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Abstract: This study provides a comprehensive literature review of the distribution, the platinum-
group elements (PGE) composition, and mineral chemistry of chromitites associated with Meso-
zoic Tethyan ophiolites in the Mediterranean Basin. These suites outcrop in the northern Italian
Apennines, the Balkans, Turkey, and Cyprus. Most chromitites occur in depleted mantle tectonites,
with fewer found in the mantle-transition zone (MTZ) and supra-Moho cumulates. Based on their
Cr# = (Cr/(Cr + Al)) values, chromitites are primarily classified as high-Cr, with a subordinate pres-
ence of high-Al chromitites. Occasionally, high-Al and high-Cr chromitites co-exist within the same
ophiolite complex. High-Cr chromitites are formed in supra-subduction zone (SSZ) environments,
where depleted mantle interacts with high-Mg boninitic melts. Conversely, high-Al chromitites are
typically associated with extensional tectonic regimes and more fertile peridotites. The co-existence
of high-Al and high-Cr chromitites within the same ophiolite is attributed to tectonic movements and
separate magma intrusions from variably depleted mantle sources, such as mid-ocean ridge basalts
(MORB) and back-arc basin basalts. These chromitites formed in different geodynamic settings during
the transition of the oceanic lithosphere from a mid-ocean ridge (MOR) to a supra-subduction zone
(SSZ) regime or, alternatively, within an SSZ during the differentiation of a single boninitic magma
batch. Distinct bimodal distribution and vertical zoning were observed: high-Cr chromitites formed
in the deep mantle, while Al-rich counterparts formed at shallower depths near the MTZ. Only a few
of the aforementioned chromitites, particularly the high-Cr ones, are enriched in the refractory IPGE
(iridium-group PGE: Os, Ir, Ru) relative to PPGE (palladium-group PGE: Rh, Pt, Pd), with an average
PPGE/IPGE ratio of 0.66, resulting in well-defined negative slopes in PGE patterns. The IPGE en-
richment is attributed to their compatible geochemical behavior during significant degrees of partial
melting (up to 30%) of the host mantle. It is suggested that the boninitic melt, which crystallized the
high-Cr chromitites, was enriched in IPGE during melt-rock reactions with the mantle source, thus
enriching the chromitites in IPGE as well. High-Al chromitites generally exhibit high PPGE/IPGE
ratios, up to 3.14, and strongly fractionated chondrite-normalized PGE patterns with positive slopes
and significant enrichments in Pt and Pd. The PPGE enrichment in high-Al chromitites is attributed to
the lower degree of partial melting of their mantle source and crystallization from a MOR-type melt,
which contains fewer IPGE than the boninitic melt above. High-Al chromitites forming at higher
stratigraphic levels in the host ophiolite likely derive from progressively evolving parental magma.
Thus, the PPGE enrichment in high-Al chromitites is attributed to crystal fractionation processes that
consumed part of the IPGE during the early precipitation of co-existing high-Cr chromitites in the
deep mantle. Only a few high-Al chromitites show PPGE enrichment due to local sulfur saturation
and the potential formation of an immiscible sulfide liquid, which could concentrate the remaining
PPGE in the ore-forming system.
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1. Introduction

Chromite, an oxide belonging to the spinel supergroup minerals, is the only commer-
cial source of chromium. Chromium is essential in metallurgy, the refractory and glass
industries, and various military applications, making it an important strategic metal. Eco-
nomic chromite deposits are found in different types of ultramafic rocks, forming stratiform
and podiform chromitites. Stratiform chromitites occur as massive and multiple layers,
typically associated with the ultramafic portions of mafic–ultramafic layered intrusions
emplaced in stable cratonic settings or during rift-related events, predominantly in the
Precambrian [1]. The Bushveld Complex in South Africa, containing most of the world’s
chromite reserves, is a prime example of a stratiform chromite deposit [2]. Podiform
chromitites, on the other hand, are found in the mantle sections of ophiolite complexes.
Their host rocks are variably serpentinized peridotites, mainly harzburgite. Podiform
chromitites are the second most significant natural source of chromite for industrial use,
with the most typical examples occurring in the giant Kempirsai deposit in Kazakhstan
and numerous smaller deposits in Turkey [3]. Chromitites also efficiently collect critical
and high-priced PGE (Os, Ir, Ru, Rh, Pt, Pd). However, few stratiform chromitites contain
economically viable amounts of PGE; the only currently mined example is the Upper
Group 2 (UG2) stratiform chromitite of the Bushveld Igneous Complex in South Africa [4].
The distribution of PGE in podiform chromitites is influenced by factors such as the fertility
of the mantle source, the fractional crystallization of the parent melt, and the presence of an
immiscible sulfide liquid. Consequently, the chromite composition and PGE geochemistry
of ophiolitic chromitites serve as significant petrogenetic indicators of mantle source char-
acteristics and geodynamic settings [5–13]. The vast Tethyan belt, extending from western
Europe to southeast Asia [5], is a world-class orogenic belt containing numerous ophiolitic
fragments (Figure 1). Tethyan ophiolites in the Mediterranean Basin exhibit petrogenetic
characteristics associated with extensional tectonic regimes, such as mid-oceanic ridges
(MORs) spreading centers, compressive tectonic regimes, such as supra-subduction zones
(SSZs), or regions transitional between MORs and SSZs [6–8]. Within a single complex,
ophiolitic rocks with different geochemical characteristics can co-exist. Studies indicate that
large-scale chromite deposits are mainly associated with SSZ ophiolites, typically located
in mantle tectonites (harzburgite), whereas subeconomic chromite mineralization occurs in
the supra-Moho cumulus sequence or MOR settings.
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There is a general consensus that podiform chromitites originate from the interaction
between compositionally variable melts and upper mantle rocks [9–11]. Podiform chromi-
tites are categorized based on their chemical composition into high-Cr (metallurgic type
with Cr2O3 contents between 45 and 60 wt% and Cr# > 0.6) and high-Al (refractory type
with Al2O3 > 25 wt% and Cr# < 0.6) types [10]. The distribution of high-Cr and high-Al
chromitites is primarily controlled by different geotectonic settings (subduction-related or
unrelated) and stratigraphic positions relative to the mantle–crust transition zone (MTZ).
The mineral chemistry of chromitites reflects the melt composition from which they crystal-
lized, with high-Cr and high-Al chromitites related to boninitic and mid-ocean ridge basalt
(MORB) magmas, respectively [9].

In the Mediterranean Basin, podiform chromitites from the northern Italian Apennines,
the Balkans, Turkey, and Cyprus occur mainly in the mantle section and, to a lesser extent, in
the MTZ and some cumulus sequences of Tethyan ophiolites. This contribution presents an
overview based on approximately 2000 electron microprobe analyses of chromite grains and
596 whole-rock analyses of PGE from chromitites associated with Tethyan ophiolites of the
Mediterranean Basin. We discuss the possible relationships between chromite composition
and PGE distribution in these chromitites to better understand factors such as the degree of
partial melting of the mantle source, PGE fractionation during parent melt crystallization,
and the prevailing geodynamic setting during chromitite precipitation in ophiolites.

2. Geological Background and Chromitite Description of Tethyan Ophiolites in the
Mediterranean Basin

Ophiolites comprise sections of oceanic crust and underlying upper mantle that
have been uplifted and emplaced in orogenic belts, such as the Alpine-Himalayan belt
(Figure 1), one of the largest in the world [5]. The complete stratigraphy of an ophiolite,
from base to top, includes variably serpentinized mantle peridotites and a crustal sequence
composed of (1) cumulate mafic–ultramafic rocks, (2) a sheeted dike complex with multiple
vertical, parallel dikes, (3) basaltic pillow lavas, and (4) sediments, mainly limestone and
chert [14]. Tethyan ophiolites in the Mediterranean region (Figure 1) represent fragments
of the lithosphere that floored the western wing of the Tethys Ocean during the Cretaceous
and Jurassic periods [6–8,15]. They are mainly distributed in Italy, the Balkan Peninsula,
the Aegean Islands, Turkey, and Cyprus (Figure 2A–D). The vast Tethyan orogenic belt
comprises several segments forming subparallel tectonic sutures, named according to their
geographic location, such as the Ligurian ophiolites or Ligurides of Italy [16].

Ophiolite complexes in the Balkan Peninsula form NNW-SSE trending belts known as
the Dinarides (Croatia, Bosnia, Serbia, Kosovo), the Albanides (Albania), and the Hellenides
(North Macedonia, Bulgaria, and Greece) [17]. Ophiolites in Turkey extend roughly in
a W-E direction and are divided into three major belts [18]: (1) the Pontides, extending
from Izmir–Bursa–Eskisehir (NW Turkey) to the Sivas–Erzincan–Kopdag–Erzurum zone
(NE Turkey); (2) the Anatolides, between the Tuz Gölü and Pinarbasi zone (central Turkey);
and (3) the Taurides, extending from Mugla–Antalya, the Pozanti–Karsanti and Mersin
zones (S Turkey) to Hatay–Kahramanmaras (SE Turkey), Elazig, and Van Gölü zones
(E Turkey) [6–8]. The Tauric belt includes the Troodos ophiolite complex of Cyprus. Dating
of the metamorphic soles of ophiolites [19] indicates Upper Jurassic ages for the Dinarides,
Albanides, and Hellenides and predominantly Cretaceous ages for the Pontides, Anatolides,
and Taurides. Regional geology suggests that ophiolites in these provinces formed in
several adjacent basins separated by microcontinents rather than fragments of a single,
large ocean [6]. Several studies [6–8,20] show that most Tethyan ophiolites in the eastern
Mediterranean basin formed in an SSZ, whereas only a few generated at a MOR tectonic
regime [21].

