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Ophiolitic rocks are widely distributed in Turkey. One type, the Pozantı-Karsantı ophiolite from southern Turkey,
contains a large number of chromitite deposits located mostly in the mantle peridotites and close to the Moho
transition zone dunite and cumulate dunites. Cr-spinel grains from the chromitites are represented by high
Cr# [100 × Cr / (Cr + Al) = 68–81], and their Mg# [100 × Mg / (Mg + Fe2+)] range from 54 to 71. Gallium
and Co contents vary between 18 and 32 ppm and 185–266 ppm, respectively, and they show negative correla-
tion with Cr#. A detailed optical investigation reveals that the Cr-spinel grains contain silicate, platinum-group
mineral (PGM) and base metal sulfide (BMS) inclusions. Single phase inclusions of amphibole are the only hy-
drous silicate phases in the investigated chromitites, and they contain low TiO2 (b0.43 wt.%). Olivine, with
high Fo (~96) and NiO contents (0.48–0.68 wt.%), and clinopyroxene, with low TiO2 (b0.1 wt.%), Al2O3

(b2.84 wt.%) and Na2O contents (b0.4 wt.%) were also observed as primary silicate inclusions. Chromitites con-
tain low concentrations of total platinum-group elements (PGE) ranging between 32 and 162 ppb, with an aver-
age value of 93 ppb. Primitivemantle-normalized PGE diagrams show almost flat to positive slopes fromOs to Rh
(RhN/OsN = 0.99 to 8.5) and negative slope from Rh to Pt and Pd. All samples showmarked positive Ru anoma-
lies. Consistent with the geochemical data, Ru, Os, and Ir bearing PGE sulfide (laurite-erlichmanite solid solution
series [(Ru, Os)S2–(Os, Ru)S2] phases) are the most common PGM detected in the investigated chromitite sam-
ples. They show a narrow range of Os-Ru substitution [Ru#; Ru/(Ru + Os) = 0.72–0.97], indicating no
erlichmanite in the PGMparagenesis. In addition to themost common PGM laurite, several osmium (Os, Ir), irid-
ium (Ir, Os), irarsite, and one single grain of speryllite (PtAs2) were detected asmagmatic inclusions in Cr-spinel.
Three unknown PGE/PGE–BME (basemetal element) phases were also detected in Cr-spinel grains with compo-
sitions that correspond to the chemical formulas of (Os, Ru, Ir, Rh, Fe, Pd)2S5, Ir(Rh,Pt,Ni,Cu)S3, and (Ir, Rh,
Ru)2(Ni, Cu)S3, respectively. The high Cr# and low Ti content of Cr-spinel grains and amphibole inclusions
with low Ti content as hydrous phases in Cr-spinel grains require a hydrous melt depleted in incompatible
trace elements for the formation of investigated chromitites; therefore, we suggest a fore arc tectonic environ-
ment for the generation of Kızılyüksek chromitites. The presence of Os-Ir alloys and Ru-rich laurites implies
that Cr-spinel crystallization took place at relatively high temperature (1100–1300 °C) and low ƒ(S2) (between
−1 and −3) conditions. Major and trace element compositional variations of Cr-spinel, wide variation of RhN/
OsN ratios of the chromitites and depletion of Os in the chromitites compared to Ir and Ru may imply that
Kızılyüksek chromitites crystallized from a variously fractionated boninitic melt.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Ophiolitic rocks arewidely exposed across the globe. Themantle pe-
ridotites thatmake up the bottompart of the ophiolitic rock assemblage
are very important for understanding the nature of petrological process-
es such as melting and melt-rock interactions during the formation of
oceanic crust, as well as for the economically important chromitites
they contain. How ophiolitic chromitite is formed is still a matter of de-
bate. The firstmodel proposed for the formation of podiform chromitite
involved deposition of Cr-spinel crystals from the primary melts circu-
lating continuously in magmatic channels within the mantle (Lago et
al., 1982; Leblanc and Ceuleneer, 1992). Later studies have also shown
that the interaction of melt with mantle peridotites plays an important
role in forming podiform chromitites (Arai and Yurimoto, 1994; Zhou
and Robinson, 1994; Zhou et al., 1996, 1998; Arai, 1997). In addition,
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the tectonic settings of ophiolitic chromitites are also under debate. The
Cr# [100 × Cr / (Cr + Al)] values for the Cr-spinel that form the
ophiolitic chromitites indicate tectonic settings for chromitites in
which they formed (Dick and Bullen, 1984; Kamenetsky et al., 2001
and references therein). Back-arc basin environments, which are repre-
sented by a low degree of partial melting, have been proposed as possi-
ble environments for chromitites that contain Al-rich Cr-spinel crystals
(Al-rich chromitites; Cr# b 60), while arc-front arc settings, which are
represented by a high degree of partial melting, have been suggested
as environments for chromitites that contain Cr-rich Cr-spinel crystals
(Cr-rich chromitites; Cr# N 60) (Uysal et al., 2007b, 2009b;
González-Jiménez et al., 2011; Zaccarini et al., 2011; Garuti et al.,
2012; Akmaz et al., 2014; Zhou et al., 2014).

In recent studies, ophiolitic chromitites have also been a focus due to
the presence of platinum-group elements (PGE: Os, Ir, Rh, Rh, Pt, Pd),
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Fig. 1. a:Main tectonic units of Turkey (Dinter, 1988) and distributions of ophiolitic rocks in Tur
Simplified geologicalmap of the study area (afterMTA, 2002). c: Representative columnar sectio
1978; Çakır, 1978; Çataklı, 1978; Çapan, 1980; Tekeli, 1981). 1: sedimentary rocks, 2: isotropic ga
mantle peridotites, 7: podiform chromitites, 8: diabase dykes, 9: metamorphic sole (amphibol
which have great economic value (e.g., Fischer et al., 1988; Ferrario
and Garuti, 1988; Orberger et al., 1988; Distler et al., 2008; El Ghorfi et
al., 2008). Their concentrations in the mantle are controlled by sulfide
or alloy phases rather than silicate phases, while concentrations in
chromitites are generally controlled by platinum-group mineral
(PGM) inclusions within Cr-spinel crystals. Iridium-group platinum-
group elements (IPGE: Os, Ir, Ru) are compatible and therefore prefer
to stay in residual phases during partial melting and tend to crystallize
together with early solid phases during crystallization from a melt. On
the other hand, palladium-group platinum-group elements (PPGE: Rh,
Pt, Pd) have a rather incompatible nature and prefer to be in the melt
phase during partial melting (Leblanc, 1991; Bockrath et al., 2004;
Ahmed et al., 2009; Uysal et al., 2009b). The properties of these ele-
ments reveal important information about the petrological evolution
of mantle rocks and chromitites.
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The ophiolitic rocks in Turkey have a wide distribution, and the
Pozantı-Karsantı ophiolitic sequence is one of these rock assemblages.
In this sequence, chromitites are associated mostly with harzburgite
and dunite-type mantle peridotites as well as cumulate dunites.
Chromitites, in association with mantle peridotites of the ophiolitic se-
quence, are massive in appearance and have a partly disseminated tex-
ture, while chromitites associated with cumulate dunites are mostly
banded. Cr-spinel crystalswith Cr#values ranging from68 to 81 contain
both platinum-group mineral (PGM) inclusions and base metal sulfide
(BMS) inclusions. These phases in Cr-spinel crystals yield important in-
formation about the physiochemical conditions of chromitites (Ahmed
and Arai, 2002, 2003; Augé et al., 2002; Uysal et al., 2009a, 2009b,
2015; Akmaz et al., 2014).

Saka et al. (2014) stated that the Kızılyüksek region of the Pozantı-
Karsantı ophiolite is comprised of mantle peridotites and overlying
crustal rocks, and thatmantle peridotites are residues of 22% to 26% par-
tial melting of primitive mantle under various pressure conditions. In
this study, we investigated the major and trace element composition
of Cr-spinel as well as the composition of PGM, base metal mineral
(BMM) and silicate inclusions in Cr-spinel crystals of chromitites from
theKızılyüksek region. In addition,we determinedwhole-rock PGE con-
tents of the studied chromitites. The results were evaluated in terms of
the tectonic setting of the chromitites and the petrological processes
that governed their formation because the PGE display very different
behaviour during partial melting and differentiation and are important
for determining the degree of differentiation of themelts that crystallize
the chromitites.

2. Regional geology

Turkey is geologically divided into three main tectonic units: the
Pontides, the Anatolides and the Taurides (Dilek and Moores, 1990;
Okay, 2008). The Pozantı-Karsantı ophiolite, which is widely exposed
between the towns of Pozantı and Karsantı (Aladağ), and which was
first named by Bingöl (1978), is located in the Tauride geologic belt at
the north of the city of Adana (Fig. 1a).

The Ecemiş fault, which has a left-lateral strike-slip character, sepa-
rates the Pozantı-Karsantı ophiolite and the underlying Aladağ platform
consisting of extensively deformed Paleozoic-Early Mesozoic carbonate
rocks (Tekeli et al., 1984) at the west of the Bolkar massif and ophiolitic
a

c

Fig. 2.Massive and semi-massive chromitite within harzburgite (a), disseminated chromititesw
vein of massive chromitites hosted by serpentinized dunite (d).
rocks (Dilek and Moores, 1990). The mélange and the Aladağ platform
are tectonically overlain by the northeast-southwest-extending
Pozantı-Karsantı ophiolite of the upper Cretaceous age (Juteau, 1980;
Dilek and Moores, 1990) (Fig. 1b). The Upper Triassic and lower Creta-
ceous carbonate rocks of the Aladağ platform are unconformably over-
lain by chaotic olistostromal mélange that contains ophiolitic
fragments (Tekeli et al., 1984). With regard to rock type, structural
properties and position, the Aladağ ophiolite sequence is comprised of
three units: the ophiolitic mélange at the bottom, the metamorphic
slice above the mélange, and a peridotite nappe at the top that hosts
the Kızılyüksek chromitites (Bingöl, 1978; Çakır, 1978; Çataklı, 1978;
Çapan, 1980; Tekeli, 1981) (Fig. 1c). The ophiolitic sequence hosting
the Kızılyüksek chromitites starts at its bottom with porphyroclastic
tectonic textured harzburgites, granoblastic harzburgites, and mantle
tectonites that are cut by isolated diabase dykes; continues with ultra-
mafic cumulates of dunite and pyroxenite and mafic cumulates
(Bingöl, 1978; Çakır, 1978; Çataklı, 1978; Juteau, 1979; Çapan, 1980)
(Fig. 1c).

