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ABSTRACT
The Pozanti-Karsanti ophiolite situated in the eastern Tauride belt, southern Turkey, is a well
preserved oceanic lithosphere remnants comprising, in ascending order, mantle peridotite, ultramafic
and mafic cumulates, isotropic gabbros, sheeted dikes and basaltic pillow lavas. Two types of
chromitites are observed in the Pozanti-Karsanti ophiolite. One type of chromitites occurs in the
cumulate dunites around the Moho and the other type of chromitites is hosted by the mantle
harzburgites below the Moho. The second type of chromitites has massive, nodular and disseminated
textures. We have conducted the mineral separation work on the podiform chromitites hosted by
harzburgites. So far, more than 200 grains of microdiamond and more than 100 grains of moissanite

(SiC) have been separated from the podiform chromitite. These minerals have been identified by EDS
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and Laser Raman analyses. The diamonds and moissanite are accompanied by large amounts of rutile.

Besides, Zircon, monazite and sulphide are also very common phases within the separated minerals.

The discovery of diamond, moissanite and the other unusual minerals from podiform chromitite of the

Pozanti-Karsanti ophiolite provides new evidences for the common occurrences of these unusual

minerals in ophiolitic peridotites and chromitites. This discovery also suggests that deep mantle

processes and materials have been involved in the formation of podiform chromitite.

Keywords: ophiolite, chromitite, diamond, moissanite,

INTRODUCTION

Ophiolites represent remnants of ancient oceanic lithosphere that were tectonically emplaced onto

the continents (Dilek and Furnes 2011; Pearce 2014; Whattam and Stern 2011). Podiform chromitites

commonly occur in ophiolites of different ages and areas (Gonzalez-Jiménez et al. 2014; Rollinson and

Adetunji 2015; Yang et al. 2015; Zhang et al. 2016; Zhou et al. 2014). According to the chemical

composition of chromite, chromitites can be classified into the high-Cr group (Cr#=Cr/ (Cr + Al) of the

chromite >0.6) and high-Al group (Cr#<0.6) (Dickey 1975; Thayer 1970). Both high-Al and high-Cr

chromitites may occur in the same ophiolite (Akmaz et al. 2014; Gonzalez-Jiménez et al. 2011; Uysal

et al. 2009). High-Cr chromitites are interpreted to form by the reaction between boninitic or

arc-related magmas with the depleted harzburgite in the suprasubduction zone environment (Arai 1997,

Uysal et al. 2007; Xiong et al. 2015; Zhou et al. 1996), whereas high-Al chromitites are suggested to

crystallize in equilibrium with MORB-type melts in the mid-ocean ridge or back-arc environment in

the subduction zone (Arai and Matsukage 1998; Pagé and Barnes 2009; Zhou et al. 2001, 2014). In

general, previous genetic models all suggest that chromitites formed by melt-rock reaction, magma

mingling and crystallization in the shallow depth (< 30km) and no deep processes or materials have
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been involved.

The redox states of the earth’s mantle have been established and suggested to be progressively

reduced with increasing depth based on natural igneous rock samples and a series of experiments (Frost

and McCammon 2008; Stagno et al. 2013). The upper part of the upper mantle where podiform

chromitites are suggested to form, has oxygen fugacity within + 2 log units of the

fayalite-magnetite-quartz (FMQ) oxygen buffer (Frost and McCammon 2008). Recently, diamonds,

moissanite and other unusual minerals have been recovered from peridotites and podiform chromitites

(high-Cr and high-Al type) in ophiolites of different ages and orogenic belts (Howell et al. 2015;

Robinson et al. 2015; Tian et al. 2015; Yang et al. 2015). As these minerals are mostly unexpected to

be found in the chromitites and peridotites, people have questioned the factitious contamination origin

of these minerals. However, in-situ diamonds (enclosed by Oslr alloy) (Yang et al. 2007), moissanite

(enclosed by chromite) (Liang et al. 2014), coesite (rimming FeTi alloy) (Yang et al. 2007) and

exsolution clinopyroxene lamellaes (in chromite) (Yamamoto et al. 2009) have been observed in

chromitite of Luobusa ophiolite in China and Ray-1z ophiolite in Russia. Thus, these unusual minerals

are original rather than contaminated to the ophiolitic peridotites and podiform chromitites (Howell et

al. 2015). Natural diamonds generally crystallize at depths exceeding ~150 km and temperatures above

950 C at fO, conditions around iron-wiistite (IW) buffer in the upper mantle (Cartigny 2005; Jacob et

al. 2004; Stagno et al. 2015; Stagno and Frost 2010) and occasionally in the lower mantle (Kaminsky et

al. 2009; Stachel et al. 2005). The in-situ diamond in the OslIr alloy separated from Luobusa chromitite

suggests pressures > 4 GPa (depth of > 120 km), while the coesite-kyanite intergrowth around a FeTi

alloy indicate a potential pressure > 9 GPa (depth of > 280 km) (Yang et al., 2007). High-pressure

nitrides including TiN and c-BN, oxides and metals have also been recovered within the coesites
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riming a FeTi alloy of the Luobusa chromitites (Dobrzhinetskaya et al., 2009; Galuskin et al., 2013).