Most of the chromitite reserves in Europe are hosted in ophiolite complexes in the
Balkans, Turkey, and Cyprus [22–33], with smaller deposits in the northern Apennines of
Italy [21]. The chromite composition and PGE distribution of the reviewed chromitites have
been published in several papers (Table 1). These chromitites occur in the following ophio-
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lite complexes, listed from west to east by host country: (1) Italy: Bracco [21] (Figure 2A),
(2) Serbia: Veluce [34] (Figure 2B), (3) Albania: Mirdita–Bulqiza [35–38] (Figure 2B),
(4) Greece: Pindos [32,34,39–44], Vourinos [34,39,45–49], Othrys [32,39,50,51], Edessa [34],
Thessaly [32,34,39,52], Euboea (Evia) [34], Skyros [34,45,53], western Chalkidiki [25,32,34,54–56],
eastern Chalkidiki [25,34,54,57,58], Rhodope Massif [34] (Figure 2B), (5) Kosovo: Bre-
zovica [34], Ljuboten–Radusa [34] (Figure 2B), (6) Turkey: Antalya–Isparta [59], Berit [60,61],
Doğanşehir [61], Guleman [62,63], Islahiye–Gaziantep [64], Kahramanmaras [65], Pozanti–
Karsanti [66], Elmaslar [67], Köyceğiz [68], Muğla–Ortaca [69–72], Bursa–Harmancık [73],
Bursa–Orhaneli [73], Elekdag [74], Eskişehir [75], Kop [76], Tunceli [77] (Figure 2C), and
(7) Cyprus: Troodos [78–80] (Figure 2D).
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Table 1. Ophiolitic chromitites from the Mediterranean Basin overviewed in this contribution listed from west to east according to their host country.

Country Ophiolite Tectonic Unit Name of the Deposit Stratigraphy Host Peridotite Chromite Type References

ITALY Bracco Internal Ligurides Lherzolite [21]
Canegreca, Cima Stronzi, Mantle–cumulate High-Al

Mattarana,
Pian della Madonna,

Ziona

SERBIA Veluce Axios Zone Veluce Mantle Lherzolite–harzburgite–dunite High-Cr [34]

ALBANIA Mirdita–Bulqiza Pindos–Olonos Zone Harzburgite [35–37]
Bulqiza Mantle–MTZ High-Cr

Bulqiza-Ceruja Mantle–MTZ High-Al
Bulqiza-Bater Mantle High-Cr

Bulqiza-Qaf Dardhe MTZ High-Al

Shebenik Pindos–Olonos Zone Mantle–MTZ Harzburgite High-Cr [38]

GREECE Pindos Pindos–Olonos Zone Harzburgite–dunite [32,39–44]
Dramala Mantle High-Cr

Kambos Despoti Mantle High-Cr
Kyra Kali Mantle High-Cr

Korydallos-Gournes Mantle–MTZ–cumulate High-Al, High-Cr
Milia Mantle High-Cr

Trygona Mantle High-Cr
Vourbiani Mantle High-Al

Vourinos Western side of the
Pelagonian Zone Harzburgite–dunite [34,39,45–49]

Aetoraches Mantle High-Cr
Doumarachi Mantle High-Cr

Kissavos Mantle–MTZ High-Al, High-Cr
Kondro Mantle High-Cr

Keratsista Mantle High-Cr
Koursumia Mantle High-Cr

Mikroklisoura Mantle–MTZ High-Cr
Pefka Mantle High-Cr
Rizo Mantle High-Cr

Rodiani-Zygosti Mantle High-Al
Tsouka Mantle High-Cr

Voidolakkos Mantle High-Cr
Xerolivado Mantle High-Cr
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Table 1. Cont.

Country Ophiolite Tectonic Unit Name of the Deposit Stratigraphy Host Peridotite Chromite Type References

GREECE Othrys Pelagonian Zone Lherzolite [32,39,50,51]
Agio Stefanos Mantle High-Al

Domokos Mantle High-Al
Eretria-Tsangli Mantle High-Al

Edessa Pelagonian Zone Edessa Mantle Harzburgite High-Cr [34]

Thessaly Pelagonian Zone Harzburgite–lherzolite [25,32,34,52]
Fitia Mantle High-Cr

Giannakochori Mantle High-Cr
Mavrolivado Mantle High-Cr

Veria (Galaktos) Mantle High-Cr
Vermion Mantle High-Cr

Euboea (Evia) Pelagonian Zone Harzburgite [34]
Madoudi Mantle High-Al, High-Cr

Nea Artaki Mantle High-Cr

Skyros Pelagonian Zone Harzburgite [32,34,45,53]
Achladones Mantle High-Al
Agios Iannis Mantle High-Cr

Western Chalkidiki Circum-Rhodope Belt Harzburgite–dunite [25,32,34,54–56]
Gerakini Mantle High-Cr
Ormilia Mantle High-Cr
Vavdos Mantle High-Cr

Eastern Chalkidiki Serbo Macedonian Massif Harzburgite [25,34,54,57,58]
Gomati (Paivouni, Tripes Mantle High-Al, High-Cr

Agios Georgios,
Kroupnos,

Limonadika)
Nigrita Mantle High-Cr

Nea Roda High-Al, High-Cr

Rhodope Massif Rhodope Massif Harzburgite–dunite
Dadia Mantle High-Cr [34]
Exochi Mantle High-Cr
Soufli Mantle High-Cr

Tsoutoura Mantle High-Al

KOSOVO Brezovica Pelagonian Zone Mantle Harzburgite–dunite High-Cr [34]

Ljuboten–Radusa Pelagonian Zone Mantle Harzburgite High-Cr [34]
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Table 1. Cont.

Country Ophiolite Tectonic Unit Name of the Deposit Stratigraphy Host Peridotite Chromite Type References

TURKEY Elmaslar Western Taurides,
Lycian Nappe Mantle Harzburgite High-Cr [67]

Köyceğiz Western Taurides,
Lycian Nappe Mantle Harzburgite High-Cr [68]

Muǧla–Ortaca Western Taurides,
Lycian Nappe

Catal, Sandalbasi,
Bulusblu, Mantle Harzburgite–dunite High-Al, High-Cr [69–72]

Zeytinli, Payamli

Antalya–Isparta Central–Western Taurides,
Antalya Suture Zone Mantle Harzburgite High-Al, High-Cr [59]

Pozanti–Karsanti Eastern Taurides Kızılyüksek Mantle–MTZ–cumulate Harzburgite High-Cr [66]

Berit Eastern Taurides Palith Mantle Harzburgite High-Al, High-Cr [60,61]
Alish, Dereağzı,

Kırcıuşağı, MTZ–cumulate

Payamly, Sarıkat

Doğanşehir Eastern Taurides Mantle Harzburgite High-Al, High-Cr [61]

Kahramanmaras Eastern Taurides Adiyaman, Elbistan, Mantle Harzburgite High-Al, High-Cr [65]
Heikimhan, Kara, Malatya

Turkoglu

Tunceli
Eastern Taurides,

Izmir–Ankara–Erzincan
Suture Zone

Yıldırım, Aksu,
Hasangazi, Mantle Harzburgite High-Cr [77]

Atilla, Eskigedik,
Işıkvuran,
Oymadal

Eskişehir
Pontides,

Izmir–Ankara–Erzincan
Suture Zone

Daǧküplü, Kavak Mantle Harzburgite High-Cr [75]

Elekdaǧ Pontides, Sakarya Zone Mantle Harzburgite–dunite High-Al, High-Cr [74]

Kop Pontides, Erzincan–Erzurum Bal,Çalışkan, Engin, Ezan, MTZ Harzburgite High-Cr [76]
G. Bülent, Gözeler, Gürel,
Irem, K. Bülent, Kurtaran,

Okutan, Selin, Sulu
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Table 1. Cont.

Country Ophiolite Tectonic Unit Name of the Deposit Stratigraphy Host Peridotite Chromite Type References

TURKEY Bursa–Harmancık
Anatolides,

Izmir–Ankara–Erzincan
Suture Zone

Mantle Dunite High-Cr [73]

Bursa–Orhaneli
Anatolides,

Izmir–Ankara–Erzincan
Suture Zone

Mantle Dunite High-Cr [73]

Guleman Arabian Platform, Elazig Zone Bati Kef, Alacakaya Mantle Harzburgite–dunite High-Cr [62,63]

Islahiye–Gaziantep Arabian Platform,
Bitlis–Zagros Suture Zone Mantle Harzburgite–dunite High-Cr [64]

CYPRUS Troodos Taurides Hadji Pavlou Mantle Harzburgite High-Cr [78–80]
Kannoures Cumulate Harzburgite–dunite High-Cr

Kokkinorotsos Cumulate Harzburgite–dunite High-Cr
Mantle Harzburgite High-Cr
Mantle High-Cr
Mantle High-Cr
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2.1. The Chromitites of Italy and Their Host Ophiolites

The Ligurian ophiolites in the north Italian Apennines are remnants of the oceanic crust
that floored the Piedmont–Ligurian Tethys during the Jurassic period [81] and are divided
into two main units: the External Ligurides and the Internal Ligurides, corresponding to
different lithostratigraphic and tectonic settings [82]. These units represent the oceanic
formations and their peri-continental margins, with the External Ligurides being more
distal within the oceanic basin. They are characterized by an anomalous stratigraphy that
deviates from the ideal ophiolite sequence. Notably, the sheeted dike complex and cumulate
rocks are absent. Instead, a lherzolitic mantle with a sub-continental petrologic signature is
intruded by several layered gabbros, while pillow lavas and pelagic sediments lie directly
on the mantle tectonite [16]. Thick horizons of ophicalcite and ophiolitic breccias, generated
by seafloor erosion of plutonic and volcanic rocks, are common in the Ligurian ophiolites.

According to the classification proposed by Dilek and Furnes [8], the Ligurian ophio-
lites are considered subduction-unrelated, continental-margin types. These characteristics
distinguish the ophiolites of northern Italy from those in the eastern Mediterranean, which
mainly formed in a subduction geodynamic environment [6,20]. The only data available
for Italy pertain to the chromitites found in the Bracco ophiolite complex of the Internal
Ligurides [21] (Figure 2A and Table 1). The Bracco chromitites occur in a gabbroic body
that intrudes mantle lherzolite. They form small rhythmic layers of Al-rich chromitite that
resemble the stratiform chromitites found in large continental layered intrusions. Due to
their small size, they have only been prospected but have never been mined. Chromite
compositions and PGE contents of chromitites from Canegreca, Cima Stronzi, Mattarana,
Pian della Madonna, and Ziona [21] are reviewed in this paper (Table 1).

