
introduction

Chromian spinel [(Mg, Fe2+) (Cr, Al, Fe3+)2O4] is known
to form nearly monomineralic bodies of economic value in
the upper mantle section and mantle-crust transition zone of
ophiolite complexes (González-Jiménez et al., 2014, for re-
view). The chemistry of chromian spinels in such chromi-
tites can be used as a guide to discriminate between Mid-
Ocean Ridge (MOR) and Supra-Subduction Zone (SSZ) set-
tings (Dick and Bullen, 1984; Parkinson and Pearce, 1998;
Pearce et al., 2000; Arai et al., 2006a), via the inference of
their parental-melt composition and degree of partial melt-
ing of their potential mantle source. In their review on the
genetic models for the formation of ophiolitic chromitites
González-Jiménez et al. (2014) showed that the mechanism
by which large volumes of chromian spinel precipitate to
form chromitite has long been a controversial topic. Some
of the proposed models include: (1) fractional crystallization
of basaltic melts followed by mechanical separation within
open conduits in the upper mantle or near the mantle-crust
transition zone (Dickey, 1975; Greenbaum, 1977; Lago et
al., 1982; Leblanc and Ceuleneer, 1992; Leblanc and Nico-
las, 1992); (2) mixing or mingling of basaltic melts with dif-
ferent provenance and SiO2 contents within dunite channels
(Paktunc, 1990; Arai and Yurimoto, 1994; Zhou et al.,
1994; 1998; 2001; Arai and Abe, 1995; Arai, 1997; Ball-
haus, 1998; Gervilla et al., 2005; González-Jiménez et al.,
2011; Shi et al., 2012); (3) assimilation of pre-existing maf-
ic rocks by peridotitic intrusions (Bédard and Hébert, 1998;
Proenza et al., 1999; Arai et al., 2004; Borisova et al.,

2012); (4) segregation of water-rich fluids from small frac-
tions of evolving hydrous and chromite-olivine saturated
basaltic melt (Gervilla et al., 2002; González-Jiménez et al.,
2011) with important changes in f O2 or degree of polymer-
ization in the melt (McElduff and Stumpfl, 1991; Melcher et
al., 1997; Proenza et al., 1999; Edwards et al., 2000); (5) ex-
tensive melt/rock (peridotite) interaction and subsequent
melt-mantle mixing within conduits in the upper mantle
close to the Moho transition zone (e.g., Zhou et al., 1994;
Zhou et al., 1996; Zhou et al., 1998; Grieco et al., 2004;
Merlini et al., 2011).

In the last decade, the technique of in-situ laser-ablation
inductively-coupled plasma-mass spectrometry (LA-ICP-
MS) in combination with electron microprobe (EMP) has
been widely used to analyze a comprehensive suite of ma-
jor, minor and trace elements (e.g., Ga, Ti, Ni, Zn, Co, Mn,
V and Sc) present in chromite in order to obtain information
about their petrogenesis (Dare et al., 2009; Pagé and Barnes,
2009; Aldanmaz, 2012; González-Jiménez et al., 2011;
2014; 2015; Colás et al., 2014). In this contribution, we pre-
sent the first data on major-, minor- and trace-elements (Ga,
Ti, Ni, Zn, Co, Mn, V and Sc) in chromites from podiform
chromitites from the Cheshmeh-Bid deposit in the Khajeh-
Jamali ophiolite. We use these data to estimate the composi-
tion of the magma from which the chromitites formed, as
well as the geodynamic environment of their formation.
Such information was filtered from the effects of serpen-
tinization and metamorphism on the Cr-spinel composition
to ensure that pristine compositions were the only ones
used.
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ABSTRACT

Podiform bodies of high-Cr chromitite in the Cheshmeh-Bid chromitite deposit are located at the mantle-lower crust transition zone (MTZ) of the Late
Cretaceous Khajeh-Jamali ophiolitic massifs, Iran. The unaltered core of chromian spinels has retained their magmatic composition but post magmatic sub-
solidus re-equilibration changed significantly minor and trace elements (Ga, Ti, Ni, Zn, Co, Mn, V and Sc) composition. Minor disseminated chromites also
occur and show lower chromite/silicate ratios than massive chromitites and were much more affected by the subsolidus mobility of minor and trace elements.
Using the composition of the unaltered chromites preserved in the cores we have estimated the Al content and Fe/Mg ratios of their potential parental melts.
The results of our computations show that Cheshmeh-Bid massive chromitites were crystallized from supra-subduction zone melts with boninitic affinity,
consistent with the fact that minor and trace elements distributions in the studied chromite match well with that of chromian spinel from boninite lavas. The
chromitites would have formed as a result of the reaction of migrating boninitic melts within host peridotite close to the MTZ in a supra-subduction zone set-
ting. Post-magmatic processes (i.e., serpentinization) have only partially obliterated the magmatic fingerprints in some of the chromite grains. 
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geological setting

