003; Righter et al., 2004).
The presence of sulfide phases during different
stages of mantle melting also has a significant
influence on PGE abundances of mantle residues.
Processes involving varying degrees of sulfide

removal or incorporation have been suggested to
account for the wide variation in relative PGE
abundances of both melt and residual products of
mantle melting (Handler and Bennett, 1999;
Rehkdmper et al., 1999; Bennett et al., 2000;
Bockrath et al., 2004).

Figure 8 shows the PGE abundances for the
mantle peridotites plotted against Al,O,, as a mea-
sure of degree of melt extraction. Also plotted for
comparison are the theoretical melt depletion trends
calculated using a model of non-modal fractional
melting. In the model calculations, the variations in
PGE abundances with degree of melt depletion have
been compared to melt extraction model predictions
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F1G. 8. Variation of Os, Ir, Ru, Rh, Pt, and Pd with Al,0O, for peridotites from Northwest Anatolian ophiolites. Curves
model the expected variation of noble metals within a mantle residue experiencing progressive melt extraction. Calcula-

tions are non-modal incremental batch melting using a primitive upper mantle source containing 200-250 ppm S
(McDonough and Sun, 1995; Holzheid and Grove, 2002) and a modal sulfide abundance of <0.1%. It is assumed that all
sulfide in the source mantle will be exhausted after ~20% partial melting and that the extracted melt has an S capacity

of 1000 ppm. Sulfide/melt partition coefficients ("*¥D

alfide/mely) used for the modeling are from the compilation of Fleet

et al. (1996), Handler and Bennett (1999), Lorand et al. (1999), Rehkimper et al. (1999), and Pearson et al. (2004). Thick

marks on melt extraction curves indicate melting increments in percent.

based on PGE control by sulfides, provided that the
sulfides are the major constituents for PGEs. The
results of modeling indicate that variations in some
of the PGE abundances (Os, Ru, Pt) of Northwest
Anatolian peridotites broadly correlate with theoret-
ical melting trends drawn for residues of mantle
melting with initial composition similar to that of

fertile undepleted upper mantle. A notable discrep-
ancy between the peridotite data and the model
predictions, however, is that some of the samples
have PGE contents significantly greater than that
which could be produced by single-stage melting
and instantaneous melt extraction from a given
mantle source.
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There is little correlation between abundances
of Ir and AL, O, for the NW Anatolian peridotites,
indicating the compatible behavior of Ir (e.g.
residual/melly 1) A number of samples have Ir
abundances in the range of values expected for the
residues of variable degree of mantle melting, but
most samples display a correlation of decreasing Ir
with decreasing Al,Q,, opposite the trend expected
for a suite of residues from melt extraction. Some of
the samples also show considerable enrichment in Ir
concentrations when compared to modeled trends of
melt extraction. The lack of correlation between Ir
and major element melt depletion indices is rather
similar to that exhibited by many other peridotite
suites, and is usually attributed to the wide varia-
tions in the range of partitioning between sulfides
and basaltic silicate melt (sulfide/meltp ~103-10;
Bezmen et al., 1994; Fleet et al., 1996; Pearson et
al., 2004). The PGE fractionation patterns for the
Northwest Anatolian peridotites display an apparent
coherency of the Os, Ir, and Ru relationships, indi-
cating that these elements are mainly controlled by
the same phase. The Ru/Ir ratio for almost all sam-
ples remains mostly constant over a significant
range of melt extraction, implying that a phase
retaining these elements was stabilized during the
melting processes. The relative depletion in Os
compared to Ir throughout melt extraction, however,
may be explained by dissolution of some residual
sulfides via melt percolation through peridotites.

Unlike all other PGEs, abundances of Rh display
a negative correlation with Al,O,, which is con-
sistent with the theoretical melt depletion trend
of model calculations. The samples as a whole,
however, display a marked displacement from the
melting trend toward higher Rh concentrations, and
the rate of displacement increase with increasing
degree of melt extraction. This observed negative
correlation, along with the elevated abundances of
Rh in almost all peridotite samples relative to resi-
dues of primitive mantle estimates, can most likely
be explained by the strongly compatible behavior of
Rh during melt extraction, with partial control by
sulfides or partitioning strongly into a major mantle
phase (e.g. spineV/meltp, ~41-530; Righter et al.,
2004).