2.2. The Chromitites of Albania and Their Host Ophiolites

Late Jurassic ophiolites occur in the Albanides, specifically in the Pindos–Olonos
Zone (Table 1 and Figure 2B). These ophiolites are arranged in two subparallel belts: a
western and an eastern one, each characterized by different petrologic and metallogenic
features [22,24,83]. The ophiolites of the western belt consist predominantly of lherzolitic
mantle overlain by cumulate sequences (dunite, troctolite, wehrlite, gabbro) and MORB-
type volcanics. A true sheeted dike complex is absent. Based on petrologic and structural
characteristics, these ophiolites are believed to have formed in a MOR setting [83]. Chromi-
tites in the western belt are limited, and only a few data on their composition are provided
by Cina et al. [22].

The ophiolites of the eastern belt demonstrate affinities similar to SSZ-type suites, with
a few exceptions showing features transitional from MOR- to SSZ-type. They consist of
large mantle tectonite formations with predominant harzburgite–dunite lithology, overlain
by ultramafic–mafic cumulates (dunite, lherzolite, wehrlite, gabbro) and a thin sheeted
dike complex. The different geodynamic settings and diachronous mantle evolution in the
Albanides are supported by the variable geochemical signatures and ages of volcanic rocks.
These include (1) Triassic transitional to alkaline within-plate basalts (WPB), (2) Triassic
normal (N-MORB) and enriched MORB (E-MORB), (3) Jurassic N-MORB, (4) Jurassic
basalts with a composition intermediate between MORB and island arc tholeiites (IAT),
and (5) Jurassic boninites [84].

The most important chromitite deposits in Albania occur in harzburgite mantle tec-
tonites located in the SSZ ophiolites of the eastern belt. These chromitite deposits extend
from north–northwest to southeast, associated with the Tropojia–Kukes–Kalimashi, Mirdita–
Bulqiza, and Shebenik ophiolite complexes. They include massive pods and schlieren-type
deposits occurring at four stratigraphic levels in the ophiolite sequences [22]. Levels 1
and 2 are found at the lower and upper parts of the mantle unit in the ophiolite massifs
of Tropojia, Kukes, Bulqiza, and Shebenik. Level 3 and 4 chromitites are associated with
ultramafic cumulates in the mantle–crust transition zone of the Bulqiza complex and in
the supra-Moho layered sequence of the Tropojia suite. Chromium reserves in the Bulqiza
and Tropoja massifs sum up to about 25 Mt [24]. Despite the abundant deposits, PGE data,
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coupled with chromite composition for the Albanian chromitites, are limited to the deposits
of the Bulqiza and Shebenik ophiolites [22,35–38] (Figure 2B and Table 1).

2.3. The Chromitites of Serbia and Kosovo and Their Host Ophiolites

The Late Triassic to Jurassic, MOR-type ophiolite complexes of Serbia and Kosovo are
dominated by lherzolitic and lherzolitic–harzburgitic mantle, similar to the western Alban-
ides [24,29]. These complexes contain subeconomic deposits of high-Al chromitites [29].
Small lherzolite–harzburgite–dunite complexes in central Serbia represent transitional
MOR-SSZ types within the Axios Zone [85] (Figure 2B). These mantle units contain small
chromitite deposits (e.g., Veluce) with high-Cr chromite, although estimated reserves of
chromium do not exceed a few thousand tons [34].

The most important deposits of high-Cr chromitite occur in the SSZ-type Ljuboten-
Raduša and Brezovica ophiolite blocks, which belong to the Pelagonian Zone in Kosovo
(Figure 2B), near the borders with Albania and North Macedonia. At Ljuboten–Raduša,
several individual bodies of massive chromitite, up to 1.2 Mt, are distributed along the foot-
and hanging-wall contacts of a 3.5 km thick body of harzburgite and dunite. The middle
zone of the ophiolite predominantly consists of harzburgite and contains schlieren-type
chromite mineralization [28,29]. In the Brezovica ophiolite complex, several mines have
been described [29,30,32,34], but few PGE data coupled with chromite composition are
available for chromitites from Veluce (Serbia) and Raduša (Kosovo) [32,34] (Figure 2B and
Table 1).

2.4. The Chromitites of Greece and Their Host Ophiolites

The Albanides and Dinarides extend southward through North Macedonia into north-
ern and central Greece. In this region, the Hellenides are subdivided into several subparal-
lel tectonic regions: the Pindos–Olonos Zone, the Pelagonian Zone, the Axios Zone, the
Circum-Rhodope Belt, and the Serbo-Macedonian and the Rhodope Massifs (Figure 2B
and Table 1). These zones contain ophiolite complexes that are remnants of a sub-oceanic
lithosphere of the western limb of Mesozoic Tethys [86]. Recent reinterpretations of their
petrological and metallogenic characteristics suggest diverse geodynamic origins, includ-
ing subduction-related and non-subduction-related environments, such as axial rifting
zones [6,34,55,87]. Some Greek ophiolites host chromite deposits of varying size and
economic importance [34].

2.4.1. The Pindos–Olonos Zone Chromitites

The Pindos ophiolite complex, situated in the Pindos–Olonos Zone (Figure 2B), exhibits
transitional characteristics from MOR- to SSZ-type. It comprises a large harzburgite–
lherzolite mantle tectonite and a broad range of volcanic rocks from MORB to IAT and
boninite-type [6,88]. The Pindos complex hosts only a few small chromitite deposits
characterized by massive, schlieren, and nodular textures, irregularly distributed in the
mantle harzburgite (<0.1 Mt total) [34,41,89]. Chromitites are also found in the MTZ and
supra-Moho cumulates. PGE distribution and chromite composition data are available
for chromitite deposits such as Dramala, Kambos Despoti, Kyra Kali, Milia, Trygona,
Vourbiani, and the Korydallos-Gournes chromitites occurring in the MTZ of the Pindos
ophiolite [32,34,39–44] (Table 1).

2.4.2. The Pelagonian Zone Chromitites

Several ophiolites in the Pelagonian Zone of the Hellenides host chromitite deposits
that were historically mined. These include Vourinos, Othrys, Edessa, Thessaly, Euboea
(Evia), and Skyros (Figure 2B and Table 1).

The Vourinos complex, on the western side of the Pelagonian Zone (Figure 2B), is an
SSZ-type ophiolite emplaced on lower Jurassic sediments and unconformably overlain
by Cenomanian limestone. It primarily consists of harzburgite–dunite mantle tectonite
with subordinate mafic–ultramafic cumulates, overlain by IAT and boninite-type vol-
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canic rocks [6,26,34,90]. More than 700 occurrences of chromitite ores, including some
of Greece’s largest mines, have been documented in the Vourinos ophiolite, which con-
tains the country’s largest chromite deposits totaling about 10 Mt of ore. Chromitites
are typically found in mantle tectonites, displaying massive, pod, schlieren, and minor
nodular textures. Prominent investigations into PGE distribution and chromite mineral
chemistry have focused on deposits such as Aetoraches, Doumarachi, Kissavos, Kondro
Keratsista, Koursumia, Mikroklisoura, Pefka, Rizo, Rodiani-Zygosti, Tsouka, Voidolakkos,
and Xerolivado [34,39,45–49,91] (Table 1).

The Othrys ophiolite complex in eastern central Greece (Figure 2B) comprises serpen-
tinized upper mantle harzburgite and lherzolite with minor dunite, overlain by gabbroic
cumulates and mafic dikes. Similar to Pindos, the Othrys complex features volcanic rocks
with geochemical affinities ranging from MORB to IAT and boninite [92]. Metallogenic
data [34,51] indicate that the Othrys ophiolite developed within a complex geotectonic
system transitioning from an oceanic spreading center to an SSZ regime. Major chromite
deposits are found within two tectonically separated ultramafic bodies: Metalion, Aghio
Stefanos, and Domokos in the Domokos area and Eretria, Mavro, Tsagli, and Kastraki
in Eretria. Podiform and massive chromitites, totaling over 3 Mt, have been historically
mined in both Domokos and Eretria blocks. Due to poor outcrops and significant tectonic
alteration, the precise stratigraphic position of Othrys chromitites within the mantle sec-
tion remains challenging to establish. PGE data and chromite composition information
are available from the Aghio Stefanos, Domokos, and Eretria-Tsangli mines [32,39,50,51]
(Table 1).

Several small, subeconomic chromite deposits are found in mantle peridotites, mainly
harzburgite, of ophiolites in Edessa, Thessaly, and the Aegean islands of Skyros and Euboea
(Evia) (Figure 2B). Despite their limited size and economic significance, investigations into
their PGE distribution and chromite mineral chemistry have been conducted [32,34,52,53]
(Table 1).

2.4.3. The Circum-Rhodope Belt, Serbo-Macedonian, and Rhodope Massif Chromitites

The Chalkidiki Peninsula in northern Greece is a geologically complex area where
the Circum-Rhodope Belt and the Serbo-Macedonian Massif juxtapose in tectonic contact,
whereas the latter overthrusts the Rhodope Massif to the east (Figure 2B). The Circum-
Rhodope Belt consists of low-grade metamorphic Triassic and Jurassic sedimentary rocks,
while the Serbo-Macedonian and the Rhodope Massifs comprise high-grade metamor-
phic rocks [93]. The Circum-Rhodope Belt outcrops in western Chalkidiki and contains
fragments of strongly serpentinized and tectonized ophiolitic ultramafic rocks. These
ultramafic rocks are predominantly harzburgite–dunite mantle tectonites hosting approxi-
mately 50 small-sized chromitites, which have never been mined. The chromitites exhibit
schlieren, massive, and nodular textures [26]. PGE contents and chromite composition data
are available for chromitites associated with the Gerakini, Ormilia, and Vavdos ophiolites
in western Chalkidiki [25,32,34,54–56] (Table 1).

