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The Yesilova ophiolite is one of the most important tectonic unit represented the western part of
the ophiolite belts of the Anatolide-Tauride block, SW Turkey. In this study, we discussed the
harzburgite-dunite suite in the mantle sequence of this ophiolite using the mineral chemistry of
the chromian spinels. On the basis of the Cr# and Mg# values, the spinels in the harzburgite and
dunite are similar to those from fore-arc peridotites. The relatively high-Cr# and low-Ti contents
of the chromian spinels in the harzburgite signify that they belong to a supra-subduction setting.
However, the Cr#-TiO, relationships in the chromian spinels from the dunite favor a melt-rock
interaction model in which dunite with relatively high-Al and high-Ti spinels were produced by the
interaction of harzburgite with MORB-like melt. Also, this study uses Laser Ablation—Inductively
Coupled Plasma—Mass Spectrometry (LA-ICP-MS) to better understand the relationship
between the harzburgite and dunite based on the chromian spinel chemistry. The trace element
concentrations of the spinels show that Ga, Ni, V, Zn, Co contents decrease, and Sc, Ti, Mn and
LREE contents increase from the harzburgite to the dunite, suggesting a control by partial melting,

and all studied chromian spinels reveal a subduction zone environment.
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INTRODUCTION

Chromian spinel has been commonly used as a
petrogenetic indicator in the mantle peridotites of
many ophiolites and other magmatic
environments (Irvine, 1965, 1967; Jackson, 1969;
Hill and Roeder, 1974; Sack and Ghiorso, 1991,
Arai, 1992, 1994; Roeder, 1994; Barnes and
Roeder, 2001; Kamenetsky et al., 2001; Arai et
al., 2011) because its chemical composition

depends on the degree of fractional crystallization
of the parental melt and the degree of partial
melting experienced by the mantle source (Maurel
and Maurel, 1982; Kamenetsky et al., 2001; Dick
and Bullen, 1984; Arai, 1994; Roeder, 1994,
Barnes and Roeder, 2001; Gonzalez-Jiménez
et al., 2013, 2015). Therefore, the chromian
spinels in the peridotites are used for
petrotectonic discrimination between Mid-Ocean
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Ridge (MOR) and supra-subduction zone (SSZ2)
settings (Dick and Bullen, 1984; Parkinson and
Pearce, 1998; Pearce et al., 2000; Arai et al., 2006;
Shi et al., 2012). In addition, the Cr# of the
chromian spinel with the Mg# is high variable and
uses as a critical indicator for ultramafic and
related rocks (Irvine, 1967; Dick and Bullen, 1984).
Plutonic rocks have relatively low-Ti spinels from
the supra-subduction setting, and according to
spinel chemistry, the dunites are almost
indistinguishable from the harzburgites (e.g., Arai,
1994; Arai et al., 2011).

Many researchers indicate that the
mineralogical and the geochemical
characteristics of the peridotites in ophiolites are
also an important source of information about the
melt evolution, petrological processes and
dynamics of the upper mantle in different tectonic
environments (e.g., Parkinson and Pearce, 1998;
Flower and Dilek, 2003; Uysal et al., 2007, 2012,
2014; Seyler et al., 2007; Choi et al., 2008;
Moghadam et al., 2015). General concencus on
many peridotite massifs containing economically
important chromitite orebodies are interpreted to
be Supra-Subduction Zone type (SSZ), whereas
chromitite-free peridotites are attributed to MOR-
type abyssal in origin (Edwards et al., 2000).

A suit of trace elements in chromian spinels
such as Ga, Ti, Ni, Zn, Co, Mn, V and Sc provide
useful information about the peridotites and the
chromitites (e.g., Dare et al., 2009; Pagé and
Barnes, 2009; Gonzalez-Jiménez et al., 2011,
2013, 2014; Aldanmaz, 2012; Zhou et al., 2014).
These trace elements and also rare earth
elements data for chromian spinels in the studied
peridotites from the Yesilova ophiolite are also
presented in order to investigate the relationship
between the harzburgite and the dunite.