These mineral inclusions in the coesite record a high pressure and temperature conditions and very low

fo, which indicates the formation depth of > 300 km (pressure > 10 GPa) (Dobrzhinetskaya et al.,

2009). Coesites and exsolution clinopyroxene lamellaes in the chromite also suggest an

ultrahigh-pressure origin of at least 100 km, maybe more than 300 km deep for the Luobusa chromitites

(Yamamoto et al. 2009). Based on thermodynamic calculation and experiments results, it is generally

accepted that moissanite forms at extremely reducing conditions with the oxygen fugacity at least five

to six log units below IW (Mathez et al. 1995; Schmidt et al. 2014; Ulmer et al. 1998). Thus, the

ultra-high pressure (UHP) and ultra-highly reduced (UHR) conditions indicated by diamond,

moissanite and other unusual minerals have put challenges to the traditional genetic models for

ophiolites and chromitites.

As this mineral separation work has only been conducted on limited ophiolites, we are still

unclear whether these unusual minerals have a common occurrence in the worldwide ophiolites. For

better understanding of this problem, we have collected podiform chromitite hosted by harzburgite

from the Pozanti-Karsanti ophiolite (PKO) (or the Aladag ophiolite). Mineral separation work has been

carried out on these chromitites. In this paper, we document the characteristics of podiform chromitite

and unusual minerals from this chromitite, in order to contribute to the understanding of the origin of

ophiolite and podiform chromitite.

BACKGROUND: GEOLOGICAL SETTING

The NE-SW trending PKO is located in the eastern Tauride belt, southern Turkey (Fig. 1) (Parlak

et al. 2002; Saka et al. 2014). The Tauride belt mainly consists of Paleozoic and Early Mesozoic

platform carbonates, Paleozoic and early Mesozoic volcanosedimentary and epiclastic rocks,
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Cretaceous ophiolite complexes and late Cretaceous and younger post-collisional sedimentary and

volcanic rocks (Dilek et al. 1999).

The PKO in the Aladag region is offset from the Mersin ophiolite by the sinistral Ecemis fault (Fig.

1). An imbricated stack of thrust sheets resting on the Taurus allochthon can be observed in Aladag

region (Fig. 2) (Polat and Casey 1995). From the bottom to the top, the thrust sheets over the carbonate

platform consist of the Aladag mélange, the metamorphic sole and the PKO (Lytwyn and Casey 1995;

Parlak et al. 2002; Polat and Casey 1995; Saka et al. 2014). The metamorphic sole and the Aladag

mélange were accreted to the base of the PKO during intra-oceanic subduction, transportation and final

obduction of the ophiolite onto the Menderes-Taurus block (Celik et al. 2006; Dilek et al. 1999; Polat et

al. 1996).

The Aladag mélange is composed of sedimentary, igneous and metamorphic blocks with

serpentinitic to politic matrix and can be divided into the upper tectonic slice, the middle tectonic slice

and the lower tectonic slice (Polat and Casey 1995; Tekeli et al. 1983). Geochemical studies

demonstrate that materials from this mélange were derived from both the oceanic and continental

sources (Polat et al. 1996). Metamorphic sole overlying the Aladag mélange has a typical inverted

metamorphic sequence (Polat and Casey 1995). This dynamothermal metamorphic sole consists of

greenschist rocks at the bottom and amphibolite facies rocks on the top. The intra-oceanic subduction

of the Neo-Tethyan Ocean happened around 90-94 Ma, as indicated by the K-Ar age of the amphibolite

facies rock in the metamorphic sole (Celik et al. 2006; Dilek et al. 1999; Thuizat et al. 1981). The PKO

is a well preserved oceanic lithosphere remnants comprising, in ascending order, mantle peridotites

(Fig. 3a), ultramafic and mafic cumulates (Fig. 3b), isotropic gabbros, sheeted dikes and basaltic pillow

lavas (see Supplementary. 1) (Parlak et al. 2000, 2002; Saka et al. 2014).

5
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111 PETROGRAPHY
112 Peridotites
113 Peridotites from the PKO are dominated by harzburgites with subsidiary dunites (Fig. 3a). These

114  peridotites are variably serpentinized. Harzburgite samples contain 75-80 modal% olivine, 15-20 modal%

115 orthopyroxene, 1-2 modal% clinopyroxene and 1-2 modal% chromite (Fig. 4a, 4b). Dunites hosted by

116 harzburgites are strongly serpentinized and contain 97-98 modal% olivine and 2-3 modal% chromite in

117 original modal mineralogy (Fig. 4c). Olivines in harzburgites are generally subhedral and 1-3mm

118 across. Olivines are cut through by networks of serpentines and magnetites. Orthopyroxenes ranging

119 from 0.3 to 5 mm along their long axes are occasionally serpentinized to bastite. Some orthopyroxene

120 grains have lobate boundaries with small olivine or clinopyroxene grains filling up the embayments.