The Serbo-Macedonian and Rhodope Massifs are exposed in Serbia, North Macedonia,
Greece, and Bulgaria. They comprise rocks metamorphosed in the amphibolite-facies,
forming the basement of the Alpine orogenic belt. The Serbo-Macedonian Massif in Greece,
located in eastern Chalkidiki (Figure 2B), includes Paleozoic ophiolite blocks composed
of serpentinized ultramafic rocks representing mantle tectonites [26]. Despite their low
economic potential, several thousand tons of ore have been recovered in the past from a
few small chromitite bodies in this area. These chromitites have been investigated for their
PGE distribution and mineral chemistry by multiple authors [25,34,54,57,58] (Table 1). A
segment of the metamorphic Rhodope Massif crops out in the Thrace region of Greece, east
of the Serbo-Macedonian (Figure 2B) and south of the border with Bulgaria. In this area,
ultramafic rocks comprising harzburgite–dunite represent a portion of the Paleozoic sub-
oceanic mantle affected by polyphase regional metamorphism in an SSZ environment [94].
These rocks host small podiform chromitites that have undergone similar metamorphic
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evolution as their hosts [34]. Limited PGE data and chromite compositions are available
from the Dadia, Exochi, Soufli, and Tsoutoura chromitites of the Rhodope Massif [34]
(Table 1 and Figure 2B).

2.5. The Chromitites of Turkey and Their Host Ophiolites

Chromite represents a crucial economic resource for Turkey, with over 2000 deposits
of podiform chromitites documented to date. Consequently, Turkey ranks among the
world’s leading chromium producers [27,75]. Most Turkish chromitites are podiform and
are located within the mantle sequences of ophiolite complexes, distributed from north
to south in the Pontides, Anatolides, and Taurides, as well as to the east on the Arabian
Platform [95,96] (Figure 2C). These mantle peridotites were emplaced during the Alpine
orogeny from the Upper Jurassic to Cretaceous periods and predominantly consist of
depleted dunite–harzburgite, which is partially to completely serpentinized. Petrologically
and chemically, the Turkish ophiolites demonstrate petrological and geochemical affinities
typical for subduction-related oceanic lithosphere [6]. Chromitites in Turkey are dispersed
throughout the country, with a concentration in the southern regions associated with the
Taurides Belt (Figure 2C), which harbors over 90% of Turkey’s chromite reserves [27].

2.5.1. The Taurides Belt Chromitites

The ophiolites associated with the Tauride orogenic belt of Turkey extend from the
Lycian nappes in the west to the Divriği ophiolite in the east [97]. These ophiolites host
numerous chromitite deposits, totaling approximately 2000. However, only a few have
been comprehensively analyzed for both PGE distribution and mineral chemistry. These
include, from west to east, the Elmaslar, Köyceğiz and Muğla–Ortaca complexes in the
western Taurides belt [67–72], Antalya–Isparta in the central–western Taurides near the
Antalya Suture Zone [59], and the Pozanti–Karsanti, Berit, Doğanşehir, Kahramanmaras,
and Tunceli suites in the eastern Taurides Zone [60,61,64–66,77] (Figure 2C and Table 1).
The Lycian nappe complex overlays the autochthonous Menderes Massif and Bey Dağ
platform and consists, from base to top, of metasediments, a mélange unit, and an ophiolitic
sequence [68–71]. These ophiolites formed in an SSZ regime and comprise predominantly
allochthonous blocks of mantle harzburgite with subordinate dunite and lherzolite, along
with isolated gabbro-dolerite dikes. The depleted mantle tectonites of Elmaslar, Köyceğiz,
and Muğla–Ortaca contain massive, schlieren, and occasionally nodular chromitites that
have undergone detailed analysis for PGE content and chromite composition [67–81]
(Table 1). Notable chromite mining sites in the Ortaca area include Catal, Sandalbasi,
Bulusblu, Zeytinli, and Payamli [69]. Some occurrences in Muğla demonstrate MORB-type
affinities, and the currently active Muğla–Ortaca ophiolite hosts several chromite deposits
totaling approximately 2 Mt [69–71].

In the central–western Taurides, specifically the Antalya Suture Zone, the Antalya–
Isparta ophiolite consists of SSZ-type rocks with small bodies of massive and schlieren
chromitites (Figure 2C). This ophiolite represents remnants of the southern branch of
Neotethyan oceanic basins and is predominantly composed of mantle peridotites, with
harzburgite being the most abundant, accompanied by minor lherzolite and dunite. PGE
distribution and chromite mineral chemistry data have been reported by [59] (Table 1).

The Pozanti–Karsanti ophiolite complex in the eastern Taurides Belt of southern
Turkey contains chromite deposits totaling up to 1.98 Mt [27] (Figure 2C). It comprises
mantle tectonites, ultramafic and mafic cumulates, isotropic gabbros, sheeted dikes, and
volcanic rocks [98]. Chromitites are predominantly found in mantle dunites near the
Moho transition zone and in cumulate dunites in the Kızılyüksek area [66]. Chromite
textures include massive pods associated with mantle peridotites and banded formations in
cumulate dunites. PGE and chromite composition analyses have focused on the Kızılyüksek
chromitites [66] (Table 1).

The Berit, Doğanşehir, and Kahramanmaras ophiolite complexes in the eastern Tau-
rides Zone consist of metaophiolitic rocks intruded by calc-alkaline granitoid intrusions
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(Figure 2C). These metaophiolites include metaharzburgite, metadunite, granulite, amphi-
bolites, schist, metagabbro, and metavolcanic rocks [65]. Chromite deposits such as Palith,
Alish, Dereağzı, Kırcıuşağı, Payamly, and Sarıkat have been studied for PGE analyses and
chromite composition [61,66] (Table 1). Most chromitites occur as small lenses associated
with dunite pods within the MTZ, except for Palith, which forms small, massive pods
surrounded by dunite envelopes in harzburgite [60]. Chromite textures range from massive
to nodular, occasionally appearing as banded schlieren [61–65]. Numerous small chromite
deposits, totaling up to 2 Mt, have been described at Kahramanmaras [65].

In the eastern Taurides near the Izmir–Ankara–Erzincan Suture Zone, the Tunceli ophi-
olite hosts several chromite mines, including Yıldırım, Aksu, Hasangazi, Atilla, Eskigedik,
Işıkvuran, and Oymadal, which have recently been subject to whole-rock PGE content
and mineral chemistry studies [77] (Table 1). The Tunceli complex comprises a nearly
complete ophiolite sequence of mantle peridotite, gabbros, sheeted dikes, pillow lavas,
and sediments [77]. Mantle peridotite mainly consists of serpentinized harzburgite host-
ing podiform chromitites, predominantly observed in massive textures with subordinate
nodular textures.

2.5.2. The Pontides Belt Chromitites

Several chromitite deposits associated with the ophiolites of Eskişehir, Elekdağ, and
Kop have been studied for their PGE contents and chromite compositions in the Pontides
Belt (Figure 2C and Table 1) [74–76]. The Eskişehir ophiolite, located in the Izmir–Ankara–
Erzincan Suture Zone near the Anatolides Belt (Figure 2C), is tectonically disrupted and
heavily serpentinized. It comprises (1) a restitic mantle primarily composed of harzbur-
gite with subordinate dunite, intersected by diabase dikes; (2) cumulate dunite, wehrlite,
pyroxenite, and gabbros; (3) a sheeted dike complex; and (4) plagiogranite dikes cutting
across the gabbro and sheeted dike complex [99]. Harzburgite is the dominant rock type in
the Eskişehir ophiolite. Several podiform chromitites, locally mined, are typically enclosed
within dunite. Among them, the chromite deposits of Dağküplü and Kavak have been
studied by Uysal et al. [75].

In the Sakarya Zone of the central Pontides, small-scale chromite deposits with a
maximum resource of several thousand tons are described in serpentinized harzburgite
and dunite of the Elekdağ meta-ophiolite (Figure 1). The Elekdağ complex has undergone
metamorphism from greenschist to mid-amphibolite facies, affecting the associated peri-
dotite and chromitites. The Elekdağ chromitites have been studied for their PGE content
and chromite composition by Donmez et al. [74] (Table 1).

The Kop ophiolite, situated in the Erzincan–Erzurum area of the Pontides Belt (Figure 2C),
is interpreted as a forearc lithospheric fragment of the Neo-Tethys ocean. It comprises an
incomplete ophiolite sequence, consisting of a harzburgitic upper mantle unit with rare
lherzolite in contact with an MTZ predominantly composed of cumulate dunite. Pyroxenite
dikes crosscut the harzburgite and dunite [76]. Massive and banded chromitites occur
in the Kop ultramafic rocks and have been investigated for their PGE distribution and
chromite mineral chemistry by Uysal et al. [76]. Data are available for Bal, Çalışkan, Engin,
Ezan, G. Bülent, Gözeler, Gürel, Irem, Bülent, Kurtaran, Okutan, Selin, and Sulu deposits.

2.5.3. The Anatolides Belt Chromitites

Whole-rock PGE analyses and chromite compositions are provided for the chromitites
associated with the Harmancık and Orhaneli complexes hosted in the Bursa ophiolite of the
Anatolides belt by Uysal et al. [73] (Table 1 and Figure 2C). The Upper Cretaceous, incom-
plete Bursa ophiolite represents a remnant of the northern branch of the Neo-Tethyan Ocean.
According to Sarifakioğlu et al. [100], the Harmancık complex comprises serpentinized
mantle peridotites, while the Orhaneli complex represents the MTZ. The Orhaneli MTZ
consists of a magmatic layering of ultramafic cumulates with minor gabbro, locally cut by
diabase dikes [100]. Banded and lenticular bodies of massive chromitites, mainly associated
with dunites, have been described in both the Harmancık and Orhaneli complexes [73].
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2.5.4. The Arabian Platform Chromitites

The chromitites associated with the ophiolites of Guleman [62,63] and Islahiye–
Gaziantep [64], located in the Arabian Platform of Turkey, have been studied for their PGE
distribution and chromite composition (Figure 2C and Table 1).

The Guleman ophiolite consists of harzburgite–dunite mantle tectonite, locally in-
truded by mafic dikes and emplaced in the Elazig zone of the Arabian Platform during
the Upper Cretaceous [27]. This unit is overlain by a cumulate pile composed of dunite,
pyroxenite, wehrlite, troctolite, and gabbro. Sheeted dikes and pillow lavas are absent [27].
The Guleman ophiolite hosts approximately 20 podiform chromite deposits associated with
the mantle tectonite, totaling about 10.5 Mt (production + reserves). Two of these deposits,
Bati Kef and Alacakaya, have been specifically investigated for their PGE distribution and
chromite composition [62,63] (Table 1).