The Iranian ophiolites belong to the Tethyan ophiolite
belt of the Middle East. They have been geographically di-
vided into four groups (Fig. 1a) (Takin, 1972; Stocklin,
1974; McCall, 1985; 1997, and personal communication)
namely, (i) ophiolites of northern Iran, considered as rem-
nants of the Paleo-Tethys Ocean (e.g., Alavi, 1991; Saccani
et al., 2013a); (ii) ophiolites of the Zagros Suture Zone, in-
cluding Neyriz and the Kermanshah ophiolites, that are a
remnant of the Neo-Tethys Ocean (e.g., Ghazi and Hassani-
pak, 1999; Nadimi, 2002; Allahyari et al., 2010; Saccani et
al., 2013b, 2014; Shafaii Moghadam et al., 2013); (iii) ophi-
olites of the Makran region, located south of the Sanandaj-
Sirjan Zone, and including non-fragmented complexes such
as Sorkhband (e.g., Ghazi et al., 2004) and (iv) ophiolites
enclosed as tectonic blocks in the Late Cretaceous coloured
mélange along the main boundaries of the Central Iranian
Micro-continental Block (e.g., Tirrul et al., 1983; Shojaat et
al., 2003; Fotoohi Rad et al., 2005; Saccani et al., 2010;
Zarrinkoub et al., 2012; Omrani et al., 2013). The Khajeh-
Jamali area, which belongs to the second group, includes
four ophiolitic massifs in the Zagros Mountain in southwest-
ern Iran, cropping out north of Tashk Lake, about 20 km
from the Main Zagros Thrust (Fig. 1a). The Khajeh-Jamali
massifs in the study area (Fig. 1b) are mainly composed of
mantle harzburgite-dunite tectonite including a Moho transi-
tion zone (MTZ) (Rajabzadeh, 1998; Rajabzadeh and
Moosavinasab, 2012; Rajabzadeh and Nazari-Dehkordi,
2013; Rajabzadeh et al., 2013). The mantle section consists
of homogenous harzburgite alternating with dunite. The
crustal section comprises a thick massive serpentinized
dunite located at the MTZ, overlain by basaltic pillow lavas
associated with radiolarian cherts and Late Cretaceous
pelagic limestones. In the northeastern part of the area,
limestones of the Jahrom Formation (Eocene-Oligocene) di-
rectly overlie the ophiolitic units. In the western part of the
area, the ophiolite is tectonically emplaced onto the Late

Cretaceous shallow-marine Sarvak Formation. Chromitite
bodies of variable size occur at different levels within the
mantle harzburgite section and the MTZ of the Khajeh-Ja-
mali massifs. 

Most of the chromitite deposits in these massifs, includ-
ing Cheshmeh-Bid, Khajeh-Jamali, Rajoni and Roni de-
posits, are in the uppermost part of the mantle section, just
at the MTZ or below the petrologic Moho, whereas others,
including Neypik and Barandaz deposits, are located in a
deeper part of the mantle section (Rajabzadeh, 1998). Some
small ore bodies occur in the lower part of the crustal sec-
tion in cumulitic dunite (Rajabzadeh, 1998); these dissemi-
nations are of lesser economic importance. Chromitite pods
of this massif have relatively sharp contacts with the enclos-
ing dunite of the Mantle Transition Zone. The Cheshmeh-
Bid chromitite mine exploits the largest deposit in the Kha-
jeh-Jamali massifs; it has a tabular shape 0.5 to 8 m thick,
35-50 m wide, and up to 450 m long (including 120,000
tons of ore) which is traversed by shear zones and shows de-
formation. Chromitites show a wide range of primary tex-
tures; these are predominantly massive (Fig. 2a), but semi-
massive disseminated ores (Fig. 2b) are common near the
contacts with the enclosing dunite. Very rare varieties of mi-
crostructures include banded (Fig. 2c) and nodular chromi-
tites (Fig. 2d).

saMpling and analYtical Methods

Forty chromitite samples were collected from dumps
close to the old mining works; some samples were also col-
lected in situ from the unexploited walls at various levels of
the Cheshmeh-Bid chromitite mine. Also, two samples
from dunite envelope of these chromitites were collected.
Thirty polished sections were prepared from a selection of
these samples and were studied under reflected light at the
Tarbiat Modares University, Iran and by Scanning Electron
Microscopy (SEM) at the Department of Earth Sciences

