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Textural and compositional characteristics of mineral inclusions in podiform chromitites flourish thoughtful
information about the genesis of the Koycegiz ophiolite (SW Turkey). In the chromitite bodies, olivine, ortho-
pyroxene, clinopyroxene, and sulfide inclusions are mostly sub-rounded or globular. Less abundant needle-
shaped silicate inclusions (10-50 pm-long) are aligned along crystallographic orientations in the host magne-
siochromite grains. Raman spectroscopy and micro analytical data indicate that these lamellar inclusions have
consistently a diopside composition. Uncommon, discrete micro-diamonds and moissanite (SiC) particles,
observed in some magnesiochromite grains, may suggest formation under ultra-high pressure (UHP) super-
reduced (SuR) conditions.

The Koycegiz chromitites are characterized by variable platinum-group element (PGE) abundances (80-441
ppb), with unfailing IPGE > PPGE contents. Fractionated chondrite-normalized PGE patterns of chromitites and
associated peridotites and data scatter in the Pd/Ir versus Pt/Pt* space indicate chromitite formation by partial
melting of the associated mantle rocks. The variable 18705/18805(1) (0.1278-0.1380) and yOs (—0.38 to +7.54)
values demonstrate extensive contamination of crustal components, likely in a supra-subduction zone (SSZ)
setting. Combined with the occurrence of unusual ‘exotic’ mineral inclusions, geochemical and isotopic char-
acteristics of the Koycegiz chromitites replicate superimposed deep mantle processes, recycling and subduction-
related phase transformations.

1. Introduction below the petrologic Moho (i.e., Zhou et al., 2005). Also, highly reduced

minerals (e.g., moissanite (SiC), qingsongite, Fe-Si and Fe-C phases) and

Layered and podiform chromitites are two important sources of
chromium (Cr) over the world (Shiraki, 1997). Podiform chromitites
may vary from few kilograms (kg) to several millions of metric tons, and
are commonly associated with mantle peridotites <500 m beneath the
petrologic Moho (Zhou et al., 2005). Recent studies of ophiolites in the
eastern sector of the Alpine-Himalayan mountainous chain and the
Paleozoic Polar Ural orogenic belt describe micro-diamond inclusions in
chromitites, suggestive of ultrahigh-pressure (UHP) conditions (e.g.,
Yang et al., 2014, 2015; Xiong et al., 2018a, 2019; Chen et al., 2019;
Kusky et al., 2021; Kusky et al., 2022). The anticipated depth of the
formation of ophiolitic chromitites varies, however, from ~8 to 30 km

acicular diopside and enstatite inclusions in Cr-spinel have been re-
ported in several ophiolitic sections of different ages (Zhou et al., 2014;
Yang et al., 2014, Yang et al., 2021). The presence of these mineral
phases as inclusions in Cr-spinel is considered as an indication of high-
pressure precursor spinel polymorphs with orthorhombic Ca-Ferrite
structure (CF; CaFeg0y4) stable at P-T conditions greater than 12.5 GPa
and 1400-1500 °C (Yamamoto et al., 2009). These conditions corre-
spond to mantle depths of >380 km (Satsukawa et al., 2015). A near
Mantle Transition Zone (MTZ) origin was, therefore, suggested as a part
of the evolution history of some ophiolitic chromitites from different
orogenic belts worldwide (e.g., Yang et al., 2007; Yamamoto et al.,
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2009; Arai, 2013; Yang et al., 2015; Satsukawa et al., 2015; Griffin et al.,
2016).

Alternatively, other researchers advocate possible metastable low-
pressure formation of diamond and moissanite during serpentinization
of ophiolites under super-reduced conditions during or subsequent to
their tectonic emplacement (e.g., Schmidt et al., 2014; Golubkova et al.,
2016, Pujol-Sola et al., 2018, 2020, 2021; Machev et al., 2018; Farré-de-
Pablo et al., 2019, 2020, 2021; Ballhaus et al., 2021). Golubkova et al.
(2016) used thermodynamic data for alloys (Fe-Si-C and Fe-Cr), car-
bides (FesC, FeyCs, SiC), and Fe-silicides to explain moissanite occur-
rence in podiform chromitites by low to moderate temperature chemical
isolation in the presence of ultra-reducing fluids. Pujol-Sola et al. (2018)
argue against the surface lightning strikes model proposed by Ballhaus
et al. al. (2017) as this model cannot explain the formation of the UHP
minerals and continental inclusions in many orogenic ophiolites (e.g.,
Yang et al., 2007; Dobrzhinetskaya et al., 2009; Trumbull et al., 2009;
Griffin et al., 2016; Yang et al., 2014, Yang et al., 2021). Similarly, some
authors suggest that the oriented clinopyroxene lamellae in Cr-spinel do
not necessarily indicate a high-pressure precursor, but represent minute
melt inclusions trapped during continued grain growth or precipitated
from late circulating fluids (e.g., Liu et al., 2020; Pujol-Sola et al., 2018;
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Pujol-Sola et al., 2021). Studying the available literature of twenty-five
diamond-bearing ophiolites in different suture zones led Liu et al. (2021)
to suggest the involvement of subcontinental lithospheric mantle in the
formation of podiform chromitite. The interplay of deep mantle and
post-formation crustal processes may, therefore, explain miscellaneous
mineralogical and geochemical features of ophiolitic chromitites in the
different orogenic belts.