The Islahiye–Gaziantep podiform chromitites occur in the Bitlis–Zagros Suture Zone
of the Arabian Platform (Figure 2C). In this area, the ophiolite consists solely of strongly
serpentinized mantle peridotites. Despite the alteration, blocks of harzburgites and dunites
have been identified. Small-sized pyroxenite dikes crosscut the mantle peridotite. The ser-
pentinized peridotites are in tectonic contact with Upper Maastrichtian limestone, shale, and
sandstones [64]. Chromite compositions and PGE abundances for the Islahiye–Gaziantep
chromitite can be found in the study by Yapici et al. [64] (Table 1).

2.6. The Chromitites of Cyprus and Their Host Ophiolite

The Late Cretaceous Troodos ophiolite complex occurs in the southernmost part of
the central Tauride province of Cyprus (Figure 2D). It consists of a depleted harzburgitic
mantle with subordinate dunite and lherzolite, overlain by a sequence of cumulus dunite,
wehrlite, websterite, gabbro, and anorthosite. This sequence transitions upwards into a
sheeted dike complex and pillow lavas. The volcanic rocks exhibit compositions strongly in-
fluenced by subduction, with characteristics transitioning from island arc tholeiite (IAT) to
boninite-type, although mid-ocean ridge (MOR)-type basalts have also been reported [6,31].
Economic chromitite deposits in the Troodos ophiolite are primarily restricted to dunite
lenses within the harzburgitic tectonite in the Mt. Olympus plutonic complex, totaling
more than 1 Mt, although all mining activities are currently closed [31,101]. Additional
chromitite bodies occur in the cumulus dunite and at the transition between cumulus dunite
and cumulus wehrlite [79], though they do not reach the size of economically exploitable
deposits. The Troodos ophiolite hosts chromitites both as podiform bodies within the
mantle harzburgite and as smaller layers within the overlying dunites of the cumulate se-
quence. The podiform chromitite deposits of Hadji Pavlou, Kokkinorotsos, and Kannoures
have been investigated for their chromite composition and PGE distribution [31,78–80].
Only two layered chromitites occurring in the cumulate sequence have been analyzed by
McElduff and Stumpfl [79] (Table 1).

3. Distribution of High-Al and High-Cr Chromitites in Ophiolitic Complexes

The data summarized in Table 1 encompass 74 chromitite deposits hosted within
33 ophiolite complexes. Based on their Cr#, the majority of these chromitites are classified
as high-Cr chromitites, with fewer categorized as high-Al chromitites. Some deposits
exhibit the co-existence of both high-Al and high-Cr chromitites. Figure 3A illustrates that
68% of the surveyed deposits consist of high-Cr chromitites, 14% of high-Al chromitites,
and 18% of both high-Al and high-Cr chromitites. The statistical distribution of these
chromitite types, categorized by their host ophiolites, is depicted in Figure 3B. This figure
shows that 49% of the surveyed ophiolites host exclusively high-Cr chromitites, 45% host
both high-Al and high-Cr chromitites, and 6% host only high-Al chromitites.
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High-Cr chromitites are reported exclusively in chromitites from the following ophiolites
(Table 1): Veluce [34] (Serbia), Shebenik [38] (Albania), Edessa [34], Thessaly [32,34,39,52],
western Chalkidiki [25,32,34,54–56] (Greece), Brezovica, Ljuboten–Radusa [34] (Kosovo),
Elmaslar [67], Köyceğiz [68], Pozanti–Karsanti [66], Tunceli [77], Eskişehir [75], Kop [76],
Bursa–Harmancık and Bursa–Orhaneli [73], Guleman [62,63], Islahiye–Gaziantep [64]
(Turkey), and Troodos [78–80] (Cyprus).

These high-Cr chromitites are predominantly hosted in mantle tectonites composed of
harzburgite with minor dunite. The Veluce chromitites are unique in occurring within a
mantle peridotite consisting mainly of lherzolite, harzburgite, and dunite (Table 1). Few
instances of high-Cr chromitites are documented in the MTZ and cumulates (Table 1).

The Bracco and Othrys ophiolites, located in Italy and Greece, respectively, exclu-
sively host high-Al chromitites associated with lherzolite and harzburgite mantle peri-
dotites [21,32,39,50,51] (Table 1). In the Bracco ophiolite, these chromitites occur as thin
layers associated with gabbro intruding sub-continental mantle peridotite, present both
in the mantle sequence and MTZ. Only a small number of high-Al chromitites have been
identified within the cumulates of the Berit ophiolite in Turkey [60].

The co-existence of high-Al and high-Cr chromitites is observed in several ophiolites,
including Mirdita–Bulqiza [35–37] (Albania), Pindos [32,34,39–44], Vourinos [34,45–49],
Euboea (Evia) [34], Skyros [32,34,45,53], eastern Chalkidiki [25,34,54,57,58], Rhodope Mas-
sif [34] (Greece), Muğla–Ortaca [69–71], Antalya–Isparta [59], Berit [60,61], Doğanşehir [61],
Kahramanmaras [65], and Elekdağ [74] (Turkey). However, within individual ophiolite
complexes, high-Cr chromitites generally outnumber their high-Al counterparts (Table 1).

4. Distribution of PGE in Chromitites

A comprehensive analysis of 596 whole-rock PGE analyses from the reviewed chromi-
tites is detailed in Supplementary Material Table S1. These analyses cover all six PGE,
although some values are below detection limits. The distribution of PGE varies signifi-
cantly, with total PGE contents ranging from a few parts per billion (ppb) to a remarkable
28,830 ppb (Supplementary Material Table S1).

Based on the PPGE/IPGE ratios, chromitites are categorized into two groups: (1) high-
IPGE, with PPGE/IPGE ratios below 1, and (2) high-PPGE, with PPGE/IPGE ratios
above 1. The PPGE/IPGE ratios exhibit considerable variability among the reviewed
chromitites, ranging from 0.01 to an extraordinary 61.39, although the majority show ra-
tios below 1 (Supplementary Material Table S1). Figure 4A illustrates that only 10% of
the reviewed chromitites are classified as high-PPGE. Notably, within the Mediterranean
Basin, 70% of these high-PPGE chromitites are categorized as high-Al, whereas 30% are
high-Cr (Figure 4B). Chondrite-normalized [102] PGE spidergrams for chromitites from
Italy, Albania, Serbia, Kosovo, and Greece are depicted in Figure 5A–N, while Figure 6A–O
illustrate those from Turkey and Cyprus.
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Figure 5. Chondrite-normalized [102] PGE patterns of the overviewed chromitites, according to
the geographical location of the host ophiolites. (A) Bracco, Italy; (B) Bulqiza–Mirdita, Albania;
(C) Shebenik, Albania; (D) Serbia and Kosovo; (E) Pindos, Greece; (F) Vourionos, Greece; (G) Othrys,
Greece; (H) Edessa, Greece; (I) Thessaly, Greece; (J) Euboea (Evia), Greece; (K) Skyros, Greece;
(L) W-Chalkidiki, Greece; (M) E-Chalkidiki, Greece; (N) Rhodope Massif, Greece. Red line = high-Al
chromitite, blue line = high-Cr chromitite. See Table 2 for data source and references.
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Figure 6. Chondrite-normalized [102] PGE patterns of the overviewed chromitites, according
to the geographical location of the host ophiolites. (A) Elmaslar, Turkey; (B) Köyceğiz, Turkey;
(C) Mugla–Ortaca, Turkey; (D) Antalya–Isparta, Turkey; (E) Pozantı–Karsantı, Turkey; (F) Berit,
Turkey; (G) Doğanşehir, Turkey; (H) Karamanmaras, Turkey; (I) Tunceli, Turkey; (J) Eskişehir, Turkey;
(K) Kop, Turkey; (L) Bursa, Turkey; (M) Guleman, Turkey; (N) Islahiye–Gaziantep, Turkey; (O) Troo-
dos, Cyprus. Red line = high-Al chromitite, blue line = high-Cr chromitite. See Table 2 for data source
and references.
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Table 2. Whole-rock analyses (ppb) in the overviewed chromitites (-: below detection limit).

Os Ir Ru Rh Pt Pd ΣPGE Pd/Ir Pt/Pt* PPGE/IPGE

High-Al
Average 37 35 84 22 329 199 512 9.67 1.36 3.14

Minimum - - 1 1 - 1 17 - 0.01 0.02
Maximum 481 1080 2100 1140 17,100 7860 28,830 178.60 14.42 61.39

High-Cr
Average 77 81 138 15 59 26 396 1.03 0.64 0.66

Minimum - 1 - - - - 20 - - 0.01
Maximum 7400 6020 9700 510 3460 1815 24,940 150.91 39.21 62.6

Pt/Pt* = (Pt/8.3)/
√

[(Rh/l.6) × (Pd/4.4)], [103].

4.1. PGE Distribution in the Chromitites of Italy

A comprehensive analysis of 16 whole-rock PGE data sets has been conducted for the
high-Al chromitites associated with the Bracco ophiolite [21]. These chromitites exhibit
low ΣPGE contents ranging from 12 to 68 ppb, with an average of 44 ppb. Chondrite-
normalized [102] PGE spidergrams depicted in Figure 5A illustrate a negative Ir anomaly
and a steep positive slope overall, indicating an enrichment of PPGE over IPGE. The
PPGE/IPGE ratio ranges from 3.05 to 10.89. The PGE patterns of the Bracco chromitites
resemble typical stratiform chromitites, differing from the negative PGE slope typically
seen in mantle-hosted podiform chromitites.

4.2. PGE Distribution in the Chromitites of Albania

In Albania, 33 PGE analyses cover both high-Al and high-Cr chromitites hosted in the
mantle and MTZ of the Bulquiza–Mirdita ophiolite [25–37], with additional data available
for high-Cr chromitites in the mantle sequence of the Shebenik ophiolite [38]. The total PGE
contents vary widely, ranging from 70 to 280 ppb in high-Cr chromitites (average 163 ppb)
and 38 to 228 ppb in high-Al chromitites (average 99 ppb).

