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Chromitite bodies of various sizes associatedwith dunite envelopes have been found in the Dehsheikh ultramafic
massif, in the southeastern part of the outer Zagros ophiolite belt. The chromitites occur as layered and lenticular
bodies, and show both magmatic and deformational textures, including massive, disseminated, banded and
nodular types. The Dehsheikh chromitites display a variation in Cr# [100 × Cr / (Cr + Al)] from 69 to 78,
which is typical of high-Cr chromitites. The Al2O3 and TiO2 contents of chromites range from 10.3 wt.% to
16.9 wt.% and 0.12 wt.% to 0.35 wt.%, respectively. The Al2O3, TiO2, and FeO/MgO values calculated for parental
melts of Dehsheikh chromitites are within the range of boninitic melts. Chondrite-normalized distribution
patterns of platinum-group elements show relative enrichments in Ru, Ir, and Os, and depletions in Rh, Pd, and
Pt that are typical of chromitites associated with ophiolites formed by high degrees of mantle partial melting.
The presence of Na-rich amphibole inclusions in chromite grains, together with the mineralogical and chemical
composition of the chromitites and estimates of their parental melt compositions are used to help establish the
tectono-magmatic setting. It is shown that the Dehsheikh massif is an ophiolite formed in a suprasubduction
zone setting. We suggest that the composition of the rocks in this section was influenced by hydrous partial
melts which might be formed in the subduction zone. Variable melt/rock interaction produced melt channel
networks in the dunite which allowed the parental melt of the chromitite to percolate through them. Similar
characteristics have been observed in other ophiolite complexes from the outer Zagros Iranian ophiolitic belt;
these are believed to be the product of magmatism in a fore-arc environment.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The origin of podiform chromitites and the nature of their geody-
namic setting are still not completely understood. The composition of
chromite minerals depends mostly on the degree of partial melting of
the mantle sources and consequently reflects the parental magma (c.f.
Rollinson, 2008) and also the geodynamic setting in which they formed
(e.g., Cai et al., 2012; Dick and Bullen, 1984; Ghosh et al., 2013). Chro-
mite chemical composition is often indicative of the source and bulk
geochemistry of parental melts. For example, high Cr chromitites
(Cr# N 0.60) may have crystallized from boninitic magmas, whereas
high Al chromitites (Cr# b 0.60) may be derived from MORB-like
yame Noor University, Tehran,
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tholeiitic magmas (Arai et al., 2011; Kamenetsky et al., 2001; Melcher
et al., 1997; Zaccarini et al., 2011). The occurrence of podiform
chromitites and their geochemical composition can be related to two
main geodynamic settings, i.e., within supra-subduction zones and
spreading centres in back-arc basins (e.g., Arai and Yurimoto, 1994,
1995; Nicolas, 1989; Roberts, 1988; Zhou and Robinson, 1997). Chro-
mite can also be used as a petrogenetic indicator to help establish the
composition of the primary mantle source.

The concentration and relative distribution of platinum-group
elements (Ru, Rh, Pd, Os, Ir, and Pt) in mafic and ultramafic igneous
rocks are controlled by processes such as partialmelting, fractional crys-
tallization, and degree of S-saturation of the magma. Depending on the
melting temperature and geochemical affinity, the PGE have been divid-
ed into two sub-groups (Barnes et al., 1985): Ir-group elements (IPGE:
Os, Ir, Ru) have high melting temperature (N2300 °C), whereas the
Pd-group PGE (PPGE: Rh, Pt, Pd) are controlled by much lower melting
temperatures (b2000 °C). Podiform chromitites are presently regarded

http://crossmark.crossref.org/dialog/?doi=10.1016/j.oregeorev.2015.10.032&domain=pdf
http://dx.doi.org/10.1016/j.oregeorev.2015.10.032
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as sub-economic sources of the IPGE (Uysal et al., 2007a, 2007b).
Ophiolite complexes with minor occurrences enriched in PPGE have
been identified in the Shetland ophiolite in Scotland (Prichard et al.,
1986; Brough et al., 2015), Acoje in the Zambales ophiolite in the
Philippines (Bacuta et al., 1990), the Vourinos ophiolite (Greece;
Konstantopoulou and Economou-Eliopoulos, 1991), Berit ophiolite
(Turkey; Kozlu et al., 2014), and Al'Ays ophiolite (Saudi Arabia;
Prichard and Brough, 2009; Prichard et al., 2008). The PGE abundance
patterns record information about the genesis of ophiolitic chromitites
and the peridotites that contain them (e.g., Akmaz et al., 2014; Garuti
et al., 1997; Hamlyn et al., 1985; Naldrett, 1981; Uysal et al., 2009a,
2009b; Zhou et al., 1998).

In this paper, we present major element geochemical data and PGE
concentrations for chromitites from the Dehsheikh ophiolitic massif to
establish the nature of the chromitite parental melt and to infer both
the tectonic setting and conditions of formation.

2. Geological background and field relationships

The Dehsheikh massif is one of the ultramafic massifs of the
ophiolite belt in the southeastern Sanandaj–Sirjan zone and the main
Zagros thrust belt (Fig. 1a). The Zagros fold thrust belt is part of the
Bitlis–Zagros collision zone extending NW–SE from eastern Turkey
through northern Iraq and the length of Iran to the Strait of Hormuz
and into northern Oman; it was formed as an accretionary prism by a
process of subduction of the Arabian plate beneath the Central Iranian
plate (Shafaii Moghadam et al., 2010). The Upper Cretaceous Zagros
ophiolites constitute the central parts of the Late Cretaceous Tethyan
Fig. 1. a)Map showing the distribution of the Nain–Baft (inner) Zagros ophiolitic belt, the Kerm
b) Geological map of the Dehsheikh Massif with information on the position of chromite mine
ophiolite belt, which extended for ~3000 km from Cyprus to Oman
(Shafaii Moghadam et al., 2013). The Zagros ophiolites lie along the
northeastern flank of the Zagros Fold Thrust Belt, which was formed
during the late Cretaceous episode of subduction initiation on the north-
ern side of the Neo-Tethys and show a fore-arc lithosphere (Fig. 1a)
(Shafaii Moghadam et al., 2010). The Zagros ophiolites comprise two
parallel belts; Fig: 1) an inner belt containing the Nain–Dehshir–Baft
ophiolites, and 2) an outer belt consisting of the Kermanshah, Neyriz
and Esfandagheh–Haji Abad ophiolites. The Esfandagheh–Haji Abad re-
gion is a tectonically active zone comprising several ultramafic–mafic
complexes including the Soghan (Ahmadipour et al., 2003; Najafzadeh
and Ahmadipour, 2014), Abdasht (Jannessary et al., 2012), Sikhoran
(Ghasemi et al., 2002), and Dehsheikh (Peighambari et al., 2011) with
combined chromite reserves of eight million tonnes at a grade between
30% and 53% Cr2O3). This region also contains the Sargaz–Abshur meta-
morphic complex including mica schist, amphibolites and greenschists
(Sabzehei, 1974), a Jurassic–Cretaceous sedimentary–igneous asso-
ciation containing flysch, turbidites, and Calpionella limestone, and
coloured mélange zones, such as Siahkuh and south Dowlatabad mé-
langes, granitoid bodies, and predominantly Palaeozoic to Tertiary
Zagros sedimentary units.