3. Podiform chromitites

Podiform chromitites associated with the Pozantı-Karsantı ophiolite
mostly occur within harzburgite and dunite-type rocks as massive (Fig.
2a), disseminated (Fig. 2b), banded (Fig. 2c), and rarely, nodular and
vein type ore bodies (Fig. 2d). Chromitite bodies that are mostly
surrounded by dunites generally show sharp transitions to these
rocks, but in some cases, there is a gradual change represented by a de-
crease in Cr-spinel modal abundances from massive chromitites to dis-
seminated chromitites and towards dunites. Chromitites, particularly
those in the mantle part of the ophiolitic sequence, are characterized
by massive and disseminated textures, while those close to crustal
rocks or within the cumulate dunites are mostly banded.

The Kızılyüksek chromitites are generally massive (N80% Cr-spinel)
(Fig. 3a) and semi-massive (60–75%Cr-spinel) (Fig. 3b, c) textured. Dis-
seminated chromitites (Fig. 3d), found mostly in the upper mantle part
of the ophiolitic sequence as well as in the cumulate dunites, are com-
posed of euhedral Cr-spinel crystals in a modal abundance of 20–60%.
Banded chromitites, particularly those in the cumulate dunites, are
composed of Cr-spinel crystals with a modal abundance of 50–75%
and alternation of fresh olivine crystals (Fig. 3e). Nodular chromitites,
b

d

ith relatively fresh olivine crystals (b), banded chromitites in the ultramafic cumulates (c),
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Fig. 3.Massive chromitite samplewith abundant fractures and cracks (a); semi-massive chromitite samplewith ~65%modal Cr–spinel abundancewithinmostly serpentinizedmatrix (b);
disseminated chromitite samples with ~40% modal Cr-spinel abundance having fresh (c) and partly serpentinized (d) silicate matrix; banded chromitite sample comprised of relatively
fresh olivine and abundant Cr–spinel layers (e), and nodular chromitite sample containing ~1 cm in diameter nodules within highly serpentinized matrix (f).
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which are observed only inmantle peridotites, aremade up of Cr-spinel
crystals that have a modal abundance of about 50% and show signs of
tectonic deformation. The nodules of Cr-spinel crystals are mostly filled
by serpentinized olivine minerals (Fig. 3f). Cr-spinel crystals from the
massive and semi-massive chromitites are usually fractured and brecci-
ated (Fig. 4a, b). Cr-spinel crystals that fragmented as a result of tectonic
deformation create the cataclastic texture (Fig. 4b), and this phenome-
non is commonly observed in the Kızılyüksek chromitites. The matrix
that fills the space between fractured and cracked Cr-spinels of massive
and semi-massive chromitites is generally serpentinized. However, the
matrix in the disseminated chromitites is comprised of olivine and ser-
pentine minerals (Fig. 4c). Almost all the chromitite samples that were
petrographically examined were composed of fresh Cr-spinel crystals,
and in some cases, alterationwas significant along themargins and frac-
tures of the crystals. In the Back Scattered Electron (BSE) images, this
b

d

Disseminated

c

Cr-spinel

Olivine

Serpentine

500 µm

500 µmMassive

a

Cr-spinel

Fig. 4. Back scattered electron images of the Kızılyüksek chromitites. Massive chromitite with s
with highly cracked Cr-spinel crystals (b), disseminated chromite sample composed of relativ
containing Cr-spinel crystals altered through crack and rim (d).
alteration is easily recognized by its brighter appearance compared to
fresh Cr-spinel crystals (Fig. 4d).

4. Samples and analytical methods

Forty-two chromitite samples that have different textures and are
located in mantle and close to or above the Moho transition zone of
the Pozantı-Karsantı ophiolite have been taken from 20 different loca-
tions. Electron-probe micro-analyses (EPMA) were performed on each
chromitite sample to obtain the chemical composition of Cr-spinel crys-
tals of the chromitites. Two polished blocks were prepared from each
chromitite sample, and the surfaces of each polished block were
scanned under reflected light at 250–500× magnification to detect
tiny mineral inclusions such as PGM, BMM and silicate inclusions
enclosed by Cr-spinel crystals. Platinum-group minerals (PGM) were
500 µm

Cataclastic

Semi-massive

Massive 500 µm

Altered rim

Unaltered core

ubhedral Cr-spinel grains (a), semi-massive chromite sample showing cataclastic texture
ely altered and fresh olivine matrix and Cr-spinel crystals (c), massive chromite sample
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Table 1
Average composition of fresh and altered Mg–chromite crystals of high–Cr chromitites from the Kızılyüksek. Cr#= 100×Cr / (Cr + Al), Mg#= 100×Mg / (Mg+ Fe2+), N: Number of spot analysis, bdl: below detection limit, MCA:Modal Chromite
Abundance, D: Disseminated, M: Massive, SM: Semi–massive, B: Banded, N: Nodular, *: parental melt composition, AAC: Analysed area of chromite crystals.

Sample# PK4-1 PK6 PK7 PK12B PK13B PK13-1 PK15 PK20 PK20B PK21 PK22 PK22B PK25 PK25B PK26 PK26B PK26-1 PK36 PK37 PK37B PK37-1 PK49 PK49B PK50

Texture D D D D SM SM D D D D M M D D M M M M B B B D D D

MCA ~20% ~35% ~50% ~55% ~60% ~65% ~40% ~30% ~30% ~35% ~95% ~95% ~25% ~35% ~95% ~90% ~95% ~80% ~75% ~75% ~75% ~40% ~40% ~45%

N 5 5 5 5 5 4 3 5 5 5 5 2 5 4 5 3 4 3 5 5 3 5 5 4

AAC Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core

TiO2 0.17 0.23 0.19 0.20 0.21 0.19 0.19 0.17 0.16 0.22 0.21 0.22 0.27 0.26 0.17 0.17 0.16 0.17 0.15 0.17 0.16 0.24 0.24 0.21
Al2O3 9.67 12.77 11.37 11.34 12.51 12.26 10.23 10.29 10.04 12.59 13.63 13.82 13.93 13.58 16.21 16.84 16.57 10.23 10.21 10.23 10.44 10.71 10.71 10.95
Cr2O3 60.19 57.80 59.92 59.37 58.98 56.94 59.30 59.56 60.74 58.09 58.57 57.42 54.12 55.16 54.57 53.39 51.65 58.59 61.13 60.86 59.81 59.93 59.93 58.56
Fe2O3 1.63 2.34 1.80 2.19 2.17 3.19 3.53 2.67 2.04 2.33 1.76 2.64 1.19 2.62 2.34 3.09 2.99 4.52 2.18 2.14 2.36 2.37 2.37 2.52
FeO 16.75 14.15 14.10 14.91 13.57 12.27 12.41 14.92 15.66 13.20 11.66 11.12 15.02 13.95 12.54 12.42 11.77 12.54 13.82 14.39 13.96 14.77 14.77 13.49
MnO 0.15 bdl bdl bdl bdl 0.06 bdl bdl bdl bdl bdl bdl 0.12 bdl bdl bdl 0.03 bdl bdl bdl 0.04 bdl bdl bdl
NiO bdl 0.09 0.09 0.05 0.07 0.07 0.14 0.02 0.04 0.13 0.13 0.20 0.06 0.10 0.13 0.14 0.17 0.06 0.07 0.05 0.08 0.09 0.09 0.03
MgO 10.88 13.21 13.07 12.60 13.69 13.99 13.81 12.32 11.94 13.71 14.96 15.23 11.90 13.04 14.54 14.73 14.45 13.82 13.17 12.80 12.87 12.65 12.65 13.13
Σ 99.45 100.59 100.55 100.66 101.19 98.96 99.61 99.96 100.64 100.27 100.92 100.65 96.61 98.71 100.50 100.78 97.78 99.94 100.73 100.64 99.72 100.75 100.75 98.90
Mg# 54 62 62 60 64 67 66 60 58 65 70 71 59 63 67 68 69 66 63 61 62 60 60 63
Cr# 81 75 78 78 76 76 80 80 80 76 74 74 72 73 69 68 68 79 80 80 79 79 79 78
Al2O3* 10.79 12.24 11.64 11.62 12.13 12.03 11.08 11.12 10.99 12.17 12.58 12.65 12.69 12.56 13.48 13.68 13.60 11.08 11.07 11.08 11.19 11.32 11.32 11.44
TiO2* 0.27 0.35 0.29 0.31 0.32 0.30 0.30 0.27 0.26 0.33 0.32 0.33 0.39 0.38 0.27 0.27 0.26 0.27 0.25 0.28 0.25 0.35 0.35 0.33
FeO/MgO* – – – – – – – – – – 0.63 0.59 – – 0.73 0.72 0.69 0.67 – – – – – –

Table 1 (continued)

