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The Abdasht complex is amajor ultramafic complex in south-east Iran (Esfandagheh area). It is composedmainly
of dunite, harzburgite, podiform chromitites, and subordinate lherzolite and wehrlite. The podiform chromitites
display massive, disseminated, banded and nodular textures. Chromian spinels in massive chromitites exhibit a
uniform and restricted composition and are characterized by Cr# [=Cr / (Cr + Al)] ranging from 0.76 to 0.77,
Mg# [=Mg/(Mg + Fe2+)] from 0.63 to 0.65 and TiO2 b 0.2 wt.%. These values may reflect crystallization of the
chromian spinels from boninitic magmas. Chromian spinels in peridotites exhibit a wide range of Cr# from
0.48 to 0.86, Mg# from 0.26 to 0.56 and very low TiO2 contents (averaging 0.07 wt.%). The Fe3+# is very low,
(b0.08wt.%) in the chromian spinel of chromitites and peridotites of the Abdasht complexwhich reflects crystal-
lization under low oxygen fugacities.
The distribution of platinum group elements (PGE) in Abdasht chromitites displays a high (Os + Ir + Ru)/
(Rh + Pt + Pd) ratio with strongly fractionated chondrite-normalized PGE patterns typical of ophiolitic
chromitites. Moreover, the Pd/Ir value, which is an indicator of PGE fractionation, is very low (b0.1) in the
chromitites.
The harzburgite, dunite and lherzolite samples are highly depleted in PGE contents relative to chondrites. The
PdN/IrN ratios in dunites are unfractionated, averaging 0.72, whereas the harzburgites and lherzolites show
slightly positive slopes PGE spidergrams, together with a small positive Ru anomaly, and their PdN/IrN ratio aver-
ages 2.4 and 2.3 respectively. Moreover, the PGE chondrite and primitive mantle normalized patterns of
harzburgite, dunite and lherzolite are relatively flat which are comparable to the highly depleted mantle
peridotites.
The mineral chemistry data and PGE geochemistry indicate that the Abdasht chromitites and peridotites were
generated from a melt with boninitic affinity under low oxygen fugacity in a supra-subduction zone setting.
The composition of calculated parental melts of the Abdasht chromitites is consistent with the differentiation
of arc-related magmas.

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

Mafic-ultramafic complexes occur in various tectonic settings and
information about their petrogenesis informs models of tectonics and
crustal evolution (e.g. Su et al., 2011; Thanh et al., 2014). Moreover, ul-
tramafic complexes fromdifferent tectonic settings provide information
about the paleogeodynamic history and crustal evolution in continental
and oceanic regions (e.g. Ghosh et al., 2013).

Chromian spinel is well established alteration-resistant petrogenetic
indicator of the tectonic setting of ultramafic–mafic complexes. The
ameNoor University, Pajoohesh

nu.ac.ir (A.R. Najafzadeh).
mineral chemistry of chromian spinel is used to establish the geotecton-
ic setting of ultramafic rocks (e.g. Bonatti and Michael, 1989). Thus,
chromian spinels provide a way to distinguish supra-subduction zone
(SSZ) from mid-oceanic ridge (MOR) ultramafic–mafic complexes
(e.g. Arai et al., 2006; Dare et al., 2009).

The composition of chromian spinels depends on the physico-
chemical conditions of fractional crystallization and is particularly sen-
sitive to the differences in oxidation state of the mantle (variations in
oxygen fugacity) and degree of partialmelting in SSZ andMOR environ-
ments (e.g. Caran et al., 2010; Dare et al., 2009; Grammatikopoulos et al.,
2011; Kapsiotis et al., 2009; Kapsiotis et al., 2011).

Thirty-one ultramafic complexes are known in an E–Wtrending belt
of 60 km length and 5–10 kmwidth in the Haji Abad-Esfandagheh dis-
trict of the Kerman province in south-east Iran, constituting Iran's
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second largest chromite producer after the Faryab (or Asminon) ore de-
posits (Fig. 1a). These include the Abdasht, Sikhuran, Soghan and
Colkahan complexes (Jannessary et al., 2012).

The Abdasht ultramafic complex (McCall, 1985; Jannessary et al.,
2012; Najafzadeh and Ahmadipour, 2014b) is exposed in southeastern
Iran and hosts podiform chromitite orebodies (collectively known as
the Abdasht Mine), which have been mined discontinuously since the
1960s and represent one of the principal Cr sources in Iran. Previous
workers (Ahmadipour, 2000; Ahmadipour et al., 2003; Sabzehei,
1974) suggested that the Abdasht chromitites and associated rocks are
likely part of mantle diapir (similar to Soghan mafic–ultramafic com-
plex), but they provided no discussion about the petrogenetic signifi-
cance of the distribution of PGE.

In this study, the Abdasht peridotites and chromitites were
investigated through field investigations of geological relationships,
petrographic studies, mineral chemistry, and whole-rock geochemistry
(platinum-group elements). The paper has two main goals. The first is
to determine the origin and tectonic setting of the Abdasht ultramafic
complex, and the second is to elucidate the nature of the lithospheric
mantle section in the Esfandagheh area. This study provides the
first comprehensive description of PGE and their distribution in
podiform chromitites and associated rocks from the Abdasht ultramafic
complex.
Fig. 1. a) Location of the study area within the Iranian ophiolitic belts and Sanandaj–Sirjan/Baj
(Kermanshah–Neyriz–Haji Abad-Esfandagheh) Zagros ophiolitic belts. b) Simplified geological
2. Regional geology

The Iran plate was a part of Gondwanaland during the Permian,
probably until the Triassic (Wensink, 1981) and subsequently drifted
from the Gondwana to join Eurasia. The northern part of the plate was
at about its present location relative to Eurasia during the Cretaceous
(Lemaire et al., 1997).

Tethyan ophiolites (i.e. Semail-Oman, Kizildag-Turkey, Troodos-
Cyprus, etc.) are remnants of oceanic crust and/or supra-subduction
zone assemblages that were formed during the closure of the Tethyan
Ocean as a result of collision of the Gondwana and Eurasia continents.
This closure produced an arcuate ophiolite belt extending from the
Balkan Peninsula through Anatolian Taurus Mountains to the Iranian
Main Zagros fold-thrust belt (or Main Zagros Thrust Fault) (Dilek
et al., 2007). As part of this system, the ~2000 km-long Main Zagros
fold-thrust belt, extending from southeastern Turkey through northern
Syria and north- northeastern Iraq to western and southern Iran and
into northern Oman, is interpreted to have formed during the closure
of the Neo-Tethyan Ocean and subsequent oblique collision of the
Afro-Arabian plate (Gondwanaland) with the Iranian micro-continent
in the Late Cretaceous–Early Tertiary (Alavi, 2004).

The Abdasht ultramafic complex has a north–south trending shape,
and is over 8 km long and 5 km wide. It is situated in south-east of
gan–Durkan (SS/BD) zone. Note the position of the inner (Nain–Dehshir–Baft) and outer
map of the Abdasht ultramafic complex (modified after Ahmadipour, 2000).

Image of Fig. 1
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Iran southern Kermanprovince (Fig. 1a) in the Sanandaj–Sirjan/Bajgan–
Durkan (SS/BD) metamorphic zone in the ophiolitic mélange belt of the
Haji Abad-Esfandagheh district. The SS/BD block consists of metamor-
phic rocks (garnetiferous schists, quartzite and marbles) that are Early
Paleozoic or older (McCall, 1985). The Bajgan–Durkan complex is be-
lieved to be the continuation of the Sanandaj–Sirjan metamorphic
zone of Iran and the Bittlis massif of Turkey (McCall, 1985). In this con-
text the Sanandaj–Sirjanmicrocontinental fragment extends eastwards,
and is referred as the Sanandaj–Sirjan/Bajgan–Durkan block (McCall,
1997).

The study area is located in theHaji Abad-Esfandagheh district at the
SE edge of the Main Zagros fold-thrust belt (Fig. 1a). This belt resulted
from the shortening and accretion of thick sediments from the northern
margin of the Arabian platform, essentially behaving as an accretionary
prism at the Iranian convergent margin (Shafaii Moghadam and Stern,
2011). The distribution of Upper Cretaceous ophiolites in the Zagros
orogenic belt defines the northern limit of the evolving suture between
Eurasia and Arabia and marks a Late Cretaceous episode of subduction
Fig. 2. Field photographs of the chromitites and associated ultramafic rocks from Abdasht ultram
the chromitite) and darkmassive harzburgitic peridotite (Per). b) Several thin banded units of c
(Du) due to high P–T deformations. e) Nodular chromitite from the Abdasht mining area; f) Fol
initiation on the northern side of the Neo-Tethys (Moghadam et al.,
2010) and comprises two parallel belts: (1) Outer Zagros Ophiolitic
Belt (OB) and (2) Inner Zagros Ophiolitic Belt (IB) (Shafaii Moghadam
and Stern, 2011). The OB, crops out along the Zagros fold-thrust belt
from theNWto SE (Fig. 1a); it provides a record of the geodynamic evo-
lution of a Neo-Tethys oceanic branch (southern Neo-Tethys Ocean) be-
tween the Arabian shield (Gondwana) and the Sanandaj–Sirjan
continental block of Iran (e.g. Allahyari et al., 2014; Berberian and
King, 1981). The OB contains the Kermanshah, Neyriz and Haji Abad-
Esfandagheh ophiolites. The latter have been considered as slices of Te-
thyan oceanic lithosphere accreted during NE-directed subduction be-
neath Iran (e.g. Babaie et al., 2001). The IB is located along the SW
periphery of the Central Iranian block and contains the Nain–Dehshir–
Baft ophiolites (Fig. 1a).

The Haji Abad-Esfandagheh district is located in a very tectonically
active zone, composed of highly deformed metamorphic rocks (SS/
BD), colored mélange and several mafic–ultramafic complexes (e.g.
Soghan (Najafzadeh and Ahmadipour, 2014a); Sikhuran (Ghasemi
afic complex. a) Sharp contact between an envelope of light colored dunite (Du) (hosting
hromitite (Chr) occur in dunite (Du). c,d) Intrafolial banding of chromitite (Chr) in dunite
ded schlieren-type chromitite, level 2, Abdasht mining area, (after Jannessary et al., 2012).