McCall (1997) regarded the area in Fig. 3 as the southern margin
of the Sanandaj–Sirjan–Bajgan–Durkan zone sliver separated from
the Neyriz ophiolites. Shahabpour (2005) interpreted the ophiolite
mélanges as a segment of the Neyriz ophiolite belt that is part of the
southeastern edge of the main Zagros thrust belt. The Dehsheikh com-
plex and other ultramafic–mafic complexes in the Esfandagheh–Haji
Abad region have been interpreted as Alpine-type peridotites within
anshah–Neyriz–HajiAbad (outer) Zagros ophiolitic belt, and themain Zagros thrust (MZT);
s and sample localities.
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an Upper Cretaceous ophiolite mélange within the Zagros thrust Zone
(e.g., Ahmadipour et al., 2003; Jannessary et al., 2012; Najafzadeh and
Ahmadipour, 2014; Shafaii Moghadam et al., 2010).

The Dehsheikh Complex mainly consists of harzburgite and dunite
that contains chromitite deposits. Lherzolite occurs as small (up to
100 m) red to brown outcrops in the northern part of the massif. Two
Fig. 2. Photographs of hand specimens of Dehsheikh chromitites, a) chromitite with mass
c) disseminated texture in Dehsheikh chromitites with low chromite/olivine ratio, d) and e) c
with folded and faulted texture, respectively, i) layered structure in chromitite, and j) dunite d
main dunite types are observed in the Dehsheikh complex. They form
irregular patches that exhibit sharp contacts with harzburgites, and
they occur as envelopes around chromitites that have been disrupted
and separated from the ore bodies by plastic deformation. Chromitites
and the associated dunite envelopes crop out in several locations in
the Dehsheikh complex (Fig. 1b). The chromitite bodies have a lens or
ive texture and a high ratio of chromite/olivine, b) semi-massive chromitite texture;
hromitites with nodular texture; f) chromitite with banded texture, g) and h) chromitite
yke in chromitites. The coin is 24 mm in diameter.
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tabular morphology and they occur at the Emam Ali, Godar, Avali,
Abdashti, and Bozorgi deposits that are located in the southeast and
northwest of the Dehsheikhmassif (Fig. 1b). Due tomotion along faults,
the primary igneous relationship between chromitites and their dunite
envelope is unclear.

Different types of chromitite are observed including massive, semi-
massive, disseminated, nodular, layered, occluded and brecciated, and
also chromitites with deformed textures. Massive and semi-massive
chromitites are fractured and composed of medium to coarse aggre-
gates of chromite (Fig. 2a, b) consisting of subhedral to anhedral chro-
mite grains (1–5 mm in diameter), whereas disseminated chromitites
contain more euhedral fine- to medium-grained chromites (Fig. 2c).
Nodular ores are observed in some mines (Fig. 2d, e). The nodules,
which are entrained in a serpentinized matrix, have sizes between
0.5 cm and 3.0 cm, and consist of massive anhedral chromite grains.
Banded chromitites (Fig. 2f) are composed of massive to disseminated
subhedral to euhedral chromite grains in a serpentinized olivinematrix,
and contain fine- to medium-grained chromite. Folded and faulted
structures (Fig. 2g, h) are also found in phases of banded chromitites.
Also, layering is sometimes observed in Dehsheikh chromitites where
layers may have different textures, such as massive, disseminated, and
nodular (Fig. 2i). Moreover, dunite dykes or bands are present in some
chromitite samples with different textures (Fig. 2j).

3. Petrography

Harzburgite is the dominant ultramafic rock type in the Dehsheikh
complex. Lherzolite and dunite are also present as small occurrences.
Harzburgite shows protogranular to porphyroclastic textures, and
Fig. 3. Photomicrographs showing features of the Dehsheikh chromitites; a) orthocumulate te
Dehsheikh chromitites; e) anhedral chromite grains in disseminated chromitites; f) ferrian-ch
grains, Ser as serpentine minerals, and Ol as olivine.
contains 66–88 vol.% olivine, 15–27 vol.% orthopyroxene, 1–5 vol.%
clinopyroxene, and 1–4 vol.% spinel. Harzburgite and other ultramafic
rocks are relatively fresh andmost primary silicate minerals display de-
formation features such as kinking and undulatory extinction. Sulphide
phases occur as scattered grains in lherzolites (up to 1%) and rarely in
harzburgites (up to 0.5%). Serpentinized dunite commonly envelops
the podiform chromitite with sharp to gradual contacts. The transitions
from dunite envelopes to harzburgitic country rocks are mostly sharp.
Locally, pyroxenitic veins cut chromitites and their dunite envelope as
well as their host harzburgites.

Under the microscope, the chromitites of Dehsheikh display mag-
matic textures; some chromitites are deformed. Massive chromitites
consist of coarse subhedral–anhedral to subrounded interlocking chro-
mite grains showing orthocumulate textures (Fig. 3a). Individual chro-
mite grains show cumulate textures with very narrow interstices filled
with serpentine (Fig. 3b). Brecciation and pull-apart textures (Fig. 3c,
d) have been observed in some massive chromitites. Disseminated
chromitites are composed of subhedral and subrounded chromite crys-
tals (Fig. 3e) embedded in a matrix of silicate minerals such as olivine,
serpentinized olivine, and clinopyroxene. In this type, chromite grains
sometimes have inclusions of silicateminerals; in chromititeswith nod-
ular and banded structures, similar textures have been observed.