Sample# PK50B PK50-1-2 PK50-2-1 PK50-2-2 PK55-1 PK56 PK56B PK56-2 PK59 PK59B PK63 PK63B PK63-1 PK63-2 PK64 PK64-2 PK65 PK15 PK22B PK36 PK50B PK59

Texture SM B D D M M M M M M SM SM SM SM N N M D M M SM M

MCA ~65% ~50% ~55% ~55% ~85% ~85% ~85% ~85% ~90% ~90% ~75% ~75% ~75% ~75% ~60% ~60% ~85% ~40% ~95% ~80% ~65% ~90%

N 4 3 5 5 5 4 5 5 3 4 3 5 4 5 5 2 5

AAC Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core Core Rim-Crack Rim-Crack Rim-Crack Rim-Crack Rim-Crack

TiO2 0.20 0.19 0.20 0.19 0.18 0.17 0.19 0.19 0.18 0.18 0.18 0.16 0.15 0.16 0.16 0.17 0.17 0.20 0.23 0.16 0.20 0.18
Al2O3 10.96 10.31 10.68 10.63 11.23 10.67 10.65 10.43 11.27 11.56 9.66 10.11 10.00 9.81 10.31 9.83 10.52 9.96 13.33 9.90 10.98 11.33
Cr2O3 58.48 58.61 57.55 57.04 56.30 58.48 60.68 57.94 57.06 57.80 59.19 60.99 59.06 59.16 61.35 60.78 60.21 58.70 55.91 57.50 58.29 55.95
Fe2O3 0.42 3.97 3.40 3.64 3.89 4.13 2.39 3.41 3.68 3.40 2.60 1.84 2.82 2.55 1.60 2.18 2.47 6.02 4.65 6.36 3.83 8.49
FeO 14.66 12.42 12.23 12.08 13.17 12.15 13.57 12.81 13.70 13.55 14.42 14.80 14.09 13.71 14.74 14.55 14.48 10.61 10.23 11.76 12.38 11.25
MnO 0.18 0.03 0.10 0.09 0.13 bdl bdl 0.09 0.17 bdl bdl bdl 0.15 0.11 bdl 0.09 bdl 0.00 0.00 0.00 0.00 0.18
NiO 0.03 0.14 0.06 0.11 0.05 0.07 0.02 0.08 0.07 bdl 0.08 bdl 0.03 0.03 0.07 0.06 0.10 0.00 0.12 0.00 0.00 0.00
MgO 11.35 13.75 13.58 13.57 13.05 14.09 13.47 13.27 12.87 13.34 12.22 12.49 12.50 12.66 12.63 12.48 12.76 15.27 15.69 14.33 14.02 15.22
Σ 96.27 99.43 97.80 97.35 97.99 99.77 100.97 98.21 99.00 99.83 98.35 100.39 98.81 98.21 100.86 100.12 100.70 100.78 100.17 100.00 99.70 102.61
Mg# 57 66 66 67 64 67 64 65 63 64 60 60 61 62 60 60 61 72 73 69 67 71
Cr# 78 79 78 78 77 79 79 79 77 77 80 80 80 80 80 81 79 80 74 80 78 77
Al2O3* 11.44 11.12 11.31 11.28 11.57 11.30 11.29 11.18 11.59 11.72 10.78 11.02 10.97 10.87 11.12 10.87 11.23 10.94 12.46 10.91 11.45 11.62
TiO2* 0.31 0.30 0.31 0.30 0.28 0.28 0.29 0.30 0.28 0.28 0.28 0.25 0.25 0.26 0.26 0.27 0.27 0.31 0.35 0.26 0.31 0.28
FeO/MgO* – – – – 0.77 0.65 0.77 0.73 0.82 0.78 – – – – – – – – 0.51 0.60 – 0.54
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detected and marked in 22 out of 84 polished blocks. Although few
chromitite samples were found to contain BMM inclusions, silicate in-
clusions were detected in almost all polished blocks. Three chromitite
samples with different chemical composition were selected to obtain
the trace element contents of Cr-spinel crystals. Moreover, 14
chromitite samples taken from different levels of the ophiolitic suite
and having various chemical composition were selected for their
whole rock platinum-group element (PGE) concentrations.

In situ micro-chemical analyses of Cr-spinel, PGM, BMM and silicate
inclusions were performed using a CAMECA SX-100 electron-probe
micro-analyser (EPMA) in the Department of Earth and Environmental
Sciences at Ludwig Maximilian University of Munich, Germany. Analyt-
ical conditions for quantitativeWDS analyses were 15–20 kV accelerat-
ing voltage, 20 nA probe current, and a beam diameter of 1 μm. For the
Cr-spinel and silicate inclusions, calibrationswere carried out using nat-
ural and synthetic reference materials: andradite for Ca, Si, and Fe; co-
rundum for Al; periclase for Mg; rutile for Ti; albite for Na; orthoclase
for K; chromite for Cr; and NiO for Ni. The Fe2+ and Fe3+ contents of
the Cr-spinels were calculated on the basis of spinel stoichiometry
(XY2O4). Detection limits (wt.%) of the elements measured for the Cr-
spinel and silicate inclusions were 0.06 for SiO2, TiO2, CaO, and Na2O;
0.04 for K2O; 0.05 for Al2O3; 0.09 for Cr2O3; 0.1 for FeO and NiO; 0.08
for MnO; and 0.07 for MgO. The PGM and base metal minerals (BMM)
were first qualitatively examined by energy dispersion spectrometry
(EDS) and then analysed quantitatively bywavelength-dispersion spec-
trometry (WDS). Puremetalswere used as standards for PGE, Ni and Cu,
arsenopyrite was used for As, and pyrite was used for Fe. Various X-ray
lines were used in the analyses: Lα for Ru, Ir, Rh and Pt; Mα for Os; Lα
for Pd and As; and Kα for S, Ni, Fe and Cu. For the PGE and BME, the de-
tection limits were 0.09 for Os; 0.13 for Ir; 0.23 for Ru, Rh, and Pt; 0.03
for S; 0.25 for Pd; 0.06 for Ni; 0.07 for Fe; and 0.02 for Cu and As.
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al. (1993).
The trace element contents of some Cr-spinel crystals, the major
oxide composition of which has already been determined, were
analysed by a Thermo X-Series 2 quadrupole ICP-MS coupled to a New
Wave UP-213 Laser Ablation system at Geochemistry/ICP-MS Laborato-
ry at the School of Earth and Ocean Sciences, University of Victoria, Vic-
toria, BC, Canada. The signal for each element was normalized to an
internal standard (aluminium) correcting for ablation efficiency and in-
strumental drift. NIST 611 glass was used to calibrate the signal. Quality
of calibration was confirmed by re-analysis of NIST 611 after every four
shots. Themethod of ICP-MS analysis for the trace elements of Cr-spinel
crystals has been described in Akmaz et al. (2014).

The selected chromitite samples were analysed for the full suite of
whole rock PGE using a nickel sulfide fire-assay pre-concentration
method followed by ICP-MS at Genalysis Laboratory, Perth, Western
Australia, following the method described by Chan and Finch (2001).
Detection limits were 2 ppb for Os, Ir, Ru, Pt, and Pd, and 1 ppb for Rh.
5. Geochemistry of Kızılyüksek chromitites

5.1. Cr-spinel major oxide composition

Major oxide composition of the Cr-spinels from chromitites were
mostly obtained from the core, which is the least altered part of the crys-
tals. In some samples, point analysis was also done along fractures and
cracks where alteration was partly or significantly apparent. Table 1
shows the results. For the analysis of the central part of the Cr-spinel
crystals, Cr2O3 content varies from 51.65 to 61.35 wt.%, and Al2O3 con-
centrations are in the range of 9.66 to 16.84 wt.%. Fe2O3 contents of the
Cr-spinel crystals are from 0.42 to 4.52 wt.%, and TiO2 concentrations
are from 0.15 to 0.27 wt.% (Table 1). Cr2O3 and Al2O3 contents of the
altered parts along the fractures, cracks and margins of the Cr-spinel
crystals of Kızılyüksek chromitites are 55.91–58.70 and 9.90–
13.33 wt.%, respectively, and Fe2O3 and TiO2 contents are up to 8.49
and 0.23 wt.%, respectively (Table 1).

The Cr# values are between 68 and 81, and theMg# values vary in a
wider range, from 54 to 71. Disseminated chromitites with relatively
lower Cr-spinel/silicate matrix ratios are represented by Cr-spinels
with lower Mg# values, while massive chromitites with higher Cr-spi-
nel modal abundances have higher Mg# values. For Cr-spinel phases,
Cr# values of N65 indicate that such chromitites are high-Cr chromitites
(Leblanc and Violette, 1983; Dick and Bullen, 1984), and Mg# and Cr#
values of N50 are indicative of “Mg-chromite” composition (Stevens,
1944). Cr2O3 contents of Mg-chromite crystals from the Kızılyüksek
chromitites decrease with increasing Al2O3 content (Fig. 5a). In some
chromitite samples, TiO2 contents of Mg-chromites show a slight in-
crease with decreasing Cr2O3 concentrations, although TiO2 and Cr2O3

contents of most Mg-chromite do not show any significant relationship
to one another (Fig. 5b).
Table 2
Some minor and trace element concentrations (ppm) and Cr# values of Mg–chromite
grains from the Kızılyüksek chromitites. bdl: below detection limit.