Despite some scatter, which possibly reflects
metasomatic introduction of sulfide and silicate
phases, varying degrees of correlation between some
of the PGEs and major elements are present in the
peridotites from Northwest Anatolia. Positive corre-
lations of Ru and Pt abundances with ALO,, at

especially moderate to high degrees of melting, may
be indicative of incompatible behavior of these ele-
ments. Although some of the samples show evidence
for systematic enrichment in Pt abundances, the
concentration of both elements can be broadly
modeled by complete control of Ru and Pt by sulfide
phases during melt extraction using the range of
experimentally determined sulfide/melt partition
coefficient values (Fig. 8).

Pd values and Pd,/Iry ratios for the peridotite
samples are also broadly correlated with major-
element depletion trends (Figs. 8 and 9); the most
depleted peridotites with the lowest CaO (or Al,0,)
contents, and highest Mg# have the lowest Pd
concentrations and Pdy/Iry ratios. Similar charac-
teristics are also reported for many other peridotite
suites worldwide (both xenolithic and orogenic; e.g.
Rehkdmper et al., 1997, 1999; Lorand et al., 1999;
2000) and are usually interpreted to have resulted
from progressive melt extraction which fractionates
less compatible P-PGEs from I-PGEs. It is, however,
notable that almost all samples from the Northwest
Anatolian ophiolites show evidence for a systematic
enrichment in Pdy/Iry ratios with respect to the
range of values expected for residues of moderate
degrees of partial melting from a mantle source sim-
ilar in composition to the primitive upper mantle.

Increase in Pd/Ir ratios is correlated with Pd
abundances, suggesting that the relatively high Pd/
Ir and Rh/Ir ratios of the peridotites are most likely
related to enrichment of Pd and Rh and not to
the depletion of the other PGEs. This is further
evidenced by the observation that the samples
display average Ir, Pt, and Ru concentrations of
0.0041-0.0099 x Cl-chondritic values, consistent
with estimates of PGE abundances in the Earth’s
upper mantle (e.g. McDonough and Sun, 1995),
while displaying substantially higher and more vari-
able concentrations of Pd and Rh (0.0102-0.0211 x
Cl-chondrite). These characteristics, along with ele-
vated abundances of certain incompatible lithophile
elements (e.g. Ba, Th, LREE), suggest that the peri-
doties are not simply residues of partial melting, but
also display petrological and geochemical evidence
for secondary processes, the most probable of which
would be melt/rock reaction that would result in
refertilization of the mantle residue by basaltic
melts, crystallization of silicate and sulfide phases
from percolating magmas, and significant alteration
in both lithophile and siderophile element
abundances.
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FIG. 9. Correlation of (Pd/Ir)y, Pd, and Ir versus CaO (wt%) for the peridotites from Northwest Anatolian ophiolites.
Modeling curves illustrate the effect of the extraction of varying degrees of partial melt (in 5% increments of melt frac-
tion) from a fertile peridotite with ~3-4% CaO, a chondritic Pd/Ir ratio, and absolute PGE abundances similar to primi-
tive upper-mantle estimates (3.2 + 0.8 ppb Ir, 3.9 = 1.0 ppb Pd; McDonough and Sun, 1995). Melting is assumed to
initiate from a mantle source containing sulfide phases, but after about 20% melting (~1.0% CaO) low-melting-point
sulfides are totally consumed. Modeling parameters are the same as in Figure 8. High Pd/Ir ratios and Pd concentrations
for the peridotites can be explained either by the addition of sulfides to variably depleted residues (shown by grey arrows)
or by sulfide addition associated with refertilization of highly depleted residues by basaltic melts (shown by dark hatched

arrows).
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The effect of metasomatism by percolating melts
and subduction-related fluids

Numerous geochemical studies have revealed
that mantle lithosphere above subduction zones has
undergone some degree of chemical modification
(metasomatism) that post-dates the original melting
process (e.g., Pearce et al., 1999). In this context,
many consider that the mantle representatives from
these settings are not simply residues of basaltic
melt extraction, but rather display petrographic and
geochemical evidence of compositional modifica-
tion either by crystallization of silicate minerals
from percolating melts or by interaction between
complementary liquid and solid products of mantle
melting. An assessment of the impact of meta-
somatic processes on the bulk-rock chemistry of
samples considered in this study is required to eval-
uate the degree to which they retain their original
chemical signature as residues.