Chromites are usually fresh, showing typical ferrian-chromite alter-
ation only along some grain boundaries and cracks (Fig. 3f). Olivine is
the most abundant silicate mineral in the chromitites, and occurs both
as a matrix mineral and inclusions. Other silicate phases, such as
clinopyroxene and amphibole, occur between orthocumulate chromite
grains. Serpentine groupminerals typically replace olivine in thematrix
and inclusions in chromite grains.
xture in chromitites; b) cumulate texture; c) and d) pull-apart and brecciated texture in
romite alteration along some grain boundaries and cracks. Symbols are Chr as chromite
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4. Analytical methods

Major elements of minerals were analysed in situ on polished thin
sections using a JEOLJXA-8900 Superprobe at Münster University in
Germany, operated at 15 kV accelerating potential with a 15 nA beam
current using synthetic and natural standards. Spinel compositions
were recalculated assuming stoichiometry to obtain Fe2+/Fe3+. The
scanning electron microprobe (SEM) investigations were carried out
at KIT (Karlsruhe). A total of 10 chromitite samples from different
Dehsheikh chromitite pods were analysed for their PGE concentrations,
Table 1
Representative chromite compositions (wt.%) of chromitites from the Dehsheikh complex.

Sample M4-1 M4-1 M4-1 M2-3 3* 4

Texture Nod Diss Diss to M

Chr/Ol 80% 60% 10% 60%

Mine Abdashti Emam Ali Bozo

SiO2 0.04 0.01 0.01 0.03 0.01 0
TiO2 0.24 0.12 0.19 0.18 0.32 0.24
Al2O3 13.98 12.92 12.93 13.83 19.6 16.9
Cr2O3 58.18 57.39 57.62 55.94 47.34 53.07
FeO 14.80 14.92 13.50 17.20 21.03 16.84
MnO 0.29 0.28 0.24 0.28 0.35 0.28
MgO 12.33 14.58 14.87 13.03 11.69 13.87
NiO 0.07 0.23 0.16 0.17 0.14 0.12
Total 99.93 100.45 100.37 100.5 100.3 101.2

Cations (structural formula on the basis of 4 oxygens)
Ti 0.01 0.00 0.00 0.00 0.01 0.01
Al 0.53 0.48 0.48 0.52 0.72 0.62
Cr 1.47 1.43 1.44 1.40 1.17 1.30
Fe3+ 0.00 0.08 0.07 0.07 0.09 0.07
Fe2+ 0.40 0.31 0.30 0.38 0.45 0.36
Mn 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.59 0.69 0.70 0.62 0.55 0.64
Ni 0.00 0.01 0.00 0.00 0.00 0.00
Cr#a 73.63 74.87 74.93 73.07 61.84 67.81
Mg#b 59.76 69.01 69.97 61.82 54.67 64.18
(FeO/MgO)-meltc 0.99 0.63 0.60 0.89 1.33 0.85
TiO2-meltd 0.35 0.21 0.29 0.61 0.44 0.36
Al2O3-melte 12.71 12.30 12.30 12.65 14.47 13.70

M4t1 M4t1 M4t1 M1-3 M3-2 M1-2

Mass Band Nod

90% 50% 70%

Abdashti Avali Emam Ali

0.06 0.02 0.00 0.05 0.02 0.04
0.17 0.21 0.24 0.24 0.19 0.2
12.03 13.22 13.97 13.61 13.79 11.91
57.33 56.27 56.08 55.09 56.29 55.6
16.38 16.23 16.12 17.98 15.38 22.14
0.27 0.31 0.206 0.31 0.22 0.4
13.7 14.78 14.29 13.72 15.77 9.86
0.03 0.29 0.145 0.09 0.21 0.04
99.95 101.05 100.91 101.01 101.66 100.1
0.00 0.01 0.01 0.01 0.00 0
0.45 0.49 0.52 0.51 0.50 0.46
1.45 1.39 1.39 1.37 1.38 1.44
0.08 0.11 0.08 0.11 0.11 0.09
0.35 0.31 0.33 0.35 0.27 0.51
0.01 0.01 0.01 0.01 0.01 0.01
0.65 0.69 0.67 0.64 0.73 0.48
0.00 0.01 0.00 0.00 0.01 0.00
76.17 74.06 72.92 73.09 73.25 75.8
65.43 69.23 66.79 64.52 72.71 48.46
34.57 30.77 33.21 35.48 27.29 51.54
0.73 0.62 0.71 0.78 0.53 1.48
0.27 0.32 0.36 0.35 0.29 0.30
11.92 12.42 12.70 12.57 12.64 11.87

Diss: disseminated, Mass: massive, Nod: nodular, Band: banded.
aCr#: 100 × Cr/(Cr + Al) atomic ratio.bMg#: 100 × Mg/(Mg + Fe2+) atomic ratio. cAugé (198
*From dunitic envelope.
using a nickel sulphide fire-assay pre-concentration method followed
by ICP-MS analysis at Genalysis Laboratory, Perth, Western Australia.
Detection limitswere 1 ppb forOs, Ir, Ru, Pt, Pd, andRh and 2 ppb for Au.

5. Mineral compositions

5.1. Chromite

Representative compositions of chromite fromDehsheikh chromitites
are presented in Table 1. Sample 3 is from the dunite envelope. The
5 6 F5 F5 M3-2 M3-2 M3-2 M3-2

assive Diss Mass

80% 90% 50% 80%

rgi Avali Emam Ali

0.02 0 0.05 0 0.02 0.01 0.01 0.02
0.28 0.29 0.18 0.228 0.26 0.24 0.23 0.26

15.81 16.18 12.52 13.19 13.44 13.57 13.40 13.44
53.68 54.27 55.43 54.65 54.16 54.39 54.84 54.16
16.24 16.10 20.93 20.89 21.07 20.98 20.10 21.07
0.25 0.29 0.38 0.39 0.38 0.35 0.35 0.38

14.13 13.76 11.13 11.38 11.86 11.79 12.57 11.86
0.04 0.1 0.04 0.06 0.07 0.11 0.00 0.07

100.3 100.9 100.6 100.72 101.26 101.33 101.50 101.18

0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01
0.58 0.59 0.48 0.50 0.51 0.51 0.50 0.51
1.33 1.34 1.42 1.39 1.37 1.37 1.37 1.37
0.07 0.05 0.10 0.10 0.12 0.11 0.12 0.12
0.34 0.36 0.46 0.45 0.43 0.44 0.40 0.43
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
0.66 0.64 0.54 0.55 0.56 0.56 0.59 0.56
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