Element Cr# Ni Mn Ti V Zn Co Ga Sc

Detection Limits 10.7 4.7 2 1.1 0.6 0.3 0.4 8

PK20 79 498 1378 826 620 361 259 19 bdl
PK20 80 510 1389 829 626 353 258 18 bdl
PK20 80 520 1433 846 642 376 266 20 bdl
PK26B 68 1067 964 928 949 348 189 32 bdl
PK26B 68 1107 958 882 942 359 190 30 bdl
PK26B 68 1135 943 902 937 367 185 32 bdl
PK59B 77 624 1332 990 676 353 227 20 8
PK59B 77 586 1368 991 685 338 230 20 bdl
PK59B 77 573 1444 1043 699 345 237 21 bdl
Mean 75 736 1246 915 753 356 227 24
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5.2. Trace element composition of Mg-chromite

The average Ni, Mn, Ti, V, Zn, Co and Ga concentrations of the Mg-
chromites that are represented by high-Cr contents are 736, 1246,
915, 753, 356, 227 and 24 ppm, respectively (Table 2). Fig. 6 shows a
V
 (

p
p

m
)

C
o

 (
p

p
m

)
N

i (
p

p
m

)

600

800

1000

1200

600

800

1000

150

200

250

60 70 80

Cr#

Fig. 7. Relationship between some trace elements content and Cr# v
multi-element diagram in which some major and trace element values
for the Mg-chromite crystals of Kızılyüksek chromitites are normalized
by the values seen in Cr-spinels from mid-ocean ridge basalts (MORB).
Al, Ga, Ti, Ni, Mg and Zn concentrations of the studied Mg-chromite
crystals are depleted compared to those of the Cr-spinel crystals from
MORB, while Co, Mn, Fe and Cr elements show relative enrichment
(Fig. 6). In samples PK59B and PK20, vanadium is partly depleted with
respect to the Cr-spinels fromMORB, but the V concentration in sample
PK26B is represented by a slight enrichment. The Mg-chromite crystals
in sample PK26B are partly enriched in Al, Ga, Ni and V with respect to
samples PK59B and PK20, while Co and Mn contents are relatively de-
pleted (Fig. 6).

Comparison of trace element concentrations in the Mg-chromite
crystals of the studied chromitite samples with the Cr# values of the
Mg-chromites reveals decreasing concentrations of Ni, V and Ga with
increasing Cr# values, while Co and Mn concentrations are increased
with increasing Cr# (Fig. 7).

5.3. Whole-rock platinum-group element (PGE) geochemistry

Thewhole-rock total PGE contents of the Kızılyüksek chromitites are
very low, ranging from32 to 162 ppb (avg: 93 ppb). IPGE abundances of
these chromitites (23–141 ppb) are higher than PPGE abundances (8–
55 ppb) (PPGEN/IPGEN = 0.24–0.76), and chromitites are represented
with Pd/Ir ratios usually below 0.74 (Table 6). In some samples of
Kızılyüksek chromitites, Ir and Ru abundances are relatively depleted
with respect to ophiolitic chromitites from various parts of the world.
In contrast to the Ir abundances, the Os abundances of all studied sam-
ples show significant depletion (Fig. 11). In primitive mantle normal-
ized PGE plots, most samples display a positive slope from Os to Ru.
Ru-Rh variations in samples differ somewhat. Some samples show a
negative slope from Ru to Rh, Pt and Pd, while some display a flat
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Table 3
Representative electron microprobe analyses of PGM's in Mg–chromite grains (Fig. 8) from the Kızılyüksek chromitites. L: Laurite, bdl: below detection limit, Ir: Iridium, Os: Osmium, Spry: Sperrylite, Un#: Unidentified phase, Ru#= Ru/(Ru+ Os).

Sample# PK4-1 PK13-1 PK15 PK15 PK22B PK26-1 PK50-1-1 PK50-2-1 PK56-2 PK59 PK65 PK20 PK26-1 PK56-2 PK56-2 PK13B PK13-1 PK50-2-1 PK26-1 PK63-2 PK63-2 PK49

Inclusion# 1 1 1 2 1 5b 1 1 1 1 1 1 6 2 3 1 2 2 5a 3 2 2

Fig. 8, # – – 2 4 5 6 3 – – 1 – 7 9 8 – 10 11 23 6 13 14 15

Mineral L L L L L L L L L L L Os Os Os Os Ir Ir Ir Spry Un#1 Un#2 Un#3

Os 24.50 12.40 11.46 18.20 13.22 21.34 10.68 3.55 19.15 11.41 5.01 53.25 61.55 46.80 51.54 30.23 29.70 34.82 0.20 43.65 0.12 0.17
Ir 8.25 4.86 6.76 9.03 4.50 8.60 5.97 3.27 8.01 11.06 5.70 41.51 37.30 40.80 43.40 68.49 63.88 58.59 bdl 11.87 50.93 44.28
Ru 33.90 46.79 43.40 37.57 44.80 33.93 43.94 52.84 37.77 39.95 52.36 3.29 0.90 11.74 3.52 0.42 4.62 bdl 0.25 9.68 bdl 2.93
Rh bdl bdl 1.53 0.70 0.10 1.85 0.57 0.77 0.28 1.55 0.60 0.33 0.12 0.58 0.52 0.36 0.22 0.10 0.12 1.28 8.03 17.50
Pt 0.43 0.42 bdl 0.35 0.48 0.35 0.42 0.18 0.34 bdl 0.05 0.05 bdl bdl bdl bdl 0.50 bdl 57.24 bdl 5.24 bdl
Pd bdl bdl 0.80 bdl bdl bdl bdl bdl bdl 0.64 0.74 bdl bdl bdl 0.65 bdl bdl 5.95 bdl 0.16 bdl bdl
Ni bdl bdl bdl bdl 0.77 bdl 1.00 0.66 bdl 0.10 0.21 0.98 bdl 0.57 bdl 0.10 bdl bdl 0.08 bdl 1.13 6.49
Fe bdl 0.08 bdl bdl 0.13 bdl 0.08 0.21 bdl 0.23 bdl bdl bdl bdl 0.12 0.17 0.84 0.17 bdl 0.13 bdl bdl
Cu bdl bdl bdl bdl 0.09 bdl 0.05 bdl bdl 0.04 0.04 bdl bdl bdl bdl 0.02 0.05 bdl bdl bdl 9.24 6.43
S 33.56 35.78 35.37 34.54 35.04 33.14 34.50 37.15 33.65 35.22 35.45 bdl bdl bdl bdl bdl bdl bdl 0.22 32.08 24.82 20.53
As bdl bdl 0.02 bdl bdl 0.87 bdl bdl bdl bdl bdl bdl bdl bdl 0.04 bdl bdl 0.16 42.36 bdl bdl bdl
∑ 100.65 100.33 99.34 100.39 99.14 100.07 97.21 98.63 99.20 100.20 100.15 99.42 99.87 100.21 99.79 99.78 99.81 99.80 100.47 98.85 99.51 98.32
Os 0.248 0.117 0.109 0.179 0.126 0.216 0.104 0.032 0.192 0.110 0.047 0.504 0.582 0.465 0.512 0.300 0.281 0.346 0.004 1.144 0.002 0.004
Ir 0.083 0.045 0.063 0.088 0.043 0.086 0.057 0.029 0.080 0.106 0.053 0.389 0.349 0.401 0.427 0.674 0.598 0.576 0.000 0.308 1.007 1.060
Ru 0.646 0.830 0.775 0.696 0.806 0.646 0.803 0.901 0.714 0.725 0.918 0.059 0.016 0.220 0.066 0.008 0.082 0.000 0.008 0.477 0.000 0.133
Rh 0.000 0.000 0.027 0.013 0.002 0.035 0.010 0.013 0.005 0.028 0.010 0.006 0.002 0.011 0.010 0.007 0.004 0.002 0.004 0.062 0.296 0.782
Pt 0.004 0.004 0.000 0.003 0.004 0.003 0.004 0.002 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.000 1.009 0.000 0.102 0.000
Pd 0.000 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000 0.011 0.012 0.000 0.000 0.000 0.011 0.000 0.000 0.106 0.000 0.008 0.000 0.000
Ni 0.000 0.000 0.000 0.000 0.024 0.000 0.032 0.019 0.000 0.003 0.006 0.030 0.000 0.018 0.000 0.003 0.000 0.000 0.005 0.000 0.073 0.509
Fe 0.000 0.002 0.000 0.000 0.004 0.000 0.002 0.007 0.000 0.008 0.000 0.000 0.000 0.000 0.004 0.006 0.027 0.006 0.000 0.012 0.000 0.000
Cu 0.000 0.000 0.000 0.000 0.003 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.553 0.465
∑ metal 0.984 0.999 0.988 0.982 1.012 0.988 1.013 1.003 0.996 0.991 1.047 0.988 0.950 1.115 1.030 0.998 0.998 1.036 1.031 2.011 2.033 2.953
S 2.016 2.001 1.992 2.018 1.988 1.989 1.987 1.997 2.004 2.015 1.959 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.024 4.989 2.942 2.946
As 0.000 0.000 0.000 0.000 0.000 0.022 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.004 1.945 0.000 0.000 0.000
∑ anion 2.016 2.001 1.992 2.018 1.988 2.012 1.987 1.997 2.004 2.015 1.959 0.000 0.000 0.000 0.001 0.000 0.000 0.004 1.969 4.989 2.942 2.946
∑ 3.000 3.000 2.979 3.000 3.000 3.000 3.000 3.000 3.000 3.006 2.980 0.988 0.950 1.115 1.031 0.998 0.998 1.040 3.000 7.000 4.976 5.892
Ru# 0.72 0.88 0.88 0.80 0.86 0.75 0.89 0.97 0.79 0.87 0.95 – – – – – – – – – – –
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pattern from Ru to Rh, and a negative slope from Rh to Pt and Pd. How-
ever, in some samples, there is a positive slope from Ru to Rh that is un-
characteristic of ophiolitic chromitites. Like other samples, these
samples also show a negative slope from Rh to Pt and Pd. The Pd con-
tents of the studied samples are very low; except for three samples,
the concentrations are below the detection limit of 2 ppb. The Pd con-
tents of two samples in particular show enrichment rather than a
sharp negative slope from Rh to Pt (Fig. 11). As an overall assessment,
theOs-Rhpatterns of the samples are quite variable, and primitiveman-
tle normalized Rh/Os ratios (RhN/OsN) are in the range of 0.99 to 8.5
(Table 6).