Image of Fig. 2
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et al., 2002); Dehsheikh (Peighambari et al., 2011) and Abdasht
(Jannessary et al., 2012; Najafzadeh and Ahmadipour, 2014b)) with
total probable reserves of 8 million t of chromite ores grading 41%
Cr2O3. The Abdasht complex is one of the ultramafic massifs in Haji
Abad-Esfandagheh district within the Outer Zagros Ophiolitic Belt
(Fig. 1a, b).
3. Field observations

The Abdasht complex is one of the major ultramafic complexes in
south-east Iran (located in Esfandagheh area from the Haji Abad-
Esfandagheh district) and is composed mainly of serpentinized
harzburgite, dunite, chromitite, and subordinate lherzolite andwehrlite.
The peridotites are exposed as discontinuous layers, pods and elongated
lenses. The layers are up to 25m in thickness and exhibit fold and thrust
structures. The degree of serpentinization is up to 50 vol.%.

Harzburgites are the most abundant rock type exposed within the
complex (more than 70%). They are observed as dark brown-colored
outcrops that contain deformed and elongated cm-sized orthopyroxenes
and sparse mm-sized chromian spinels (Fig. 2a).

The dunites are surrounded by harzburgites and occur as small pods
to elongated lenses and relatively extended deformational layers and
range in extension from a few m to a few km (e.g. in Abdasht Mine).
The contacts between harzburgites and dunites are sharp, but the orig-
inal structural geometry of the harzburgites and dunites has been oblit-
erated by extensive faulting and deformation.

The Abdasht ultramafic complex contains several chromitite ore
bodies. In all of the types of chromitite ore bodies (massive, banded or
nodular) the contacts between the ores and the host dunites are
sharp. In rare instances, such as in Kamal-Abad banded ores, the contact
is gradational. Occasionally, the chromitite bands display folding. The
chromitite ore bodies follow three distinct pseudo-stratigraphic levels
that occur in 16mineralized outcrops up to 3 km long. Some of these lo-
cations are activelymined and all of them belong to the concordant, de-
formed podiform type. In 1969, reserves of 0.5–1 million t of ore were
indicated (Schmidt, 1974). At that time, about 130 t per day of ore
(grading 52% Cr2O3) was mined at three levels connected by a shaft in-
clined at 48°. According to Hillebrand (1983), the main ore body ex-
tends for 1000 m along strike and dips 40 to 60° north. Some of the
massive chromitite lenses are 10 to 25 m long and 0.5–3 m thick. In
2005, production took place in ore body 1 on level 8 at 220 m depth.
This level 1 ore body at Abdasht Mine consists of strongly deformed
ore with ore boudins reaching 3 m in thickness (Jannessary et al.,
Fig. 3.Modal mineralogy based on petrographic investigation of the peridotites from the Abdas
2012). The mineral bands occur as lenses and tabular (layered)
shapes of variable sizes (Fig. 2b). Chromitite layers occasionally show
intrafolial folding due to high P–T deformation (Fig. 2c-d). The level 1
chromitite illustrates abundant undeformed nodular that extends
along the south-western border of the complex. Nodular chromitite
ores contain rounded matrix-supported chromite nodules in a moder-
ately serpentinized dunite host. The sizes of nodules vary from 0.5 to
2.5 cm in diameter (Fig. 2e). The nodules are internally massive and
contain interlocking anhedral chromian spinel grains.

A small active mine in the centre of the Abdasht complex exploits a
steeply inclined folded schlieren-type chromitite attributed to the strat-
igraphic position of the level 2 chromitite (Fig. 2f). The level 3 chromitite
exposes the stratigraphic footwall in the area along the eastern border
of the complex, with boudin-shaped lenses of 0.5 to 3 m thickness
that can be traced for 3 km along strike (Jannessary et al., 2012).

The boundaries between chromitite and dunites are commonly well
defined. The tabular or layer shapes are developed parallel to the peri-
dotite banding and their lateral extent reaches up to 600 m (e.g. in
Abdasht Mine, Shabahang and Kamal Abad). In these ore bodies,
chromitites exhibit fine-grained disseminations of chromian spinel
through to coarse-grained nodular to massive coarse-grained nodular
chromitite ores. Chromitite varies from disseminated into massive and
the thickness of chromitite layers increases to reach 4 m in the deepest
part of the mineral zone. In some of the mines (e.g. the Six Mine) there
are high-grade massive chromitite lenses that are located in the
serpentinized marginal parts of the complex.
4. Petrography of peridotites and chromitite orebodies

The harzburgites contain olivine (74–88 vol.%) (Fo90.7–91.1),
orthopyroxene (11–25 vol.%) (En90–93Fs6–9Wo1), rare (up to 3 vol.%)
clinopyroxene and chromian spinel (up to 1 vol.%) (Fig. 3). They have
a protogranular texture and the grain size of olivine and orthopyroxene
is up to 1 cm (Fig. 4a). Olivine sometimes shows a resorbed texture
when it is enclosed by large orthopyroxene grains (Fig. 4b). In other
samples, porphyroclastic textures are defined by orthopyroxene grains.
Orthopyroxene can host clinopyroxene lamellae and shows deforma-
tional features such as elongation and the development of kink bands.
Chromian spinel (0.1–1 mm in diameter) is brown to reddish brown-
colored and euhedral to subhedral and in some cases, a Cr-rich chlorite
(kaemmererite) rim is developed around chromian spinel crystal
(Fig. 4c). High P–T textures such as elongation of orthopyroxenes and
spinels, mechanical twining in olivines, exsolution lamellae in
ht Ultramafic Complex. Classification diagram of ultramafic rocks is after Le Maitre (2002).

Image of Fig. 3


Fig. 4. Photomicrographs of harzburgites, dunites and lherzolites from the Abdasht ultramafic complex. TPL = transmitted polarized light; TCN = transmitted crossed nicols.
a) Clinopyroxene (Cpx) grains in a serpentinized (Srp) matrix in harzburgite with protogranular texture (TCN). b) Resorbed olivine (Ol) in a large orthopyroxene (Opx) grain partly
altered to serpentine (Srp) in harzburgite (TCN). c) Chromian spinel (Chr) grain show rims of Cr-rich chlorite (kaemmererite) in a partly serpentinized olivine (Ol) matrix in
harzburgite (TCN). d) Grain boundary migration in partly serpentinized olivines (Ol) of dunite (TCN). e) Internal deformation and kink band in partly serpentinized olivines of dunite
(TCN). f) Subhedral chromian spinel grain (Sp) hosting two olivine inclusions (Ol) in dunite (TPL). g) Protogranular serpentine bastite after orthopyroxene showing the ragged,
embayed appearance of orthopyroxene in lherzolite (TCN). h) Back-scattered electron (BSE) images of unaltered chromian spinel grains with the matrix filled by serpentine from
massive chromitites.
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Table 1
Representative electron-microprobe analyses of chromian spinel in different chromitite
pods of the Abdasht ultramafic complex, Iran.

Sample no. Ab3 Ab3 Ab4 Ab4 Ab4 Ab7 Ab7 Ab7

Oxides (wt.%)
SiO2 bdl 0.01 bdl bdl bdl 0.01 bdl bdl
TiO2 0.16 0.14 0.18 0.15 0.17 0.16 0.18 0.20
Al2O3 12.20 12.40 12.00 12.80 12.10 12.50 12.60 12.07
Cr2O3 59.20 59.10 59.00 58.97 60.10 59.20 59.80 59.20
Fe2O3 0.56 0.70 0.80 1.10 1.00 0.60 1.20 0.90
FeO 13.70 13.20 13.50 13.20 13.10 13.20 13.50 13.20
MnO bdl bdl bdl bdl bdl bdl bdl bdl
MgO 13.20 13.80 13.40 13.50 13.10 13.40 13.50 13.00
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NiO 0.06 0.09 0.07 0.07 0.05 0.01 0.08 0.08
Total 99.08 99.44 98.95 99.79 99.62 99.08 100.86 98.65

Cations (structural formula on the basis of 4 oxygen)
Si bdl 0.000 bdl bdl bdl 0.000 bdl bdl
Ti 0.004 0.003 0.004 0.004 0.004 0.004 0.004 0.005
Al 0.465 0.469 0.458 0.482 0.458 0.474 0.471 0.462
Cr 1.512 1.500 1.509 1.490 1.526 1.507 1.498 1.519
Fe3+ 0.014 0.017 0.019 0.026 0.024 0.015 0.029 0.022
Fe2+ 0.370 0.354 0.365 0.353 0.352 0.355 0.358 0.358
Mn bdl bdl bdl bdl bdl bdl bdl bdl
Mg 0.636 0.660 0.646 0.643 0.627 0.643 0.638 0.629
Ca bdl bdl bdl bdl bdl bdl bdl bdl
Ni 0.002 0.002 0.002 0.002 0.001 0.000 0.002 0.002
Total 3.001 3.004 3.002 2.997 2.992 2.998 2.997 2.994
Cr/Al 3.26 3.20 3.30 3.09 3.33 3.18 3.18 3.29
aCr# 0.77 0.76 0.77 0.76 0.77 0.76 0.76 0.77
bFe# 0.37 0.35 0.36 0.35 0.36 0.36 0.36 0.36
cMg# 0.63 0.65 0.64 0.65 0.64 0.64 0.64 0.64
dFe3+# 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
e(FeO/MgO)melt 0.65 0.60 0.63 0.61 0.63 0.62 0.63 0.64
fAl2O3 melt 12.00 12.09 11.92 12.25 11.96 12.13 12.17 11.95
fTiO2 melt 0.26 0.23 0.28 0.25 0.27 0.26 0.28 0.31

bdl: below detection limit.
a Cr#:Cr/(Cr + Al) atomic ratio.
b Mg#: Mg/(Mg + Fe2+) atomic ratio.
c Fe#:Fe2+/(Fe2+ + Mg) atomic ratio.
d Fe3+#: Fe3+/(Fe3+ + Al + Cr) atomic ratio.
e Maurel (1984, cited in Augé, 1987).
f Rollinson (2008) for arc settings.
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the orthopyroxenes and other plastic deformational features in
harzburgites indicate that these rocks were originally formed at mantle
pressures and temperatures.