69.49 69.23 74.81 73.54 73.00 72.89 73.30 73.00
65.9 63.99 53.85 54.81 56.56 56.14 59.53 56.56
0.77 0.85 1.2 1.16 1.08 1.11 0.96 1.08
0.40 0.42 0.28 0.34 0.35 0.35 0.34 0.38

13.35 13.47 12.13 12.40 12.50 12.55 12.49 12.50

M1-2 M1-2 M5-3 M5-3 M5-1 M5-1

Band Nod Nod Diss

50% 60% 60% 50%

Avali Godar

0.02 0.00 0.05 0.00 0.04 0.02
0.31 0.265 0.26 0.17 0.27 0.21

13.31 13.24 13.05 13.41 14.80 10.29
55.87 56.35 54.23 54.50 55.00 59.45
17.20 16.96 22.72 19.60 15.72 16.66
0.34 0.28 0.40 0.31 0.24 0.33

13.28 13.38 11.09 12.38 14.67 12.86
0.11 0.218 0.15 0.17 0.27 0.17

100.34 100.47 101.79 100.36 100.70 99.81
0.01 0.01 0.01 0.00 0.01 0.01
0.50 0.50 0.49 0.51 0.54 0.39
1.41 1.42 1.37 1.38 1.36 1.53
0.08 0.08 0.12 0.11 0.08 0.07
0.37 0.37 0.47 0.41 0.32 0.37
0.01 0.01 0.01 0.01 0.01 0.01
0.63 0.63 0.53 0.59 0.68 0.62
0.00 0.01 0.00 0.00 0.01 0.00

73.79 74.06 73.60 73.16 71.37 79.49
63.03 63.42 52.95 59.31 68.19 62.41
36.97 36.58 47.05 40.69 31.81 37.59
0.83 0.82 1.24 0.97 0.68 0.81
0.43 0.38 0.38 0,26 0.38 0.31

12.45 12.42 12.35 12.49 13.01 11.11

7).d and eRollinson (2008).
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compositions of chromites were obtained from the dunite envelope to-
ward disseminated and massive chromitites (e in Fig. 4). Chromites
from the dunite envelope have lower Cr2O3 and MgO contents than
those from disseminated to massive chromitites, ranging from 45.45 to
48.78 wt.% and from 10.44 to 13.72 wt.%, respectively. The Al2O3 content
is higher than those in chromitites, varying between 18.42 and
19.79 wt.%.

The Cr2O3 contents of chromites from disseminated to massive
chromitites vary from 53.07 to 59.45 wt.% (averaging 55.26 wt.%) and
Al2O3 contents from 10.29 to 16.9 wt.% (averaging 13.84 wt.%). The
MgO and FeO contents vary from 9.8 to 15.45 wt.% (averaging
13.18 wt.%) and 14.35 to 22.72 wt.% (averaging 17.97 wt.%), respective-
ly. Fig. 4e shows the variations of chromite composition from dunite
envelope to massive chromitites. The corresponding Cr# varies from
62 to 70. Chromites from chromitites with nodular textures have the
highest Cr#. The TiO2 contents are low with a maximum content of
0.27 wt.%, which is typical of ophiolitic chromitites (Dick and Bullen,
1984; Arai, 1992; Ahmed, 2013). They also contain minor amounts of
NiO (b0.29 wt.%).

The compositional data indicate that chromites from Dehsheikh
chromitites are magnesiochromite and plot close to the boninite field
in the Cr# vs. Mg# diagram shown in Fig. 5a. In the TiO2 vs. Cr2O3 dia-
gram, most chromite data fall into the podiform chromitites region,
close to the boundary with the stratiform chromitites (Fig. 5b). Chro-
mite grains from the dunite pods plot in the stratiform field (sample
2). A rough negative correlation between Al2O3 and Cr2O3 (Fig. 5c) in
the Dehsheikh chromitites is also representative of their ophiolitic
nature.

5.2. Olivine

Olivine compositions from Dehsheikh chromitite are given in
Table 2. Olivine is the most common silicate mineral in Dehsheikh
podiform chromitites, occurring as granular olivine in the dunite enve-
lope and also as matrix and inclusions in chromite grains. In the dunite
envelope the Fo [100 × Mg / (Mg + Fe2+)] contents of olivine range
Fig. 4. a) Photographs of dunite envelope to disseminated and massive chromitites (a to
from 92.3 to 92.9, and the NiO contents vary between 0.52 and
0.62wt.%,whereas olivine in chromitite has higher Fo contents between
95 and 96, and NiO contents between 0.65 and 0.93 wt.%. Olivines from
Dehsheikh chromitites have MnO contents ranging from 0.27 to
0.40wt.%. In general, the olivines becomemoremagnesian from the du-
nite envelope to the disseminated chromitite and massive chromitite
(Fig. 4f). The NiO contents show an increase with increasing Fo values,
whereas MnO contents appear to decrease with increasing Fo contents
(Fig. 6a,b).

5.3. Other silicate minerals

Pyroxenes identified as inclusions inside chromite grains in chro-
mitites are diopside (En49.5Fs1.2Wo49.3) in composition, and have 0.86
to 0.93 wt.% Cr2O3 with negligible amounts of TiO2 (b0.02 wt.%). Their
Al2O3 contents vary from 0.80 to 1.00 wt.% and Na2O contents reach a
maximum of 0.49 wt.%. The electron microprobe data for amphibole in-
clusions in chromite display relatively high Na2O contents ranging from
2.52 to 3.31 wt.% and Mg# of about 94, showing hornblende to edenite
composition.

6. Platinum group element (PGE) geochemistry

The total PGE concentrations of Dehsheikh chromitite samples
(Table 3) are typical of ophiolitic chromitites and vary from 60 to
300 ppb. Chromitites withmassive textures show higher IPGE contents.
All samples display relative enrichments in Ru (45–161 ppb), Ir
(11–69 ppb) and Os (8–79 ppb) while their Rh and Pd contents range
from 4 to 13 ppb and 2 to 5 ppb, respectively. Platinum is below the de-
tection limit, except for samplesM3,M4,M5-1 and 9,which contain 1 to
5 ppb Pt. All chromitite samples show negative slopes from Ru to Pd on
the chondrite-normalized PGE diagram (Fig. 7a), which is observed for
many ophiolite-hosted chromitites from other supra-subduction
zones. The Dehsheikh chromitites contain IPGE as well as Rh abun-
dances between about 2 and 30 times the primitive mantle values and
Pd abundances of about primitivemantle content. The PPGE/IPGE ratios
d) and its compositional zoning for chromite (e) and olivine (f) Cr# and fo number.