Elements that are highly incompatible are most
compromised by metasomatic processes over long
periods of evolution of the mantle lithosphere.
Although the residence of some highly incompatible
elements (bulk D < 0.01) is dominated by minor
phases and grain boundary phenomena, a great
number of incompatible elements can still be used
to constrain a possible multi-process history of the
upper mantle. In this study we used elements that
have bulk D, ,ciquia Petween 1 and 0.001 and are
likely to be less affected by chemical modifications
resulting from serpentinization and subsequent
alteration. As is demonstrated in Figure 3, North-
west Anatolian peridotites show a range of primitive
upper mantle—normalized trace element patterns.
Among these, the LREE-depleted examples show
smoothly increasing concentrations from left to right
in the diagram, as incompatibility of the elements
decreases. This indicates that the depleted mantle
has lost its incompatible elements, as well as its
LREE, in the order of increasing incompatibility,
which can readily be explained by progressive
extraction of basaltic melt from the mantle.
Increases in Rb and Ba in these samples may be a
result of incipient metasomatism. The majority of
the samples, however, display multi-element
patterns that are characterized by enrichment in
highly incompatible elements. Mantle rocks that
have interacted with a silicate melt would be
expected to show increases in all incompatible
elements, although the effects on elements such as
Rb, Ba, and Nb, which are likely to have been

depleted by previous melt extraction events, may

not be as obvious as in the LREE. Samples that have
been fluxed by subduction-derived fluids, on the
other hand, would be expected to show strong
enrichment in fluid-soluble large cations. Such
samples tend to have negative anomalies at Ta, Nb,
Zr, and Hf relative to adjacent elements on a multi-
element diagram, and strong enrichment in Rb, Sr,
and Ba.

Enrichment by subduction-related hydrous flu-
ids can be anticipated in areas of supra-subduction
zone lithosphere. Hydrous fluids do not usually
carry LREE to any great extent, and interaction of
such fluids with mantle rocks should not cause
significant changes in REE concentrations. Incom-
patible trace element consequences of hydration of
the lithosphere therefore include significant
increase in highly soluble large-ion-lithophile ele-
ments (Rb, Sr, Ba, K) at the expense of insoluble
high-field-strength elements (Ta, Nb, Zr, Hf). This
type of enrichment is observed in most of the peri-
dotite samples from the Northwest Anatolian suite,
implying that the rocks have been affected to some
extent by fluid metasomatism.

Much of the enrichment in the Northwest Anato-
lian peridotites, however, is related to passage of the
silicate melts through lithospheric channels. Mech-
anisms of enrichment by the passage of silicate
melts through the mantle, such as reactive porous
flow or chromatographic fractionation, have been
studied in detail by a number of authors (e.g., Kele-
men et al., 1992, 1997) and this type of metasomatic
scheme is commonly suggested to have been accom-
panied by enrichments in LREE, as well as other
highly incompatible elements (e.g., Th, U, Ba).
Modal metasomatism, which results in the formation
of olivine-rich mantle representatives, is also
considered to be a consequence of reaction between
silicate melt and the source mantle rocks (e.g.,
Kelemen et al., 1997; Takazawa et al., 2003). The
LREE-enriched patterns (Figs. 3 and 4) and high
modal abundances of olivine in the mantle peridot-
ites of this study can therefore be inferred to have
resulted from extensive melt/solid interaction that
preferentially dissolved pyroxenes and precipitated
olivine.

The effects of mantle metasomatism by percolat-
ing melts can also be traced using the relative abun-
dances of PGEs, because such processes have the
potential to modify the original PGE patterns of
mantle residues significantly—i.e. the chondrite-
normalized PGE abundances of mantle melts
increase in the order of their incompatibility from Ir
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to Pd (e.g., Barnes et al., 1985). High Pd/Ir ratios of
many refractory peridotite suites, for instance, are
explained in terms of the introduction of meta-
somatic sulfides that are inferred to have been
largely segregated from percolating magmas (e.g.,
Lorand, 1988). We therefore have attempted a semi-
quantitative model to place constraints on PGE
behavior during various petrogenetic processes,
including: (1) simple in situ mantle melting and
instantaneous melt extraction; (2) refertilization of a
depleted mantle source by basaltic magmas; and (3)
addition of sulfides, which are segregated from
basaltic melts, to the source mantle. For the calcula-
tions, we used the fractional melting approach
described above, but a small amount of melt reten-
tion (0.1%) is assumed here to modify and enrich
the local mantle source, prior to each step of melt
generation. The results are shown in Figure 9, where
we compare the observed compositions of the
peridotite samples with the theoretical fractional
melting trends for melting of a simplified two system
comprising sulfides and mantle silicates.