Chondrite-normalized PGE spidergrams from Bulquiza–Mirdita show a pronounced
negative slope between IPGE and PPGE in high-Cr chromitites, contrasting with less
fractionated patterns in high-Al chromitites (Figure 5B). The PPGE/IPGE ratio ranges
from 0.05 to 0.41 in high-Cr chromitites and 1.04 to 4.28 in high-Al chromitites. Nine
whole-rock PGE published analyses of chromitites from the Shebenik ophiolite derive only
from high-Cr types, which are hosted in the mantle and MTZ [38]. The total PGE amounts
range between 79 and 197 ppb, with PPGE/IPGE ratios ranging from 0.05 to 0.41. The
chondrite-normalized PGE spidergrams closely resemble those of the high-Cr chromitites
of Bulquiza–Mirdita (Figure 5B,C).

4.3. PGE Distribution in the Chromitites of Serbia and Kosovo

Three bulk-rock PGE analyses are available for the mantle-hosted high-Cr chromitites
of the Veluce (Serbia), Brezovica, and Ljuboten–Radusa (Kosovo) ophiolites, reporting
low ΣPGE contents: 92 ppb in Veluce, 170 ppb in Brezovica, and 125 ppb in Ljuboten–
Radusa [34]. All these chromitites exhibit similar PGE spidergrams (Figure 5D), character-
ized by a notable negative slope between IPGE and PPGE. The Brezovica chromitites also
display variable negative and positive anomalies for Rh and Pt.

4.4. PGE Distribution in the Chromitites of Greece

A substantial number of Greek ophiolitic chromitites have been analyzed for their
PGE contents, with a total of 191 published by several authors (Table 1). Mantle-hosted
chromitites in the Pindos ophiolite generally show enrichments in PGE, although noble
metals are unevenly distributed among the analyzed samples (Figure 5E) [33,34,40–44].
Total PGE abundances in high-Al ores range from 43 ppb up to 28,830 ppb (average
3135 ppb) and 94 ppb up to 3871 ppb (average 840) in high-Cr deposits.
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The highest PGE values were detected in a sample collected from the Korydallos mine,
occurring in the MTZ and the cumulates, where abundant alloys considered remnants of
base metal sulfides occur as inclusions in chromite crystals and as interstitial phases in the
silicate matrix [44]. PPGE/IPGE ratios range between 0.54 and 62.6 in high-Al chromitites
and between 0.07 to 24.64 in high-Cr chromitites. Chondrite-normalized PGE patterns
of high-Cr chromitites typically display a negative slope between IPGE and PPGE, with
some samples enriched in Pd (Figure 5E). High-Al chromitites exhibit highly variable PGE
patterns, ranging from nearly flat to positive (Figure 5E).

A notable difference in PGE distribution is observed between high-Al and high-Cr
chromitites in the Vourinos ophiolite (Figure 5F) [34,39,45–49]. Total PGE amounts in
high-Al deposits are low, ranging between 27 ppb and 348 ppb (average 116 ppb), with
PPGE/IPGE ratios between 0.32 and 5.44. High-Cr chromitites are enriched in ΣPGE,
with contents varying from 29 ppb to 3030 ppb (average 297 ppb) and PPGE/IPGE ratios
ranging from 0.02 to 16.77. Chondrite-normalized PGE patterns of high-Cr chromitites
typically show a negative slope from IPGE to PPGE, with occasional enrichments in Pd and
a weak positive anomaly of Pt observed in one sample (Figure 5F). PGE patterns of high-
Al chromitites are similar to those of high-Cr chromitites but generally less fractionated
and with lower total amounts (Figure 5F), with only one chromitite displaying a notable
Pt-positive anomaly (Figure 5F).

High-Al chromitites hosted in the mantle lherzolite of the Othrys ophiolite contain
total PGE amounts ranging from 53 ppb to 540 ppb (average 151 ppb), with the highest
PGE content observed in the sulphide-rich chromitites of the Eretria complex [32,39,50,51].
PPGE/IPGE ratios range from very low values of 0.05 up to 5.72 in the sulfide-rich chromi-
tite of Eretria. Chondrite-normalized PGE patterns of high-Al chromitites in the Domokos
complex of the Othrys ophiolite resemble those of high-Cr chromitites, showing a negative
slope from IPGE to PPGE and a positive peak of Ru. The sulfide-rich chromitites of the
Eretria complex also exhibit pronounced Pt- and Pd-positive and -negative anomalies,
respectively (Figure 5G).

The ophiolites of Edessa and Thessaly in the Pelagonian Zone contain only mantle-
hosted high-Cr chromitites analyzed for their whole-rock PGE contents [33,34,39,52,67–81].
Only one analysis has been provided for the Edessa chromitite, showing low PGE values of
166 ppb and a PPGE/IPGE ratio of 0.07. More data are available for Thessaly chromitites,
which exhibit significant variation in PGE distribution, ranging from 62 ppb to 24,940 ppb.
Extremely high PGE values have been reported in chromitites of Veria (Galaktos), which
are generally PGE-rich [52]. PPGE/IPGE ratios range between 0.01 and 0.65. Chondrite-
normalized PGE patterns of both Edessa and Thessaly chromitites (Figure 5H,I) exhibit
negative slopes, with enrichments in IPGE relative to PPGE.

High-Al and high-Cr chromitites in the mantle tectonite of Euboea (Evia) ophiolite
exhibit very similar PGE contents and spidergrams, showing an enrichment in IPGE,
although two samples exhibit a positive peak of Pt (Figure 5J). Total PGE concentrations
in analyzed chromitites are low, ranging from 123 ppb to 176 ppb (average 142) [32].
PPGE/IPGE ratios in Euboea (Evia) chromitites vary from 0.1 to 0.68.

PGE contents in chromitites from the mantle harzburgite of the Skyros ophiolite range
between 321 and 354 ppb (average 338 ppb) in high-Al chromitites and between 136 and
3078 ppb (average 2075 ppb) in high-Cr chromitites [32,34,45,53]. PPGE/IPGE ratios in
Skyros chromitites range between 0.1 and 0.68. Despite significant variations in total PGE
contents, high-Al and high-Cr chromitites of Skyros display negatively sloped chondrite-
normalized PGE patterns, although with differences in Pt and Pd ratios resulting in positive
and negative slopes in high-Al and high-Cr chromitites, respectively (Figure 5K).

Mantle-hosted high-Cr chromitites associated with the western Chalkidiki ophiolite
show total PGE values ranging from 71 to 431 ppb (average 257 ppb) [25,32,34,54,56],
with PPGE/IPGE ratios ranging from 0.07 to 0.65. Chondrite-normalized PGE patterns of
western Chalkidiki chromitites align well with other mantle-hosted ophiolitic chromitites,
characterized by negative slopes from IPGE to PPGE (Figure 5L). A few samples exhibit
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a marked negative peak of Ir, and only one sample is enriched in Rh (Figure 5L). Total
PGE abundance in eastern Chalkidiki chromitites, hosted in a mantle tectonite, ranges
between 45 and 3516 ppb (average 467 ppb) in high-Al chromitites and between 64 and
419 ppb (average 191 ppb) in high-Cr chromitites [25,34,54,57,58]. PPGE/IPGE ratios
range between 0.13 and 1.32 in high-Al chromitites and between 0.05 and 0.64 in high-Cr
chromitites. Both high-Al and high-Cr chromitites exhibit similar PGE profiles and generally
display negatively sloped chondrite-normalized PGE patterns with positive Ru anomalies.
However, the chromitite collected from the Tripes mine exhibits higher PGE enrichment
except for Pd (Figure 5M) [57], with a few chromitites exhibiting negative peaks of Os and
Ir (Figure 5M).

High-Cr chromitites analyzed in the mantle peridotite of the Rhodope Massif exhibit
total PGE contents ranging from 42 ppb to 198 ppb (average 142) [34], with PPGE/IPGE
ratios ranging between 0.03 and 0.35. According to PGE spidergrams (Figure 5N), Rhodope
chromitites closely resemble typical mantle-hosted ophiolitic chromitites, being enriched in
IPGE relative to PPGE.

4.5. PGE Distribution in the Chromitites of Turkey

With 332 published bulk-rock analyses, Turkish chromitites are extensively studied in
the Mediterranean Basin for their PGE distribution.

The Elmaslar ophiolite, in the western Taurides, contains high-Cr chromitites within
its mantle section, exhibiting varying PGE contents, ranging from 217 to 428 ppb (average
315 ppb) and PPGE/IPGE ratios 0.08–0.18 [67]. Their chondrite-normalized patterns
generally show IPGE predominance over PPGE, typical for ophiolitic podiform chromitites
(Figure 6A). Exceptionally, one sulfide-enriched chromitite contains anomalously high
contents of ΣPGE = 4145 ppb (predominantly due to high Pt and Pd concentrations up
to 1830 ppb and 1815 ppb, respectively) and shows a high PPGE/IPGE ratio of 8.05
(Figure 6A).

The Köyceğiz ophiolite, within the western Taurides, contains high-Cr massive chromi-
tites in the mantle harzburgite and displays variable PGE distributions (277–441 ppb,
average 336 ppb) and consistent PPGE/IPGE ratios (0.03–0.04). Chondrite-normalized
patterns exhibit negative slopes from Os to Rh, with steep gradients between Rh and Pd
and occasional positive slopes between Pt and Pd (Figure 6B) [68].

The Muǧla–Ortaca ophiolite in the western Taurides hosts both high-Al and high-Cr
chromitites in its mantle tectonites, studied for their PGE contents [69–72]. High-Al and
high-Cr chromitites exhibit similar chondrite-normalized PGE patterns, although high-Al
samples generally have slightly lower total PGE amounts, ranging from 73 to 367 ppb
(average 201 ppb), compared to 63 to 1305 ppb (average 283 ppb) in high-Cr chromitites. All
chromitites show higher IPGE contents than PPGE, with PPGE/IPGE ratios ranging from
0.08 to 0.73 in high-Al chromitites and 0.04 to 1.43 in high-Cr chromitites. Most samples
display a Ru-positive peak relative to Ir and Rh, and some exhibit relatively high Pt and Pd
contents (Figure 6C).