Fig. 5. a) Classification and compositional variation of chromian spinel from Dehsheikh
chromitites in terms of Cr# [Cr/(Cr + Al)] versus Mg# [Mg/(Mg + Fe2+)] (fields for
spinels in equilibrium with boninites and N-MORBs are after Dick and Bullen, 1984);
b) TiO2 versus Cr2O3 and c) Al2O3 vs. Cr2O3 diagrams showing the compositional variation
of Dehsheikh chromitites. The stratiform and podiform chromitite fields are from Bonovia
et al. (1993), and Ahmed and Arai (2003).
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vary from 0.17 to 0.05, which are similar to other ophiolitic complexes
(Fig. 7b), for example Troodos (Cyprus) and Semail ophiolites
(Prichard et al., 2008), the Urals (Garuti et al., 2005; Melcher et al.,
1997), Turkish ophiolites (Dönmez et al., 2014; Uysal et al. 2007a,b,
2009a,b) and Iranian ophiolites (Jannessary et al., 2012; Najafzadeh
and Ahmadipour, 2014). However, higher ΣPGE contents and elevated
concentrations of PPGE compared to IPGE were also found in ophiolitic
mantle chromitites e.g., the Berit (Kozlu et al., 2014) and Muğla (Uysal
et al., 2009a) ophiolites from Turkey, the Al'Ays ophiolitic complex
(Prichard et al., 2008), the Shetland ophiolites (Prichard and Lord,
1994), Leka in Norway (Pedersen et al., 1993), the Thetford ophiolites
(Corrivaux and Laflamme, 1990) and high Cr chromitites from the
Sagua de Tanamo ophiolite in Cuba (González-Jiménez et al., 2011).
The diagram of bulk PGE concentration vs. PPGEN/IPGEN (Fig. 7b) was
used to illustrate different PGE distribution patterns of chromitites.
This expands an approach by Leblanc (1991) who used Pd/Ir as a frac-
tionation factor. The Dehsheikh chromitites show a negative correla-
tion and follow the ophiolitic trend that is in part similar to the trend
of podiform chromitites from the Eskişehir ophiolite, NW-Turkey
(Uysal et al., 2009b), and chromitites from the Kempirsai ophiolite
massif, Urals (Melcher et al., 1999), but extends to lower total PGE
concentrations.

7. Discussion

7.1. Parental melt composition of Dehsheikh podiform chromitites

The geochemical composition of chromium spinel provides valuable
information on the petrogenesis of magmatic processes within different
geodynamic environments (Augé, 1987; Barnes, 1986; Bedard, 1999;
Dick and Bullen, 1984; Irvine, 1967; Kamenetsky et al., 2001; Melcher
et al., 1997; Rollinson, 2008; Zhou et al., 1996). It is generally accepted
that parentalmelts of chromitites canbe generated bydifferent processes,
e.g., different degrees of partial melting (e.g., Arai, 1994; Irvine, 1977;
Kelemen et al., 1992; Zhou et al., 1996), melt/rock reaction and melt/
melt interactions in supra-subduction mantle sources (e.g., Kamenetsky
et al. 2001; Melcher et al., 1999; Uysal et al., 2005, 2009a; Zhou et al.,
1998). Several studies indicate that Al2O3 and TiO2 concentrations and
FeO/MgO ratios of chromites are directly related to the parental melt
composition (Kamenetsky et al., 2001; Roeder and Reynolds, 1991;
Rollinson, 2008).

In order to estimate melt compositions, we used the equations
derived by Rollinson (2008) on the basis of chromite–melt inclusion
data of Kamenetsky et al. (2001) to compute the Al and Ti concentra-
tions of arc parental melt:

Al2O3−melt ¼ 5:2181� Ln Al2O3−chromiteð Þ–1:0505

Ln TiO2−meltð Þ ¼ 1:0963� TiO2−chromiteð Þ0:7863:

The Al2O3 and TiO2 concentrations of inferred parental melts
of Dehsheikh chromitites vary from 11.1 to 14.5 wt.% and 0.21 to
0.49 wt.%, respectively (Table 1; Fig. 8).

The FeO/MgO ratios in the parental melt of the Dehsheikh
chromitites were also calculated using the empirical formula cited in
Augé (1987). This relationship is mostly applied to massive-texture
chromitite with lesser amounts of intercumulus olivine. The FeO/MgO
ratios were calculated to vary between 0.99 and 1.2.

Ln FeO=MgOð Þchromite ¼ 0:47–1:07� YAl
chromite þ 0:64� YFe3þ

chromite
þ Ln FeO=MgOð Þliquid

whereYAl
chromite ¼ Al= Alþ Crþ Fe3þ

� �
;YFe3þ

chromite

¼ Fe3þ= Alþ Crþ Fe3þ
� �

In Fig. 9 the calculated concentrations of Al2O3 and TiO2 in the melt
are compared with those from Cape Vogel (Papua New Guinea) and
Troodos boninites, boninites from other worldwide localities, MORB,
and experimental melts of depleted mantle (DM). The chromitite sam-
ples from the Dehsheikh chromitites have relatively low TiO2 and Al2O3



Table 2
Representative olivine chemical composition of Dehsheikh chromitites and their dunite envelope.