The calculated melting trends suggest that a
simple melting and melt extraction process should
be associated with increasing Ir, because this
element is considered to be compatible during the
entire melting process (*U!fide/melth) ~ 105; Pearson et
al., 2004). Because of its high sulfide/melt distribu-
tion coefficient (S”mde/me“DPd~ 10% Lorand et al.,
1999; Rehkimper et al., 1999) Pd is also inferred to
behave similarly in the presence of sulfide phases—
i.e. at low to moderate degrees of partial melting
(F <15%). Following the total consumption of the
sulfides at greater degrees of partial melting (e.g.,
F >20%; ~1.0% Ca0), however, Pd behaves incom-
patibly because partitioning of this element between
primary mantle phases and silicate melt is fairly low
(““"i"e/me“DPd 0.0075-0.21; Brenan et al., 2003;
Righter et al., 2004). Further melting would there-
fore result in a sharp decrease both in Pd abundance
and in the Pd/Ir ratio along the melting trends.

The theoretical melting trajectories in Figure 9
clearly demonstrate that a single-stage melting and
instantaneous melt extraction from a mantle source
similar in composition to the primitive upper mantle
cannot account for the high absolute Pd and Ir con-
centrations and high Pdy/Iry ratios of the Northwest
Anatolian peridotites. One possible option to
explain strong Pd and Ir enrichments associated
with continuous mantle melting is that melt deple-
tion was accompanied by addition of sulfides to the
solid residue. This process would increase Pd abun-

dances of the melting residues without affecting the
lithophile-element concentrations significantly,
leading to the vertical melting trends obtained in
Figure 9. It is notable, however, that the enrichment
of Pd in the Northwest Anatolian peridotites is
accompanied by an increase in CaO contents of
the rocks (for moderate-degree melting residues in
particular; F >10), suggesting that the relative
distributions of PGEs cannot be explained solely by
sulfide addition to variably depleted residues.

A proposal that the relative enrichment in Pd
concentrations is a result of interaction between
depleted solid mantle and segregated melts would
provide a much more satisfactory explanation. Such
a refertilization process would re-enrich the local
mantle region in basaltic components (and in incom-
patible lithophile elements) and cause an increase
in Pd concentrations and Pd/Ir ratios that would
result from the addition of sulfides segregated from
mantle-derived melts. The effect of the addition of
sulfides originated from mantle-derived basaltic
magmas on variably depleted solid residues is
shown in Figure 9, where some fraction of sulfide
liquid is assumed to be segregated by the melt
during passage through the solid mantle residue; the
plots show that various aspects of the PGE geochem-
istry of the Northwest Anatolian peridotites are
likely attributable to metasomatic effects that
involve the introduction of sulfides, probably
accompanied by silicate melts. Modeling of melt
re-enrichment involving the addition of new sulfides
to variably depleted mantle residues during magma/
mantle interaction produces elevation of the Pd/Iry
ratio to supra-chondritic levels and the elevated
P-PGE contents. These characteristics are
explained in terms of melt + sulfide addition where
Ca (and also Al) is introduced by the melt and Pd is
introduced by additional sulfide. Melt introduction
may also be responsible for the widely varying non-
chondritic Ca/Al ratios and incompatible-litho-
phile-element—enriched nature of the peridotites.