Here, we studied harzburgite-dunite suite in
the mantle sequence of the Yesilova ophiolite (SW
Turkey). The main objective of this study is to
report the new geochemical data of the chromian
spinels in the peridotites, especially in the dunites
with high-Al and relatively high-Ti chromian
spinels. We emphasize that the dunite
occurrence is associated with intermediate
degree partial melting (~ % 25) of the harzburgite
in a supra-subduction zone setting. Moreover, this
study is the first to description on Rare Earth
Element (REE), High-Field Strength Element
(HFSE), and some transition element
concentrations from in situ analysis of chromian
spinels from the peridotite section of the Yesilova
ophiolite, analysed by Laser Ablation—Inductively
Coupled Plasma—Mass Spectrometry (LA-ICP—
MS).

GEOLOGICAL SETTING

The ophiolitic rocks of Turkey are the remnants
of Tethyan ophiolites in the Anatolian section of
the Alpine—Himalayan Orogenic Belt. These
ophiolitic rocks are found in tectonic units of
Turkey composed of Pontides, Anatolides,
Taurides and the Border folds (Okay and Tiysuz,
1999) (Figure 1a).

The Yesilova ophiolite (Sarp, 1976) represent
the western part of the ophiolite belts of the
Anatolide-Taurides, SW Turkey (Figure 1a). In the
previous studies, the oldest unit in the region
consists of Late Triassic neritic limestones. Jura-
Cretaceous pelagic limestones and ophiolitic unit
consisting of harzburgite, dunite and some sub-
volcanic rocks (dolerite) are exposed on this unit.
Quaternary alluvium and Pliocene age mixed unit
comes on top of this unit (MTA, 2002) (Figure 1b).
The lithological units are consist of Late Jurassic
— Early Createaous aged Yesilova ophiolites,
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Figure 1: (a) Distribution of ophiolite belts in Turkey (modified from MTA, 2002 and Okay
and Tuysuz, 1999), (b) Geological map of the Yesilova region (Burdur, SW Turkey)
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Upper Cenonian aged Kyzylcadad ophiolitic
melange, Pliyo-Quaternary aged Niyazlar
Formation and Quaternary aged alluvions in the
study area (DOyen, 1995; Dbyen et al., 2014).

The absence of the characteristic components
of the ophiolites, such as gabbro, pillow basalt
and sheeted dykes suggests that the ultramafic
suites in Yesilova ophiolite are at best fragments
of highly tectonized and dismembered ophiolitic
sequences (Doyen et al., 2014).

The ultramafic rocks of the Yesilova ophiolite
are mainly composed of harzburgite cutting by
several diabasic dykes, and also less dunite
including chromitite bodies; pyroxenites are very
rare and cut dunite bodies as veins or small dykes
(Bilici, 2015). However, in this investigation, we
discussed only the mineralogical and petrological
characteristics of the harzburgite and dunite
bodies based on the spinel chemistry.

ANALYTICAL METHODS

Representative samples were collected from the
harzburgites and the dunites. A series of thin
sections were examined under polarizing
microscope to determine the common textural
and mineralogical properties of the rock varieties.
The major oxide analyses of the chromian spinels
were carried out on polished thin sections at the
Electron Microprobe Laboratory of Maine
University (USA). All elements were analyzed by
Energy-Dispersive X-ray spectroscopy (EDX)
using EDS and WDS detectors attached to a
JEOL JSM-6300 scanning electron microscope.
The accelerating voltage was 15 kV, and the beam
current was 3.3 nA with a 4-mm beam diameter.
The detection limits were ~0.1%, and accuracy
was better than 5%. Cationic ratios were
calculated on the basis of 32 oxygen atoms
assuming spinel stoichiometry.

On the other hand, trace element
concentrations of the chromian spinels were
determined in situ for individual mineral phases
using the LA-ICP-MS at Houston University (USA).
The system incorporates a 193 nm Ar-F Excimer
laser ablation system and a quadrupole ICP-MS
with collision and reactioncell in pulse counting
mode. Ablation was performed at a fixed point on
the sample surface at a fluence of 20 Jcm-2, a
pulse repetition rate of 10 Hz and a typical crater
diameter of 60-120 microns.

RESULTS

Field Observation and Petrography

We investigated the mantle section of the Yesilova
ophiolite in this study. Field observations suggest
that the harzburgitic peridotites are the most
widespread lithological unitin the studied area. Less
dunite zones are located within the harzburgites.
These dunitic levels are separated from the
harzburgites likely in the form of possible boundaries
due to intermittent outcrops, and also, their locally
but intensive serpentinization and gradual changes
of the mineralogical composition were determined
by petrographic studies (Figure 2).