As a contribution to the ongoing, yet unresolved, discussions on the
origin of unusual inclusions in ophiolitic chromitites, the present study
reports clinopyroxene lamellae and UHP and SuR mineral inclusions in
the Koycegiz chromitites from southwestern Turkey. Combined with the
newly obtained PGE geochemical and Re-Os isotope datasets, mineral-
ogical characteristics of these inclusions are used to assess the genesis of
the Koycegiz chromitites and associated mantle rocks. Understanding
the genesis and evolution of ophiolitic chromitites provides useful in-
formation on the evolution of sub-oceanic lithospheric mantle in the
western Neo-Tethys realm.
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Fig. 1. (a) Simplified geological map of the Mediterranean region showing the main plate boundaries, orogenic belts, and tectonic units of Eurasian, NeoTethyan and
Gondwana-Land affinities (modified from Dilek and Furnes, 2009), (b) Distribution of ophiolite units in Koycegiz massif (modified from Okay et al., 2001). The
Neotethyan ophiolites in the Eastern Mediterranean region are shown in the inset (Dilek et al., 2007). Key to abbreviations: IASZ = Izmir-Ankara Suture Zone.
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2. Geological setting
2.1. Geological outline — architecture of the Koycegiz ophiolite

In the Late Paleozoic — Early Cenozoic period, a string of continental
crust fragments (known as Cimmerian micro-continents) was rifted from
Gondwana, moved northward and ended to coalescence with the
southern margin of Eurasia (e.g., Yin and Harrison, 2000). This process
led to the closure of the Tethyan Ocean, as demonstrated by a series of
discontinuous ophiolite massifs along the Alpine-Himalayan orogenic
belt (Dilek et al., 2008). These ophiolites mark a system of non-linear
suture zones (Fig. 1a), demarcating the original boundaries of the van-
ished Tethyan oceanic basins (e.g., Dilek and Furnes, 2009). Ophiolites
cropping out around the eastern Mediterranean region are typical par-
adigms of sub-arc oceanic lithosphere and were extensively studied in
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the last decades (Fig. 1a; Jones and Robertson, 1991; Robertson, 2002;
Rassios and Dilek, 2009; Aldanmaz, 2012; Parlak et al., 2019).

In the Western Tauride belt, extensive outcrops of mantle tectonites
represent allochthonous blocks bordering a central autochthonous car-
bonate platform unit (Fig. 1b). According to Dilek and Rowland (1993),
the Isparta Angle forms a N-trending cusp in the Tauride tectonic belt in
southern Turkey. Two significant ophiolitic nappes occur around the
periphery of the Isparta Angle. The Lycian nappes consist of a series of
imbricate thrust sheets mainly composed of carbonate rocks (Fig. 1b).
The Lycian ophiolitic massifs were thrust over the Menderes massif
along a S-dipping, low-angle fault. According to Collins and Robertson
(1998), the Lycian allochthon is exceptionally well-exposed and it pre-
serves all parts of the tectonic stack and well-dated syn-tectonic sedi-
ments. Emplacement of these rocks is thought to have occurred in the
Eocene, whereas transportation to the southeast over the Bey Daglari

Fig. 2. Field photographs showing the different lithological units of the Koycegiz ophiolite (a), (b) Massive chromitite lenses in dunite; (c) Nodular chromitite pods in
dunite; (d) Chromitite in the Kdycegiz ophiolite; (e), (f) Chromite disseminations and thin veins in dunite.
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carbonate platform occurred likely in the Miocene. The Lycian nappes
contain Mesozoic-Early Tertiary continental margin-type sediments in
the bottom and an upper thrust sheet of ophiolites (Robertson, 2002).
Within the Lycian Thrust Sheets, rotated blocks and slickensides on fault
places indicate top-to-the-southeast displacement (Collins and Rob-
ertson, 1998).

The Kéycegiz ophiolite covers an area of ~600 km?, and is consid-
ered as one of several ultramafic massifs in the Lycian nappes. The
Koycegiz ophiolite is composed of serpentinized harzburgites, minor
lherzolites, dunites and associated chromitites (Fig. 1b). Crustal volcanic
and plutonic units of this ophiolitic section are generally scarce. The
stratigraphy of the Koycegiz massif is complicated by a series of thrusts.
The footwall of the allochthonous massifs is an accretionary mélange of
tectonically mixed marine sediments and scattered ophiolites.
Amphibolite and mica schists represent sub-ophiolitic metamorphic
soles underling the Lycian peridotites (Celik and Delaloye, 2003).
40Ar/%°Ar dating of amphibole and mica separates from this meta-
morphic sole indicates a Late Cretaceous age (~91-94 Ma) for the tec-
tonic transport of these ophiolites (Celik et al., 2006).