In the mantle harzburgite of the Antalya–Isparta ophiolite in the central–western
Taurides, total PGE abundances vary between 148 and 164 ppb (average 153 ppb) in high-Al
chromitites and between 125 and 366 ppb (average 197 ppb) in high-Cr chromitites [59].
PPGE/IPGE ratios range from 0.06 to 0.43 in high-Al chromitites and 0.07 to 0.16 in high-Cr
chromitites. Both high-Al and high-Cr chromitites are characterized by an enrichment in
IPGE relative to PPGE, resulting in negatively sloping chondrite-normalized PGE patterns
(Figure 6D).

The Pozanti–Karsanti high-Cr chromitites in the eastern Taurides, hosted in mantle
harzburgite near the MTZ, contain low total PGE amounts ranging from 32 to 162 ppb
(average 91) [66]. PPGE/IPGE ratios vary from 0.11 to 0.75, and chondrite-normalized PGE
diagrams show nearly flat to positive slopes from Os to Rh and negative slopes from Rh to
Pt and Pd. All chromitites exhibit marked positive Ru anomalies (Figure 6E).
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Chromitites from the Berit ophiolite in the eastern Taurides show a wide variability
in PGE distribution, resulting in distinct chondrite-normalized PGE patterns (Figure 6F).
Total PGE contents range widely, from 70 to 7301 ppb (average 2117 ppb) in high-Al and
41 to 2140 ppb (average 384 ppb) in high-Cr chromitites. Both types display negative
and positive PGE patterns; some high-Al chromitite samples exhibit nearly flat patterns.
Most high-Cr chromitites show pronounced Ru anomalies, alt-hough Os is often below the
detection limit. PPGE/IPGE ratios range from 0.10 to 61.39 in high-Al and 0.03 to 10.18 in
high-Cr chromitites (Figure 6F).

The Doğanşehir ophiolite, eastern Taurides, hosts high-Al and high-Cr chromitites in
its mantle section, analyzed by Akmaz et al. [61]. Total PGE contents in high-Cr chromitites
vary from 140 to 2774 ppb (average 781 ppb), whereas only one high-Al sample analyzed
had ΣPGE = 94 ppb. PPGE/IPGE ratios are 0.21 in high-Al and range from 0.04 to 0.1 in
high-Cr chromitites. All analyzed chromitites are enriched in IPGE relative to PPGE, with a
positive Ru anomaly. High-Al chromitites generally show lower enrichment compared to
other types, with Pd slightly higher than Pt in most samples (Figure 6G).

High-Al chromitites hosted in mantle harzburgite of the Kahramanmaras ophiolite,
eastern Taurides, contain PGE abundances ranging between 31 and 318 ppb (average
148 ppb). In the same complex, high-Cr chromitites co-exist with a total PGE of 71–441 ppb
(average 214 ppb) [65]. PPGE/IPGE ratios range from 0.18 to 1.33 in high-Al and 0.03 to
0.68 in high-Cr chromitites. Both types exhibit negatively sloped chondrite-normalized
PGE patterns with positive Ru anomalies. However, one high-Al sample shows a notable
Pt-positive anomaly (Figure 6H).

The Tunceli ophiolite, eastern Taurides, contains only high-Cr chromitites in its mantle
section, with ΣPGE values ranging from 52 to 114 ppb (average 92 ppb) [77]. PPGE/IPGE
ratios range from 0.03 to 0.11, and chondrite-normalized PGE patterns are characterized by
negative slopes with IPGE enrichment relative to PPGE (Figure 6I).

High-Cr chromitites from the Eskişehir ophiolite in the Pontides, hosted in mantle
harzburgite, have total PGE amounts between 109 and 533 ppb (average 240 ppb) [75].
PPGE/IPGE ratios range from 0.08 to 0.3, resulting in negatively sloping chondrite-
normalized PGE patterns. These patterns typically display a flat trend from Os to Ir,
a positive Ru anomaly, a negative slope from Ru to Pt, and a weak positive trend from Pt to
Pd (Figure 6J).

The Kop ophiolite in the Pontides hosts high-Cr chromitites in the MTZ, analyzed
for their PGE distribution [76]. Total PGE contents range from 87 to 520 ppb (average
199 ppb), with PPGE/IPGE ratios from 0.12 to 0.68. Chondrite-normalized patterns show
IPGE enrichment relative to PPGE, resulting in a negative slope from Os to Ru. Some
samples exhibit a weak Pd enrichment over Pt (Figure 6K).

High-Cr chromitites from the complexes of Harmancık and Orhaneli in the Bursa
ophiolite (Anatolides) show total PGE abundances between 83 and 574 ppb (average
188 ppb) in mantle-hosted high-Cr chromitites [73]. PPGE/IPGE ratios range from 0.14
to 0.51, and patterns are generally negatively sloped with a weak Ru-positive anomaly
(Figure 6L). Some samples exhibit pronounced negative slopes with a positive Ir anomaly
(Figure 6L).

The Guleman ophiolite in the Arabian Platform, analyzed by Page et al. [62] (however,
no Os data provided) and more recently by Uysal et al. [63], includes high-Cr chromitites
with low total PGE amounts ranging from 44 to 255 ppb (average 167 ppb). PPGE/IPGE
ratios vary from 0.02 to 0.4, and chondrite-normalized PGE patterns typically show negative
slopes from IPGE to PPGE(Figure 6M). Some samples exhibit positive slopes in the Pt to
Pd segments.

Chromitites from the mantle section of the Islahiye–Gaziantep ophiolite in the Arabian
Platform, analyzed for their PGE distribution by Yapici et al. [64], show low PGE amounts
ranging from 67 to 235 ppb (average 169 ppb), and several analyses are too low and
below detection limits. PPGE/IPGE ratios range from 0.03 to 0.18, and patterns exhibit
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negatively sloped chondrite-normalized PGE patterns with IPGE predominance over PPGE
(Figure 6N). A positive Ru anomaly is observed across all samples.

4.6. PGE Distribution in the Chromitites of Cyprus

Despite their economic importance for chromium recovery in the past, the chromitites
of the Troodos ophiolite in Cyprus have been poorly studied for their PGE distribution.
Only 17 whole-rock analyses of the noble metals have been published so far [78–80].
Specifically, only high-Cr chromitites have been studied in the mantle sections of the
Hadji Pavlou and Kokkinorotsos mines, as well as in the cumulates of the Kannoures and
Kokkinorotsos mines. The available data indicate that the total PGE contents of the Troodos
chromitites are low, ranging from 77 to 372 ppb (average 116 ppb), with the highest value
detected in a single sample collected from the cumulate section [79]. The PPGE/IPGE ratio
ranges between 0.05 and 1.65, resulting in variable chondrite--normalized PGE patterns
(Figure 6O). The analyzed samples are characterized by negative chondrite-normalized
PGE patterns with IPGE enrichments over PPGE [79,80], which is typical for mantle-hosted
ophiolitic chromitites. Exceptionally, the PGE-rich sample from the cumulate section [79]
displays a positive slope from Os to Ru and a relatively flat chondrite-normalized PGE
pattern from Ru to Pd. In most of the analyses provided by Prichard and Lord [78], Os is
very low or below detection limit, and Rh defines a marked positive anomaly relative to
Ru and Pt (Figure 6O).

5. Comparative Analysis of PGE Content in High-Al and High-Cr Chromitites

Whole-rock PGE data from 109 high-Al and 487 high-Cr chromitites are reviewed
in this paper. The average, minimum, and maximum values of the published PGE data
highlight distinct differences between them (Table 2). High-Cr chromitites exhibit higher
average values of Os (77 ppb), Ir (81 ppb), and Ru (138 ppb) compared to high-Al chromitites
(37 ppb for Os, 35 ppb for Ir, and 84 ppb for Ru). Conversely, high-Al chromitites show
higher average values of PPGE: 329 ppb for Pt and 199 ppb for Pd, compared to 59 ppb for
Pt and 26 ppb for Pd in high-Cr chromitites. This results in differing PPGE/IPGE ratios
between high-Al (average 3.14) and high-Cr (average 0.66) chromitites. High-Al chromitites
also display a higher total PGE content, up to 512 ppb, compared to 396 ppb in high-Cr
chromitites (Table 2).

Chondrite-normalized PGE patterns illustrate these differences: high-Al chromitites
exhibit negative Ir anomalies and varied PGE patterns with occasional Pt-positive anomalies
(Figure 7A). In contrast, high-Cr chromitites typically show IPGE enrichment, consistent
with mantle-hosted ophiolitic chromitites, with some samples displaying Ru-positive
anomalies and occasional PPGE enrichment (Figure 7B). Figure 7C portrays the average
PGE values, highlighting similar IPGE behavior but differing distributions of Os, Ir, Ru, Pt,
and Pd between high-Al and high-Cr chromitites. High-Al chromitites show, on average,
as slightly negative, whereas high-Cr chromitites display flat Os-Ir patterns. High-Al
chromitites show a pronounced positive slope from Rh to Pt, while high-Cr chromitites
display a negative slope in this segment (Figure 7C).

Additionally, the Pt/Pt* or Pt anomaly = (PtN/((RhN × PdN)0.5) versus Pd/Ir diagram
distinguishes residual mantle rocks from crystal-fractionation products [103], with most
of the overviewed chromitites following a mantle restite melting trend (Figure 8A). This
diagram by Leblanc [104] indicates that PGE contents increase with decreasing Pd/Ir ratios;
hence, the high PGE amounts are related to Ir enrichments relative to Pd. The reviewed
chromitites plot mainly in the IPGE-rich ophiolitic chromitites field, consistent with typical
mantle-hosted deposits. A few exceptions include high-Al and rare high-Cr chromitites
that plot in the PPGE-rich ophiolitic chromitites field (Figure 8B).
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above detection limit, according to their chromite composition. (A) High-Al chromitites; (B) high-Cr
chromitites; (C) average values of the high-Al and high-Cr chromitites. Red line = high-Al chromitite,
blue line = high-Cr chromitite. See Table 2 for data source and references.
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Figure 8. Binary diagrams for the overviewed ophiolitic chromitites. (A) Plot of the ratio Pd/Ir versus
Pt/Pt*, calculated after Garuti et al. [103]; (B) PGE contents versus Pd/Ir ratio and comparison with
the IPGE-rich ophiolitic chromitite, redrawn after Leblanc [105]. IPGE-rich (yellow) and PPGE-rich
(gray) fields after Zaccarini et al. [13].
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6. Discussion
6.1. Significance of the Distribution of the High-Al and High-Cr Chromitites

For many decades, chromite composition has been considered a reliable petrogenetic
indicator. High-Al chromitites are believed to form through the reaction of the fertile
mantle with aluminous melts during ocean opening, such as at mid-ocean ridges or back-
arc basins in supra-subduction zones [9]. High-Cr chromitites, on the other hand, are
linked to SSZ environments, where depleted mantle interacts with high-Mg boninitic
melts [9]. Johan et al. [104] proposed the significance of fluid-based processes in forming
podiform chromitites. While supporting the widely accepted model of chromitite formation
through melt–peridotite interaction, they suggested that large volumes of peridotite can
be processed in an open, fluid-dominant reducing system through passive metasomatic
processes. Fluid inclusions in chromite ore bodies indicate shallow marine hydrothermal
systems, suggesting that heated seawater could play a role in chromitite formation [105].