The studied harzburgites usually exhibit
protogranular to weakly porphyroclastic textures,
and are sometimes cataclastic to mylonitic at the
contact zones. The main minerals are olivine,
orthopyroxene clinopyroxene and chromian
spinel. Chromian spinel (modal abundance; ~ 2
%) in the harzburgite is frequently vermicular and
intergrown with olivine and orthopyroxene (Figure
3). Spinel grains are dark red to opaque and
generally small and some contain silicate
inclusions such as olivine (Figure 3d).

The studied dunites have generally an
equigranular texture. Cataclastic to mylonitic
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Figure 2: Field Photograph of the Studied Peridotites from the Ye?llova Ophiolite
Possible Boundary Between the Harzburgite and Dunite Including Chromitite Mine

Figure 3: Mineralogical features of harzburgite from Yesilova ophiolite.
a-c: crossed nicol, b-d: plane polarized light (ol: olivine, opx: orthopyroxene,
serp: serpentine, spl: chromian spinel, olivine has been partially altered into serpentine)
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textures sometimes occur at the contact zones
with harzburgites. The basic minerals are olivine
and chromian spinel. Most olivines are replaced
by serpentine and rarely by chlorite and weakly
kinked. Chromian spinels are frequently euhedral
to subhedral grains (Figure 4). Dunite with 10 to
20% of chromian spinel is called spinel rich dunite
in this study. Chromian spinels are dark red to
opaque, and has a variety of habits and grain
sizes (Figure 4b-d).

MINERAL CHEMISTRY OF
CHROMIAN SPINEL

The samples analyzed in this study, normally
preserve unaltered chromian spinel grains or
unaltered cores. Only the analyses performed on
the unaltered chromian spinels have been
considered in the interpretation of the igneous
petrogenesis. The representative major oxide and
trace element analyses of the chromian spinels
are shown in Table 1.

The Cr,O, content of the spinels varies widely
from 42.75 to 45.44 wt.% in harzburgite, 35.85 to
45.12 wt.% in dunite. The TiO, content of these
grains in harzburgite and dunite varies between
0.01-0.07 wt.%, 0.13-0.42 wt.%, respectively.
Also, the Al,O, contents range between 23.21-
26.90 wt.% in harzburgite and 21.85-25.11 wt.%
in dunite. The variations in cationic ratios and
oxides such as Mg# (=Mg/(Mg+Fe2+)) and Cr#
(= Cr/(Cr+Al)) along with the TiO, contents of the
chromian spinels and Fo contents of the olivines
in the harzburgite and the dunite from the Yesilova
ophiolites are illustrated in Figures 5to 7.

The studies harzburgite and dunite include
relatively Al-rich chromian spinels with almost
similar chemical compositions in terms of major
oxide contens, interestingly. The spinels from the
harzburgite and dunite plot within the fore-arc
peridotites field (Figure 5). Partial melting degrees
of the peridotites, both of the harzburgites and
dunites, are intermediate, approximately % 25.

Figure 4: Mineralogical features of dunite from Ye?ilova ophiolite.
a-c: crossed nicol, b-d: plane polarized light (ol: olivine, serp: serpentine,
spl: chromian spinel, olivine has been partially altered into serpentine)
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Table 1: Representative Major (Wt %) And Trace (Ppm) Element Analysis

(Empa And La-icp-ms) Of The Chromian Spinels From The Yesilova Ophiolite (Sw Turkey)
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The chromian spinels in the harzburgite show
high Cr# (~0.52 to 0.56) along with low TiO,
(<0.15%) (Figure 7). The Cr# of these spinels is
commonly higher than those of typical MOR
spinels, and could be a residue after high degrees
of partial melting of the mantle peridotites. Some
of the spinels in the dunites are generally
characterized by relatively higher Cr#, and show
similar TiO, abundance. However, most of the
spinels in the dunite exhibit relatively high TiO,
content compared to the spinels in the
harzburgites (Figure 7). The composition of the
spinels with relatively high Cr# in the dunite
resembles that from the depleted harzburgite and
all of these samples plot within fore-arc peridotites
field (Figure 5).

The calculated forsterite content of olivines

(datas from Bilici, 2015) in the harzburgite and
the dunite samples from the Yesilova ophiolite
range between 89.67-91.61 mol% and 88.80-
91.89 mol%, respectively. According to the
forsterite content (Fo) of the olivines versus the
Cr# of the spinel in these peridotites, the
harzburgites and some of the dunites plot in the
“Olivine-Spinel Mantle Array” (OSMA). However,
many dunite samples plot out of this array (Figure
6). Also, olivine-spinel pairs from both of the
harzburgite and dunite samples show almost
similar distribution with the Fo contents of the
olivines and the Cr# values of the spinels.