Fig. 1 - a. Map of Mesozoic ophiolites of Iran (Shafaii Moghadam and Stern, 2011), showing the Khajeh-Jamali ophiolitic massifs in the Zagros Suture Zone
(area within the rectangle); CIM- Central Iranian Micro-continent. b. Simplified geological map of the Khajeh-Jamali ophiolitic massifs (modified after
Rajabzadeh, 1998).
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(University of Milan, Italy). Chromian spinels were selected
for Electron Microprobe analysis (EMPA). Characteristics
of samples are shown in Table 1. In order to investigate the
alteration of chromian spinels, some altered zones were lo-
cated on polished sections and then analyzed using a Cam-
bridge Stereoscan electron microscope equipped with an
Oxford Link ISIS 300 energy dispersive spectrometer, and
an Applied Research Laboratories electron microprobe fit-
ted with six wavelength-dispersive spectrometers and a Tra-
cor Northern energy dispersive spectrometer at the CNR
laboratories of Milan. The qualitative analyses were per-
formed at a working distance of 25 mm and an accelerating
voltage of 20 kV, while quantitative WDS analyses were
obtained at 15 to 25 kV accelerating voltage, 300 nA beam
current, and 1 μm beam diameter. The composition of fresh
chromites were determined using a Cameca SX100 electron
microprobe equipped with five wavelength-dispersive spec-
trometersat the Geochemical Analysis Unit, GEMOC, Mac-
quarie University, Sydney, Australia. Analyses were per-
formed using a focused beam (1-2 µm) with an accelerating
voltage of 15 kV and a beam current of 20-50 nA. The mi-
croprobe results are given in Table 2. The trace element
concentrations of these chromites were determined by a
Photon Machines Excite Excimer 193 nm laser ablation mi-

croprobe system coupled to an Agilent 7700 ICP-MS at the
Geochemical Analysis Unit, GEMOC, Macquarie Universi-
ty, Sydney, Australia. Ablation was done in a He plus Ar at-
mosphere with a gas flow of 1.3 L/minute, a repetition rate
of 5 Hz, fluence of ~10.6 J cm-2 and beam sizes of 50 µm.
Raw data were processed on-line using the GLITTERTM

software (Version 4.4; Griffin et al., 2008; http://www.glit-
ter-gemoc.com/). The Al content of chromite samples deter-
mined by EMP was used as the internal standard for quan-
tification of trace elements. 

Due to the small size of altered areas within chromian
spinels LA-ICPMS analyses could not be performed and
hence trace element compositions are missing.

cheMical characteristics 
of the chroMian spinels

Chromitites from the Cheshmeh-Bid podiform chromi-
tite deposit are composed of subhedral to anhedral crystals
of chromian spinel in an olivine-serpentine-chlorite
groundmass with highly brecciated features. As a first ap-
proach, all samples have been tested for alteration and/or
metamorphism. 
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Fig. 2 - Photographs of chromitite textures in Cheshmeh-Bid chromitites: (a) massive, (b) disseminated, (c) banded disseminated, (d) nodular. 
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Few samples show medium-reflectivity areas along grain
boundaries and within fractures (Fig. 3). Electron micro-
probe analyses and atomic proportions of cores and rims of
chromium spinels from these chromitite samples are given
in Table 2. Cores of chromian spinel grains show Cr#

[Cr/(Cr + Al)] ranging from 0.70 to 0.85 (average of 0.77)
and Mg# [Mg/(Mg + Fe2+)] from 0.54 to 0.68 (average of
0.63). The Fe3+# [Fe3+/(Fe3++ Mg + Al)] of unaltered zones
is < 0.05. In contrast, medium-reflectivity areas along
boundaries and within fractures display higher Cr# (0.82 to
0.91) with average of 0.86) and lower Mg# (0.44 to 0.70
with average of 0.57). The Fe3+# of these zones is < 0.12.
These chromian spinels with medium reflectivity are distin-
guishable from ferrite-chromite (the common product of
low-temperature alteration) by their lower Fe3+#. Fig. 4
shows that cores of chromian spinels from the altered
chromitites cluster within the field of the ordinary mantle
spinels whereas the high-Cr, high-Fe3+ secondary spinels
plot in the field of high-Cr spinel, high-Fe3+ spinels from the
podiform chromitite at Rayat, Iraq (Arai et al., 2006b). Rep-
resentative microprobe analyses of fresh cores of chromian
spinels from the Cheshmeh-Bid chromitites and associated
dunites are given in Table 3. Cores of chromian spinels
show similar Cr# in disseminated chromitites (0.68-0.82)
and semi-massive chromitite with few silicate contents
(0.72-0.80), but lower in massive chromitites (0.73-0.74). In
contrast, the Mg# is higher in the fresh core of chromian
spinel of disseminated and semi-massive (0.60-0.69, 0.62-
0.68 respectively) than those from the massive chromitites
with Mg# from 0.73 to 0.74. A plot of Cr# versus Mg#
(Fig. 5) for studied chromitite samples reveals that increas-
ing of Cr# is coupled with decreasing Mg# from massive to
disseminate textures. 