Dunites consist of olivine (95–99 vol.%) (Fo91.3–91.9), and chromian
spinel (1–5 vol.%) (Fig.3). These minerals have a granoblastic texture.
Olivine has a curved grain boundary and there is evidence for grain
boundary migration (GBM) recrystallisation (Fig. 4d). Olivine displays
deformation lamellae along its slip planes, mini kinking as mechanical
twinnings and irregular extinction band configurations (Fig. 4e).
Finer-grained strain-free polygonized olivine crystals probably indicate
static recrystallisation processes in dunites. Olivine grains range from
0.5 to a few millimiters in diameter. Chromian spinels are finer-
grained at 0.1–0.3 mm in diameter and occur as subhedral to euhedral
dark brown grains and locally host olivine inclusions (Fig. 4f).

Lherzolites contain 66–79 vol.% olivine (Fo90.7–91.1), up to 11–18 vol.%
clinopyroxene (En48–50Fs1-3Wo49–50), 10–15 vol.% orthopyroxene
(En91–92Fs7–8Wo1) and about 1 vol.% chromian spinel (Fig. 3).
Protogranular texture is prevalent in lherzolites and deformational fea-
tures such as kink band and undulatory extinction are frequent in olivine
grains. Clinopyroxene shows a range in grain size from 0.5–1 mm. The
coarse crystals sometimes contain exsolution lamellae of orthopyroxene.
The lherzolites are highly serpentinized and orthopyroxene bastites
are commonly developed (Fig. 4g). In some cases the lherzolites
containchromian spinel grains that are partially or completely
surrounded by Cr-rich chlorite (kaemmererite) (Fig. 4g); this texture is
also developed in the harzburgites.
Massive chromitite ores composed of 80–90 vol.% chromian spinel
and minor serpentinized olivine is found between the spinel grains.
The grain sizes of chromian spinels ranges from 5 to 15 mm in these
ore bodies. The massive chromitite is enclosed in dunite, but their
boundaries and shapes are commonly interrupted by numerous faults.
They consist of euhedral to subhedral chromian spinel and interstitial
serpentinized olivines. Chromian spinel crystals have fractures with no
alteration (Fig. 4h).

In disseminated chromitites, chromian spinels are small euhedral
grains (with 2–3 mm in diameter) set in olivine matrix. Sometimes
chromian spinels have small rounded olivine inclusions. In the Kamal
Abad Mine, chromitites show a banded texture defined by fine-
grained chromitite intercalated with serpentinized dunite (Fig. 2d). In
the Momtaz Mine, nodular chromitites are rounded and flattened and
chromite nodules hosted by a dunite matrix (Fig. 2e).

5. Methods and analytical procedures

The analysis of chromian spinel and associated silicate minerals was
carried out with a JEOL electron-probe micro analyzer CAMEBAX
SX50 at the Jusieu and Bertagne Occidentale University, France. Analyti-
cal conditionswere 15 kV accelerating voltage, 12 nA probe current with
the counting time varying from 10 to 20 s., and the raw data were
corrected with an on-line ZAF program. The amounts of Fe3+ and Fe2+

in chromian spinel were calculated assuming spinel (AB2O4) stoichiom-
etry, based on the general equation of Droop (1987) for calculating ferric
iron. The analytical results are presented in Tables 1, 2, 3 and 4.

A total of 15 representative samples of chromitites and associated
dunites, harzburgites, and lherzolites of the ultramafic complex of
Abdasht were selected and analyzed for all PGE (Os, Ir, Ru, Rh, Pt, and
Pd), Au, Ni and Cu. The very low PGE and Au contents impose the use
of a combined procedure of pre-concentration and matrix elimination
prior to the detection with ICP-MS. This was achieved by fire assay
with nickel sulfide collection (mixing the sample with mixture of soda
ash, borax, silica sulfur and nickel carbonate or nickel oxide). After pre
concentration the sample solution were analyzed using Perkin-Elmer
Sciex ELAN 9000 ICPMS at the Genalysis Laboratory Services Pty. Ltd.
at Maddington, Western Australia. Analytical accuracy and precision
were routinely checked using international standards, including
AMIS0076, AMIS0124, HGMN.1, and by analyzing blanks and duplicates.
Based on reference samples analyzed during several years in the lab re-
covery was estimated to be better than 85%, which is in the range of the
efficiency usually obtained by NiS fire assay. Detection limits are 2 ppb
for Os, Ir, Ru, Pt, Pd and Ni, 1 ppb for Rh and Cu and 5 ppb for Au.

6. Mineral and whole rock compositional variations of the
chromitites and associated rocks

Ahmadipour et al. (2003) studied the geochemistry, petrology and
mineralogy of the chromitites and associated peridotites from the
Abdasht ultramafic complex. Here we emphasize some features (such
as mineral chemistry and bulk-rock PGE geochemistry) that are impor-
tant to the interpretation of the distribution of PGE. Sixty one (61) elec-
tron microprobe analyses were carried out on chromian spinel and
silicates from polished sections from chromitite, and the host dunite,
harzburgite and lherzolite. Electronprobemicro analyses of chromian spi-
nel, olivine, orthopyroxene and clinopyroxene are given in Tables 1-4. The
whole rock PGE contents of chromitites and peridotites together with
Pd/Ir values and Pt anomaly (Pt/Pt⁎=Ptn/√Rhn·Pdn) are listed in Table 5.

6.1. Mineral chemistry

6.1.1. Chromian spinel (Cr-spinel) composition
There is a distinct compositional difference in chromian spinel

chemistry from the different rock types of the Abdasht complex. The
chromian spinels are usually fresh, well-preserved and retained their



Table 2
Representative electron-microprobe analyses of accessory chromian spinel from the Abdasht peridotites. Du: accessory chromian spinel in dunite, Hz: accessory chromian spinel in
harzburgite, Lz: accessory chromian spinel in lherzolite.

Lithology Du Du Du Du Du Du Du Du Du Du Hz

Sample no. Ab2 Ab2 Ab5 Ab5 Ab5 Ab2 Ab2 Ab2 Ab5 Ab5 Ab1

Oxides (wt.%)
SiO2 bdl bdl 0.01 bdl bdl 0.01 0.02 0.02 0.01 0.01 bdl
TiO2 0.10 0.11 0.09 0.08 0.12 0.08 0.11 0.14 0.10 0.12 0.06
Al2O3 7.10 6.50 6.70 6.30 6.20 6.87 6.50 6.76 6.21 6.35 27.40
Cr2O3 52.10 52.30 52.00 52.60 52.40 55.21 57.41 58.12 59.31 58.37 39.40
Fe2O3 5.60 5.10 5.30 5.40 5.00 2.54 1.54 1.63 2.05 2.72 1.70
FeO 25.10 25.20 24.80 26.10 25.40 23.96 22.98 23.25 22.50 22.20 17.00
MnO 0.21 0.22 0.23 0.22 0.21 0.10 0.00 0.10 0.10 0.10 0.22
MgO 5.40 5.60 5.50 5.20 5.80 6.28 7.34 7.81 8.10 7.86 12.00
CaO bdl bdl bdl bdl 0.01 0.03 0.02 0.03 bdl bdl bdl
NiO 0.04 0.05 0.01 0.05 0.02 0.01 0.05 0.05 0.04 0.02 0.10
Total 95.65 95.08 94.64 95.95 95.16 95.09 95.97 97.91 98.42 97.75 97.88

Cations (structural formula on the basis of 4 oxygen)
Si bdl bdl bdl bdl bdl bdl 0.001 0.001 bdl bdl bdl
Ti 0.003 0.003 0.002 0.002 0.003 0.002 0.003 0.004 0.003 0.003 0.001
Al 0.304 0.281 0.290 0.271 0.268 0.294 0.274 0.279 0.255 0.262 0.998
Cr 1.497 1.517 1.512 1.519 1.520 1.586 1.626 1.610 1.634 1.618 0.962
Fe3+ 0.153 0.141 0.147 0.148 0.138 0.069 0.042 0.043 0.054 0.072 0.040
Fe2+ 0.763 0.773 0.763 0.797 0.780 0.728 0.688 0.681 0.656 0.651 0.439
Mn 0.006 0.007 0.007 0.007 0.007 0.003 0.000 0.003 0.003 0.003 0.006
Mg 0.293 0.306 0.301 0.283 0.317 0.340 0.392 0.408 0.421 0.411 0.553
Ca bdl bdl bdl bdl 0.000 0.001 0.001 0.001 bdl bdl bdl
Ni 0.001 0.001 0.000 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.002
Total cations 3.020 3.028 3.023 3.028 3.033 3.023 3.026 3.029 3.026 3.020 2.999
Cr/Al 4.92 5.40 5.21 5.60 5.67 5.39 5.93 5.77 6.41 6.17 0.96
aCr# 0.83 0.84 0.84 0.85 0.85 0.84 0.86 0.85 0.87 0.85 0.49
bMg# 0.28 0.28 0.28 0.26 0.29 0.32 0.36 0.37 0.39 0.39 0.56
cFe# 0.72 0.72 0.72 0.74 0.71 0.68 0.68 0.63 0.61 0.61 0.44
dFe3+# 0.08 0.07 0.08 0.08 0.07 0.04 0.02 0.02 0.03 0.04 0.02