121 Clinopyroxenes in harzburgites are generally anhedral, 0.1-0.5 mm across and occur either as

122 interstitial grains or as inclusions in orthopyroxenes. Inclusions of olivine and chromite are also

123 occasionally observed in orthopyroxenes. Chromites in the harzburgites are reddish brown, subhedral

124 to anhedral ranging from 0.lmm to o.5mm, while chromites in dunites are nearly opaque, black,

125 anhedral and 0.1-0.7 mm across (Fig. 4a, 4c). Chromites in dunites generally have an alteration rim.

126 Olivines sometimes occur as inclusions in the chromites (Fig. 4b).

127 Chromitites

128 Chromitites occur in two different horizons of the PKO. One type of chromitites occurs in

129 cumulate dunites around the Moho (Fig. 3b), while the other one occurs in harzburgites below the

130 Moho (Fig. 3¢, 3d). Both types of chromitite are strongly altered. Cumulate chromitites and the hosted

131 cumulate dunites are transitional to each other with no distinct boundary. This type of chromitites has

132 massive or disseminated textures (see Supplementary. 2). Chromite grains in disseminated chromitites
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are generally euhedral to subhedral, 0.2-2mm across and black in color. Relicts of fresh olivine grains

can be observed occasionally. Chromitites hosted by harzburgites generally have thin dunitic envelopes

and show massive or nodular textures, which is typical for podiform chromitites (Fig. 3c, 3d, 4d).

Original silicate minerals in the podiform chromitites are altered into serpentine, chlorite or clay

minerals. Olivine and clinopyroxene inclusions can be observed in the chromitites (Fig. 4e, 4f). The

chromite nodules ranging from 3 mm to 10 mm are dominated by chromites with minor alteration

minerals filling the fissures (Fig. 3¢). Massive chromitites in the harzburgites consist of over 95%

percent of chromites with minor alteration minerals including serpentines and chlorites.

SAMPLING AND ANALYTICAL METHODS

About 500 kg of podiform chromitites hosted by the PKO harzburgites were collected.

Preliminary mineral separation work was carried out at the Institute of Multipurpose of Utilization of

Mineral Resources, Chinese Academy of Geological Sciences, Zhengzhou. The detailed mineral

separation procedure has been described by Xu et al. (2009). Before conducting the experiments, all of

the equipments were carefully cleaned. Cares have been taken during all the procedures to avoid

contamination.

After the preliminary mineral separation work, the unusual minerals were carefully selected under

the binocular eyepiece. The selected mineral grains are analyzed by the Nova Nanosem 450 scanning

electron microscope with an energy-dispersive spectrometer (EDS) and a RENISHAW-1000 Laser

Raman in the State Key Laboratory for Continental Tectonics and Dynamics. The operating conditions

for SEM were set at 20 kV and beam current is 15 nA. Cobalt metal was applied to calibration

procedure of the peak position on the energy scale to allow semi-quantitative analyses. Minerals in the

harzburgites and chromitites from the PKO were analyzed by a JEOL JXA-8100 electron microprobe at
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the state Key laboratory for Continental Tectonics and Dynamics, Institute of Geology, Chinese
Academy of Geological Sciences, Beijing. The measurements were performed using wavelength
dispersive spectrometers at 15 kV and 20 nA with a beam diameter of Sum. Natural and synthetic
standards were used for calibration. The uncertainty of the electron probe microanalysis are within =+ 1%
for the major elements. The amount of Fe** in the chromite was calculated assuming the ideal chromian
spinel stoichiometry of AYB? *,04.
RESULTS

Mineral chemistry of harzburgites and chromitites

Mineral chemistry results of harzburgites and chromitites from the PKO are listed in
Supplementary. 3. Olivine in harzburgites has normal Fo (Fo = 100*Mg®"/ (Mg®" + Fe*") contents
ranging between 91.0 and 93.2. One euhedral olivine inclusion enclosed in chromite from podiform
chromitite has been analyzed (Fig. 4e). The result turned out that this olivine grain has quite higher Fo
content (Fo = 97.1) compared to those of olivines in harzburgites (Fig. 5a). Orthopyroxene (Opx) in
harzburgites has Mg® values (Mg" = 100*Mg®"/ (Mg®" + Fe'*®)) around 91.5 and clinopyroxene (Cpx)
has Mg” values around 94.5. Two euhedral clinopyroxene inclusions hosted by chromite in chromitite
have relatively higher Mg" values of 96 (Fig. 4f). Ferrian chromite and magnetite may occur along the
rims and cracks of chromite grains, but only the unaltered cores of chromite grains were analyzed.
Chromites from PKO harzburgites and chromitites are classified as aluminum chromites (Stevens 1944)
and fall in the field of Turkish chromitites (Ucurum et al. 2006) (Fig. 5b). Chromites in harzburgites
have Cr”values ranging from 61.0 to 64.2 and quite low TiO, contents and chromites in the podiform
chromitites have Cr* values ranging from 76.8 to 79.1 (Fig. 5¢-5f).