The studied chromian spinels are plotted on a
Cr#-TiO, wt% diagram (Figure 7). Although the
Cr#-TiO, diagram provides a method with which
to discriminate MOR from SSZ settings, there is
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ambiguity while using the diagram because of the
significant overlap between two fields, especially
for Cr# values between 0.45 and 0.6. However,
relatively high-Ti chromian spinels in the studied
dunites show clear correlation through to the
reaction field. In this diagram, using spinel
compositions obtained from dunites and
harzburgites that are considered to be
petrogenetically linked and it is probable to form
a reaction trend that defines the composition of
the reacting melt (Pearce et al., 2000). Interaction
between a Ti-poor, depleted mantle peridotite and
a Ti-rich melt will upgrade the Ti content of a
peridotite. Reaction between residual mantle or
harzburgite and MORB-like melt is characterised
by a reaction trend towards a composition with
relatively low Cr# and upgrade TiO, wt % values
in the dunite (Figure 7).

The spinels in the studied harzburgite and

dunite carry relatively limited varieties of trace
elements measurable by the laser ablation ICP-
MS. In particular, Ni, Co and Zn are notably
abundant in the spinels, and signifcant
concentrations of Ga, Sc, Ni, Ti, Mn and V are
also present in this mineral phase (Figure 8).
According to the lithology, the spinel chemistry
demonstrates significant differences in terms of
some transition elements. In particular, Ni, V, Co,
Zn and Ga concentrations of the spinels in the
harzburgites higher than in the dunites. However,
the Ti content of the spinels is the reverse of this
situation (Figure 8).

Although, Rare Earth Elements (REE)
contents of the chromian spinels are very low
concentrations, chondrite and primitive mantle
normalized values exhibit clear patterns (Figure
9). Chondrite normalized REE patterns for the
spinels in the harzburgite exhibit significant LREE

Figure 5. Plots of Cr# [100Cr 7/ (Cr + AD] vs. Mg# [100 Mg /7 (Mg + Fe2+)] of c
hromian spinels of the peridotites from the Ye?ilova ophiolite
(modified after Dick and Bullen, 1984)
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Figure 6: Plot of Cr# of spinel vs. Fo in olivine of the peridotites from the Ye?ilova
ophiolite in the olivine spinel mantle array (OSMA) diagram of Arai (1994). OSMA
and melting trend are taken from Arai (1994). (The abyssal and supra-subduction zone
(SSZ) peridotite fields are from Dick and Bullen, 1984, Ishii et al., 1992,
Parkinson and Pearce, 1998 and Choi et al., 2008)
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depletion, whereas the spinels in the dunite show
flat patterns (Figure 9a-b). The distinct differences
of the spinel concentrations between the
harzburgite and the dunites, are graphically
displayed by multi-element variation diagrams, in
which the trace elements are arranged in order
of increasing compatibility from left to right. The
spinels in the harzburgites display a small Large
lon Lithophie Elements (LILE) enrichment such
as Rb, Ba, U, Th, Nb, Sr, and slight Y depletion
(Figure 9c). However, LILE enrichment of the
spinels in the dunite except for Ba concentration
is a little more than in the harzburgite. Also, the
spinels in the dunite exhibit slight Ti enrichment
and low Y depletion (Figure 9d).

In summary, the significant differences in the
spinels are observed from the harzburgite to the

dunite in chondrite normalized REE and primitive
mantle normalized multi-element patterns.

DISCUSSION

The chemical properties of the studied chromian
spinels show that partial melting processes and
subsequent melt/rock interaction in the mantle
section played a vital role during the evolution of
these peridotites. The Cr# of chromian spinel can
be utilized to examine the degree of partial melting
experienced by means of chromian spinel-
bearing peridotites (e.g., Dick and Bullen, 1984;
Arai, 1994; Hellebrand et al., 2001, 2002). The
Cr#, Al and Ti contents of the chromian spinel
are very useful to understand the characteristics
of the parental melts of the spinels and the
tectonic setting in which these melts were formed
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Figure 7: Relationships Between Tio2 Contents And Cr/(Cr + Al) Atomic Ratios Of Chromian
Spinels In Harzburgite And Dunite From The Yesilova Ophiolite (After Pearce Et Al., 2000)
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(e.g., Zhou et al., 1996, Melcher et al., 1997, Uysal
et al., 2007, Rollinson, 2008, Pagé and Barnes,
2009, Gonzalez-Jiménez et al., 2011; Zaccarini
etal., 2011; Zhou et al., 2014).