Lithology Hz Hz Hz Hz Hz Hz Hz Hz Lz Lz Lz Lz

Sample no. Ab1 Ab1 Ab6 Ab6 Ab1 Ab1 Ab6 Ab6 Ab9 Ab9 Ab9 Ab9

Oxides (wt.%)
SiO2 0.01 0.02 bdl bdl bdl 0.03 0.01 0.03 bdl bdl 0.01 bdl
TiO2 0.04 0.09 0.03 0.06 0.03 0.04 0.02 0.08 0.06 0.07 0.04 0.05
Al2O3 27.30 27.50 27.10 27.80 21.57 19.81 20.45 27.50 26.80 27.50 27.10 26.50
Cr2O3 39.20 38.40 39.10 39.00 46.62 44.20 43.25 39.10 38.50 39.20 38.60 39.00
Fe2O3 1.50 1.01 0.70 1.74 2.67 3.84 2.96 2.10 1.22 1.54 1.22 2.31
FeO 17.20 17.90 17.40 17.11 16.28 16.43 16.83 16.90 17.10 17.50 17.10 16.90
MnO 0.26 0.22 0.20 0.19 0.10 0.16 0.18 0.21 0.22 0.23 0.21 0.20
MgO 12.20 12.10 12.30 12.20 11.84 11.52 11.35 12.00 12.30 12.40 12.30 12.04
CaO bdl bdl bdl 0.02 0.01 0.02 bdl bdl bdl bdl 0.02 bdl
NiO 0.05 0.07 0.06 0.04 0.04 0.06 0.05 0.04 0.04 0.02 0.03 0.07
Total 97.76 97.31 96.89 98.16 99.16 96.11 95.10 97.96 96.24 98.46 96.63 97.07
Si 0.000 0.001 bdl bdl bdl 0.001 0.000 0.001 bdl bdl 0.000 bdl
Ti 0.001 0.002 0.001 0.001 0.001 0.001 0.000 0.002 0.001 0.002 0.001 0.001
Al 0.995 1.008 0.997 1.007 0.795 0.760 0.790 0.999 0.992 0.995 0.998 0.976
Cr 0.959 0.944 0.965 0.948 1.153 1.137 1.121 0.953 0.956 0.952 0.954 0.963
Fe3+ 0.035 0.024 0.016 0.040 0.063 0.094 0.073 0.049 0.029 0.036 0.029 0.054
Fe2+ 0.445 0.465 0.454 0.440 0.426 0.447 0.462 0.436 0.449 0.449 0.447 0.442
Mn 0.007 0.006 0.005 0.005 0.003 0.004 0.005 0.005 0.006 0.006 0.006 0.005
Mg 0.563 0.561 0.572 0.559 0.552 0.559 0.555 0.552 0.576 0.568 0.573 0.561
Ca bdl bdl bdl 0.001 0.000 0.001 bdl bdl bdl bdl 0.001 bdl
Ni 0.001 0.002 0.002 0.001 0.001 0.002 0.001 0.001 0.001 0.000 0.001 0.002
Total 3.004 3.010 3.010 3.001 2.993 3.003 3.007 2.997 3.010 3.007 3.008 3.002
Cr/Al 0.96 0.94 0.97 0.94 1.45 1.50 1.42 0.95 0.96 0.96 0.96 0.99
Cr# 0.49 0.48 0.49 0.49 0.59 0.60 0.59 0.49 0.49 0.49 0.49 0.50
Mg# 0.56 0.55 0.56 0.56 0.57 0.56 0.55 0.56 0.56 0.56 0.56 0.56
Fe# 0.44 0.45 0.44 0.44 0.44 0.45 0.45 0.44 0.44 0.44 0.44 0.44
Fe3+# 0.02 0.01 0.01 0.02 0.03 0.05 0.04 0.02 0.01 0.02 0.01 0.03

bdl: below detection limit.
a Cr#:Cr/(Cr + Al) atomic ratio.
b Mg#: Mg/(Mg + Fe2+) atomic ratio.
c Fe#:Fe2+/(Fe2+ + Mg) atomic ratio.
d Fe3+#: Fe3+/(Fe3+ + Al + Cr) atomic ratio.
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primary compositions. Microprobe analyses of chromian spinels in
chromitites and peridotites are presented in Tables 1 and 2, respectively.
There is no evidence of compositional variation or zoning in chromian
spinels of chromitites (Fig. 4h). The composition of chromian spinels
in massive chromitites yields Cr2O3 from 59 to 60.1 wt.% (average
59.3 wt.%), Al2O3 from 12.0 to 12.8 wt.% (average 12.3 wt.%) and MgO



Table 3
Representative analyses of olivine from the pridotites in the Abdasht ultramafic complex. Du: Dunite, Hz: Harzburgite, Lz: Lherzolite.

Lithology Du Du Du Du Du Du Hz Hz Hz Hz Hz Hz Hz Lz Lz Lz

Sample no. Ab2 Ab2 Ab5 Ab5 Ab5 Ab5 Ab1 Ab1 Ab1 Ab6 Ab6 Ab6 Ab6 Ab9 Ab9 Ab9

SiO2 41.40 40.90 41.10 41.00 41.03 41.00 41.08 40.50 41.50 40.80 41.80 42.00 41.70 40.80 41.09 41.10
TiO2 0.02 0.01 0.03 0.05 0.01 0.02 bdl 0.01 bdl 0.04 0.01 bdl 0.01 0.02 bdl bdl
Al2O3 bdl bdl 0.01 0.01 bdl 0.01 0.01 0.02 bdl 0.03 0.01 0.01 0.02 bdl bdl 0.01
Cr2O3 0.02 bdl bdl bdl bdl 0.03 0.02 0.05 0.01 bdl bdl 0.01 0.02 bdl bdl 0.02
Fe2O3 1.03 1.68 1.77 2.09 1.51 2.23 1.40 2.08 0.89 2.00 bdl bdl 0.12 0.68 bdl 1.01
FeO 7.08 6.59 6.40 6.52 6.84 6.50 7.24 7.23 8.20 6.70 7.80 8.50 8.79 8.29 8.50 8.19
MnO 0.15 0.12 0.08 0.12 0.13 0.14 0.10 0.16 0.08 0.10 0.16 0.11 0.12 0.12 0.15 0.10
MgO 51.01 50.80 51.20 51.02 50.80 51.20 50.60 49.90 50.40 50.60 50.40 49.60 50.20 49.60 49.50 50.10
CaO 0.01 0.04 0.01 bdl bdl 0.01 bdl bdl 0.01 0.02 0.03 bdl bdl 0.01 bdl 0.01
NiO 0.34 0.33 0.36 0.39 0.32 0.31 0.35 0.39 0.38 0.40 0.35 0.39 0.37 0.28 0.23 0.30
Na2O bdl bdl bdl bdl 0.01 bdl bdl bdl 0.01 bdl bdl bdl bdl bdl bdl bdl
K2O 0.01 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.01 bdl bdl bdl bdl
Total 101.06 100.47 100.97 101.20 100.65 101.44 100.80 100.34 101.48 100.69 100.56 100.63 101.35 99.80 99.47 100.84
Si 0.997 0.991 0.990 0.988 0.993 0.985 0.994 0.988 0.999 0.988 1.012 1.020 1.005 0.999 1.008 0.996
Ti 0.000 0.000 0.001 0.001 0.000 0.000 bdl 0.000 bdl 0.001 0.000 bdl 0.000 0.000 bdl bdl
Al bdl bdl 0.000 0.000 bdl 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.001 bdl bdl 0.000
Cr 0.000 bdl bdl bdl bdl 0.001 0.000 0.001 0.000 bdl bdl 0.000 0.000 bdl bdl 0.000
Fe2+ 0.160 0.160 0.160 0.170 0.170 0.170 0.180 0.190 0.190 0.180 0.160 0.173 0.177 0.180 0.174 0.190
Mn 0.003 0.002 0.002 0.002 0.003 0.003 0.002 0.003 0.002 0.002 0.003 0.002 0.002 0.002 0.003 0.002
Mg 1.831 1.835 1.839 1.832 1.832 1.834 1.825 1.814 1.809 1.827 1.819 1.796 1.804 1.810 1.810 1.810
Ca 0.000 0.001 0.000 bdl bdl 0.000 bdl bdl 0.000 0.001 0.001 bdl bdl 0.000 bdl 0.000
Ni 0.007 0.006 0.007 0.008 0.006 0.006 0.007 0.008 0.007 0.008 0.007 0.008 0.007 0.006 0.005 0.006
Na bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
K bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Fo 91.76 91.63 91.85 91.43 91.57 91.34 91.29 90.57 90.81 91.27 91.82 91.12 90.84 90.73 91.07 90.65
Fa 8.07 8.20 8.05 8.44 8.29 8.51 8.60 9.27 9.10 8.60 7.97 8.76 9.03 9.13 8.77 9.24
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from 13.0 to 13.8 wt.% (average 13.4 wt.%). In the massive chromitites,
chromian spinels are Cr-rich and exhibit a uniform composition. They
are characterized by Cr# [=Cr/(Cr + Al) atomic ratio] ranging from
Table 4
Representative microprobe analyses of orthopyroxene and clinopyroxene from the studied harz
100 × Fe2+/(Mg + Fe2+ + Ca), Wo = 100 × Ca/(Mg + Fe2+ + Ca), OPX = Orthopyroxene, C

Mineral OPX OPX OPX OPX OPX OPX

Lithology Hz Hz Hz Hz Hz Hz

Sample No. Ab1 Ab1 Ab1 Ab6 Ab6 Ab6

SiO2 56.50 56.70 56.60 56.20 56.80 56.10
TiO2 bdl 0.01 0.02 0.03 0.01 0.00
Al2O3 2.10 2.30 1.80 2.00 2.20 1.60
Cr2O3 0.61 0.51 0.54 0.50 0.51 0.49
FeOt 5.50 5.60 5.40 5.90 5.70 5.70
MnO 0.11 0.14 0.07 0.09 0.11 0.12
MgO 34.80 34.50 34.70 35.10 34.10 34.20
CaO 0.35 0.39 0.38 0.37 0.38 0.35
Na2O bdl 0.01 0.02 bdl 0.01 0.02
K2O bdl bdl bdl bdl bdl 0.01
NiO 0.08 0.05 0.12 0.11 0.14 0.09
Total 100.05 100.21 99.65 100.30 99.96 98.68
Si 1.940 1.946 1.952 1.925 1.958 1.956
Ti bdl bdl 0.001 0.001 bdl bdl
Al4 0.060 0.054 0.048 0.075 0.042 0.044
Al6 0.025 0.040 0.025 0.006 0.048 0.022
Fe3+ 0.018 0.001 0.009 0.055 0.000 0.011
Cr 0.017 0.014 0.015 0.014 0.014 0.014
Fe2+ 0.140 0.160 0.146 0.114 0.164 0.156
Mn 0.003 0.004 0.002 0.003 0.003 0.004
Mg 1.782 1.765 1.784 1.792 1.752 1.778
Ca 0.013 0.014 0.014 0.014 0.014 0.013
Na bdl 0.001 0.001 bdl 0.001 0.001
Tot. cat 4.000 4.000 4.000 4.000 4.000 4.000
Mg# 0.93 0.92 0.92 0.94 0.91 0.92
Wo 0.67 0.74 0.72 0.71 0.73 0.67
En 92.08 91.01 91.75 93.34 90.76 91.33
Fs 7.26 8.25 7.53 5.95 8.51 8.00
0.76 to 0.77, Mg# [=Mg/(Mg + Fe2+) atomic ratio] from 0.63 to 0.65,
whereas TiO2 is b0.2 wt.% (average 0.17 wt.%) (Fig. 5a). All spinels ex-
hibit negative correlation between the Al2O3 versus Cr2O3, and MgO
burgites and lherzolites. Mg#:Mg/(Mg+ Fe2+), En= 100 ×Mg/(Mg+ Fe2++ Ca), Fs=
PX = Clinopyroxene, Hz = Harzburgite, Lz = Lherzolite, bdl = below detection limit.