Unusual minerals recovered from the podiform chromitites

8
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Diamond
We have separated more than one hundred grains of diamond from the PKO podiform chromitites
(Fig. 6). The diamonds are generally transparent, colorless to pale yellow and tiny (ca. 50-250 pum).
They are generally irregular fragments, with a few of them showing subhedral to euhedral shape (Fig
6b). As shown in the SEM images, most diamonds have sharp edges (Fig. 6a, 6b), whereas some of
them are rounded (Fig. 6d). Raman shifts of the analyzed diamonds are all around 1334 cm™ (Fig. 6¢).
Moissanite
Moissanite crystals recovered from the chromitites are transparent, usually occurring as irregular
flakes or fragments with a size of 50-300 um (Fig. 7). Moissanite generally has different colors,
including blue, light green to green, and colorless. The analyzed moissanite crystals have Raman shifts
around 766 cm™, 786 cm™ and 968 cm™ (Fig. 7c). Some of the green moissanite show polycrystalline
crystals (Fig. 7e). Energy-dispersive spectroscopy analyses confirm that moissanite are mainly
composed of C and silicon (Fig. 7).
Silicate of octahedral pseudomorph
More than one hundred grains of silicate showing perfect octahedral pseudomorphs have been
separated from the PKO chromitites (Fig. 8). These grains are sub-transparent to transparent, light
purple, 60-400 um across euhedral crystals, with octahedral forms (Fig. 8a-8c). Several grains of
octahedral pseudomorphs are light yellow, subtransparent to transparent and 100-350 um across. Due to
incompletely separation, relicts of chromite can be observed being bonded to these octahedral
pseudomorphs indicating that these octahedral pseudomorphs are protogenous in the chromitite rather
than contaminated (Fig. 8c). SEM images of the surfaces of these silicates show that these minerals are

composed of very fine rounded grains (Fig. 8d). Energy-dispersive spectroscopy analyses suggest that

9
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these silicates of octahedral pseudomorph have two different compositions. One type of these silicate
pseudomorphs is composed of Mg, Si, Al, Cr, Fe, and O elements (Fig. 8¢), whereas the other type
consists of Mg, Si and O with no Al and Cr elements (Fig. 8f).
Other minerals

In addition to the above-mentioned minerals, other minerals including oxides (hematite, magnetite,
rutile and quartz), sulfides, silicates (magnesian olivine, pyroxene, spessartite, Zircon, chlorite and
serpentine) and monazites have also been recovered (Fig. 9). Zircons from the chromitites are generally
prismatic and subhedral to rounded with different colors (Fig. 9a, 9b). Mineral inclusions can be
observed in the zircons. About ten grains of monazites have been recovered from the chromitites (Fig.
9d, 9). These monazites are light yellow, inclusion-bearing and around 100 pm across. Hundreds of
rutiles have also been separated from the chromitites. These rutiles are brown to reddish brown, 50-200
pm, subhedral to anhedral and inclusion-bearing (Fig. 9g, Oh).

DISCUSSION

Characteristics of harzburgite and chromitite

The PKO harzburgites have quite low clinopyroxene contents indicating a relatively high degree
of partial melting. Forsterite content of olivine grains combining with Cr* value of coexisting chromites
in the peridotites is also a useful indicator of partial melting degree and tectonic setting (Arai 1994;
Parkinson and Pearce 1998; Yang et al. 2015). In the Cr" vs. Fo diagram, all our samples plot within
the olivine-spinel mantle array (OSMA) demonstrating that the harzburgites are melting residues rather
than cumulate rocks (Arai 1994) (Fig. 5a). The high Cr” values of chromites in harzburgites suggest a
quite high degree of partial melting, which is consistent with the depleted modal mineralogy of the
harzburgites (Fig. 5a). All of the harzburgites fall in the SSZ peridotites field in the Cr" vs. Fo diagram

10
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indicating that the Pozanti-Karsanti harzburgites formed in the suprasubduction zone environment (Fig.
5a).

The primary core compositions of chromites are also plotted in other diagrams to determine the
tectonic setting of the harzburgites and the type of chromitite in the harzburgites (Fig. 5c-5f). In the
Mg" vs. Cr* diagram, chromites in harzburgites plot in the field of forearc peridotites, while those in
chromitite plot out of both the abyssal and forearc peridotite fields (Fig. 5c). In the TiO, vs. Cr"
diagram (Fig. 5d), chromites from harzburgites also fall in the field of forearc peridotites and plot to the
end of the melting trend suggesting a quite depleted nature of the harzburgites. Chromitite plots close to
the melt-rock reaction trend from depleted peridotite to boninitic or arc-related magma (Fig. 5d), which
indicates a melt-rock reaction origin for podiform chromitite (Arai and Matsukage 1998; Zhou et al.
1998). The PKO chromitite differs from stratiform chromitite both structurally and geochemically.
Chromitite chosen for mineral separation work has nodular texture, which is typical for podiform
chromitite (Thayer 1964). In the Cr,0; vs. Al,O; diagram, chromites from harzburgites fall in the field
of forearc peridotites and those of chromitite plot in the field of podiform chromitite (Fig. Se). In the
Cr,03 vs. TiO, diagram, chromites from PKO chromitite plot below the boundary of stratiform and
podiform chromitites. Compared to the chromite in stratiform chromitites, those from podiform
chromitite have relatively lower TiO, contents (Fig. 5f). The modal mineralogy and mineral chemistry
suggest that harzburgites from the PKO experienced relatively high degree of partial melting in the
suprasubduction zone environment. Geochemical and structural evidences demonstrate that chromitite
hosted by harzburgites in PKO is typical high-Cr podiform chromitite.