2.2. Morphological and textural characteristics of the Koycegiz
chromitites

The Koycegiz ophiolitic chromitites occur as lenses and veins
(Fig. 2a), with ore reserves measuring ~10° tons (e.g., Uysal et al.,
2009). The ore lenses vary in thickness from 0.3 to 15 m, and extend up
to ~100 m (Fig. 2a). Small chromitite lenses occur as sub-parallel <3 m-
long and 20-70 cm thick bodies (Fig. 2e; Uysal et al., 2009; Xiong et al.,
2018b). The chromitite lenses are locally cut by thin (10-15 cm) py-
roxenite and gabbroic dykes. The vast majority of chromitite bodies
exhibit sharp contacts with the enclosing dunite and harzburgite units.
The Koycegiz chromitites show various of textures, including massive
(greater than 80% modal), nodular (40-80% modal), and disseminated
(<40% modal) Cr-spinel ores (Fig. 2a-f). The ore bodies commonly have
massive inner zones, grading to disseminated chromite in the exterior
parts. Massive chromitites are mostly oriented along harzburgite folia-
tion, showing thin (0.1-1 m) dunite envelopes. Dunite envelopes of
larger thicknesses (1-5 m) commonly surround disseminated ores
(Fig. 2a-f). Brittle deformation in the investigated samples is expressed
by microcracks that cut across the large Cr-spinel grains (Fig. 2d).

3. Materials and methods

A set of 25 chromitite, 30 harzburgite and 16 dunite samples were
collected from 20 locations in the NE part of the Koycegiz ultramafic
massif. Fifty representative polished thin sections were prepared (Sup-
plementary Table 1). Petrographic examination of the thin sections was
performed under a bi-mode transmitted and reflected light polarizing
microscope. Analyses of Cr-spinel, olivine, ortho- and clinopyroxene
inclusions in the Koycegiz chromitites were performed using a JEOL
JXA-8100 electron probe microanalyzer (EPMA) at the East China
Institute of Technology. The analytical conditions were 15 kV acceler-
ating voltage, 20 nA beam current, 2 pm spot diameter with a counting
time of 20 s on the peaks and 10 s on the background. Calibration was
done using natural and synthetic standard materials. Fe> and Fe?* in
Cr-spinel were calculated assuming an ideal spinel stoichiometry
(A%2*B3*0,) following the method of Droop (1987). The results are
shown in Supplementary Tables 2,3.

Concentrations of the platinum-group elements (PGE) in 10 chro-
mitite samples, 6 harzburgite and 5 dunite samples were determined by
the ICP-MS following a pre-concentration NiS fusion technique at the
National Research Center of Geo-analysis (CAGS). Each sample was
mixed with sodium carbonate and sodium borate, borax, glass powder,
Ni and Fe powder, and S (e.g., Zhou et al., 2005). The limits of detection
(in ppb) are 0.2 for Pt and Pd, 0.001 for Ir, Rh and Os, and 0.1 for Ru. The
analysis precision was better than 5 % for Rh, Pd, and Ir, and 10 % for
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Os, Ru and Pt (Xiong et al., 2017, 2018b). Data of the bulk-rock PGE
composition of chromitites and peridotites are given in Supplementary
Table 4.

Re-Os isotopic measurements were carried out at the Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences. A quantity of 1
g t0 0.6-0.7 g from each sample powder was spiked with enriched 1°°0s
and 1®Re solutions. The spiked samples were then digested using ca. 10
ml of inverse aqua regia (HNO3: HCI = 3:1) in Carius tubes (Shirey and
Walker, 1995) and heated up to 230 °C for 24 h. Osmium was extracted
from the aqua regia fraction by the carbon tetrachloride solvent
extraction technique (Cohen and Waters, 1996; Pearson and Woodland,
2000) and then back-extracted into concentrated HBr. Further purifi-
cation was performed by micro-distillation with the chromic acid (Roy-
Barman, 1993). Rhenium was separated and purified from the remain-
ing aqueous solution by the anion exchange chromatography using the
AG1-X8 resin (100-200 mesh).

The Re-Os isotopic ratios were determined by negative thermal
ionization mass spectrometry (N-TIMS) on a Thermo-Finnigan TRITON,
where Os was measured as OsO3 and Re as ReOj (e.g., Creaser et al.,
1991; Volkening et al., 1991). Osmium was loaded onto a high-purity Pt
filament (99.999 %, 1 x 0.025 mm, H. Cross Co. Ltd) that had already
been heated in air for more than 3 min. The Re and Os isotope compo-
sitions were measured using a static multiple Faraday collector and a
pulse counting electron multiplier, respectively. The Os isotopic ratios
were normalized to 1°20s/!%80s = 3.08271 and corrected using
70/'%0 = 0.00037 and '0/'°0 = 0.002047 (Nier, 1950). Rhenium
isotopes were determined by the total evaporation technique (Suzuki
et al., 2004). This method eliminates the instrumental mass fraction-
ation effect, and obtains higher accuracy and precision. Duplicate
measurements of the same whole-rock powder were undertaken.
Detailed descriptions of the analytical procedures applied for this study
are given in Suzuki and Honda (2003), Kato et al. (2005) and Li et al.
(2010a), Li et al. (2010b).