OPX OPX OPX CPX CPX CPX CPX

Lz Lz Lz Lz Lz Lz Lz

Ab9 Ab9 Ab9 Ab9 Ab9 Ab9 Ab9

56.20 56.40 56.70 51.62 51.30 52.00 52.60
0.04 0.03 0.04 0.25 0.31 0.26 0.32
2.60 2.80 2.90 3.50 3.70 3.25 3.20
0.50 0.51 0.50 0.45 0.65 0.52 0.60
5.50 5.40 5.60 3.10 2.95 2.65 2.00
0.60 0.12 0.10 0.10 0.08 0.10 0.10
34.00 34.20 33.80 17.00 17.21 17.23 16.64
0.61 0.60 0.59 23.35 23.10 23.56 23.58
0.05 0.04 0.03 0.11 0.12 0.11 0.13
bdl bdl bdl bdl bdl bdl bdl
0.16 0.18 0.10 0.01 0.00 0.12 0.14
100.26 100.28 100.36 99.49 99.42 99.80 99.31
1.932 1.935 1.947 1.885 1.873 1.891 1.925
0.001 0.001 0.001 0.007 0.009 0.007 0.009
0.067 0.064 0.052 0.108 0.119 0.102 0.066
0.038 0.049 0.066 0.042 0.040 0.038 0.072
0.019 0.004 0.000 0.061 0.068 0.057 0.000
0.014 0.014 0.014 0.013 0.019 0.015 0.017
0.140 0.151 0.161 0.034 0.022 0.024 0.061
0.017 0.003 0.003 0.003 0.002 0.003 0.003
1.742 1.749 1.731 0.925 0.937 0.934 0.908
0.022 0.022 0.022 0.914 0.903 0.918 0.925
0.003 0.003 0.002 0.008 0.008 0.008 0.009
4.000 4.000 4.000 4.000 4.000 4.000 4.000
0.93 0.92 0.91 0.96 0.98 0.98 0.94
1.18 1.15 1.13 48.78 48.53 48.93 48.83
91.49 91.01 90.46 49.41 50.31 49.79 47.94
7.33 7.84 8.41 1.81 1.16 1.28 3.23



Table 5
Analyses of bulk-rock PGE in part per billion (ppb), Au (ppb), Ni and Cu in part per million (ppm) of chromitites, dunites, harzburgites and lherzolites of the Abdasht ultramafic complex, Iran.

Sample N-A-4A N-A-4B N-A-5A N-A-5B N-A-6 N-A-12 N-A-1 N-A-3 N-A-10 N-A-9 N-A-7 N-A-13 N-A-2 N-A-8 N-A-2D

Lithology Chromite Chromite Chromite Chromite Chromite Chr-leopard Dunite Dunite Dunite Dunite Harzburgite Harzburgite Lherzolite Lherzolite Lherzolite

Os 28 22 18 16 60 10 b2 b2 b2 b2 b2 b2 b2 b2 b2
Ir 38 34 34 32 56 21 6 2 b2 3 4 4 3 3 3
Ru 110 103 107 91 136 67 7 7 5 8 6 9 7 6 7
Rh 10 10 17 13 12 7 2 1 b1 1 2 1 1 1 2
Pt b2 2 b2 b2 b2 b2 4 4 b2 b2 18 10 7 b2 8
Pd b2 b2 b2 b2 b2 b2 8 b2 b2 b2 7 12 6 9 6
Au b5 b5 b5 b5 18 5 b5 b5 5 b5 b5 7 b5 7 5
Ni 1070 939 1190 1122 1333 1393 2370 2500 2583 2489 2156 2068 2117 2181 2100
Cu 15 32 19 13 39 6 3 4 4 6 23 21 19 16 19
Total PGE 186 171 176 152 264 105 27 14 5 12 37 36 24 19 26
IPGE 176 159 159 139 252 98 14 10 7 12 11 14 11 10 11
PPGE 12 13 20 15 14 9 14 6 3 3 27 23 14 11 16
ƩIPGE/ƩPPGE 14.67 12.23 7.95 9.27 18.00 10.89 1.00 1.67 2.33 4.00 0.41 0.61 0.79 0.91 0.69
ƩPPGE/ƩIPGE 0.07 0.08 0.13 0.11 0.06 0.09 1.00 0.60 0.43 0.25 2.45 1.64 1.27 1.10 1.45
Pt/Pt* 0.10 0.20 0.08 0.09 0.09 0.12 0.32 0.91 1.28 1.54 0.11 0.32 0.45 0.92 0.74
Pd/Ir b0.05 b0.06 b0.06 b0.06 b0.04 b0.1 1.33 0.50 * 0.33 1.75 3.00 2.00 3.00 2.00
Cu/Ni 0.01 0.03 0.02 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01
Cu/Ir 395 941 559 406 696 286 500 2000 4000 2000 5750 5250 6333 5333 6333
Ni/Pd N535,000 N469,500 N595,000 N561,000 N666,500 N696,500 296,250 2,500,000 2,583,000 2,489,000 308,000 172,333 352,833 242,333 350,000
Cu/Pd N7500 N16,000 N9500 N6500 N19,500 N3000 375 4000 4000 6000 3286 1750 3167 1778 3167
ƩPPGEN/ƩIPGEN 0.19 0.21 0.35 0.31 0.15 0.25 1.24 0.69 0.49 0.41 2.26 1.65 1.31 1.40 1.65
ƩIPGEN/ƩPPGEN 5.30 4.67 2.84 3.23 6.54 4.05 0.80 1.46 2.06 2.42 0.44 0.60 0.77 0.71 0.61
XRu 0.56 0.59 0.61 0.59 0.47 0.62
XOs 0.19 0.17 0.14 0.14 0.28 0.13
XIr 0.25 0.25 0.25 0.27 0.25 0.25

Pt/Pt*=Pt anomaly is calculated as Pt/Pt*= (Pt/8.3)/√[(Rh/1.6) × (Pd/4.4)]. The Pt anomaly (Pt/Pt*), Pd/Ir and PPGEN/IPGEN calculated according to half valueswhichwere used for statistical calculations of sampleswith values belowdetection limit.
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Fig. 5.Variation diagrams showingmineral compositions from the Abdasht ultramafic complex. a) Plot of Cr# vs.Mg# for chromian spinel in chromitite, dunite, harzburgite and Lherzolite.
The Alpine-type field is from Irvine (1967), supra-subduction zone (SSZ) and boninite fields are from Bridges et al. (1995). Note the distinct groupings into high-A1, high-Cr and high-Fe
chromian spinel varieties from Zhou and Bai (1992). b) Chemical variation of Cr-ratio versus Fo content of the olivine-Cr-spinel pairs of the studied harzburgites anddunites. Olivine-spinel
mantle array (OSMA),melting trends and amounts ofmelting are fromArai (1994). The abyssal, fore-arc and passivemargin peridotites are fromDick and Bullen (1984); Ishi et al. (1992);
Parkinson and Pearce (1998); Pearce et al. (2000) and Choi et al. (2008). c) Diagram showing the variation in Al2O3 (wt.%) vs. Mg# of orthopyroxenes from the harzburgite and lherzolite
rock varieties. Fore-arc peridotite fields are from Ishi et al. (1992); abyssal peridotite fields are from Johnson et al. (1990). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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versus FeO. The Fe3+# [Fe3+/(Fe3+ + Al + Cr) atomic ratio] is b0.02
(Table 1). The low Fe3+# values are b0.1. The composition of the
chromian spinels reflect crystallization under low oxygen fugacities
(Fisk and Bence, 1980) (Tables 1 and 2).

The Cr2O3 content varies from 38.4 up to 46.6 wt.%, with an aver-
age of 40.9 wt.% in harzburgites, and from 52 up to 59.3 wt.%, with
an average of 55 wt % in dunites, and varies in a narrow range from
38.5 up to 39.2 wt.%, with an average of 38.8 wt.% in lherzolites.
Dunites of the Abdasht complex are characterized by the very high
Cr# (N0.83) of spinel. The Cr# varies from 0.83 up to 0.86 in dunites,
from 0.48 up to 0.60 in harzburgites and from 0.49 up to 0.50 in
lherzolites (Fig. 5a). The Mg# contents are much lower in dunites
than in harzburgites and lherzolites and vary across a wide range
from 0.26 up to 0.39 (average 0.32) in dunites, from 0.55 up to 0.57
(average 0.56) in harzburgites and 0.56 in lherzolites (Fig. 5a). The
Mg# of spinel in peridotites is empirically related with the grain size
of spinel and the Mg# of spinel cores decreases strongly with a de-
crease in size (Okamura et al., 2006). Chromian spinels in harzburgites
and lherzolites exhibit a high-Al composition, whereas grains from the
dunites exhibit a high-Fe composition (Fig. 5a). The Al2O3 and MgO
contents are much lower in dunites than in harzburgites and
lherzolites and vary respectively from 6.2 up to 7.1 wt.% (average
6.6 wt.%) and from 5.2 up to 8.1 wt.% (average 6.5 wt.%) (Table 2).
The Al2O3 and MgO contents vary respectively from 19.8 up to
27.8 wt.% (average 25.2 wt.%) and from 11.4 up to 12.3 wt.% (average
11.9 wt.%) in harzburgites, and from 26.5 up to 27.5 wt.% (average
27 wt.%) and from 12 up to 12.4 wt.% (average 12.3 wt.%) in
lherzolites. The FeO content is much higher in dunites than in
harzburgites and lherzolites; it ranges from 22.2 up to 26.1 wt.% (aver-
age 24.2 wt.%) in dunites, and from 16.3 up to 17.9 wt.% (average
17 wt.%) in harzburgites, and from 16.9 up to 17.5 wt.% (average
17.2 wt.%) in lherzolites (Table 2). The TiO2 content is low in chromian
spinel from the majority of the studied peridotites (≤0.14 wt.%), how-
ever some dunite samples may contain chromian spinel with higher
TiO2 abundances. Furthermore, the Fe3+# [Fe3+/(Fe3+ + Cr + Al)]
in chromian spinel is relatively low in most of the peridotites, al-
though chromian spinel in dunite rocks is characterized by somewhat
higher Fe3+# values (Table 2).