Discovery of unusual minerals in PKO and its significance

Diamond, moissanite, silicates of octahedral pseudomorph and other crustal minerals have been
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recovered from the podiform chromitite in the PKO. As these minerals are unexpected in chromitites

and peridotites, these discoveries were firstly thought to be disputable. However, in-situ diamonds have

been observed in both the Luobusa and Ray-Iz chromitites (Yang et al. 2007, 2015). In-situ diamonds

from podiform chromitites show two different occurrences, including (1) 1um across inclusion in an

Oslr alloy separated from Luobusa chromitite (Yang et al. 2007); and (2) 300 pm across diamond

enclosed by chromite from the Luobusa and Ray-Iz chromitites (Yang et al. 2014, 2015). Different

scientific groups have reported to have recovered diamonds, moissanite and other “crustal” minerals

from podiform chromitites of different ophiolites in different labs (Griffin et al. 2016; Howell et al.

2015; McGowan et al. 2015; Trumbull et al. 2009). Thus, these minerals are intrinsic to the ophiolitic

peridotites and podiform chromitites rather than introduced by artificial contamination.

Natural occurrences of diamond are manifold but mainly fall into three categories, including (1)

volcanic rocks (kimberlites, lamproites and lamprophyres) from the sub-continental lithosphere, (2)

ultra-high-pressure metamorphic rocks exhumed by the orogenic process of continental collision, and

(3) meteorites and impact-related rocks (Cartigny 2005; Shirey et al. 2013; Yang et al. 2014). A new

occurrence of diamond called “ophiolitic diamond” was reported to be found both in mineral

concentrates and as inclusions hosted by chromites in peridotites and chromitites from ophiolites in

Xinjiang (Tian et al. 2015), Tibet (Xu et al. 2015) and Inner Mongolia (Zhu et al. 2015) provinces of

China, Myitkyina ophiolite of Myanmar (Yang et al. 2014) and Ray-Iz (Yang et al. 2015) ophiolite of

Russia. Despite of the different occurrences, diamonds only crystallize at high pressures (> 4.5 GPa)

and temperatures (> 950 ‘C) (Cartigny 2005). Diamonds in the mantle and metamorphic rocks are

widely accepted to form from C-O-H bearing fluids or melts with the oxygen fugacity below the

Enstatite-Magnesite-Forsterite-Graphite/Diamond (EMOG/EMOD) buffer (Stachel and Luth 2015;
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Stagno and Frost 2010). Thus, discovery of diamonds suggests that ultra-high pressure processes or

materials have involved in the formation of the PKO podiform chromitite.

Natural moissanite also occurs in a variety of extraterrestrial and terrestrial rocks, including

meteorites (Alexander 1993; Moissan and Siemens 1904); kimberlites ((Leung et al. 1990; Mathez et al.

1995; Shiryaev et al. 2011); serpentinites (Xu et al. 2008); peridotites and related podiform chromitites

(Trumbull et al. 2009; Yang et al. 2015). Based on the thermodynamic calculation, Mathez et al. (1995)

concluded that moissanite is only stable in the upper mantle with the oxygen fugacity five to six log

units below the IW buffer. Schmidt et al. (2015) synthesized moissanite in a graphite-silicate system

with fo, conditions 5-6.5 log units below the IW buffer at 2-10 GPa and 1500-1700 C, which is

consistent with the previous calculations (Mathez et al. 1995). Golubkova et al. (2016) computed phase

diagrams sections for the alloys, carbides and Fe-silicides and concluded that Moissanites can only

occurs at oxygen fugacities 6.5-7.5 log units below the IW buffer. Metallic Si is a very common

inclusion in moissanite both from kimberlites and podiform chromitite (Shiryaev et al. 2011; Trumbull

et al. 2009), which has also been observed in moissanite recovered from the PKO chromitites.

Experiments indicate that the formation of metallic Si require the environment to have oxygen fugacity

3-5 log units below that of SiC-forming reaction (Golubkova et al. 2016; Schmidt et al. 2014). Hereby,

Moissanites recovered from the PKO chromitite imply a super-reduced condition.