Peridotites from Northwest Anatolia are also
characterized by their distinct depletion in Pt
compared with the other P-PGE elements of Pd and
Rh (Fig. 7). The discrete behavior of Pt relative to
the other PGEs is also documented in many other
massif peridotite and xenolith suites and is usually
attributed to the occurrence of Pt-rich sulfide
phases, potentially fractionating Pt from other P-
PGE (e.g., Handler and Bennett, 1999). Recent
studies further suggest that PGEs least soluble in
silicate melts (e.g., Os, Ir, Ru, Pt) may precipitate as
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F1G. 10. Models of Pty/Iry, Rh/Ir, and Pd/Iry in Northwest Anatolian ophiolites based on mass balance equations for
incremental batch melting of the sulfide phase, assuming all PGEs reside in the base-metal sulfides. Curves denote the

PGE fractionation trends by partial melting; arrows indicate the effects of addition of sulfides segregated from mantle

melts to a depleted mantle. Normalizing values are from McDonough and Sun (1995). The mantle source and the model-

ing parameters are the same as in Figure 8.

discrete refractory alloys (e.g., Bockrath, et al.,
2004). As a result, compared to the other P-PGEs,
Pt is not as effectively mobilized during melting and
melt migration through residual mantle, lowering Ir/
Pd and Pt/Pd ratios of the melt. This is also evident
from theoretical modeling by Rehkidmper et al.
(1999), who demonstrated that mantle melting char-
acteristically produces melts with Pty/Iry < Pdy/Iry.
Addition of sulfides segregated from such melis to a
depleted mantle produces peridotites with near-
chondritic Pty/Iry, but significantly high Pdy/Iry
(Fig. 10). Thus, shallow-level petrogenetic pro-
cesses including simple refertilization by silicate
melts and addition of sulfides to the depleted mantle
residues can account for the discrepancy between
the near-chondritic Ru/Ir and Pt/Ir ratios and the
supra-chondritic Pd/Ir, Rh/Ir and Pd/Pt ratios
observed in the Northwest Anatolian peridotites.

Discussion: PGE and Chromium
Enrichment in Mantle Rocks

A significant number of recent studies have
revealed the importance of mantle sulfides concern-
ing the distributions and relative abundances of
PGEs in mantle rocks (e.g., Rehkédmper et al., 1999;
Alard et al., 2000; Bockrath et al., 2004). As is often
pointed out, base-metal sulfides are the major hosts
of PGEs in fertile mantle rocks (e.g. Mitchell and
Keays, 1981), and in many cases this is evidenced
by strong positive correlations between whole-rock

PGE contents, Cu, Ni, and S (Lorand et al., 1999).
Experiments and observations indicate that
monosulfide solid solutions (MSS) preferentially
accommodate refractory PGE (Os, Ir, Ru,) during
melting, relative to Cu-rich sulfides, which concen-
trate Pd and Re (Lorand and Alard, 2001; Pearson
et al., 1998, 2004). For low to moderate degrees of
melting (<15%), residual sulfides can be shown to
buffer PGE abundances in mantle peridotites to rel-
atively constant levels because of the high sulfide/
melt partition coefficients for these elements (e.g.
sulfide/meltf) — 105 [Ir] — 10* [Pd]; Lorand et al., 1999;
Pearson et al., 2004). At high degrees of melting
(>20%), low-melting-point sulfides are likely to be
consumed (Fig. 8). Palladium-group PGEs partition
preferentially into the melt phase during high
degrees of melting, due mainly to the breakdown of
the sulfide phases and dissolution during decom-
pression. In contrast, the higher melting point
siderophile elements (I-PGE) remain in the residue,
and may be stabilized in either alloy phases or high-
melting-point residual Ru-Os-Ir sulfides (Brenan
and Andrews, 2001; Bockrath et al., 2004). Pro-
cesses of mantle melting in this manner would
therefore be expected to produce highly P-PGE-
depleted residues with highly fractionated chon-
drite-normalized PGE pattern and oversaturated
basaltic melts with respect to the least-soluble
refractory PGEs.