5.4. Inclusions within Mg-chromite crystals

5.4.1. Platinum-group mineral (PGM) inclusions
The Mg-chromite crystals contain euhedral-subhedral PGM inclu-

sions (mostly primary inclusions) of b10 μm in size (Fig. 8). These inclu-
sions within the Kızılyüksek chromitites are mostly represented by
laurite of ~2–10 μm size. These phases within fresh Mg-chromite crys-
tals distant from fractures are mostly euhedral and single-phase (Fig.
8 #1–2) but also form multi-phases with other PGM (Ir and Ir-S) (Fig.
8 #3–4) and BMS (Ni-S) (Fig. 8 #5). Ru and Os contents of the laurites
are 33.9 to 52.84 wt.% and 3.55 to 24.5 wt.%, respectively. Ir, Rh and Pt
concentrations are 3.27 to 9.51wt.%, b1.85wt.% and b0.85wt.%, respec-
tively (Table 3). The laurite crystals of these chromitites are enriched in
Ru compared to Oswith a Ru# [Ru / (Ru+Os)] values ranging between
0.72 and 0.97 (Fig. 9a).

In addition to laurite, osmium and iridiumwere found as primary al-
loys with sizes of 2 to 8 μm (Fig. 8 #7–12), and these phases were eval-
uated in the Ru-Os-Ir triangular diagram (Fig. 9b). Osmium crystals
within fresh Mg-chromite crystals are generally found to be single-
phase (Fig. 8 #7–8). However, in rare cases, two-phase inclusions of os-
mium-clinopyroxenewere also observed (Fig. 8 #9). Like osmium crys-
tals, iridium crystals were observed as single-phase inclusions within
fresh Mg-chromite crystals (Fig. 8 #10–11) and rarely form a binary
phasewith other PGM like Os-S (Fig. 8 #12). Osmium contents of osmi-
um grains range from 47.33 to 61.06 wt.%, Ir contents are from 37.0 to
43.13 wt.%, and Ru concentrations are from 0.89 to 11.8 wt.% (Table
3). Iridium, Os and Ru contents of the iridium grains are 41.3–
73.45 wt.%, 24.36–35.11 wt.% and b4.55 wt.%, respectively (Table 3).
Iridium grains within the samples PK50-2-1 and PK55-1 have Pd con-
tents of 1.6 wt.% and 6.0 wt.%, respectively (Table 3).

In chromitite sample PK26-1, in addition to laurite and osmium,
sperrylitewas detected in associationwith laurite (Fig. 8 #6). It contains
57.24 wt.% Pt and 42.36 wt.% As; small amounts of Os (0.20 wt.%), Ru
(0.25 wt.%) and Rh (0.12 wt.%) contribute the mineral composition
(Table 3). Next to the laurite-sperrylite association, a very small
(~2 μm) irarsite phase was also detected (Fig. 8 #6).

Three unknown phases were also detected within fresh Mg-chro-
mite crystals. These were euhedral, single-phase and about 2 μm in
size (Fig. 8 #13–#15). Phase Un#1 is enriched in PGE, with Os, Ir, Ru
and Rh contents of 43.65 wt.%, 11.87 wt.%, 9.68 wt.% and 1.28 wt.%, re-
spectively. S content of the phase is 32.08 wt.%, and Pd and Fe concen-
trations are 0.16 wt.% and 0.13 wt.%, respectively (Table 3). The
chemical formula of this phase (Un#1) is (Os, Ru, Ir, Rh, Fe, Pd)2S5.
Un#2 and Un#3 phases differ from Un#1 in that Os is absent, Ir is
enriched, and theNi and Cu basemetals are present (Table 3).More spe-
cifically, Un#2 contains 50.93 wt.% Ir, 8.03 wt.% Rh, 1.13 wt.% Ni,
9.24 wt.% Cu and 24.82 wt.% S, while Un#3 contains 44.28 wt.% Ir,
17.5 wt.% Rh, 6.49 wt.% Ni, 6.43 wt.% Cu and 20.53 wt.% S (Table 3).
The chemical formulas of these phases are Ir(Rh, Pt, Ni, Cu)S3 for
Un#2 and (Ir, Rh, Ru)2(Ni, Cu)S3 for Un#3.
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Table 4
Average composition of olivine (Ol), clinopyroxene (Cpx) and amphibole (Amp) inclusions inMg–chromites from each chromitite sample.Mg#, Fo=100×Mg / (Mg+Fe2+),Wo=100
× Ca / (Ca + Mg+ Fe2+), En = 100 × Mg / (Ca + Mg+ Fe2+), Fs = 100 × Fe / (Ca + Mg + Fe2+), N: Number of spot analysis, bdl: below detection limit.

Sample# PK4-1 PK50B PK50-2-1 PK50-2-2 PK55-1 PK56-2 PK63-2 PK4-1 PK15 PK50B PK50-2-1 PK56 PK56-2 PK63-2 PK15 PK50-2-1 PK55-1

N 6 9 3 5 5 2 5 3 2 2 3 5 30 4 2 1 16

Mineral Ol Ol Ol Ol Ol Ol Ol Cpx Cpx Cpx Cpx Cpx Cpx Cpx Amp Amp Amp

SiO2 41.54 42.82 41.14 41.85 42.38 42.94 41.26 53.21 55.19 55.77 51.77 53.36 54.82 53.76 45.98 43.01 45.68
TiO2 bdl bdl bdl bdl bdl bdl bdl 0.04 0.09 bdl 0.06 0.07 0.06 bdl 0.41 0.36 0.42
Al2O3 bdl bdl bdl bdl bdl bdl bdl 0.80 1.26 0.78 2.83 1.30 0.85 1.23 10.80 12.17 10.49
Cr2O3 0.79 0.79 0.93 0.76 0.78 0.40 0.80 1.57 1.42 1.84 1.56 1.81 1.66 1.55 3.63 3.96 3.58
FeO 4.39 3.15 3.23 3.06 3.52 3.14 3.33 1.43 1.13 1.09 0.99 1.15 1.14 1.26 1.79 2.06 1.84
MnO bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
NiO 0.48 0.63 0.62 0.68 0.56 0.66 0.56 bdl bdl bdl bdl bdl bdl bdl 0.15 bdl bdl
MgO 50.34 52.89 50.86 51.23 54.71 54.68 50.53 17.06 17.32 16.81 16.61 16.99 17.36 17.25 19.10 18.76 20.30
CaO bdl 0.09 0.07 0.08 bdl 0.10 bdl 24.52 23.97 25.09 24.37 24.76 24.93 24.22 12.73 12.48 12.61
Na2O bdl bdl bdl bdl bdl bdl bdl 0.24 0.31 0.33 0.31 0.38 0.39 0.30 3.71 4.30 3.21
K2O bdl bdl bdl bdl bdl bdl bdl bdl 0.27 bdl bdl bdl bdl bdl 0.09 0.16 0.05
∑ 97.54 100.37 96.84 97.67 101.96 101.91 96.48 98.86 100.97 101.72 98.49 99.83 101.21 99.57 98.38 97.25 98.18
Si 1.019 1.015 1.013 1.020 0.993 1.004 1.019 1.960 1.979 1.989 1.912 1.947 1.968 1.960 6.474 6.179 6.436
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.000 0.002 0.002 0.002 0.000 0.043 0.039 0.045
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.035 0.053 0.033 0.123 0.056 0.036 0.053 1.792 2.060 1.742
Cr 0.015 0.015 0.018 0.015 0.014 0.007 0.016 0.046 0.040 0.052 0.046 0.052 0.047 0.045 0.404 0.449 0.399
Fe2+ 0.090 0.063 0.066 0.062 0.069 0.061 0.069 0.044 0.034 0.033 0.030 0.035 0.034 0.038 0.211 0.248 0.216
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ni 0.009 0.012 0.012 0.013 0.011 0.012 0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.017 0.000 0.000
Mg 1.840 1.870 1.867 1.861 1.912 1.905 1.859 0.937 0.926 0.893 0.915 0.924 0.929 0.938 4.009 4.018 4.264
Ca 0.000 0.002 0.002 0.002 0.000 0.002 0.000 0.968 0.921 0.958 0.964 0.968 0.959 0.946 1.920 1.921 1.903
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.017 0.022 0.023 0.022 0.027 0.027 0.021 1.013 1.197 0.878
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.012 0.000 0.000 0.000 0.000 0.000 0.016 0.028 0.010
∑ 2.974 2.977 2.978 2.973 2.999 2.993 2.974 4.007 3.989 3.980 4.013 4.011 4.002 4.002 15.899 16.139 15.892
Fo 95 97 97 97 97 97 96
Mg# 95 97 97 97 96 96 96 95 94 95
Wo − − − − − − − 49.7 49.0 50.9 50.5 50.2 49.9 49.2 − − −
En − − − − − − − 48.1 49.2 47.4 47.9 48.0 48.3 48.8 − − −
Fs − − − − − − − 2.3 1.8 1.7 1.6 1.8 1.8 2.0 − − −
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5.4.2. Silicate mineral inclusions
Primary inclusions of olivine, clinopyroxene and amphibole,