Image of Fig. 5


Fig. 6. PGE spidergrams (normalized inwhole rock) from the Abdasht ultramafic complex.
a) Chondrite normalized PGE patterns for podiform chromitites (red circles). The fields of
Luobusa ultra-high pressure (UHP) (Zhou et al., 1996) and ophiolitic chromitite pattern
(Kojonen et al., 2003) are used for comparison. Normalizing values currently in use are
taken from Naldrett and Duke (1980) (cf. 514, 540, 690, 200, 1020 and 545 for Os, Ir, Ru,
Rh, Pt and Pd). b) Chondrite normalized PGE and Au patterns for dunites, harzburgites
and lherzolites. c) Primitive mantle normalized plots of chalcophile elements (PGE, Cu,
Ni) and Au patterns for dunites, harzburgites and lherzolites. The podiform chromitites
are used here for comparison. Chondrite normalization values are from Naldrett and
Duke (1980). Mantle normalization values are from McDonough and Sun (1995). (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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6.1.2. Olivine, orthopyroxene and clinopyroxene compositions
Olivine has Fo values ranging from91.3–91.9 in dunites, 90.6–91.8 in

harzburgites and 90.7–91.1 in lherzolites (Fig. 5b). The NiO content of
olivine in the dunites ranges from 0.31–0.39 wt.% (with an average of
0.34 wt.%), in harzburgites from 0.35–0.40 wt.% (with an average of
0.38 wt.%) and in lherzolites from 0.23–0.30 wt.% (with an average of
0.27 wt.%). The NiO content of olivine in all the examined peridotite
types is lower than 0.40 wt.%, which is quite normal for mantle olivine
(Ishimaru and Arai, 2008). The olivines in the Abdasht dunites and
harzburgites have TiO2, Al2O3 and CaO, but Cr2O3 contents below thede-
termination limit of 0.05 wt.% (Table 3).

Orthopyroxene in harzburgite is enstatite (En90.76–93.34Wo0.67–0.74)
with Mg# of 0.91–0.94 (Fig. 5c). It is also characterized by low Al2O3

(≤2.20 wt.%), CaO (≤0.39 wt.%), TiO2 (≤0.03 wt.%), Cr2O3 (≤0.61 wt.%)
and K2O (≤0.01 wt.%), which are similar to composition in depleted
harzburgites elsewhere (e.g. Ahmed, 2013; Kapsiotis, 2014).
Orthopyroxene in lherzolite is enstatite (En90.46–91.49Wo1.13–1.18) with a
Mg# of 0.91–0.93, Cr2O3 ranging from 0.50 to 0.51 wt.% and low TiO2

content (b0.04 wt.%). The Al2O3, CaO and Cr2O3 abundance in
orthopyroxene generally increases as the peridotites become more
mafic (Table 4).

TheMg#of clinopyroxene in the lherzolites ranges between 0.94 and
0.98, and Cr2O3 contents between 0.45 and 0.70 wt.%. All clinopyroxene
grains are diopsidic (En47.94–50.33Wo48.53–49.67) in composition and have
low Al2O3 contents (2.68–3.70 wt.%). Na2O and K2O were detected in
very low abundances (≤0.13 and below detection limit respectively),
which is indicative of the residual origin of the analyzed clinopyroxene
grains and the strongly depleted character of their host rocks (Table 4).
The TiO2 content in clinopyroxene does not exceed 0.32 wt.%.

6.2. Bulk rock PGE geochemistry in chromitites and associated rocks

Analyses of whole rock major and trace elements and REE
concentrations in the peridotites have been presented elsewhere
(Ahmadipour, 2000; Najafzadeh and Ahmadipour, 2014b). The vastma-
jority of the studied peridotites are strongly depleted in REE. Therefore,
presently only platinum-group elements analyses from chromitites and
peridotites of the study area will be used to establish petrogenesis.

Six chromitite samples of different ore bodies and nine peridotite
samples were analyzed for PGE (Os, Ir, Ru, Rh, Pt, and Pd), Au, Ni and
Cu (Table 5). The PGE concentration in chromitites show narrow varia-
tions: 10–60 ppb Os, 21–56 ppb Ir, 67–136 ppb Ru, 7–17 ppb Rh, while
Pt and Pd are under detection limit. The chromitites display low tomod-
erate total PGE abundances, ranging between 105 to 264 ppb, with an
average of 176 ppb which are typical for the ophiolitic chromitites
(100–500 ppb; Leblanc, 1991).

The chromitites are enriched in the Ir-group (IPGE: Os, Ir and Ru)
(98–252 ppb) and extremely depleted in the Pt-group (PPGE: Rh, Pt
and Pd) (b20 ppb) (ƩIPGE/ƩPPGE = 8–18). Most Pt and Pd contents
are below detection limit (b2 ppb) (Fig. 6a) and hence, for all perido-
tites half values of detection limit for all platinum group elements
were used in calculating of some parameters (e.g. PdN/IrN) similar to
some papers (e.g. Pašava et al., 2004) (Table 5). The relative enrichment
of IPGE in chromitite samples is also reflected by highly negative slopes
from Ru to Pt. These patterns and the low PGE abundances are typical of
chromitites in ophiolites from elsewhere (e.g. Ahmed and Arai, 2002;
Ahmed et al., 2009; Ahmed and Habtoor, 2015; Chen and Xia, 2008;
Ismail et al., 2010; Proenza et al., 2007; Uysal et al., 2009) (Fig. 6a).
The IPGE is dominated by Ru (XRu = Ru/(Os + Ir + Ru) = 0.47–0.62;
XOs = Os/(Os + Ir + Ru) = 0.13–0.28; XIr = Ir/(Os + Ir + Ru) =
0.25–0.27), which are also typical of ophiolitic chromitite deposits
(e.g. Vourinos, Newfoundland, Troodos, Luobusa ultra-high pressure
chromitites) (Fig. 6a) and have been attributed to the coexistence of al-
loys and sulfides of laurite type inclusions in chromite (Büchl et al.,
2004; Grammatikopoulos et al., 2011). The average Ni content of the
chromitites is 1175 ppm, and Cu content is 21 ppm. Except for two
samples 5 and 18 ppm), the Au contents are below detection limit
(Table 5). According to Jannessary et al. (2012), chromian spinels from
Abdasht complex have primitive compositions with low Re/Os (0.013)
and chondritic 187Os/188Os (0.1275).

Among the host peridotites of Abdasht complex, the PGE contents of
the dunites vary between 5 and 27ppb, and average 14.5 ppb, and are in
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Fig. 7. Two phase inclusion in chromite; cuproiridsite rims an Ir–Os alloy phase, polished
section 7507b, level 1, Abdasht Mine (after Jannessary et al., 2012).
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agreement with the average content (14.7 ppb) in dunites from other
ophiolites. The PGE contents of the harzburgite range from 36 to
37 ppb, are slightly higher than the average value (b30 ppb) in
harzburgites from other ophiolites (Shen-Su, 1982). The PGE contents
of the Abdasht lherzolites vary from 19 to 26 ppb, with an average of
23 ppb (Table 5).

The PGE spidergrams for dunites show slightly Ru positive anoma-
lies (Fig. 6b,c) and Pt contents in dunites are considerably much lower
than those in harzburgites and lherzolites. The PdN/IrN ratios (Chondrite
normalized) in dunites, which considered as index of fractionation, are
unfractionated (0.33–1.33) and is slightly higher than the average
value (0.12) (Shen-Su, 1982). The harzburgites show slightly positive
slopes PGE spidergrams, together with a small positive Ru, Pt and Pd
anomalies (Fig. 6b,c), and their PdN/IrN ratio ranges between 1.75–3
which are higher than the average value (1.08) (Shen-Su, 1982). The
lherzolites similarly to dunites show slightly positive slopes PGE
spidergrams, together with a small positive Ru and Pd anomaly, and
their PdN/IrN ratio ranges between 2 and 3, but show a few depletion
in Ir and Rh relative to harzburgites (Fig. 6b,c). In themantle normalized
Ni, PGE, Au and Cu diagram, the dunites are depleted in Cu relative to
harzburgites and lherzolites (Fig. 6c).

6.3. Previous work on the PGM content of the Abdasht chromitites

The only description of PGM from the chromitites of the Abdasht
complex was made by Jannessary et al. (2012). Six polished sections
of chromitite and associated dunite in Abdasht complex were investi-
gated by reflected light microscopy to characterize the carriers of PGE
Fig. 8. a) TiO2 versus Cr# in chromian spinels, showing fields of boninites and MORB (mid-oc
depleted peridotites are from Jan and Windley (1990). Chromian spinels of the Abdasht c
lherzolites plot in the depleted peridotites field. b) Fe3+# as a function of Fe2+#. Fields of oph
mineralization and totally 10 PGM ranging in size up to 40 μm were
identified.

In a comparative study of high-Cr chromite deposits from theAbdasht
complex, it was shown that the PGMs are dominantly IPGE-enriched. The
PGM from Abdasht are dominated by Ru-based minerals, mainly repre-
sented by laurite (RuS2), cuproiridsite, Ir–Rh sulpharsenides, followed
by Ru–Os–Ni–Ir alloys, irarsite, erlichmanite and hollingworthite consti-
tute minor phases. This is in agreement with what is typically found
(Os-Ir alloys and laurite–erlichmanite) in mantle hosted ophiolitic
chromitites.

Laurite usually forms euhedral crystals from less than 1 to 20 μm in
size, and is commonly intergrownwith other PGM, BMS, and/or silicates
occurring in chromian spinel, but rarely in silicate matrix. The chemical
composition of laurite is dominated by the Ru–Os substitution with
minor Ir, Rh, Fe, Ni, Cu, Co and As. Irarsite [IrAsS] and hollingworthite
[RhAsS] are invariably included in silicates (chlorite, serpentine) or as-
sociated with chromite/ferritchromite–silicate contacts and only one
laurite included in fresh chromite was found associated with irarsite
in a sample from Abdasht ultramafic complex.

In the chromitite samples investigated, primary Os–Ir–Ru-rich alloy
phases are rare. Most Os–Ir-rich phases form very small grains (b5 μm)
intergrownwith laurite, and thus are difficult to analyze bymicroprobe.
(Fig. 7).However, the analyses demonstrate the presence of ruthenium,
osmium, and iridium. In a polyphase inclusion with laurite and iridian
millerite (AS7499, Abdasht), a phase of approximate composition
Ir50Ni25Fe25 was identified probably an intermetallic phase of the
garutiite (Ni, Ir, Fe) –hexaferrum (Fe, Os, Ru, Ir) solid solution series
(McDonald et al., 2010). Pt–Fe alloy phases are rare in Abdasht complex.