Abundances of trace elements (i.e., Ti, V, Mn, Zn, Ni, Co, Ga and Sc)
in Cr-spinels from 5 chromitite samples were measured by the LA-ICP-
MS technique. The analyses were carried out using a 193 nm ArF exci-
mer laser (GeoLasPro) coupled with an Agilent 7700 laser ablation (LA)-
ICP-MS at the State Key Laboratory of Ore Deposit Geochemistry,
institute of geology and geophysics, Chinese Academy of Sciences
(CAGS). Helium (580 ml/min) was used as the carrier gas, while Ar (900
ml/min) was the make-up gas and was mixed with He via a Y-connector.
The applied spot size was 44 pm, and the laser energy was 9 J/cm? and
pulse frequency was5 Hz. Each analysis incorporated a background
acquisition of approximately 30 s (gas blank) followed by 60 s of data
acquisition on the unknowns. The counting time intervals for the
background and unknown were 20 s and 5 s, respectively. The NIST 610
(National Institute Standards and Technology, Gaithersburg, USA) sili-
cate glass was used as an external standard, and >’Fe was selected as the
internal standard. Two house standards, a komatiite glass (GOR-128)
and a natural chrome (QC-Cr) were analyzed as unknowns to monitor
the instrument’s drift. Data reduction was completed using the online
software package GLITTER (GEMOC Laser ICPMS Total Trace Element
Reduction), version 4.0. The trace element compositions of Cr-spinel
grains in the examined chromitites are presented in Supplementary
Table 5.

A large quantity of the chromitite ore (~780 kg) was used for min-
eral separation at the Institute of Multipurpose Utilization of Mineral
Resources (CAGS), Zhengzhou. Prior to mineral separation, the work
spaces and equipment were carefully cleaned to avoid contamination.
Mineral grains were recovered from each grain size class by a combi-
nation of gravity, magnetic and electrostatic techniques to obtain frag-
ments of different sizes and densities (e.g., Xu et al., 2009). Several
particles of diamond and moissanite were separated in the concentrates
and were carefully picked up under a binocular and were examined
using a FEI VERSA 3D scanning electron microscope (SEM) at the State
Key Laboratory for Continental Tectonics and Dynamics (CAGS),
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Beijing. The SEM operating conditions were 20 kV voltage and 15nA
beam current.

The identification of mineral inclusions in Cr-spinels was done using
a Laser Raman (RENISHAW-1000) at the State Key Laboratory for
Continental Tectonics and Dynamics (CAGS). The scattered light was
analyzed by a LabRam HR800 (Jobin Yvon) micro-Raman spectrometer.
The spectra were acquired in the 500-1900 cm ! region for diamond
and the 500-1500 cm ! region for moissanite, with a spectral resolution
of ~ 2.0 em™ L. A 50 x magnification microscope objective was used to
focus light on a spot size of ~3 pm. Low laser intensities were used (~5
m W) to avoid spectral changes due to the heat-induced effects. The
Raman shift was calibrated using a 520 cm~! Raman band of crystalline
Si. Repeated spot analyses on different diamond and moissanite grains
revealed similar spectra, affirming reliable spectral reproducibility.

Cr-spinel
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4. Mineral inclusions in Cr-spinel

In the Koycegiz massif, chromitite ores consist of coarse-grained,
subhedral to euhedral Cr-spinel crystals (0.5 mm to 1.2 cm). The min-
eral inclusions observed in Cr-spinel include olivine, orthopyroxene,
clinopyroxene, hornblende, chlorite, serpentine, and apatite (Fig. 3a-c).
Less abundant platinum group minerals (PGM) and sulfides were also
observed in some samples (Fig. 3d). Exotic minerals, including diamond,
moissanite were also scarcely reported in the studied rocks. Most of the
silicate inclusions are globular in shape, and range in size from 5 to 50
pm. The euhedral inclusions show triangular and cubic habits in some
cases (Fig. 3a). Some non-oriented inclusions exhibit octahedral and
facets of twinning according to the crystal structure of spinels (Fig. 3g-h,
j-k). Composite inclusions are typically made up of clinopyroxene and
sulfide phases were also observed in some samples (Fig. 4).