The partial melting degree of the studied
peridotite samples of the Yesilova ophiolite can
be calculated by using their residual mineral
compositions. The composition of primary spinels
in upper mantle peridotites is generally highly
illustrative. Actually, the Cr# reflects the relative
degree of the partial melting (e.g., Arai, 1994;
Hellebrand et al., 2001). According to the Cr# of

the studied spinels, the highly depleted
compositions of the harzburgite and dunite
samples show that these rocks underwent
moderate (~25 %) degrees of partial melting
(Figure 5-7).

Considering the olivine-spinel pairs of the
studied harzburgite and dunite, Fo contents of
the olivine and the Cr# values of the spinel, most
of the analyzed samples plot within the olivine-
spinel mantle array (OSMA) described by Arai
(1994), indicating that the Yesilova peridotites
represent residual material remaining after partial
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melting of the upper mantle (Figure 6).

Subduction-related ophiolites display a gradual
geochemical affinity from MORB-like to Island Arc
Tholeiite (IAT) and Boninite in the later phases of
SSZ ophiolites (Dilek and Furnes, 2011). The
varying degrees of Ti enrichment in peridotites
result from the chromian spinels equilibrating with
melts of different compositions (Kelemen et al.,
1995; Edwards and Malpas, 1995, 1996; Pearce
et al., 2000). Reaction between residual mantle
and MORB-like melt is characterized by a reaction
trend towards a composition with moderately low
Cr# and higher TiO, wt % values. In this diagram,
the point of intersection on the fertile mantle melt
created by the studied peridotites demonstrates
that the mantle is the product of an intermediate
or relatively high degree (~25 %) of partial melting
(Figure 7). The Cr# of the chromian spinels from
the SSZ peridotites are characterized with much
higher than abyssal peridotites, which indicates
particularly higher degrees of partial melting in
the SSZ peridotites (e.g., Arai, 1994; Gaetani and
Grove, 1998). When the SSZ peridotites are
influenced by later interaction with MORB-like
melts, their spinels become enriched in TiO,
without increasing in Cr# (Pearce et. al., 2000)
(Figure 7).

Most of the ophiolites have met significant and
different alteration processes that can potentially
modify spinel composition. However, the
chromian spinels is relatively resistant (especially
core) to fluid-driven alteration and weathering
relative to associated silicate minerals and thus
may preserve many primary magmatic properties
(e.g., Baumgartner et al., 2013; Evans et al., 2013;
Zhou et al., 2014). The major and trace element
characteristics of the spinels reflect magmatic
and metasomatic processes within the upper

mantle. For the spinels analyzed here,
representing the compositional endmembers of
the studied peridotites, Ga, Ni, V, Zn, Co contents
decrease, and Sc, Ti and Mn contents increase
from the harzburgite to the dunite with a little
changing the Cr# of the spinels, suggesting a
control by partial melting (Figure 8). The LREE-
enriched patterns of the spinels in the dunite, on
the other hand, clearly explain metasomatic
enrichment of the highly incompatible elements
within the upper mantle above a subduction zone
(Figure 9b). Furthermore, the Nb, Ta and slight Ti
enrichment of the spinels in the dunite and the Y
depletion of the spinels in the harzburgite is
associated with the reaction between harzburgite
and reacted melt, subsequently forming the dunite
body (Figure 9c-d).

CONCLUSION

This study reveals that the in-situ analysis of major
and trace elements in the chromian spinels using
EPMA and LA-ICP-MS may help to recognize
fingerprints of petrogenetic interpretations
between the harzburgite and dunite from the
Yesilova ophiolite (SW Turkey). The mineral
chemistry datas of the chromian spinels in the
studied peridotites suggest that interaction
between residual mantle and MORB-like melt has
formed the dunite with relatively high-Ti and high-
Al spinels in a supra-subduction zone.
Consequently, we suggest that this MORB-like
melt formed the dunite bodies with high-Al spinels
compositions within the harzburgite is related to
the subduction initiation or subsequently slab
break off.
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