b100 μm in size, occur within Mg-chromite crystals (Fig. 10). Table 4
shows average chemical composition of silicate inclusions from each
sample. Olivine compositions range between Fo95 and Fo97. Their NiO
content is relatively high (0.48–0.68 wt.%), and Cr2O3 concentrations
range between 0.40 and 0.93 wt.% (Table 4). Clinopyroxenes, which
are the most common silicate inclusion in Kızılyüksek chromitites
(Fig. 10 #2), are mostly diopside in composition, with the Wo, En and
Fs contents ranging between 49.0 and 50.9%, 47.4–49.2% and 1.6–2.3%,
respectively (Table 4). The Al2O3 concentrations of the clinopyroxenes
are 0.78 to 2.83 wt.%, and TiO2 contents are very low, mostly
b0.1 wt.%. Their Cr2O3 contents range between 1.42 and 1.84 wt.%. In
addition to olivine and clinopyroxene inclusions, amphibole inclusions
were also detected (Fig. 10 #3). Amphibole inclusions are represented
by high Mg# values (~95), and their Cr2O3 and Na2O contents are
3.58–3.96 wt.% and 3.21–4.30 wt.%, respectively. Amphiboles with
very low TiO2 contents (0.36–0.42 wt.%) also have low K2O contents
(b0.17 wt.%) (Table 4). Considering the International Mineralogical As-
sociation (IMA) classification criteria, amphibole inclusions inMg-chro-
mite crystals of Kızılyüksek chromitites are of calcic character (Ca
N1.50 apfu and Na + K N 0.50 apfu) and pargasite-edenite composition.
5.4.3. Base metal minerals (BMM) inclusions
In Kızılyüksek chromitites, in addition to PGMand silicate inclusions,

primary BMS inclusions were detected. BMM also occur as secondary
phases in fractures and crackswithin the silicatematrix. InMg-chromite
crystals, primary inclusions of heazlewoodite, 5–10 μm in size, contain
70.29–72.66 wt.% Ni, 0.44–1.15 wt.% Fe, and 26.25–27.83 wt.%S; the As
concentration is b0.28 wt.% (Table 5). Euhedral primary pentlandite in-
clusions are very small (b4 μm), and only one pentlandite crystal could
be quantitatively analysed. Ni and Fe contents of this pentlandite grain
are 29.80 wt.% and 27.65 wt.%, respectively (Table 5). Awaruite grains,
which are thought to form by alteration of BMM inclusions, are general-
ly associatedwith fractures and cracks withinMg-chromite crystals and
contain 0.72 wt.% Cu.

6. Discussion

6.1. Parental melt composition in equilibrium with Kızılyüksek chromitites

According to Maurel and Maurel (1982), the Al2O3 content of the
melt that crystallizes the chromitites is represented by the empirical
equation (Al2O3)spinel = 0.035 × (Al2O3)2.42 which is based on the ob-
servation that the Al2O3 contents in Cr-spinel is a function of Al2O3 con-
tents in melt. Also, Maurel (1984) proposed the following formula to
determine the FeO/MgO ratio of themelt that crystallizes themostmas-
sive chromitites, in which the Fe–Mg exchange between silicate matrix
and chromite crystals is the lowest:

Ln FeO=MgOð Þchromite ¼ 0:47–1:07Al#chromite þ 0:64Fe3þ#chromite
þ Ln FeO=MgOð Þmelt

Al# ¼ Al= Alþ Crþ Fe3þ
� �

and Fe3þ# ¼ Fe3þ= Alþ Crþ Fe3þ
� �

Kamenetsky et al. (2001) studied Cr-spinel crystals in volcanic rocks
from the mid-ocean ridge (MOR), island arc (Arc) and within plate set-
tings and determined the Al2O3 and TiO2 contents of themelt inclusions
in these crystals. Kamenetsky et al. (2001) also established the relation-
ship between the Al2O3 and TiO2 contents ofmelt inclusions and the Cr-
spinel crystals that contain these inclusions and stated that the chemical
character of the melt crystallizing the Cr-spinel can be estimated using
the chemistry of Cr-spinels. Rollinson (2008) used Kamenetsky et al.’s
(2001) data set on Cr-spinels and melt inclusions of volcanic rocks
from various tectonic settings and proposed two different equations
for various tectonic settings (Arc and MOR), assessing the relationship
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Table 5
Representative electronmicroprobe analyses of primary (Hzl, Pn) and secondary (Aw)BMMs inMg–chromites of the Kızılyüksek chromitites. Hzl: Heazlewoodite, Aw:Awaruite, Pn: Pent-
landite, bdl: below detection limit.

Sample# PK15 PK15 PK15 PK63-2 PK49B PK49B PK49B

Inclusion# 1 3 4 1 2c 2a 2b

Mineral Hzl Hzl Hzl Hzl Pn Aw Aw

Ni 70.59 70.29 72.66 71.64 39.80 75.51 75.85
Fe 0.44 1.08 0.98 1.15 29.65 23.14 22.76
Cu bdl 0.03 bdl bdl 0.04 0.68 0.72
S 26.70 27.06 27.83 26.25 28.49 bdl bdl
As 0.28 0.16 bdl 0.27 0.03 0.20 0.15
∑ 98.00 98.63 101.47 99.31 98.00 99.53 99.47
Ni 2.976 2.943 2.956 2.937 4.550 3.006 3.019
Fe 0.020 0.051 0.042 0.049 4.437 0.968 0.952
Cu 0.000 0.001 0.000 0.000 0.005 0.025 0.027
∑metal 3.000 3.000 3.000 2.986 9.000 4.000 4.000
S 1.991 1.994 2.000 1.970 7.996 0.000 0.000
As 0.009 0.006 0.000 0.009 0.004 0.000 0.000
∑anion 2.000 2.000 2.000 1.979 8.000 0.000 0.000
∑ 5.000 5.000 5.000 5.000 17.000 4.000 4.000
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between the Al2O3 and TiO2 contents of such Cr-spinel crystals andmelt
inclusions.

The aforementioned equations, based on the Al2O3 and TiO2 values
of Cr-spinel, have been used often to explain the character of the prima-
ry melt that crystallizes the Cr-spinel and to determine the tectonic set-
ting of podiform chromitites (Mondal et al., 2006; Mukherjee et al.,
2010, 2015; Uysal et al., 2007b; Rollinson, 2008; Page and Barnes,
2009; González-Jiménez et al., 2011; Zaccarini et al., 2011; Rollinson
and Adetunji, 2013; Akmaz et al., 2014; Zhou et al., 2014; Uysal et al.,
2015).

In this study, using these equations, the primary composition of the
melts that crystallized the Kızılyüksek chromitites was determined. The
Kızılyüksek chromitites are disseminated, massive, banded and nodu-
lar-textured, and only massive samples, for which the Fe-Mg exchange
between silicate matrix and chromite crystals is the lowest, were used
to determine the FeO/MgO ratio of the melt. The FeO/MgO ratio of the
melt that crystallized the Kızılyüksek chromitites was in the range of
0.56–0.85, which is within the range or even lower than those proposed
for boninitic melts (0.7–1.4; Wilson, 1989) (Table 7). Melt FeO/MgO
values estimated for the studied chromitites are within the range of
those suggested for Muğla (southwestern Turkey) high-Cr chromitites
(FeO/MgO: 0.3–1.1; Uysal et al., 2009a), which was thought to have
crystallized from boninitic melt.

For most studied chromitite samples, the Cr# values of theMg-chro-
mite crystals are above 70, and Fe2+# and Ti contents indicate that
Table 6
PGE concentrations (ppb) of the Kızılyüksek chromitites and related values. Primitive mantle v

Element Os Ir Ru Rh Pt Pd

Primitive Mantle 3.4 3.2 5.0 0.9 7.1 3.9

Detection Limits 2 2 2 1 2 2

PK6 14 16 28 6 3 bdl
PK7 22 26 64 8 4 2
PK15 9 15 32 6 6 3
PK21 19 19 35 5 36 14
PK22 27 33 80 9 10 3
PK25 4 7 12 3 3 3
PK26 31 38 72 10 5 3
PK37 9 25 37 11 3 bdl
PK49 21 28 34 7 bdl 2
PK50 10 21 36 10 6 bdl
PK56 19 22 40 6 2 bdl
PK63 16 23 34 7 2 bdl
PK64 6 11 24 9 bdl 3
PK65 4 9 27 9 bdl bdl
these chromitites were formed from a boninitic melt in a subduction
zone setting (Fig. 12). Considering that the studied chromititeswere de-
rived from a melt in a subduction setting, the following equations pro-
posed by Rollinson (2008) for the arc setting were used to determine
the Al2O3 and TiO2 contents of themelt that crystallized the Kızılyüksek
chromitites.

Al2O3 meltð Þ ¼ 5:2181Ln Al2O3ð ÞCr–spinel−1:0505

TiO2 meltð Þ ¼ 1:0963� TiO2 Cr–spinelð Þ
0:7863

The calculatedAl2O3 and TiO2 contents of themeltwere estimated to
be 10.67–13.74 wt.% and 0.19–0.44 wt.%, respectively (Fig. 13).

Melt Al2O3 and TiO2 values calculated for theKızılyüksek chromitites
show similarity to high-Cr chromitites in Oman ophiolite (Oman),
ThetfordMines ophiolite (Canada), Sagua de Tanamo ophiolite (Eastern
Cuba), Loubusa ophiolite (China), Kahramanmaraş, Malatya and Gazi-
antep (Southeastern Turkey), Orhaneli and Harmancık ophiolites
(Bursa) and Muğla ophiolite (southwestern Turkey) (Table 7). The
high-Cr chromitites in these regions were thought to have crystallized
from melts of boninite character in a subduction zone, as were the
Kızılyüksek chromitites.
alues are from McDonough and Sun (1995). bdl: below detection limit.