Sample M5-1 M3-2 3 5 5 M1-2 M1-2 M1-2 M5-3 M5-3 F5 F5 F5

Texture Nod Mass Diss Mass Band Nod Diss

Chr/Ol 60% 80% 10% 80% 50% 60% 50%

Mine Godar Emam Ali Bozorgi Avali Godar Avali

SiO2 41.49 41.89 41.35 41.54 41.35 41.49 41.71 41.25 41.54 41.18 41.54 41.44 41.73
TiO2 0.00 0.02 0.04 0.01 0.04 0.00 0.02 0.01 0.00 0.02 0.009 0.00 0.051
Al2O3 0.01 0.01 0.01 0.04 0.00 0.00 0.00 0.01 0.01 0.02 0.00 0.00 0.00
Cr2O3 0.02 0.23 0.01 0.01 0.29 0.00 0.00 0.60 0.00 0.01 0.015 0.00 0.00
FeO 4.01 3.21 7.13 4.33 3.64 5.47 5.88 4.39 5.73 6.03 5.65 5.65 5.60
MnO 0.08 0.06 0.10 0.07 0.08 0.08 0.08 0.08 0.08 0.11 0.106 0.03 0.05
MgO 52.78 54.33 50.55 52.41 53.0 51.96 52.40 53.65 52.18 52.19 51.41 52.61 52.15
CaO 0.01 0.02 0.02 0.00 0.00 0.05 0.02 0.05 0.03 0.03 0.015 0.03 0.03
NiO 0.93 0.85 0.57 0.78 0.84 0.70 0.60 0.65 0.48 0.66 0.56 0.63 0.69
Na2O 0.04 0.00 0.01 0.02 0.00 0.02 0.00 0.00 0.00 0.00 0.029 0.00 0.008
Total 99.37 100.61 99.80 99.22 99.27 99.78 100.71 100.70 100.04 100.26 99.33 100.42 100.32
Fo 95.82 96.71 92.55 95.50 96.21 94.28 93.97 95.47 94.1 93.77 94.1 94.25 94.23

Diss: disseminated, Mass: massive, Nod: nodular, Band: banded.

Fig. 6. a) NiO and b) MnO vs. Fo of olivine from dunite envelope to disseminated to
massive chromitite from the Dehsheikh massif. Partial melting trends are from Ozawa
(1994), and fractionation trends are from Ozawa (1994) and Nakamura (1995).
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contents, and plot far from the MORB field, but show affinity with
melts derived from depleted mantle, such as Troodos and Cape Vogel
boninites. In Table 4 we provide additional parameters for comparison.
The calculated parental melt FeO/MgO ratios of Dehsheikh chromitites
are similar to boninite (Falloon et al., 2008) and some Turkish
chromitite parental melts, but higher than those of the Soghan and
Sorkhband chromitites (Esfandagheh–HajiAbad region). Al2O3 and
TiO2 of the inferred Dehsheikh melts show similarities to parental
melts from chromitites in Oman (Rollinson, 2008), Turkey (Uysal
et al., 2009a), eastern Cuba (Gonzáles-Jiménez et al. 2011), and
Thailand (Orberger et al. 1995), which all seem to have affinities with
boninitic melts.

7.2. Control on platinum-group-element distribution in the
Dehsheikh chromitites

It is widely accepted that melting of mantle sulphides and alloys in
peridotites provides the PGE content of magmas (e.g., Büchl et al.,
2002; González-Jiménez et al., 2011; Lorand et al., 1999, Lorand et al.,
2010; Prichard et al., 2008). Therefore, the melting regime can have a
major impact on the PGE signature of the different basaltic magmas
and, in turn, chromitites as their crystallization products. The existence
of a critical melting stage releasing the PGE into the partial melt and oc-
curringwithin a narrow interval of increasing melt generation has been
suggested byHamlyn andKeays (1986) and Prichard et al. (2008). It has
been argued that approximately 20% to 25%melting ofmantle is needed
to remove all sulphide phases and extract PGE into the melts
(e.g., Keays, 1995; Prichard et al., 2008). In different ophiolite settings,
the average degree of partial melting varies from about 10% to 20% in
mid-ocean ridge settings (Hofmann, 1988; Klein and Langmuir, 1987)
to N20% in arc-related environments (Barnes and Prichard, 1993;
Keays, 1995). In supra-subduction zones, moderate- to high-degree
(≥20%) melts, such as boninites, cause sulphides in the mantle to be
completely consumed and, in turn, IPGE to be enriched in the melts.
As a result the chromitites having crystallized from boninites
tend to have PGE contents of a hundred to thousands of ppb
(e.g., Ahmed and Arai, 2002; Economou-Eliopoulos, 1996; Gervilla
et al., 2005; González-Jiménez et al., 2011; Konstantopoulou and
Economou-Eliopoulos, 1991; Prichard et al., 2008; Proenza et al.,
1999; Uysal et al., 2009a; Zhou et al., 1998).

Basaltic melts at spreading centres, such as mid-ocean ridges or
back-arc basins, form from degrees of melting ≤20%, i.e., small
enough to leave sulphides behind in the residual mantle, thus pro-
ducing low-PGE melts from which chromitites low in PGE will pre-
cipitate (no more than a few tens of ppb, e.g., Ahmed and Arai,
2002; Economou-Eliopoulos, 1996; Gervilla et al., 2005; Graham



Table 3
Whole rock PGE concentrations (ppb) in the Dehsheikh chromitites.

Sample M1-2 M2-3 M3-2 M3-2-1 M4-1 M4 M4t M5-1 M6 9

Texture Band Band Nod Band Nod Band Mass Nod Diss Mass

Chr. abundance 50% 60% 60% 50% 80% 50% N90% 80–90% 70% N90%

Mine name Avali Emam Ali Emam Ali Emam Ali Abdashti Abdashti Abdashti Godar Godar Bozorgi

Au 3 3 2 3 2 4 3 4 3 4
Ir 15 33 11 15 17 15 69 13 15 47
Os 12 35 8 14 11 13 54 10 11 79
Pd 4 2 2 4 3 4 2 4 2 5
Pt b.d.l. b.d.l. b.d.l. b.d.l. 1 2 b.d.l. 2 b.d.l. 5
Rh 4 9 6 6 8 5 13 5 5 9
Ru 42 77 35 41 43 44 142 40 38 161
Total 80 159 64 83 85 87 283 78 74 310

Detection limit is 1 ppb for PGEs and 2 ppb for Au. b.d.l. = below detection limit. Abbreviations are: Mass: massive; Diss: disseminated; Nod; nodular; Band: banded.
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et al., 1996; Proenza et al., 1999; Uysal et al., 2007a, Uysal, 2008,
2009a; Zhou et al. 1998). The investigation of chromitites from the
Al'Ays ophiolite complex led Prichard et al. (2008) to argue that
PGE-enriched chromitites crystallized from melts generated within
a critical melting interval at around 20%–25% of mantle melting.