Several dozens of silicates with perfect octahedral morphology have been separated from

podiform chromitites. These octahedral silicates have also been separated from the Luobusa chromitites

(Griffin et al. 2016; Robinson et al. 2004), whereas no such minerals have been reported in the Ray-Iz,

Hegenshan and Sartohay chromitites. These octahedral grains are composed of clinochlore, lizardite or

antigorite (Griffin et al. 2016). Several transparent grains of these octahedral silicates from Luobusa

13
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chromitite are anhydrous and have cubic structures analogous to those of ringwoodite. The hydrous

octahedral silicates are suggested to be altered from a high-pressure form of olivine, possibly

ringwoodite (Robinson et al. 2004). The transformation depth of wadsleyite to ringwoodite is at ~520

km (Frost 2008; Ghosh et al. 2013; Ringwood 1975). The existence of these octahedral silicates may

also indicate a deep origin of the PKO chromitites.

Other minerals recovered from the Pozanti-Karsanti chromitites mainly include zircons, rutiles,

and monazites. Zircons have been reported to be both in peridotites and chromitites of different

locations (Akbulut et al. 2016; McGowan et al. 2015; Yamamoto et al. 2013; Yang et al. 2015; Zheng

et al. 2006). Nine zircons from podiform chromitite in SW Turkey are interpreted to originate from

metamorphism or ocean crust recycled during subduction (Akbulut et al. 2016). Zircons in the Luobusa

chromitite contain two different groups: One group of zircons is generally rounded and subhedral to

anhedral with a wide age range from the Cretaceous to Late Archean (Robinson et al. 2015; Yamamoto

et al. 2013); the other group of zircons is euhedral with distinct, narrow oscillatory zoning (McGowan

et al. 2015). The first group of zircons was suggested to originate from crustal materials that have been

subducted into the mantle, and the second group of zircons crystallized from boninitic magmas during

the crystallization of chromite grains in the suprasubduction zone environment (McGowan et al. 2015).

Zircons from the PKO chromitites show different colors (brown to colorless) and shapes (anhedral to

euhedral), which indicate different origin of these zircons (Robinson et al. 2015; Yang et al. 2015;

Zhou et al. 2014).

The discovery of diamond, moissanite, octahedral silicates and other “crustal” minerals in the

chromitites imply that these chromitites from the PKO may not simply form by melt-rock interaction

and magma mingling in the shallow depth. Deep mantle materials or processes and assimilation of deep

14
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subducted crustal materials have taken part in the formation of podiform chromitites.
IMPLICATIONS

Both high-Al and high-Cr podiform chromitites are widely distributed in Turkish ophiolites and
have been generally interpreted to form through melt-rock reaction in the supra-subduction setting
(Akbulut et al. 2016; Akmaz et al. 2014; Caran et al. 2010; Uysal et al. 2009). However, the
ultra-reduced and/or ultra-high-pressure conditions indicated by the unusual minerals recovered from
PKO chromitite have impelled us to reconsider the traditional formation models of Turkish podiform
chromitite.

Several models have been proposed for the occurrence of diamond, moissanite and other unusual
mineral in the Luobusa podiform chromitite. These models can be classified into two groups including
the plume-related model (Xiong et al. 2015; Xu et al. 2015; Yang et al. 2015) and deep-subduction
model (Griffin et al. 2016; McGowan et al. 2015; Robinson et al. 2015; Zhou et al. 2014). In the
plume-related model, diamonds, moissanite and other UHP minerals have been suggested to form in
the deep upper mantle or the transition zone and were brought up into the upper mantle by plume.
However, Howell et al. (2015) pointed out that diamonds from Luobusa chromitite are distinct from
natural “superdeep” diamonds. The unaggregated nitrogen, combined with the lack of evidence for
resorption or plastic deformation indicate “ophiolitic diamonds™ have a short residence in the mantle.
Therefore, “ophiolitic” diamond was not likely to form in the mantle transition zone and stay in the
mantle for a long period. Moissanite from chromitite has been suggested to form in the lower mantle or
the core-mantle boundary based on the ultra-highly reduced conditions needed for the formation of
moissanites (Mathez et al. 1995; Trumbull et al. 2009; Yang et al. 2015). Under these highly-reduced

conditions, silicates coexisting with SiC should be Fe-Free and thus have unusually high Mg” values

15
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(Schmidt et al. 2014). Olivines in harzburgite have Fo contents around 92.0, Opx and Cpx have Mg”

values around 91.0 and 94.0, respectively, indicating disequilibrium between the mantle phases with

SiC and such super-reduced environment cannot exist in large-scale in the mantle. Frost and

McCammon (2008) pointed out that the fo, of the lower mantle only fall in a narrow range between IW

and IW -1.5 and oxygen fugacity of several log units below IW buffer is not achieved anywhere in the

mantle. Besides, as calculated by Schmidt et al. (2014), SiC grains of Imm would react with the

Fe-component of silicate minerals to form iron carbide or metal and be exhausted within <IMa at

temperatures above 800°C. Schmidt et al. (2014) and Golubkova et al. (2016) concluded that SiC from

podiform chromitites forms through a relatively low-temperature process (< 700-800°C) in a

grain-scale micro-environment. Considering the high temperature and the oxygen fugacities of the

lower mantle, it seems that the lower mantle was not an ideal formation place for moissanite