The relative abundances of PGE systematics and
chondrite-normalized distribution patterns show
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that the Northwest Anatolian peridotites are charac-
terized by supra-chondritic Pdy/Iry and Rhy/Iry
ratios, a feature that is complementary to the trends
expected to be produced by in situ melting preferen-
tially consuming the lower-melting-point sulfides.
Similar PGE fractionations characterized by high
ratios of P-PGE over [-PGE are generally inter-
preted to be an intrinsic source feature common to
many continental lithospheric mantle samples (e.g.,
Pattou et al., 1996; Lorand et al., 1999). However,
the strong correlations of the Pd\/Iry and Rh/Iry
ratios with melt depletion indices of major oxides,
especially at low to moderate degrees of melting,
suggest that such enrichment in P-PGEs is not a
source characteristic, but can most likely be inter-
preted in terms of sulfide addition by sulfur-satu-
rated melts (e.g. Rehkdmper et al., 1999; Pearson et
al., 2004). Alard et al. (2000) also postulated that
pentlandite-dominated interstitial sulfides, the
products of the crystallization of sulfide-bearing
metasomatic fluids, exhibit low Os and Ir abun-
dances but high Pd/Ir ratios. In contrast, the
silicate-enclosed sulfides (including MSS), which
are produced as the residues of melting processes,
are characterized by high Ir and Os abundances and
low Pd/Ir ratios. The non-chondritic siderophile-
element patterns and particularly high Pd and Rh
(relative to Os and Ir) abundances of the Northwest
Anatolian periotites can thus most likely be
explained by addition of interstitial sulfides origi-
nating from solid/melt reactions, following moderate
degrees of melting and melt extraction from the
mantle. This is further evidenced by relative deple-
tions in Pt and supra-chondritic ratios of Pd/Pty;, as
the marked fractionation of Pt from Pd can most
likely be explained as originating from interstitial
sulfides (e.g., pentlandite) that accommodate a sub-
stantial amount of Pd and Rh (up to a few percent),
but only trace amounts of Pt (e.g., Ballhaus and
Ryan, 1995; Alard et al., 2000; Ballhaus and
Sylvester, 2000).

It is generally assumed that PGEs and chromium
behave compatibly during dry partial melting of the
upper mantle (e.g., Mitchell and Keays, 1981; Dick
and Bullen, 1984), and these metals therefore show
restricted mobility at mid-ocean ridges (i.e., no
chromitite deposits have yet been observed in abys-
sal peridotites). In contrast, mantle fluxing by
hydrous fluids and melts is a typical feature of SSZ
environments. In these environments, mantle peri-
dotites can be melted to a higher degree than
beneath oceanic ridges and mid-plate settings,

because the mantle wedge is fluxed by fluids
released from the subducting oceanic lithosphere
(e.g., Pearce, et al., 1984). A number of recent
studies also have emphasized the importance of
water-saturated melting on the behavior and relative
distribution of PGEs (and Cr) during the interaction
among fluids, silicate melts, and the residual upper
mantle rocks in subduction-zone settings.

The relative enrichment of PGEs and chromium
in the residual products of the upper mantle is, in
many cases, ascribed to element mobilization. The
chromitite deposits in Northwest Anatolian ophio-
lites, as well as many other deposits worldwide, are
commonly enclosed in dunite envelopes surrounded
by moderately depleted harzburgites (Lago et al.,
1982; Roberts, 1988; Zhou et al., 1996, 1998;
Melcher et al., 1997). We interpret the dunites of
this type within the Northwest Anatolian ophiolites
as originating from melt percolation and not by
partial melting, because the degree of depletion
required to produce the dunite compositions by
instantaneous melting and melt extraction is not
reflected by the degree of melt extraction observed
in the residual products. Results of theoretical mod-
eling show that the majority of the peridotites from
northwest Anatolia are solid residues formed after a
moderate degree of mantle melting, and yet the
samples contain modal olivine that is significantly
higher than that would be expected for residues of a
moderate degree of partial melting. This character-
istic is likely to have resulted from melt/solid reac-
tion that preferentially dissolves clinopyroxene and
incongruently melts orthopyroxene, and precipitates
olivine from the melt (e.g., Kelemen et al., 1992).
Similar occurrences of reactive dunite and
harzburgite bodies found in many Alpine-type
ophiolites are also interpreted as the products of
magma reacting with surrounding lherzolites (Biichl
et al., 2004; Grieco et al., 2004). In this context, the
reaction is suggested to have taken place by a mech-
anism in which the melt, originally in equilibrium
with a mantle mineral assemblage at depth, is satu-
rated only in olivine upon upwelling. The melt thus
reacts with clinopyroxene and orthopyroxene of the
lherzolite to precipitate olivine. The dissolution of
pyroxenes will continue until chemical equilibrium
between melt and the surrounding lherzolite is
achieved and such reaction derives olivine-satu-
rated melts into the chromite stability field, leading
to the formation of extensive chromite deposits.