The chromitites carrying PGEmineralization in the Abdasht complex
are sulfide-poor. Pentlandite is the major constituent of base metal sul-
fide mineralization in chromitite and dunite of the Abdasht complex,
forming small inclusions within chromian spinel and occasionally in ol-
ivine. In some chromitites, pentlandite forms euhedral grains interstitial
to both, unaltered chromian spinel and olivine. Pentlandite is frequently
intergrown with a Cu-rich sulfide phase, either with chalcopyrite,
cubanite or chalcocite in interstitial aggregates, or with bornite and
chalcopyrite in inclusions (Jannessary et al., 2012).

7. Discussion

7.1. Parental melt composition of chromitites

Experimentalwork has demonstrated that chromian spinel and oliv-
ine are sensitive petrogenetic indicators and used to constrain the
chemistry of parental melt (e.g. Arai, 1992; Dick and Bullen, 1984;
Irvine, 1967; Melcher et al., 1997; Zhou et al., 1996; Zhou et al., 2005).
ean ridge basalts) (after Arai, 1992; Dick and Bullen, 1984). Fields of depleted and highly
hromitites and dunites plot in the boninitic field whereas those of harzburgites and
iolites, layered intrusions and komatiites are from Barnes and Roeder (2001).
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Fig. 9. Al2O3 a) and TiO2 b) contents of the melt in equilibriumwith chromitites from the
Abdasht complex, using data on chromite-melt inclusions inMORB and arc lavas reported
by Kamenetsky et al. (2001) and Rollinson (2008). The range of chromian spinel and the
calculated melt compositions from the Abdasht complex are shown as gray fields.
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Chromitites plot in the boninitic field and are clearly distinct from
theMORB types in the plots of Cr# versus Mg# (Fig. 5a) and Cr# versus
TiO2 wt.% (Fig. 8a). On the other hand, the low Fe3+#[=Fe3+/(Fe3+ +
Cr + Al) value b 0.1] (Table 2) (Fig. 8b) reflect crystallization under
lower oxygen fugacity (Fisk and Bence, 1980).

The Al2O3 contents of the melt can be calculated from the Maurel
and Maurel (1982) formula:

Al2O3wt:%chromite ¼ 0:035 Al2O3ð Þ2:42wt:%liquid

The model results derived from this equation are not sensitive to
temperature, so it can be used to compute the Al2O3 content of the
Abdasht melt. The results show that Al2O3 contents of the liquids for
the most chromitites ranging from 11.2 to 11.5 wt.%. These values are
similar to the boninitic melts reported from e.g., the Troodos ophiolite
in Cyprus (Robinson et al., 1983); Luobusa ophiolite in Southern Tibet
(Zhou et al., 1996), and Cr-rich chromitites from Nidar ophiolite in
Trans Himalaya (Ravikant et al., 2004).

Kamenetsky et al. (2001) have shown, using melt inclusions in
chromian spinel from volcanic rocks, that there is a linear relationship
between the Al2O3 and TiO2 contents of chromian spinel and the melt
from which it crystallized.

Rollinson (2008), building on the earlier observations of
Kamenetsky et al. (2001) and Wasylenki et al. (2003), show that the
Al2O3 and TiO2 contents of chromian spinel correlate with those of the
melt. The TiO2 content of the melt can be determined from the melt-
TiO2 versus spinel-TiO2 regression lines using the data of Kamenetsky
et al. (2001). Applying the approach of Rollinson (2008), we have calcu-
lated the Al2O3 and TiO2 contents of the melt in equilibrium with
chromitites from the Abdasht complex and results are shown in
Table 1 and represented graphically in Fig. 9. The TiO2 contents of the
parental melt of Abdasht chromitites vary between 0.23 to 0.31 wt.%
(average 0.27 wt.%), which indicates a boninitic-type parental melt.

The FeO/MgO ratio of the melt in chromitites has been calculated
using the formula of Maurel (1984; cited in Augé, 1987) (Table 1). The
melts that produced the chromian spinel of the Abdasht chromitites
contained 11.92–12.25 wt.% Al2O3, with FeO/MgO ratios varying be-
tween 0.60 and 0.65 (Table 1). The compositions of the melts parental
to the chromian spinel of the Abdasht chromitites resemble the
boninites of Bonin Island, Japan (e.g. Hickey and Frey, 1982). Similar
melts of boninitic affinity have been suggested to be responsible for
the formation of high-Cr chromitites from many localities such as
Kempirsai in Kazakhstan (Melcher et al., 1997), Muğla in Turkey (Uysal
et al., 2009), Elekdag ophiolite in Turkey (Dönmez et al., 2014), Nidar
ophiolite chromitites (Ravikant et al., 2004), Mayari-Cristal ophiolitic
massif in eastern Cuba (González-Jiménez et al., 2011) and Sorkhband,
Soghan and Dehsheikh ultramafic complex in Iran (Najafzadeh et al.,
2008; Najafzadeh and Ahmadipour, 2014a; Peighambari et al., 2015)
(Table 6). Parental melts to Oman and Thailand chromitites (Orberger
et al., 1995; Rollinson, 2008) have similar FeO/MgO (average 0 · 63)
and a few lower Al2O3 (N11 · 4wt.%) thanAbdasht chromitites. Calculat-
ed compositions of melts from which Abdasht chromitites formed are
similar to high-MgO boninites (Table 6).

Fig. 10 a andb show the calculated TiO2 andAl2O3 contents of the pa-
rentalmelt of theAbdasht chromitite. The compositions of the chromian
spinel in chromitites are indicative of crystallization frommelts derived
from depleted mantle. Chromitite samples from the Abdasht complex
have low TiO2 and Al2O3 contents plot away from the MORB field but
show strong affinity with melts from depleted mantle and boninites
(Fig. 10a) similar to Oman (Ishikawa et al., 2002), Troodos (Cameron,
1985; Flower and Levine, 1987), Thetford boninites (Pagé and Barnes,
2009), and Elekdağ high-Cr chromitites (Dönmez et al., 2014)
(Fig. 10b). The Cu/Ir versus Ni/Pd diagram (Fig. 10c) of the peridotites
point to similar conclusions.
7.2. Distribution, concentration and fractionation of PGE in chromitites and
associated rocks

Ophiolitic chromitites worldwide show variable PGE contents, com-
monly less than 500 ppb, and PdN/IrN ratios between 0.8–0.1, although
in some instances they may contain higher total PGE (N750 ppb) and
display very low PdN/IrN ratios (b0.1) (e.g. Ahmed and Arai, 2002;
Gervilla et al., 2005; Leblanc, 1991; Zhou et al., 1998). Cr and PGE, be-
neath the mid-ocean ridge setting, generally behave compatibly during
dry partial melting in the upper mantle (Büchl et al., 2004; Dick and
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Table 6
Comparison between parental melt composition of Abdasht chromitites and other worldwide high-Cr podiform chromitites. Computations of Al2O3 and TiO2 were made using the ap-
proaching of Kamenetsky et al. (2001) and Rollinson (2008), whereas FeO/MgO calculations are according to Maurel and Maurel (1982).

Cr# Al2O3 (spinel) Al2O3 (melt) TiO2 (spinel) TiO2 (melt) FeO/MgO(melt) Reference

Abdasht chromitites (Iran) 0.76-0.77 12.00–12.80 11.92–12.25 0.14–0.20 0.23–0.31 0.60–0.65 This study
Dehsheikh chromitites (Iran) 0.68–0.79 10.29–16.90 11.10–14.50 0.12–0.27 0.21–0.49 0.99–1.20 Peighambari et al. (2015)
Soghan chromitites (Iran) 0.80–0.84 8.23–10.23 9.95–11.08 0.10–0.29 0.18–0.41 0.65–0.84 Najafzadeh and Ahmadipour (2014a)
Sorkhband chromitites (Iran) 0.75–0.89 9.32 10.05 0.08 0.70 Najafzadeh et al. (2008)
Muğla chromitites (SW Turkey) 0.64–0.75 8.80–10.50 0.30–1.10 Uysal et al. (2009)
Elekdağ ophiolite (Northern Turkey 0.65–0.89 5.10–18.20 9.40–13.20 0.14–0.26 0.20–0.40 0.40–1.90 Dönmez et al. (2014)
Nan Uttardite chromitites (Thailand) 11.60–12.00 Orberger et al. (1995)
Deep chromitites (Oman) 0.71–0.77 11.70–14.40 11.80–12.90 0.23–0.34 Rollinson (2008)
Massive chromitite (Kempirsai) 9.00–10.60 0.30–0.50 Melcher et al. (1997)
High-Cr chromitites (Eastern Cuba) 0.63–0.72 16.30 13.40 0.19 0.30 0.90–1.50 González-Jiménez et al. (2011)
Boninite 11.29–14.87 0.22–0.24 0.68–0.89 Falloon et al. (2008)
MORB ~14.70 ~1.37 Gale et al. (2013)
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Bullen, 1984) due to their restrictedmobility. In contrast, PGE, especially
PPGE, behave incompatibly during hydrous partial melting in a supra-
subduction zone setting, where the degree of partial melting is much
higher than in a mid-ocean ridge setting.

As stated by many authors (e.g. Ahmed and Arai, 2002; Arai and
Matsukage, 1998 and references therein) in supra-subduction zone set-
tings, the mantle wedge has been partially melted severally and the re-
sulted peridotites are highly depleted. This feature has discussed in
Abdasht complex by REE depleted nature of these peridotites
(Ahmadipour, 2000). But due to the enrichment of depleted mantle
wedge by slab derived fluids, peridotites have been metasomatized
and then, partialmelting event has been done under hydrous conditions.
This stage of partial melting will leave behind a podiform chromitite
highly depleted in PPGE and notably enriched in Cr and IPGE (e.g.
Ahmed and Arai, 2002; Büchl et al., 2004; Grammatikopoulos et al.,
2011; Zhou et al., 1998).