(Golubkova et al. 2016; Schmidt et al. 2014). Temperatures of the Moho overlying the subducting slab

in the suprasubduction zone have temperatures around 700 ‘C(Bostock et al. 2002; Parkinson and

Pearce 1998; Ueda et al. 2008). However, the suprasubduction zone has oxygen fugacities generally

between FMQ (fayalite-magnetite-quartz) -1.1 (log units) and FMQ + 1.8 (Parkinson and Pearce 1998),

which is also too oxidized for the formation of moissanite. Schmidt et al. (2014) suggested fluid

percolation in the mantle and crystallization of hydrous phases can result in super reduced

micro-environments, which thus lead to the formation of SiC on grain boundary without equilibration

with the bulk rock on a larger scale. Thus, the moissanite from podiform chromitite may have

crystalized in the mantle peridotite in the suprasubduction zone.

Ophiolitic units including mantle peridotite, ultramafic-mafic cumulate, isotropic gabbro and

mafic dikes of the PKO have also been well studied (Lytwyn and Casey 1995; Parlak et al. 2002; Polat
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and Casey 1995; Saka et al. 2014). Although Saka et al. (2014) suggested that PKO peridotites initially

formed in the mid-ocean ridge (MOR) environment and then further depleted in the

suprasubduction-zone (SSZ) environment, it should be noted that these peridotites show chemical

characteristics more consistent with SSZ peridotites (Saka et al. 2014). Ultramafic cumulates in the

PKO were suggested to crystalize from primary basaltic melts at medium to high-pressure conditions in

the subduction zone (Parlak et al. 2002). Mineral and whole-rock geochemistry of mafic cumulate

rocks and isotopic gabbros from the PKO suggest that these rocks formed from a melt that was

produced by melting of depleted source in an intra-oceanic suprasubduction zone tectonic setting

(Parlak et al. 2000; Saka et al. 2014). Mafic to intermediate dikes intruding the metamorphic sole and

the ophiolitic sequences have geochemical characteristic similar to island-arc basalts and basaltic

andesites (Lytwyn and Casey 1995). Thus, the PKO ophiolite shows great affinity to the SSZ-type

ophiolite, and a two stages of evolution process, namely from the MOR to the SSZ environment, may

not be necessary for the PKO. Whattam and Stern (2011) establish the “subduction initiation rule” and

predict that most ophiolites form during subduction initiation (SI). We conclude that the PKO may also

have formed during subduction initiation and podiform chromitite formed later after the depletion of

mantle peridotites.

Here, based on previous study and our new work, we proposed a three-stage model for the origin

of the Pozanti-Karsanti ophiolite, podiform chromitite and these unusual minerals.

(a) During the initial closure of the Neo-Tethys Ocean in southern Turkey, slab sinking and incipient

trench rollback result in the upwelling of fertile asthenosphere into the space over the subducting

slab following the “subduction initiation rule” (Stern 2004; Stern et al. 2012; Whattam and Stern

2011). Decompression partial melting of the asthenosphere mantle generated MORB-type magmas

17
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and the PKO ultramafic cumulate rocks have crystallized from such primary basaltic melts (Parlak
et al. 2002) . Addition of slab-derived fluids into the overlying mantle resulted in further melting of
the already depleted mantle, which produced melts for the formation of mafic cumulates and
isotropic gabbros in the PKO (Parlak et al. 2000; Saka et al. 2014). Mantle peridotites in the PKO
have experienced ~24% to 30% partial melting and enriched by the fluids released from the
subducting slab in the SSZ tectonic setting (Saka et al. 2014).

With continuing subduction, the downgoing slab become dehydrated and experienced greenschist,
amphibolite and eclogite facies metamorphism. Slab-derived fluids move upward into the mantle
wedge and mantle peridotite are strongly serpentinized/altered. Fluids percolation, crystallization
of hydrous minerals and other processes in the mantle wedge may create micro-super-reduced
environment, which will result in the crystallization of SiC below the Moho in the mantle wedge
(Golubkova et al. 2016; Schmidt et al. 2014). The subducting slab break off at ca. 120-160 km due
to the development of dense metamorphic rocks (mainly eclogites), and diamonds may form at this
depth. The breaking-off of subducting slab creates a slab window for the upwelling of underlying
asthenosphere. Silicon-rich magma produced by the decompression melting of upwelling
asthenosphere may contain coesite, inferred ringwoodite (octahedral silicate), and UHP chromite
with inferred CF structure (Robinson et al. 2015; Yang et al. 2015). When moving upward and
passing through the slab window, this magma will assimilate diamond and crustal minerals such as
zircons, rutiles and monazites (Robinson et al. 2015; Zhou et al. 2014). Some zircons recovered
from the PKO chromitite may also be recycled zircons in the asthenosphere or crystallized from
chromitite-forming magmas (McGowan et al. 2015). Ophiolitic diamond and moissanite from

Luobusa chromitite both have quite low but similar range of 5'"°C values indicating that they may
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have a similar organic carbon source from the subducting slab.