Two major models explain the co-existence of high-Al and high-Cr chromitites in
the same ophiolite. One model involves significant tectonic movements, leading to the
formation of separate magma intrusions from differently depleted mantle sources, such
as MORB versus boninite, with high-Al and high-Cr chromitites forming in different
geodynamic settings during the regression of the oceanic lithosphere from the MOR towards
SSZ [71]. The second model suggests that both high-Al and high-Cr chromitites were
generated in an SSZ regime during the differentiation of a single batch of magma with
initial boninitic composition, reacting with country rock peridotites. This results in a
bimodal distribution and vertical zoning, with high-Cr chromitites in the deep mantle and
Al-rich types at shallower levels close to the MTZ [105].

Boudier and Al-Rajhi [106] observed that lherzolite-type ophiolites (LOT), character-
ized by low degrees of mantle melting, rarely host significant chromite deposits. Conversely,
numerous and larger chromite deposits occur in harzburgite-type ophiolites (HOT), repre-
senting products of high degrees of melting of a depleted mantle [107].

The chromitites in the Mediterranean Basin reviewed in this study align with these
models. Most of the reviewed ophiolites (49%) exclusively host high-Cr chromitites
(Figure 3B), which are associated with depleted mantle peridotites such as harzburgite
and, rarely, dunite, forming large deposits. These ophiolites formed in SSZ environments
following convergent plate tectonics, emphasizing the importance of this geodynamic
setting in forming significant Cr deposits. Only two ophiolites, Bracco (Italy) and Oth-
rys (Greece), exclusively host high-Al chromitites, representing 6% of all the reviewed
ophiolites (Figure 3B). These deposits, hosted in fertile lherzolite (Bracco) and harzburgite
(Othrys), are rare examples of high-Al chromitites formed in a distensive MOR environment
in the Mediterranean Basin [21].

The model of high-Al chromitites precipitating at higher stratigraphic levels compared
to high-Cr chromitites, due to differentiation of a boninitic melt reacting with the host
mantle tectonite, applies to the Greek ophiolites of Pindos, Vourinos, and eastern Chalkidiki
and Turkish chromitites in the Berit and Elekdağ ophiolites [60,74]. This model also fits the
chromitites in the Greek ophiolites of Euboea, Skyros, and Rhodope despite tectonism and
serpentinization complicating precise geological information.

The co-existence of high-Al and high-Cr chromitites has been reported in 45% of the
reviewed ophiolites (Figure 3B). Cina et al. [22] observed that their distribution in Albania is
mainly controlled by host peridotites (LOT versus HOT). In the Mirdita–Bulqiza ophiolite,
high-Cr chromitites occur in the mantle, and high-Al ones in the MTZ [35–37].

A change in geodynamic settings from divergent to convergent is suggested to explain
the bimodal distribution of high-Al and high-Cr chromitites in the Muǧla–Ortaca, Doğanşe-
hir, and Kahramanmaraş ophiolites of Turkey [61,65,69–72]. In the Muǧla–Ortaca ophiolite,
high-Al chromitites formed in an MOR environment through segregation of a melt from
low-degree partial melting of a slightly depleted mantle. Co-existing high-Cr chromitites
formed in an SSZ after ocean closure and subduction, with fluids from subducted crust
increasing partial melting and forming boninitic magma [69–72].
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In the Doğanşehir and Kahramanmaraş ophiolites, both high-Cr and high-Al chromi-
tites formed in an SSZ setting. High-Cr chromitites crystallized from boninite melt, while
high-Al chromitites precipitated in equilibrium with a MORB-type melt, likely in a back-arc
basin [61,65].

6.2. The Relation between the Chromite Composition and the PGE Distribution

Besides their economic importance, PGE, like chromite mineral chemistry, play a
significant role in geological sciences. Their distribution helps establish (1) the degree
of partial melting the mantle source underwent and (2) the crystal fractionation process,
including the possible segregation of an immiscible sulfide liquid. High degrees of partial
melting, up to 30%, are needed to remove all PGE, including the most refractory IPGE, from
their mantle source, where they may occur as alloys and sulfides [108–110]. Lower melting
degrees, between 20% and 25%, dissolve only preexisting sulfides, partially liberating PGE,
especially the less refractory PPGE, into the melts [108].

Ophiolites formed in different oceanic geodynamic settings exhibit varying degrees of
partial melting, from lower at MOR to higher degrees in SSZ, where significant mantle-crust
interactions occur [109]. Although incipient to partial serpentinization may mobilize Pd
and, to a lesser extent, Pt, it is generally agreed that this alteration process remobilizes
PGE only on a small scale without significantly changing whole-rock PGE budget [110].
Thus, PGE provide valuable information about the petrological nature and evolution of the
mantle source from which they and their host chromitites were derived.

Most ophiolitic high-Cr chromitites, including those of the Mediterranean Basin re-
viewed here, are preferentially enriched in refractory IPGE over PPGE, with an average
PPGE/IPGE ratio of 0.66 (Figure 4A,B, Table 2). This results in well-defined PGE-negative
slope patterns, with IPGE prevailing over PPGE (Figures 5, 6 and 7B,C). This enrichment is
due to the compatible geochemical behavior of IPGE during the partial melting of the host
mantle [110].

Most IPGE-rich chromitites in the Mediterranean Basin are hosted in highly depleted
peridotites (Table 1) that interacted with boninitic melts, undergoing partial melting up to
30%, extracting refractory IPGE from their mantle source. Their restitic nature is reflected
in most high-Cr chromitites plotting in the partial melting trend field in the Pd/Ir versus
Pt/Pt* diagram (Figure 8A).

High-Al chromitites in the Mediterranean Basin generally have a higher PPGE/IPGE
ratio, up to 3.14, compared to high-Cr chromitites (Table 2). Their chondrite-normalized
PGE patterns are more unfractionated (Figures 5, 6 and 7A), showing local enrichments in
Pt and Pd (Figure 7C). These differences are observed in all reviewed high-Al chromitites,
regardless of their occurrence in the mantle, MTZ, or supra-Moho cumulates (Table 1).
The relatively low IPGE distribution and higher PPGE enrichment in high-Al chromitites
hosted in the mantle can be attributed to the lower partial melting degree of their mantle
source and crystallization from a MOR-type melt, which is poorer in IPGE than boninitic
melts. High-Al chromitites formed at higher stratigraphic levels are believed to derive from
a common and progressively evolving parental magma. Their PPGE enrichment can be
attributed to a crystal fractionation process, consuming IPGE during the early precipitation
of co-existing high-Cr chromitites in the deep mantle. Therefore, several high-Al chromitites
align with a fractionation trend in the Pd/Ir versus Pt/Pt* diagram (Figure 8A).

In line with Zaccarini et al. [13], most reviewed chromitites are enriched in IPGE, with
only a few enriched in PPGE (Figure 4A,B). PPGE-enriched ores are mainly associated with
high-Al chromitites (Figure 4B). According to PGE spidergrams, high-Al chromitites in
Bracco (Figure 5A), Bulqiza–Mirdita (Figure 5B), Pindos (Figure 5E), and Berit (Figure 6F)
and some high-Cr chromitites from Elmaslar (Figure 6A) and Berit (Figure 6F) show marked
chondrite-normalized PGE positive patterns. The main mechanisms for PPGE enrichment
in both high-Al and high-Cr chromitites include local sulfur saturation and the possible
formation of an immiscible sulfide liquid collecting PPGE still available in the ore-forming
system [13,23,60,67].
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PPGE enrichment in the Bracco high-Al chromitite resulted from low partial melting of
their mantle source, insufficient to remove all PGE, especially refractory IPGE [21]. Consid-
ering Pd mobilization by hydrothermal fluids, local Pd enrichment causing a weak positive
trend in the Pt-Pd segment in several reviewed chromitites may be due to serpentinization
affecting the host ophiolites.

7. Summary and Conclusions

Most chromitites in the Tethyan ophiolites of the Mediterranean Basin are classified
as high-Cr and are enriched in refractory IPGE over PPGE, with an average PPGE/IPGE
ratio of 0.66. These high-Cr chromitites formed in a SSZ environment, where the depleted
mantle underwent up to 30% partial melting and interacted with high-Mg boninitic melts.

Less abundant high-Al chromitites have higher PPGE/IPGE ratios, up to 3.14, and
relatively unfractionated PGE patterns with weak enrichments in Pt and Pd. They formed
in an extensional regime and are associated with more fertile peridotites that experienced
lower degrees of melting (20%–25%) and reacted with MORB melts.

The co-existence of high-Al and high-Cr chromitites in the same ophiolite can be
explained by tectonic movements and separate intrusions of magmas from differently
depleted mantle sources, such as MORB versus boninite. High-Al and high-Cr chromi-
tites precipitated in different geodynamic settings during the regression of the oceanic
lithosphere from MOR to SSZ.

Alternatively, both high-Al and high-Cr chromitites may have crystallized in a SSZ
environment during the differentiation of boninitic magma reacting with country rock
peridotites, resulting in a bimodal distribution and vertical zoning. High-Cr chromitites
were deposited in the deep mantle, while Al-rich types formed higher in the stratigraphy,
close to the MTZ.

Only a few reviewed ophiolitic chromitites display high-Al contents and PPGE enrich-
ments due to local sulfur saturation and the possible formation of an immiscible sulfide
liquid, which collected available chalcophile PPGE in the system.
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