During percolation through residual harzburgite the parental melts
of chromitites will cause any remaining sulphide, which should be
enriched in IPGE as the consequence of previousmelt extraction, to dis-
solve in the melt (González-Jiménez et al., 2011; Marchesi et al., 2006,
2010; Uysal et al. 2015). Thus, continuous melt/rock reaction can con-
trol Cr#’s and PGE contents of chromitites and dunite envelopes. There-
fore, it has been suggested that the boninitic parental melts of high Cr
chromitites can become evenmore enriched in the PGE and Cr as a con-
sequence of melt–rock interaction (González-Jiménez et al., 2011).

Partial melting of the mantle leads to the formation of either S-
saturated or S-undersaturated melts. If S-saturated melt forms, it is
initially low in PGE, because these elements will be mostly retained
in residual sulphides. When a S-undersaturated magma is formed
by high degrees of partial melting, no sulphide droplets will exsolve
Fig. 7. a) CI-Chondrite-normalized (McDonough and Sun, 1995) PGE patterns of the Dehsheik
settings. Data sources include: Economou-Eliopoulos (1996), Kocks et al. (2007), Uysal et al.
(1999), and Zhou et al. (1998). The normalized primitive mantle (PM) abundances from Be
chondrite-normalized PPGE/IPGE ratios for the Dehsheikh chromitites. Chondrite and avera
Field for chromitites from the Kempirsai ophiolitic massif, Urals (Melcher et al., 1999) and fie
shown for comparison. In cases where Pt was below the detection limit, we assumed an abun
our reasoning.
from this magma until sulphide saturation is achieved through frac-
tional crystallization of silicate and oxideminerals; thus, the PGEwill
remain in the melt and become slightly more concentrated (Seitz
and Keays, 1997). Experimental petrologic studies have indicated
that MORB is S-saturated (Keays, 1995; Patten et al., 2013; Peach
et al., 1990).

IPGE and PPGE have different solubilities in silicate magmas, the
IPGE being more refractory and compatible for fractionating min-
erals than PPGE (Barnes et al., 1985). This contrasting geochemical
behaviour is reflected by the Pd/Ir ratio, maybe considered as an
‘index of fractionation’ of the PGE during petrological processes.
Pd/Ir is expected to increase in a melt undergoing fractional crystal-
lization and reach ratios much higher than one in differentiated
melts. It should be less than one in residual mantle material and de-
crease in melts generated at increasing degrees of partial melting of
the mantle. The Pd/Ir ratios from the Dehsheikh chromitites are
lower than one (0.02 to 0.3) and, therefore, much better match
values inferred for the partial melting trend, being the most impor-
tant process in chromitite formation.
h chromitites. Green field is for Cr-rich ophiolitic chromitite from supra-subduction zone
(2007a, 2007b, 2009a, 2009b), Melcher et al. (1999), Garuti et al. (2005), Proenza et al.
cker et al. (2006) are given for comparison (blue triangles); b) PGE concentrations vs.
ge upper mantle values are from McDonough and Sun (1995) and Becker et al. (2006).
ld of podiform chromitite from Eskişehir ophiolite NW-Turkey (Uysal et al., 2009b) are
dance of zero to calculate ∑PPGE. The error thus introduced is small and does not affect



Fig. 8. a) Al2O3, b) TiO2 contents of the melts in equilibrium with Dehsheikh chromitites. The MORB and Arc lines and regression equations are from Rollinson (2008).
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The high IPGE/PPGE ratios of Dehsheikh chromitites (Fig. 7a) are
more indicative of a melt derived from amantle source that had already
been depleted in PPGE by a prior stage of partial melting. Therefore, the
bulk of the PPGE in the source were extracted into an early low- to
intermediate-degree partial melt. Subsequently and possibly unrelated
to this event, a second stage of higher degree partial melting of this
PPGE-depleted source was responsible for the high IPGE/PPGE of these
chromitites.

7.3. Genesis and geotectonic environment

The genesis of podiform chromitites is not well understood and
several models have been proposed to account for their formation.
Fractional crystallization from a continuously supplied melt circulating
through magmatic conduits has been considered as the primary class
Fig. 9. TiO2 and Al2O3 contents (wt.%) of melts in equilibrium with chromite from the
Dehsheikh podiform chromitites. Boninite and MORB data were compiled from the
literature and are shown for comparison. The CV (Cape Vogel) and Tr (Troodos) boninite,
as well as MORB fields, are from Pagé and Barnes (2009) and references therein.
Experimental melts of depleted mantle (DM) are from references in Rollinson (2008).
of models (Lago et al. 1982; Leblanc and Ceuleneer, 1992; Thayer
1964). Other processes such as multi-stage partial melting, magma
segregation, melt/rock reaction, and magma mixing within the upper
mantle may also be involved during magma generation (Leblanc and
Ceuleneer, 1992; Paktunc et al., 1990). Such models assume that melt/
rock interaction and subsequently melt/melt mixing are the most
important processes in the formation of podiform chromitites (Arai
and Yurimoto, 1994; Kelemen, 1990; Zhou et al., 1996). Recently
Gonzales-Jimenez et al. (2014) have proposed an integrated model
where ophiolitic chromitites are commonly formed within networks
of interconnected, high-porosity dunite channels, which had been
generated bymelt/rock reaction inmantle peridotites. Mixing and crys-
tallization of new basaltic melts in these high-porosity and high-
permeability channels provide an ideal setting for chromitite formation.
The different textures, sizes, and types of the chromitites may reflect
melt flow within this high porosity network of melt channels at differ-
ent melt/rock ratios, and a range of temperature contrasts between
melts and the host peridotites. In this model, hydro-fractures penetrat-
ing peridotites can promote chromitite formation from Cr-bearing
fluids.

Morphological and structural features in the studied rocks, such
as various textural layering, exhibition of sharp contacts between
chromitites and their dunite envelope, dunite bands intercalated
with chromitite layers, the lack of any obvious correlation between
the size of chromitite pods, and the thickness of their dunite enve-
lopes are all in favour of a model in which metasomatic–magmatic
processes have taken place in a network of channels. Melt percolated
through these channels and reacted with dunite.