Some needle-like inclusions (10-50 pm-long) show a preferential
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Fig. 3. BSE images of inclusions in the Cr-spinel grains from the Koycegiz chromitites; (a) Orthopyroxene; (b) Lamellar/needle-shaped silicate micro-inclusions with
Ca element mapping; (c) Cpx and chlorite as inclusions in Cr-spinel; (d) Millerite with opx; (e) Laurite; (f) Orthopyroxene with serpentine; (g) Randomly distributed
globular/anhedral opx inclusions in the magnesiochromites; (h) Randomly distributed globular/anhedral opx intergrown with Cu-S-Os phase inclusions; (i)
Orthopyroxene with serpentine; (j) Some parts of Cr-spinel with magnetization; (k) Orthopyroxene with serpentine; In (1), Raman spectra of some of the relatively
larger lamellar/needle-shaped micro inclusions within Cr-spinelhosts of the KOycegiz chromitites. Cpx: clinopyroxene; Opx: orthopyroxene; Cr-spinel: chromian

spinel; Mt: Magnetite.
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Fig. 4. (a) to (i) BSE images and X-Ray elemental maps of globular/anhedral Cpx and a Cu-Os sulfide in the Cr-spl.

distribution along the (111) crystallographic planes in the host Cr-
spinel grains (Fig. 5a). The X-ray elemental mapping shows that these
inclusions are rich in Si, Ca and Mg (Fig. 5b, c, e), and devoid Cr, Al, and
Fe (Fig. 5f, g, h). The energy-dispersive (ED) and wavelength-dispersive
(WDS) spectroscopic analyses of the large needles indicate a diopside
composition. In addition, repeated Raman analyses gave spectra with
characteristic bands at 322.6, 388.2, 665.1 and 1012.1 cm™ . These
peaks correspond to the M-O stretching (~327 cm™!), Mg-O stretching
(~393 em™ 1), Si-O-Si bending (~665 cm™1), and Si-O(™") stretching
(~1010 ecm™!) modes of diopside (Fig. 3l, Huang et al., 2000). The
Raman shifts for the silicate micro-inclusions are expected to deviate
somewhat from pure diopside due to the spurious fluorescence effect by
the host Cr-spinel. The reported raman peaks found at 557.2 and 693.2
em™! (Fig. 31) can be related to the Fog(2) and A;; modes of Cr-bearing
spinel (Lenaz and Lughi, 2013, 2017; D’Ippolito et al., 2015).

In addition to the silicate and sulfide inclusions, about 25 subhedral
diamond fragments were recovered from the Koycegiz chromitites. Most
of these microdiamonds are pale yellow to light green (Fig. 6a) and
range in size from 50 to 200 pm (Fig. 6a). They are free of mineral in-
clusions, micro-pores and overgrowths. Raman shifts of these micro-
diamonds are all around 1332 cm ™! (Fig. 6¢) and their full widths at
half maximum (FWHM) are at 1330-1332 cm™'. These characteristics
are similar to the micro-diamonds reported in the Luobusa ophiolite (Xu
et al., 2009), and are clearly distinct from the metamorphic diamonds
(Korsakov et al., 2005). Forty moissanite grains were separated from the
Koycegiz chromitites. They are anhedral, transparent, light to dark blue
(30 to 280 pm-large) grains (Fig. 6b), and yield Raman peaks at 762
crn’l, 785 cm~! and 966 cm™! shifts (Fig. 6d). Moissanite grains with
comparable morphologies and spectral characteristics were separated
from chromitites from the Pozanti-Karsanti ophiolitic massif in Turkey
(Lian et al., 2017).

5. Geochemical characteristics of the Koycegiz chromitites
5.1. Cr-spinel composition

The Cr-spinel grains from the investigated Koycegiz chromitite
samples have concentrations of AlyO3 (9.87-10.69 wt%), Crp03

(55.14-56.95 wt%), FeO' (16.51-18.13 wt%) and MgO (14.13-15.13 wt
%), typical of the ophiolitic chromitites (e.g., Bonavia et al., 1993;
Gonzalez-Jiménez et al., 2014; Supplementary Table 2). The analyzed
Cr-spinel grains have Cr# [Cr/(Cr + Al) x 100] ranging from 78 to 79,
and Mg# [Mg/(Mg + Fe>™) x 100] values of 61-77, classifying the
Koycegiz as high-Cr or metallurgical-type chromitites (Leblanc and
Nicolas, 1992). Further, the abundances of many trace elements in Cr-
spinel from the Koycegiz chromitites are generally low (Supplemen-
tary Table 2), which is typical of high-Cr ophiolitic chromitites (e.g.,
Bonavia et al., 1993). In the Al,O3 vs. TiO5 discrimination diagram (Dick
and Bullen, 1984; Barnes and Roeder, 2001; Kamenetsky et al., 2001),
Cr-spinel data of the KOycegiz ores resemble spinels in equilibrium with
boninitic melts (Fig. 7).

The concentrations of several trace elements, i.e., Ti, Ni, V, Mn, Zn,
Sc, Co and Ga, by LA-ICP-MS were determined for unaltered cores of the
large Cr-spinel grains. No considerable variations in the trace element
abundances were observed among the different chromitite samples.
Limited variations were only reported for Ni (932-1104 ppm), V (540 —
586 ppm), Zn (246 — 342 ppm), Co (180 — 198 ppm), Ga (16.4 — 20 ppm)
and Sc (6 — 10 ppm) (Supplementary Table 5). If normalized to the
composition of Cr-spinels from the East Pacific Rise MORB (ChrMORB),
the Koycegiz chromitites are characterized by a mild positive Ti anomaly
and a weak negative V anomaly (Fig. 8). Their trace element patterns are
similar to Cr-spinel from boninites and high-Cr chromitites of the
Thetford Mines ophiolite (TMO) in Québec (Pagé and Barnes, 2009).