Pd/Ir RhN/OsN ƩIPGE ƩPPGE ƩPGE PPGEN/IPGEN

1.22 11.6 11.9 23.5

– 1.62 58 9 67 0.34
0.08 1.37 112 14 126 0.26
0.20 2.52 56 15 71 0.45
0.74 0.99 73 55 128 0.70
0.09 1.26 140 22 162 0.26
0.43 2.83 23 9 32 0.61
0.08 1.22 141 18 159 0.26
– 4.62 71 14 85 0.49
0.07 1.26 83 9 92 0.27
– 3.78 67 16 83 0.51
– 1.19 81 8 89 0.24
– 1.65 73 9 82 0.30
0.27 5.67 41 12 53 0.76
– 8.50 40 9 49 0.71
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Table 7
Calculated parental melt composition of the Kızılyüksek chromitites, some high–Cr
chromitites from all over the world and parental melt composition of Cr–spinels in
bonitite and MORB.

Location/ophiolite Al2O3 TiO2 FeO/MgO References

Kızılyüksek
(Adana/Turkey)

10.7–13.7 0.19–0.44 0.56–0.85 This study

Orhaneli
(Bursa/Turkey)

10.0–10.9 0.23–0.43 Uysal et al., 2015

Harmancık
(Bursa/Turkey)

10.5–11.0 0.23–0.28 Uysal et al., 2015

Southeast Turkey 10.2–11.9 0.17–0.39 Akmaz et al., 2014
Muğla (Southwest
Turkey)

8.8–10.5 0.3–1.1 Uysal et al., 2009a

Luobusa (China) 13.8 0.31 0.97 Zhou et al., 2014
Sagua de Tanamo
(East Cuba)

12.9–14.2 0.22–0.39 0.9–1.5 González-Jiménez et
al., 2011

Thetford Mines
(Canada)

9.3–13.0 0.12–0.30 Page and Barnes, 2009

Oman 11.8–12.9 0.23–0.34 Rollinson, 2008
Boninite 10.6–14.4 0.7–1.4 Wilson, 1989
MORB 16 1.2–1.6 Wilson, 1989
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6.2. Crystallization conditions of the Kızılyüksek chromitites

6.2.1. Implications from solid inclusions (PGM, BMM and silicate) in Mg-
chromite

The textural characteristics of mineral inclusions within the Cr-spi-
nel crystals provide information about the origin of these phases.
Euhedral/subhedral silicate, PGM and BMM inclusions in unaltered Cr-
spinel crystals indicate that these inclusions are of magmatic origin
and were crystallized prior to or simultaneously with the Cr-spinel
(Prichard and Tarkian, 1988; Garuti et al., 1999; Brenan and Andrews,
2001; Uysal et al., 2005; Uysal et al., 2007a; Uysal, 2008; Akmaz et al.,
2014).

Platinum-group elements in chromitites generally occur as alloys
and sulfide phases, and PGM paragenesis is used as an indicator for es-
tablishing temperature (T) and sulfur fugacity [ƒ(S2)] of the melt that
crystallized the PGM and thus chromitites (Augé, 1985; Ahmed and
Arai, 2003; Ahmed, 2007; Uysal et al., 2007a, 2015; Uysal, 2008;
González-Jiménez et al., 2011, 2014; Zaccarini et al., 2011; Kapsiotis et
C
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Fig. 11. Primitive mantle-normalized PGE patterns for the Kızılyüksek chromitites. Grey
field indicates PGE patterns of chromitites in the mantle peridotites from all over the
world. The data source for this field is taken from Page et al., 1982; Bacuta et al., 1990;
Bonavia et al., 1993; Yang and Seccombe, 1993; Augé and Maurizot, 1995; Leblanc,
1995; Graham et al., 1996; Zhou et al., 1996, 1998; Uçurum et al., 2000, 2006; Uysal,
2007; Uysal et al., 2005, 2007a, 2007b, 2009a; Prichard et al., 2008.
al., 2011; Akmaz et al., 2014). To determine T and ƒ(S2) conditions of
themelt fromwhich the PGM in the Cr-spinel crystals were crystallized,
Brenan and Andrews (2001) and Bockrath et al. (2004) carried out ex-
perimental studies. The authors observed that laurite with a composi-
tion close to that of pure RuS2 was crystallized from a melt under high
temperature (1200–1300 °C) and low sulfur fugacity [log ƒ(S2) = −2
to −1], and that with decreased temperature and increased ƒ(S2), the
Ru in laurite is partly replaced by Os; as a result, Os-rich laurite is crys-
tallized. Therefore, there is a general consensus that PGM, thought to be
crystallized prior to or simultaneously with the Cr-spinel crystals, are
crystallized from the primary melt in the order of IPGE alloys, Ru-rich
laurite and Os-rich laurite (Westland, 1981; Stockman and Hlava,
1984; Brenan and Andrews, 2001; Bockrath et al., 2004; Distler et al.,
2008).

In the Kızılyüksek chromitites, the presence of Os and Ir alloys and
Ru-rich laurites (Ru# = ~0.97) might indicate that the chromitites
were formed at relatively higher temperature and low ƒ(S2) conditions
(Fig. 14). However, the Ru# values of laurite grains decrease from 0.97
to 0.72, showing that temperature of the melt from which the
chromitites crystallizedwas decreased and ƒ(S2) valuewas relatively in-
creased. In addition, the absence of erlichmanite in PGM paragenesis of
Kızılyüksek chromitites implies that the temperature decrease during
the Mg-chromite crystallization was limited.

Sperrylite has been observed within the fractures and cracks of Cr-
spinel crystals or as a hydrothermal alteration product within the sili-
cate matrix (Tarkian and Prichard, 1987; Prichard and Tarkian, 1988;
Augé et al., 2002; Ahmed, 2007) and has rarely been recorded as a
phase of magmatic origin (Augé et al., 2002). Augé et al. (2002) stated
that sperrylite in chromitites could be of bothmagmatic and hydrother-
mal origin. Augé et al. (2002) also affirmed that sperrylite occurs simul-
taneously with the hydrothermal alteration product laurite and that
these laurites contain much more As (1.01–5.97 wt.%) compared to
magmatic laurites. Laurite and sperrylite phases in sample PK26-1
from the Kızılyüksek chromitites occur as an inclusion within the Mg-
chromite crystal (Fig. 8 #6), forming a binary phase, and As content of
the laurite is b0.88 wt.%. This indicates that sperrylite occurring simul-
taneously with laurite is of magmatic origin, and concentrations of
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elemental Pt and As in the melt were sufficient to crystallize the
sperrylite.

Primary inclusions of heazlewoodite within the Mg-chromite crys-
tals are not associated with hydrothermal processes, but instead indi-
cate a magmatic origin. Heazlewoodite inclusions that are texturally
shown to have crystallized prior to or simultaneously with Cr-spinel
are important for explaining the physicohemical conditions under
which Cr-spinel is crystallized. However, heazlewoodite is a mineral
that can crystallize within a wide range of T and ƒS2 conditions
(Stockman and Hlava, 1984). Therefore, these minerals occurring as
primary inclusions within Mg-chromite crystals may not yield reliable
information regarding the temperature and ƒS2 conditions of Mg-chro-
mite crystallization. The presence of primary inclusions of Ru-rich
laurites within the Kızılyüksek chromitites allows the determination
of a narrow range of T and ƒS2 conditions. Such paragenesis indicates
that these inclusions were crystallized at temperatures of about
1200–1300 °C and ƒS2 conditions ranging from log −2 to log −1
(Fig. 14).

The type of primary silicate inclusions within Cr-spinel crystals also
yields important information about the hydrous/anhydrous character of
the melt that crystallized these inclusions. Moreover, the abundance of
incompatible trace element contents of silicate inclusions in Cr-spinels
also provides valuable data on the source of the melt that crystallized
the chromitites. TiO2 contents of the clinopyroxenes, which are the
most abundant silicate inclusion within the Kızılyüksek chromitites,
are quite low (TiO2 b 0.1 wt.%). Saka et al. (2014) pointed out that the
mantle peridotites hosting the Kızılyüksek chromitites are the residue
of at least two stages of partial melting. They stated that the mantle pe-
ridotites that formed the Pozantı-Karsantı ophiolite are thought to have
been slightly depleted as a result of a low degree of partial melting in a
mid-ocean ridge environment. Then, due to the change in the tectonic
regime, they were later remelted and depleted in a supra-subduction
zone (SSZ). Therefore, it was proposed that the rocks forming the crustal
part of the Pozantı-Karsantı ophiolitewere formed frommelts that orig-
inated due to melting of formerly depleted mantle in subduction zone.
Considering that the Kızılyüksek chromitites were formed from a
boninitic melt in a subduction environment (Fig. 12), that the mantle
material to be melted in the subduction setting was already depleted
(particularly the incompatible Na and K elements), and that the degree
of partial melting in the subduction environment is relatively high, it is
expected that Na and K content of the resultingmelt would be depleted.
Therefore, Na and K contents of the clinopyroxene inclusionswithin the
Cr-spinel crystals originating from such a melt should also be depleted.
The clinopyroxene inclusions within the Mg-chromite crystals that
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make up the Kızılyüksek chromitites contain low Na2O (0.24 to
0.39 wt.%) and K2O (usually below detection limit) contents, and sup-
port the idea that the melt that crystallized the chromitites originated
from high-degree partial melting of a depleted source.

According to Lorand and Ceuleneer (1989), amphibole minerals in
Cr-spinel crystals are crystallized from a hydrous melt in a subduction
environment, and subducting oceanic lithosphere is the melt source.
Former studies have confirmed these assertions (McElduff and
Stumpfl, 1991; Uysal et al., 2009b; González-Jiménez et al., 2011;
Zhou et al., 2014). Therefore, the presence of primary amphibole inclu-
sions within the Kızılyüksek ophiolitic chromitites is indicative of crys-
tallization from a hydrous melt in a subduction environment.