The Abdasht chromitites contain up to 264 ppb total PGE, and dis-
play a systematic enrichment in IPGE relative to PPGE, with a steep neg-
ative slope in the PGE spidergrams and very low PPGE/IPGE ratios, a
feature typical of worldwide ophiolitic podiform chromitites (e.g.
Ahmed and Arai, 2002; Büchl et al., 2004; González-Jiménez et al.,
2011; Leblanc, 1991; Tsoupas and Economou-Eliopoulos, 2008; Zhou
et al., 2005) (Fig. 6a). Chromitite and peridotite samples in Abdasht ul-
tramafic complex have a wide range in Pd/Ir values (b0.04 to 0.1 in
chromitites and 0.33 to 3 in peridotites) which reflect variations in the
amounts of partial melting rather than magmatic fractionation
(Fig. 11a). In the plot of Ni/Cu versus Pd/Ir, the Abdasht peridotites lie
around the partialmelting line, and show that the Pd/Ir ratioswere con-
trolled by S-undersaturated melts and partial melting processes
(Fig. 11b).

The main hosts of PPGE, i.e. Pd and Pt, in the upper mantle rocks
are the base metal sulfides (e.g. Luguet et al., 2003). High-degrees of
partialmelting and complete dissolution of the sulfides, lead to leaching
of PPGE from the peridotites and transferring them into the S-
undersaturated magmas (e.g. Zhou et al., 1998), leaving a mantle
residue highly depleted in these elements. Strong depletion of PPGE
in the Abdasht peridotites coupledwith the high Cr# values determined
for spinels (N0.80), strongly indicate that either a high-degree of
partial melting or partial melting of an already depleted mantle perido-
tite (second-stage melting) was responsible for the formation of the
Abdasht chromitites. These conditions are believed to develop in
suprasubduction zone settings similar to the podiform chromitites
from Bou Azzer ophiolite in Morroco (Ahmed et al., 2009). This also im-
plies that the Abdasht chromitites have been derived from highly S-
undersaturated boninitic magmas which have been able to dissolve
the mantle sulfides and partly removed the Pd and Pt resident in their
mantle host rocks. This type ofmelting is formed in the suprasubduction
zone environment. The highly refractory nature of the mantle
peridotites, the strong decoupling of the PGE subgroups and the small
size of the chromitite pods in the Abdasht upper mantle are strong evi-
dence for a second-stagemeltingmodel (Ahmed et al., 2009; Zhou et al.,
1998).

7.3. Tectonic Setting of chromitites and peridotites from Abdasht complex

The composition of chromian spinel provide valuable evidence on
the geochemical signature of the parental magmas and the tectonic set-
ting of their genesis. In this study, the field relationships together with
the geochemical characteristics of chromitite and associated ultramafic
rocks of the Abdasht complex can be used to constrain the tectonic set-
ting of the Esfandagheh area.

The island-arcs and back-arcs settings are themost widely-accepted
settings for the formation of podiform chromitites (e.g. Rollinson, 2008;
Uysal et al., 2007; Zhou et al., 1998). In these settings, chromitites form
by the interaction of upper mantle lithologies with migrating magmas
produced at greater depth (Arai and Yurimoto, 1994; Zhou and Bai,
1994). The TiO2 content, considered a key factor for the identification
of the tectonic setting (e.g. Arai and Matsukage, 1998; Bonavia et al.,
1993), is extremely low in the dunite, harzburgite and lherzolite
chromian spinels averaging 0.11, 0.05 and 0.06 wt.%, respectively.
Kamenetsky et al. (2001) compiled a database of Al2O3 and TiO2 compo-
sitions of chromian spinel and identified fields with varying degrees of
overlap that can be used to distinguish six different tectonic settings.
Thus, chromian spinel compositions from chromitites and peridotites
from Abdasht complex plot in the arc and supra-subduction zone fields
(Fig. 12a). On the other hand, the diagram TiO2 versus Fe2O3 indicates
that almost all samples plot within the field of suprasubduction zone
ophiolites (Fig. 12b). In addition, as shown in Fig. 6a, PGE relative pro-
portions from Abdasht chromian spinels follow the trends of ophiolitic
chromitites (Fig. 6a).

Variations in the TiO2 content versus the Al2O3 in chromian spinels
from the chromitites, dunites, harzburgites and lherzolites suggest
that the chromian spinel of both chromitite and peridotites are restrict-
ed to supra-subduction zone environments (Fig. 12a) with boninitic af-
finity. This is in agreement with the calculated FeO/MgO and Al2O3

values in parentalmelt of chromian spinels (Fig. 12c). Because boninites
are restricted to fore-arcs in modern tectonic environments, their pres-
ence in ancient assemblages is often taken to indicate a fore-arc envi-
ronment (Coish and Gardner, 2004).

The Abdasht ultramafic complex is a part of Haji Abad-Esfandagheh
ophiolites in the outer Zagros ophiolitic belt (Rajabzadeh et al., 2013;
Shafaii Moghadam and Stern, 2011). Therefore, it can represent rem-
nants of southern branch of Neo-Tethyan ocean in Iran outcropping in
Kerman province south-east of Iran (Fig. 1a). Chemical compositions
of Abdasht chromian spinels in harzburgites also confirm a fore-arc set-
ting for the complex, similarly to other ophiolites in the outer Zagros
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ophiolitic belt (Fig. 5c). Moreover, variations in the Cr# content versus
TiO2 in chromian spinels from the chromitites, dunites, harzburgites
and lherzolites are consistent with the Abdasht complex plot within
the field of fore-arc peridotites and boninites (Fig. 12d).
Fig. 11. a) Plot of platinum anomaly (Pt/Pt*) versus Pd/Ir in chromitites and peridotites
from the Abdasht complex. Fractionation and partial melting trends are from Garuti
et al. (1997). The Pt anomaly is calculated as Pt/Pt* = (Pt/8.3)/√[(Rh/1.6) × (Pd/4.4)].
(b) Plots of Ni/Cu versus Pd/Ir for the chromitites and peridotites of the Abdasht
ultramafic complex. Reference fields are from Barnes et al. (1988).
Abdasht chromitites are high-Cr chromian spinels which are formed
from boninitic magmas in fore-arc environments (Fig. 12d). Moreover,
evidences such as the existence of high-Cr (podiform) chromitite bear-
ing dunites also suggest a fore-arc setting for the Abdasht ultramafic
complex. Boninitic melts, which are abundant in this tectonic setting,
could have formed high-Cr chromitite deposits in the Abdasht complex.
Spinels have low TiO2 contents (b0.14 wt.%) and are Cr-rich
(Cr# ~ 0.48–0.86) in the Abdasht peridotites (mainly in dunites) and
are also similar to spinels from fore-arc peridotites (Fig. 12d) (Ohara,
2006). Boninites are common in nearly all of the Late Cretaceous Neo-
Tethyan ophiolites as well as the Zagros Inner and Outer Belt ophiolites.
These rocks are essentially found in fore-arc environments such as in
the IBM fore-arc region (Shafaii Moghadam et al., 2013).
Fig. 10. a) TiO2 versus Al2O3 plot showing the field of the main MORB array, the diagram
and parental melt calculations from Rollinson (2008). Field of the Oman boninites (data
from Ishikawa et al., 2002) andmelts of depletedmantle (DM) from Schwab and Johnston
(2001). b) The TiO2 and Al2O3 (wt.%) content of themelt calculated as in equilibriumwith
chromian spinel from podiform chromitites in the Abdasht ultramafic complex. Fields for
boninites (Jenner, 1981; Kamenetsky et al., 2002; Walker and Cameron, 1983), Troodos
boninites (Cameron, 1985; Flower and Levine, 1987), Thetford boninites (Pagé andBarnes,
2009), Elekdağ high-Cr chromitites (Dönmez et al., 2014) andMORB (Le Roex et al., 1987;
Presnall andHoover, 1987; Shibata et al., 1979) are shown for comparison. c) Plots of Cu/Ir
versusNi/Pd for themantle chromitites and peridotites of theAbdasht complex. Reference
fields are from Barnes et al. (1988).
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Fig. 12. Tectonic discrimination diagrams. a) Plot of TiO2 versus Al2O3 in chromian spinel from the Abdasht complex with respect to modern-day tectonic settings. The fields are from
Kamenetsky et al., 2001). SSZ; Supra-subduction zone; LIP, large igneous province; MORB, mid-ocean ridge basalt; OIB, ocean island basalt. b) Plot of TiO2 versus Fe2O3 of chromian
spinels of Abdasht Complex. The field of supra-subduction zone ophiolites from (Bridges et al., 1995). c) Estimated variation of the parental melt composition in terms of FeO/MgO
versus Al2O3 wt.% in the Abdasht complex. Tectonic compositional fields are from Barnes and Roeder (2001). d) The relation between Cr# and TiO2 of chromian spinel in podiform
chromitites, dunites, harzburgites and lherzolites of the Abdasht complex. Note that most chromian spinels plot in the fields for both fore-arc peridotites and boninites. Discrimination
fields are after Tamura and Arai (2006).
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8. Concluding remarks

The main conclusions from this study are summarized below:

1-. The Abdasht complex consists of predominantly harzburgite,
pockets of dunite, and minor lherzolite with major podiform
chromitite ore deposits.

2-. The peridotites represent depleted residues of amantle protolith after
high degree of partial melting as indicated by the low clinopyroxene
content, high Cr# in chromian spinel and Mg# in olivine.

3-. In the complex, refractory harzburgites are dominant and dunites
host significant Cr-rich chromitite, but the original boundaries be-
tween them have been obliterated by faulting.

4-. Chromitites are enriched in IPGE and strongly depleted in PPGE, i.e.
very low PPGE/IPGE values, both features are typical of worldwide
ophiolitic podiform chromitites. The PGE patterns in the peridotites
areflatwhich are similar to the highly depletedmantle rocks and in-
dicate a high degree of partial melting (20–25%) of the mantle
source (Najafzadeh and Ahmadipour, 2014b).

5-. The relatively low PGE contents of the studied chromitites are in
agreement with the sulfide undersaturated nature of the parental
melt.
6-. Mg rich olivine (Fo91–92) and orthopyroxene (En91–93), very low
TiO2 content of chromian spinel and the Cr-rich spinel compositions
of the ultramafics and associated podiform chromitites from
Abdasht are consistent with the rocks forming in a supra-
subduction zone environment. It possibly has genetic linkage with
some fore-arc related magma with boninitic affinity under a low
oxygen fugacity conditions which is in agreement with the
geodynamic setting proposed for the outer Zagros ophiolitic belt
(including Esfandagheh area).
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