5.2. Chemical characteristics of the mineral inclusions

In the Cr-Spinel grains, orthopyroxene inclusions are mostly enstatite
in composition (95.7-96.3%; Fig. 9a), with Cry03 and AlyO3 contents of
0.79 to 1.13 wt% and 0.37 to 0.47 wt%, respectively. The TiO, contents
are generally low (<0.09 wt%; Supplementary Table 3). Clinopyroxene
inclusions have a diopside composition, with less variable Wo and En
contents of 45.8-48.1 wt% and 50.7-52.5 wt%, respectively (Fig. 9a).
The Al,O3 contents range from 0.50 to 0.76 wt% and NayO contents are
between 0.16 and 0.20 wt%; Supplementary Table 3). The calculated
Mg# values are generally high for orthopyroxene (96.4-96.8) and cli-
nopyroxene (96.9-97.7) inclusions (Supplementary Table 3). Olivine
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Fig. 5. (a) to (h) BSE images and X-Ray elemental maps of lamellar/needle-shaped silicate micro-inclusion from Koycegiz chromitites.

inclusions are characterized by high Fo (97.9-98.26) and high NiO 5.3. Platinum group element (PGE) composition

contents (1.11-1.18 wt%; Fig. 9b), whereas the MnO contents are

invariably below the EPMA detection limit; Supplementary Table 3). Dunites and harzburgites from the Koycegiz ophiolite have similar
PGE abundances, with £PGE concentrations between 10.13 and 63.88
ppb, and Pd/Ir = 0.15-2.15 (Supplementary Table 4). The bulk-rock
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PGE concentrations in the Koycegiz chromitites range from 80 to 442
ppb (Supplementary Table 4), within the typical range of ophiolitic
chromitites (144-1064 ppb; Najafzadeh and Ahmadipour, 2014). The
large variations in the PGE abundances suggest heterogeneous distri-
butions of these elements in the studied rocks, and perhaps related to
scattered IPGM inclusions (i.e., laurite; Fig. 3d). The Koycegiz chromi-
tites show enrichments in the iridium-group PGE (IPGE: Os, Ir and Ru;
76-427 ppb) relative to the palladium-group PGE (PPGE: Rh, Pt and Pd;
4-15 ppb). All analyzed samples have small Pd/Ir (<0.09) and PPGE/
IPGE (0.03-0.06) values.

The primitive mantle-normalized PGE patterns of the Koycegiz
chromitites are characterized by a gentle negative slope from Os to Rh
and a steep slope between Rh-Pd. Some samples, however, show positive
slopes between Pt and Pd (Fig. 10b). These patterns are comparable to
those of other high-Cr chromitites in south Turkey (e.g., Uysal et al.,

2016; Fig. 10b).

5.4. Re-Os isotope systematics

Six chromitite samples have been analyzed for their Re and Os iso-
topic composition (Supplementary Table 6). The abundances of Os and
Re are 27.1-305.8 ppb and 0.09-0.18 ppb, respectively. The
1870518805 ratios (0.12781-0.13798) are consistently larger than the
present-day chondritic value (0.1275; Walker et al., 1989) and are
mostly greater than the primitive mantle value (0.1296; Meisel et al.,
2001) (Fig. 11). The calculated 870s/'880sg;) ratios are 0.1278-0.1380
(yOs = — 0.38 to + 7.54), similar to other Neo-Tethys podiform chro-
mitites and peridotites in the eastern Mediterranean region (Lapierre
et al., 2004). Most of the samples yielded yOs values larger than the PM
value, implying variable contamination of crustal components. The



F. Xiong et al.

Ore Geology Reviews 145 (2022) 104912

10

TMO boninite

Chromite / Chromite in MORB

BON boninite

0.1

Ga Ti Ni Zn

Co Mn v Sc

Fig. 8. MORB-normalized trace element patterns of parental magmas for the Koycegiz chromitite (Pagé and Barnes, 2009). BON: boninite from Bonin Island; TMO:

boninite from the Thetford Mines Ophiolite (Page and Barnes, 2009).

Wo

(a)

e Cpxin chromitite
» Opx in chromitite

Diopside | Hedenbergite \

Augite
Pigeonite \
Ef Enstalite I Ferrosillite AN Fs
1.2
(b) fd
1.0 F

= Harzburgite
4 Dunite
|@ Chromitite

0.435 90 92 94 96 98 100
Fo

Fig. 9. Compositional variations of silicate inclusion in the studied chromitites.
(a) Pyroxene quadrilateral for ortho- and clinopyroxene; (b) Olivine NiO vs.
Forsterite (Fo) compositional diagram for the different lithologies of the
Koycegiz chromitites and peridotites; the mantle olivine array is from Taka-
hashi (1986), partial melting trends are from Ozawa (1994) and Nakamura
(1995). ABP: abyssal peridotites; FAP: = fore-arc peridotites (from Pagé
et al., 2008).

studied chromitite samples have 187Re/1880s ratios of 0.0019-0.0213,
which are inferior than the PUM value (~0.40; Meisel et al., 2001).