The chemical composition of chromite is widely used as an indicator
of magmatic formation that can provide clues on the tectonic setting
(Dick and Bullen, 1984; Kamenetsky et al., 2001). The high Cr# of almost
all chromitites can be related to boniniticmagmas (Johnson et al., 1985).
The high Cr# (68–79) and low TiO2 contents (b0.3%) of the Dehsheikh
chromitites are typical of Cr-rich chromitites (e.g., Zhou et al., 2001)
formed in an arc setting (Arai et al., 2006). Chromite compositional var-
iations such as TiO2 vs. Cr# show a good match with variations in
chromitites crystallized from boninitic melts, formed in supra-
subduction zones (Fig. 10). In the TiO2 vs. Al2O3 plot of Fig. 11, intro-
duced by Zaccarini et al. (2011) to discriminate between spinels precip-
itated from MORB-, OIB-, and arc-related basaltic melts, the
Dehsheikh chromitites display a broadly positive trend and fall with-
in or close to the arc-type field, thus suggesting an island arc tholeiite
to boninite affinity. In addition, computed Al2O3 and TiO2 contents of
parental melts are indicative of boninites, which are related to supra-
subduction tectonic settings. The Cr# of chromite and Fo contents of
olivine grains from the investigated transitional zone show



Table 4
Comparison between parental melt composition of Dehsheikh chromitites and other worldwide high Cr# podiform chromitites.

Cr# Al2O3-chromite Al2O3-melt TiO2-chromite TiO2-melt FeO/MgO-melt Reference

Dehsheikh chromitites 0.68–0.79 10.2–16.1 11.1–14.5 0.12–0.27 0.21–0.49 0.99–1.2 This study
Soghan chromitites (Iran) 0.79–0.83 9.3 10.57 0.18 0.28 0.74 Najafzadeh et al., 2008
Sorkhband chromitites (Iran) 9.32 10.05 0.08 0.7 Najafzadeh and Ahmadipour, 2014
Shetland ophiolites 0.72 14.29 11.86–14.51 0.12 Brough et al., 2015
Sagua de Tanamo (eastern Cuba) 0.63–0.72 16.2 13.4 0.19 0.3 0.9–1.5 Gonzáles-Jiménez et al., 2011
Mugla ophiolite (Turkey) 0.64–0.75 8.8–10.5 0.23–0.34 0.3–1.1 Uysal et al., 2009a
Elekdag ophiolite (northern Turkey) 0.65–0.89 5.1–18.2 9.4–13.2 0.14–0.26 0.2–0.4 0.4–1.9 Dönmez et al., 2014
Oman ophiolite 0.71–0.77 11.7–14.4 11.8–12.9 0.23–0.34 Rollinson, 2008
Kempirsai (Kazakhstan) 9–10.6 0.3–0.5 Melcher et al., 1997
Santa Elena ultramafic nappe (Costa Rica) 0.81 10.3–17.5 11.2–13.0 0.14–0.2 0.28–0.38 Zaccarini et al., 2011
Nan Uttardite chromitites (Thailand) 11.6–12.0 Orberger et al., 1995
Boninite 11.29–14.87 0.24–0.22 0.68–0.89 Falloon et al., 2008
MORB ~14.70 ~1.37 Gale et al., 2013
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significant increases from dunite envelopes to disseminated and
massive chromitites. Similar trends were reported by Zhou et al.
(1996) and Xiong et al. (2015), and were interpreted as the result
of melt/rock reaction between mantle peridotites and later boninitic
melts formed in a supra-subduction zone.

The presence of amphibole inclusions in chromite grains provides
indirect evidence that the examined chromitites crystallized from a
Na-bearing hydrous melt. Boninite melts are known to be rich in
water (Dobson et al., 1995) and are generally sulphide undersaturat-
ed (e.g., Keays, 1995). The very low PPGE concentrations of
chromitites from the studied area might be the consequence of
their earlier extraction into a low- to moderate-degree partial
melts unrelated to boninitic melt formation. IPGE were partly ex-
tracted during the second, higher degree melting event that caused
the boninitic melt to be S-undersaturated.

The combined lines of evidence presented above suggest that
a boninitic melt played an important role in the formation of the
Dehsheikh chromitites that intruded the mantle wedge above a
subducted slab (e.g., Zhou et al., 1998). Such a geotectonic regime
is considered to be the most likely one for the formation of boninites
(e.g., Ahmed and Arai, 2002; Rollinson, 2008; Uysal et al., 2015).

According to Sahfaii Moghadam and Stern (2011) and
Rajabzadeh et al. (2013), the Dehsheikh complex is part of the
Esfandagheh–Haji Abad ophiolites that belong to the outer Zagros
ophiolite belt. This belt represents autochthonous fore-arc litho-
sphere having formed by seafloor spreading along the southern
margin of Eurasia. The chemical composition of chromites from
Dehsheikh chromitites is indicative of crystallization from
boninitic parental melts, which also has been already suggested
Fig. 10. TiO2 vs. Cr# for chromites from Dehsheikh podiform chromitites. The podiform
chromitite field is fromPagé and Barnes (2009) and references therein. Fields for chromite
from MORB and boninite are from Barnes and Roeder (2001).
for other Esfandagheh–Haji Abad ophiolitic complexes. Besides,
the chemical composition of clinopyroxene from different litholo-
gies at Dehsheikh complex, such as their higher Mg#, is indicative
of a fore-arc setting (Fig. 8 in Peighambari et al., 2011). Thus, we
envisage formation of the Dehsheikh complex in a fore-arc setting
similar to that inferred for other outer Zagros ophiolites such as
Soghan (Najafzadeh and Ahmadipour, 2014).
8. Conclusions

On the basis of field, petrographic, geochemical, and mineral com-
positional data on the Dehsheikh chromitites, the genesis of these
chromitites is best explained by crystallization from melts ascending
through networks of melt channels, formed by different degrees of
melt–rock interaction. The high Cr#, low TiO2, and relatively low PGE
concentrations combined with high IPGE/PPGE ratios of these chro-
mitites, as well as the presence of Na-bearing amphibole inclusions,
are consistent with an origin of the parent liquids generated by high
degrees of mantle partial melting that caused the melts to be S-
undersaturated and hydrous. These inferred melts are boninitic in com-
position andmay be linked to arc-related environments. Formation in a
fore-arc setting appears as the most plausible scenario in this south-
eastern portion, but also in other parts of the outer Zagros ophiolites.
Fig. 11. TiO2–Al2O3 variation of chromites from the Dehsheikh chromitites. The encircled
fields are from Kamenetsky et al. (2001). LIP = large igneous province basalt, Arc =
arc-related volcanic rocks. The Dehsheikh podiform chromitites plot close to, or within,
the boninite field consistent with the interpretation that they formed from the boninitic
melt associated with the Esfandagheh crust.
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