(¢) Upwelling of the hot asthenosphere mantle provided extra heat to the overlying mantle wedge.

Besides, with the addition of the slab-derived fluids into the mantle wedge, depleted mantle

peridotite melted again and produced boninitic melts. Mixing of boninitic melts and silicon-rich

magmas originated from the asthenosphere and reactions between melts and rocks result in the

crystallization of large amounts of chromite below the Moho in the mantle wedge (Irvine 1977). At

same time, both crustal and UHP minerals are enclosed in chromite grains.
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Figure Captions

Fig. 1. Distribution of ophiolites and surrounding regions of Turkey, after Moix et al. (2008).

Fig. 2. Regional geological map of the PKO, modified after Polat and Casey (1995).

Fig. 3. Field photographs of different rock units of the PKO. (a) Dunite occurring as lenses or patches

in harzburgite; (b) Chromite bands in cumulate dunite around the Moho; (c¢) Podiform chromitites

hosted by strongly serpentinized harzburgite; (d) Podiform chromitite showing nodular texture.

Fig. 4. Photomicrograph of peridotites and podiform chromitites. (a) Harzburgites of the PKO; (b)

Olivine enclosed in euhedral chromite; (c) Strongly serpentinized dunite; (d) massive chromitite with
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euhedral silicate inclusion; (e) Olivine inclusion in chromitites; (f) Euhedral clinopyroxene inclusions
in chromitite. Ol-Olivine; Opx-Orthopyroxene; Cpx-Clinopyroxene; Chr-chromite.

Fig 5. Compositional variations of olivine and chromite from harzburgites and podiform chromitites in
the PKO. (a) Plot of chromite Cr# vs olivine Fo value for the harzburgites after Arai. (1994) and Pearce
et al. (2000). OSMA-Olivine-spinel mantle array; SSZ-Suprasubduction zone; and FMM-Fertile
MORB mantle; (b) Plot of PKO chromites on ternary major oxide (Fe,O3-Al,03-Cr,O3) nomenclature
diagram (after Stevens, 1944), 1 = aluminum magnetite, 2 = chrome magnetite, 3 = ferrichromite, 4 =
aluminum chromite, 5 = chrome spinel, 6 = ferrispinel, grey field of Turkish chromites are from
Ucurum et al. (2006); (c) Cr# vs. Mg#; (d) Cr# vs. TiOy; (e) ALO; vs. Cr,05; and (f) TiO, vs. Cr,O5 of
chromites. Data for abyssal peridotites are from Bonatti et al. (1992); Brunelli et al. (2006); Hellebrand
et al. (2002); Johnson and Dick (1992); Komor et al. (1990); Niida (1997); Seyler et al. (2003); Snow
and Dick (1995); Stephens (1997); Data for forearc peridotites are from Ishii (1992); Okamura et al.
(2006); Parkinson and Pearce (1998); Podiform, stratiform and crustal chromitite fields are from Arai
et al. (2004).

Fig 6. Photographs of diamonds recovered from the PKO chromitite. (a) Microphotograph showing
abundant light-yellow to yellow diamonds; (b) SEM image showing octahedral diamond; (c¢) Raman
spectrogram showing typical Raman shift around 1332 cm™; (d) SEM image for rounded diamond.

Fig 7. Photographs of moissanite separated from podiform chromitite. (a) Microphotograph of
moissanite in blue color; (b) SEM image for moissanite; (c) Typical Raman patterns of moissanite; (d)
Microphotograph of moissanite in light-green to green color; () SEM image showing moissanite with
polycrystalline; and (f) EDS analysis of moissanite.

Fig 8. Photographs for silicates of octahedral pseudomorph. (a) Microphotograph of octahedral silicates
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in different color; (b) SEM image of silicate showing perfect octahedral pseudomorph; (c) Octahedral

silicate bonded to chromite; (d) surface characteristics of octahedral silicate; (e) and (f) EDS analytical

results for different octahedral silicates.

Fig 9. Other minerals recovered from podiform chromitite. (a) Microphotograph of zircons in different

morphologies and colors; (b) SEM image for rounded zircon; (c) Raman pattern for zircon from

Pozanti-Karsanti chromitite; (d) Microphotograph of monazites; (¢) SEM image of monazite; (f)

Raman pattern for monazite; (g) Microphotograph of rutiles; (h) SEM image for rutile; and (i) Raman

pattern for rutile.

Supplementary 1. Tectonostratigrapic section of the Aladag region, modified after Polat et al. (1996).

Supplementary 2. Photos of different chromitite types under the microscope. (a) Disseminated

chromitites in the cumulate dunites; (b) Massive chromitites in the cumulate dunites; (c) Nodular

chromitites in the harzburgites; (d) Massive chromitites in the harzburgites.

Supplementary 3. Representative electron probe microanalyses of minerals in the harzburgites and

chromitites from the PKO.
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