6. Discussion
6.1. Geochemical and isotopic characteristics of the Koycegiz chromitites

Podiform chromitites may form at both oceanic and arc-related set-
tings, and is commonly attributed to the interaction of mantle harz-
burgite with subduction-related hydrous melts (e.g., Zhou et al., 2005;
Gonzalez-Jimenez et al., 2011; Xiong et al., 2018a, b). The absolute
abundances and normalized patterns of PGE in chromitites are crucial
tools in assessing the petrological processes operating in the upper
mantle, e.g., partial melting, melt extraction, and melt percolation
(Zhou et al., 2005; Prichard et al., 2008; Su et al., 2015, 2020).

Previous studies indicate that SSZ ophiolitic chromitites can preserve
positive IPGE (Ir and Ru) + Rh anomalies and negative-slope primitive
mantle-normalized patterns (e.g., Lay et al., 2017; Xiong et al., 2018b).
These anomalies are explained by Os and Ir are compatible elements in
Cr-spinel, whereas Pt and Pd are strongly incompatible elements. The
melting of residual mantle peridotite in subduction zones produces
boninitic magma, and the reaction of rock melt occurs, making the
magma strongly unsaturated in sulfur, relatively enriched in PGE,
especially IPGE, which supports high Cr-type chromite formation from a
boninitic magma (Hickey and Frey, 1982; Zhou et al., 1998).

The Cr# values in dunites, harzburgites, and high-Cr chromitites are
generally greater than 60, suggesting a subduction-related processes for
the genesis of the Koycegiz ophiolite (Fig. 7). The Koycegiz high-Cr
chromitites were most likely derived from melts produced by hetero-
geneous melting of a SSZ mantle column (Fig. 7; e.g., Uysal et al., 2005,
2007, 2012, 2018; Xiong et al., 2018b; Ning et al., 2020; Huang et al.,
2021). The Koycegiz chromitites are enriched in IPGE (Ir and Ru) + Rh
relative to PPGE contents. The lack of covariance of Pt/Pt* [Pty/(Rhy X
PdN)l/ 2] and Pd/Ir (Fig. 12) suggests that the PGE contents in these
chromitites were controlled by differentiation of the parental magma
(Fig. 10).

Fig. 10 shows the PGE patterns of chromitites, notably distinct from
those of the associated peridotites. Harzburgite data arrayed flat prim-
itive mantle-normalized patterns with negative Pt anomalies (Fig. 10a).
Dunite samples show patterns similar to those of the harzburgite
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samples, except for the relative depletions in Pt and Pd contents.
Chromitites, on the other hand, are generally enriched in the PGE
compared to harzburgite and dunite samples. The PGE pattern of
Koycegiz chromitites, if compared with the associated peridotites,
indicate significant enrichment of IPGE (Fig. 10). These distinctive PGE
patterns may imply a heterogeneous melting genesis and/or reflect
variable conditions during the formation of the Koycegiz ophiolites
(Uysal et al., 2012). The Koycegiz chromitites have Re concentrations
similar to those of the associated peridotites, but higher Os contents
(Fig. 11), likely related to dispersed Os-bearing inclusions or super-
imposing magmatic increments.

The podiform chromitites have highly variable '¥”0s/'880s values,
as a result of processes including contamination of radiogenic Os by
recycling of oceanic crust, metasomatism, and melt-fluid percolation
into mantle peridotites (e.g., Alard et al., 2002; Biichl et al., 2004;
Reisberg et al., 2004; Shi et al., 2007; Marchesi et al., 2011). Walker
et al. (2002) determined a well-defined average 18705/1880s value of
0.12809 and concluded that dehydration of the oceanic crust in sub-
duction zones has no significant effect on the Os isotope composition of
ophiolitic chromitites. Variations in the 1870s/'®80s and yOs values for
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the studied chromitites and associated peridotites may therefore reflect
different parental magmas (Uysal et al., 2012). According to Rudnick
and Walker (2009), reaction of ~20% basaltic melt with mantle peri-
dotites does not cause significant change in the 870s/!880s ratio. The
highly radiogenic'®”0s/'880s values in the examined ophiolites can
therefore represent signs of recycled radiogenic Os in the mantle wedges
(e.g., Xiong and Wood, 1999; Mclnnes et al., 1999; Widom et al., 2003).

The evolution of the Koycegiz peridotites could have commenced in
an intraoceanic subduction zone, where radiogenic Os-enriched litho-
sphere occurred beneath a section of hitherto depleted peridotites (cf.,
Bradon et al., 1996). As incongruent melting increased, pyroxene was
partially or completely removed and the interstitial MgO-rich olivine
high-Cr spinel were added (Zhou et al., 2005). Similar to other ophiolites
along the Indus-Yarlung Zangbo suture, the Koycegiz ophiolites could
have formed in a MOR setting and were then modified in a SSZ envi-
ronment (Xu et al., 2011; Yang et al., 2011; Xiong et al., 2015a, b; Liu
et al., 2014; Zhou et al., 2019).