6.2.2. Magmatic fractionation
Results of in-situ (LA-ICPMS) trace element analysis conducted on a

limited number of chromitite samples (total of 9 point analysis from 3
chromitite samples) show that the Mg-chromite crystals in samples
PK59B and PK20 have similar Ga, Mg, Co, Mn and Cr concentrations,
slightly enhanced Al contents, and relatively depleted Ni, Fe and V con-
tents compared to Cr-spinels from boninites. The Mg-chromite crystals
in these chromitite samples show a significant anomaly for Ti with re-
spect to Cr-spinel crystals in boninites (Fig. 6). It is a fact that melt
that crystallized chromitites at greater depths is less differentiated com-
pared to melts that crystallize the boninites. Although the partition of
very little Ti into the Cr-spinel (DTi

spinel/melt ~ 0.048; McKenzie and
O'Nions, 1991) during the formation of chromitites results in a slight de-
crease in the Ti content of the melt, the absence of Ti containing silicate
or different oxide phases crystallization together with the Cr-spinel
crystallization will give rise to relatively increased Ti concentration in
the residual melt. Titanium contents of chromitites associated with cu-
mulate dunites that originated from differentiated melts following
chromitite crystallization in the deeper mantle might also depend on
the amount of Cr-spinels and Ti-bearing silicate and oxide phases crys-
tallization. Significant positive Ti anomalies in theMg-chromite crystals
of two of the samples (PK20, PK59B; Fig. 6) may indicate that Cr-spinel
crystallization was not accompanied by Ti-bearing phases. Significant V
enrichment in the Cr-spinel crystals of the boninites compared to levels
seen in samples PK59B and PK20 might support the idea that the melt
that crystallized the boninites was much more differentiated than the
melt that crystallized the investigated chromitites (Fig. 6). Another
chromitite sample (PK26B) shows substantial enrichment of Al, Ga
and Ti compared to the Cr-spinel crystals in the boninites, but does
not show any positive Ti anomaly. On the other hand, the Co and Mn
contents are depleted with respect to the Cr-spinel crystals in the
meltAl O =10.67-13.74 wt.%2 3
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boninites and the other samples, and the V content is enriched com-
pared to samples PK59B and PK20 (Fig. 6). This shows that the melt
that crystallized this sample was much more differentiated than the
melts that crystallized the other chromite samples. The negative rela-
tionship between the Ga and Co concentrations and the Cr# values of
the Mg-chromite crystals (Fig. 7) supports Mg-chromite formation
from a differentiating melt (Page and Barnes, 2009). Regarding major
and trace element compositions, the Mg-chromite crystals resemble
the Cr-spinel crystals that form the Caribou Mountain Block (CMB;
Page and Barnes, 2009) chromitites, which were thought to have been
created in a subduction zone setting (Fig. 6).

Platinum-group elements known to be rather chalcophile and
siderophile are mostly present in the core of the Earth, with very low
concentrations seen in the Earth's mantle. Platinum-group elements
having various melting temperatures are retained by several sulfide
phases in the mantle and are incorporated into the melts depending
on the degree of partial melting in the mantle (Zhou et al., 1998;
Prichard et al., 2008; González-Jiménez et al., 2011). The degree of par-
tial melting in mid-ocean ridges is in the range of 2–15% (Beard et al.,
2007; Hellebrand et al., 2001; Uysal et al., 2012, 2014, 2015); low-de-
gree partial melting in such environments results in the transfer of
PPGE in sulfide phases with lower melting temperature to the melt
formed and noteworthy depletion of such elements in mantle rocks
(Barnes et al., 1985; Leblanc, 1991). A higher degree of partial melting
is required to remove IPGE in the monosulfide solid solution (Mss)
from the mantle rocks (e.g., Alard et al. 2000; Lorand and Alard,
2001).

It has been proposed that the mantle rocks of the Pozantı-Karsantı
ophiolite are residues of at least two stages of partialmelting. According
to Saka et al. (2014), these rocks first underwent low-degree partial
melting in the MOR environment and were then remelted in a subduc-
tion setting, resulting in the mantle rocks being remnants of a high-de-
gree partial melting. Hydrous remelting of highly PPGE depleted first
stage melting residue in a subduction zone, giving rise to formation of
PPGE-depleted and IPGE-enriched melt. Therefore, chromitites thought
to be crystallized from such melts are expected to be enriched in IPGE
and depleted in PPGE. Osmium-iridium alloys and then Ru-rich laurite
minerals are first expected to be crystallized from IPGE-rich melts,
followed by crystallization of the erlichmanite and BMM phases with a
decrease in temperature and increase in ƒ(S2) (Brenan and Andrews,
2001; Bockrath et al., 2004; González-Jiménez et al., 2011; Uysal et
al., 2015). Such crystallization is observed as inclusions within the
Cr–spinel crystals of ophiolitic chromitites. PGM paragenesis of the
chromitites defines total PGE contents. The Kızılyüksek chromitites,
which are thought to be derived from a boninitic melt, are relatively
depleted in PGE (32–162 ppb) compared to other chromitites in
Turkey.

In a primitive mantle-normalized PGE diagram, the Kızılyüksek
chromitite samples can be seen to be partly depleted in Os compared
to chromitites across the globe (Fig. 11). The Ru-rich character of most
laurites in the Kızılyüksek chromitites and the predominance of laurite
minerals over osmium minerals indicate that the melt that crystallized
these chromitites was Os-poor. The Os-depletion of these chromitites
can be explained by two possible scenarios.

1. Crystallization of chromitites from a relatively differentiated melt: In
such a case, chromitites that were previously crystallized from such
melts (and possibly in a deeper mantle) are expected to be Os-richer
and contain much more osmium alloys.

2. Depletion of Os in partially molten mantle: The mantle, which is the
source of the melts from which the chromitites were crystallized,
may have been depleted in Os as a result of a previous high-degree
partial melting. However, in such a case, the concentrations of Ir
and Ru, which are more incompatible than Os, would be expected
to be more depleted. In the primitive mantle-normalized diagram
(Fig. 11), the Ir and Ru contents of the studied chromitites are higher
than Os, which may rule out this hypothesis. Therefore, the some-
what low Os concentrations in the Kızılyüksek chromitites might
imply that the melt that crystallized these chromitites was
differentiated.

In the case of crystallization from a basaltic melt, Os leaves the melt
by incorporating into first crystallizing phases, such as Os-Ir alloys or
laurite crystals. The more incompatible Rh element, however, probably
remains in the melt. Thus, the Rh/Os ratios of the chromitites would be-
come low, and in the PGE diagrams, negative trends from Os to Rh and
Pd for the ophiolitic chromitites would be expected. The Rh/Os ratios of
these chromitites may reflect the degree of differentiation of the melt
that crystallized the chromitites. For the Kızılyüksek chromitites, the
primitive mantle-normalized Rh/Os ratios range from 0.99 to 8.5, indi-
cating that themelts that crystallized these chromitites were differenti-
ated to varying degrees. Considering that these chromitites were
crystallized from differentiated melts, the chromitite Rh/Os ratios
would be expected to increase with decreasing Cr-spinel Cr# values.
The absence of such a relationship in the Kızılyüksek chromitites indi-
cates that these chromitites were not crystallized from a single melt
but rather frommelts originating from various sections of mantle at dif-
ferent depths.

6.3. Conclusions

Different models and tectonic settings have been proposed for the
formation of chromitites. Lago et al. (1982) first suggested that
chromitites are formed by the accumulation of chromite crystals in
the basaltic melts circulated within fractures of mantle rock in exten-
sional zones. They also stated that dunite peripheries develop around
the chromitites as a result of the melt-peridotite interaction. The rock-
melt interaction is another model proposed for chromitite formation
(Arai and Yurimoto, 1994) that has been widely used. In this model,
harzburgite depleted in the MOR tectonic environment interacts with
basaltic melt in the subduction zones, and the orthopyroxene in
harzburgite are consumed by the melt. As a result of this interaction,
the melt is gradually enriched in SiO2, and Cr-spinel starts to crystallize.
Mixing between silicate melt and fluids in subduction zones is another
proposed mechanism for the crystallization of nodular chromitites
(Matveev and Ballhaus, 2002).
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Different tectonic settings have also been proposed for chromitite
formation. For instance, high-Cr chromitites are thought to be formed
from boninitic type melts in subduction zones, while high-Al
chromitites are crystallized from MORB type melts in back arc basins
(Zhou and Robinson, 1994). The presence of primary clinopyroxene in-
clusions with low TiO2 contents and amphibole inclusions (hydrous sil-
icate) in the Mg-chromite crystals in our study indicates that the
Kızılyüksek chromitites were formed in a subduction zone from melts
originating from high-degree partial melting (Fig. 15a). This is con-
firmed by Saka et al.’s (2014) findings that the mantle peridotites of
the ophiolitic sequence making up the Kızılyüksek chromitites are the
residue of high-degree partial melting.

TiO2 and Al2O3 contents of themelts that crystallized the Kızılyüksek
chromitites indicate crystallization from a boninite-type melt. In the
Kızılyüksek chromitites, the degree of IPGE enrichment is higher than
that of PPGE, showing that the melts that generated the chromitites
were previously depleted in PPGE and that the IPGE were separated
from the mantle by a high-degree melting process in a subduction
zone. Moreover, depletion of Os compared to Ir and Ru in the
Kızılyüksek chromitites might indicate that they were crystallized
from variably differentiated boninitic melts (Fig. 15b).
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