Experimental studies of Matveev and Ballhaus
(2002) on water-oversaturated basalts further
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demonstrate that ophiolitic chromite deposits would
form only where primitive melts are present, satu-
rated in olivine-chromite and rich in water. Such
conditions most likely occur in supra-subduction
zone environments because this is the only tectonic
setting that might generate primitive melts with
primary water contents sufficient to exsolve a fluid
phase necessary for chromite formation. Thus, the
chromite-bearing reactive harzburgite and dunite
bodies within the Northwest Anatolian ophiolites
can be interpreted to be the result of chromite-form-
ing, olivine-dissolving melt/rock reactions produced
when subduction-related basaltic melts migrated by
porous flow through peridotite channels and mixed
with oxidized, volatile-rich melts in the supra-sub-
duction mantle (e.g., Ohara et al., 2002). Hence, the
formation of the primary igneous chromite in the
Northwest Anatolian ophiolites can be explained as
crystallizing from water-oversaturated melts (with
subduction-related geochemical signatures) in the
supra-subduction zone mantle.

The PGE patterns of the peridotites determined
in this study are similar to those observed in many
other chromite-bearing ophiolite complexes (e.g.,
McElduff and Stumpfl, 1990; Prichard and Lord,
1990; Melcher et al., 1997; Zhou et al., 1998). The
depletion of Pt relative to Ir, Os, and Ru is also a
common characteristic observed in the vast majority
of ophiolites worldwide. This suggests that ophiolite
complexes containing large podiform chromite
deposits concentrate PGEs by similar petrogenetic
processes.

Concluding Remarks

The Northwest Anatolian ophiolite complex con-
tains mantle peridotites that represent a fragment of
oceanic lithosphere formed and subsequently modi-
fied in a supra-subduction zone environment. The
peridotites are mainly clinopyroxene-poor spinel-
harzburgites and dunites with subordinate lherzo-
lites (e.g., 0.18-2.37 wt.% Al,0,), which, in terms
of major-element chemistry, strongly resemble peri-
dotites originated as the solid residues of 5-20%
partial melting. Lithophile trace-element variations
of the rocks, however, indicate that the peridotites
bear evidence of impregnation by instantaneous
melt fractions enriched in incompatible elements.
The composition of harzburgites and dunites in
Northwest Anatolian ophiolites are consistent with
an origin through interaction between melt-depleted
residue and incompatible element—enriched basal-

tic magma. Lherzolites in this suite represent the
residuum of an earlier episode of depletion by par-
tial melting and melt extraction. During formation of
chromium deposits, a large volume of magma passed
through, and reacted with, the lherzolite. Such melt/
rock reaction would have further depleted the lher-
zolite in modal pyroxene to form the harzburgite and
dunite, both of which would have been enriched in
certain incompatible elements, resulting in enrich-
ment of some strongly incompatible elements (e.g.
Ba, U, LREE).

The samples, as a whole, have fractionated chon-
drite-normalized PGE patterns that are character-
ized by supra-chondritic ratios of Rhy/Iry, Pd\/Iry,
Pd/Pty, and Iry/Osy. Theoretical models of melt
extraction indicate that these characteristics cannot
be reconciled with a simple in situ melt extraction
and removal of sulfide phases, but most likely
reflect a multi-stage petrogenetic process that selec-
tively enriched the local mantle environment in
incompatible and less refractory siderophile ele-
ments that are mobilized by silicate melts (or fluids)
during continuous melt percolation. The movement
of the metasomatic sulfide phases that are likely to
have existed in the upper mantle has the potential to
produce supra-chondritic Pd/Ir and Rh/Ir ratios in
the mantle section of the oceanic lithosphere. The
results of quantitative model calculations indicate
that the addition of sulfides originating from interac-
tion between solid mantle and percolating hydrous
basaltic melts may account for the strongly supra-
chondritic ratios of both Pd/Ir and I1/Os, as well as
for the formation of abundant chromite deposits
within the ophiolite complex. We thus envisage that
the non-chondritic relative abundances of highly
siderophile elements found in various mantle
samples from the Northwest Anatolian ophiolite
complex are due to sulfide differentiation within the
mantle, by partial melting, and melt + sulfide addi-
tion through melt/solid interaction. Many aspects of
the PGE systematics of the Northwest Anatolian
peridotites can thus be attributed to metasomatic
processes that involve the introduction of sulfide
along with silicate melt.
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