6.2. Formation and exhumation of the UHP Koycegiz chromitites

Typical characteristics of the UHP ophiolitic chromitites include: i)
occurrence of spherical inclusions of Fe-Ti alloy and nano-phases of TiO5
(Dobrzhinetskaya et al., 2009; Xiong et al., 2022a, b); ii) Cr-spinel with
abundant native Fe spherules which suggest original high-pressure Ca-
ferrite structured Cr-spinel polymorph (McGowan et al., 2015); iii)
needles of SiOy (i.e., coesite), diopside, and rarely enstatite with
preferred crystallographic orientations (Yamamoto et al., 2009); iv)
cubic Mg-silicate with Si in octahedral coordination, and antigorite
pseudomorphs in Cr-spinel as evidence of subduction-related dehydra-
tion under ringwoodite-wadsleyite stability fields (Bindi et al., 2018);
and v) coarse symplectitic intergrowths of orthopyroxene + spinel +
clinopyroxene interpreted as breakdown products of high-P majoritic
garnets (e.g., Morishita and Arai, 2003; Tubia et al., 2004; Piccardo
et al., 2007; Xiong et al., 2015a).

The micro-diamonds, moissanite, and lamellar diopside inclusions in
the Koycegiz chromitites may suggest UHP deep-mantle recycling as the
mechanism of formation of these rocks (Figs. 5, 6; e.g., Yamamoto et al.,
2009; Satsukawa et al., 2015; Griffin et al., 2016; Xiong et al., 2021; Rui
et al., 2022). Clinopyroxene exsolutions in low-P Cr-spinel may repre-
sent pseudomorphs of former hydrous mineral inclusions in Cr-spinel
formed as a result of decompression of high-P mantle region in shal-
lower mantle levels (e.g., Yamamoto et al., 2009). No coesite inclusions
have been observed in the investigated chromitite samples, which may
indicate that the pressure variation-induced inversion of spinel pseu-
domorphs during recycling may have been incomplete (Yamamoto
et al., 2009).

A genetic model or scenario of the formation and evolution of the
Koycegiz chromitites may include: (i) early crystallization of chromitite
from boninitic melts derived from a hydrated mantle wedge above a
subducting slab and during peridotite-melt reaction (e.g., Robertson,
2002; Uysal et al., 2007; Xiong et al., 2018a), (ii) clinopyroxene exso-
lutions in the Cr-spinel by pressure variations during mantle convection
and upwelling to shallower levels (Yang et al., 2007, Yang et al., 2015),
(iii) transformation of Cr-spinel to high-P spinel polymorphs and hy-
drous mineral inclusions disappear. Moissanite may have formed as a
result of C-rich subduction-related fluids in the SSZ setting (e.g.,
Trumbull et al., 2009), (iv) the subducting slabs migrated back into the
mantle, while some portions were entrapped as SSZ mantle (e.g., Dilek
et al.,, 2008). Extensive serpentinization, as indicated by abundant
serpentine inclusions in well-preserved Cr-spinel grains, could have
occurred in the subduction environment instead of post-emplacement
alteration.

Juteau et al. (1977) suggested that mantle lineations radiating away
from a central point in the Antalya ophiolite of southern Turkey may
reflect evidence of mantle rose in diapiric form. The antiformal struc-
tures that characterize the Tauride ophiolites may reflect variations in
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the intensity and nature of primary deformation as surges of astheno-
spheric mantle moved at different rates and depths away from diapiric
centres (e.g., Bartholomew, 1993). Diapiric upwelling could also be
anticipated for the formation of the Koycegiz ophiolites considering the
presence of exotic UHP and SuR mineral inclusions and variable PGE
signatures of chromitites and the associated peridotites.

7. Conclusions

Field relationships and microtextural characteristics, integrated with
new bulk-rock geochemical and PGE data of the Koycegiz chromitites
support deep mantle, recycling, subduction zone and syn- to post-
emplacement processes. Chromitite nodules with dunite and wide-
spread impregnation textures, together with fractionated PGE patterns
and radiogenic Re-Os data, accentuate the supra-subduction zone (SSZ)
environment.

Formation of the Koycegiz was related to wet melting of mantle
peridotites and extensive contamination of crustal components. The
unusual mineral inclusions in Cr-spinel grains coupled with heteroge-
neous geochemical and isotopic characteristics of the Koycegiz chro-
mitites replicate superimposed UHP and SuR deep mantle conditions,
recycling and subduction-related phase transformations. Despite the yet
unconstrained mode of ophiolite emplacement, widespread antiformal
structures and  thrusts  associated  the  allochthonous Taur-
ide ophiolites may demonstrate possible trans-lithospheric diapiric
recycling in the region during the Late Cretaceous. This study concludes
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that deep upper mantle processes and subduction-related processes may
have interplayed during the formation of important high-Cr chromitite
ores.
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