Minor and trace elements

Minor- and trace-element compositions of fresh cores of
chromian spinels from the Cheshmeh-Bid chromitites are
given in Table 4. The Zn, Co and Mn contents in chromian
spinel are negatively correlated with Mg# (Table 3). Chro-
mian spinel of disseminated and semi-massive chromitites
is richer in Zn (424-552 ppm and 408-568 ppm, respective-
ly) than that of massive ones (397-399 ppm). Mn is en-
riched in chromian spinel of disseminated and semi-mas-
sive chromitites (1087-1445 ppm and 1070-1289 ppm) rel-
ative to that of massive ones (908-1002 ppm). Chromian
spinels of disseminated and semi-massive chromitites are

Table 1 - Petrographic characteristics of studied chromitites
from the Cheshmeh-Bid deposit, Khajeh-Jamali ophiolitic
massifs.

Fig. 3 - Back-Scattered Electron images of porous chromian spinel with medium-reflectivity along grain boundaries and within fractures (PChr- Porous
chromite; Chr- Chromite).
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also higher in Co (188-223 ppm and 175-197 ppm, respec-
tively) than those of massive chromitites (165-169 ppm).
Ni and Sc correlate negatively with Cr# (Table 3). Ni in-
creases from 442 to 831 ppm in disseminated, to 690-1057
ppm in semi-massive, and to 1156-1285 ppm in massive
chromitites. Ti contents of high-Cr cores of chromian
spinels in the massive chromitites range from 637 to 652
ppm, from 445-594 ppm in semi-massive and from 445 to
735 ppm in disseminated chromitites. Sc and Ga contents
of these chromitites are low and do not show correlation
with Cr# and Mg# in the different chromitite textures
(Table 3). 
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Fig 4 - Ternary Cr-Al-Fe3+ plot of chromian spinel in Cheshmeh-Bid podi-
form chromitites. Fresh and altered zones of chromian spinels are shown
by filled and open symbols, respectively. Fields of mantle chromitites
(Arai and Yurimoto, 1994) and high Cr# spinels of chromitites from Rayat
(Iraq) (Arai et al., 2006b) are shown for comparison. 

Authors: Alireza Eslami, Majid Ghaderi, William L. Griffin, Sarah Gain, Giovanni Grieco, 
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discussion

parent melt composition and tectonic discrimination

High-Cr, low-Fe3+ spinel along the cracks and margins of
chromite grains from the Cheshmeh-Bid chromitites is per-
haps the strongest evidence that studied chromitites are af-
fected by post-magmatic alteration. Presence of chromian
spinels with high-Cr and low Fe3+ within chromitites has
been pointed out by several authors (e.g., Arai et al., 2006b;
Gervilla et al., 2012). This chemical feature is widely attrib-
uted to subtraction of Al as chlorite with the addition of mi-
nor amounts of Fe from interstitial silicates. Arai et al.
(2006b) suggested that high-Cr and low-Fe3+ in chromian
spinels of Rayat chromitites from the Northeastern Iraq may
indicate a composition on a limb of solvus at this high-Cr,
low-Fe3+ chemical condition (e.g., Sack and Ghiorso, 1991).
Gervilla et al. (2012) suggested that ferrian chromite can be
formed in a two-stage process during the retrograde evolu-
tion of chromitites. During the first stage, primary chromite
may reacts with olivine in the presence of reducing fluids to
produce chlorite and secondary chromite with porous tex-
ture enriched in Cr2O3 and Fe2+. In the second stage, late ox-
idizing hydrothermal solutions percolate through pores in
the porous chromite, dissolving chlorite and adding Fe3+ to
the chromite and formed Fe3+-rich chromite.

The trend shown in Fig. 5 might be due to subsolidus re-
equlibrium and/or alteration. Subsolidus re-equilibration be-
tween chromite and an interstitial silicate phase (most typi-
cally olivine) would change chromite composition from its
original composition. Despite of this fact, the primary geo-
chemistry of chromian spinels in massive chromitites, with
more than 90% chromite modal composition, will be pre-
served during low temperature re-equilibration processes
(e.g., Maurel and Maurel, 1982). Thus, only massive
chromitites which are not or slightly affected by subsolidus
re-equilibration have been used for assessing the origin of
the parental magma and tectonic discrimination. The
chromites from the Cheshmeh-Bid massive chromitites have
Cr2O3 contents in the range of 54.4-59.6 wt%, Al2O3 con-

tents in the range of 10.2-14.1 wt% and TiO2 contents 0.07
to 0.11 wt% which are consistent with composition of typi-
cal ophiolitic podiform chromitites (Fig. 6a and b). The
studied fresh chromites are typical of podiform chromitites,
as shown on Fig. 7. The Cr# extends from the high-Cr#
boninite field to the low-Cr# MORB field. The studied
spinels have compositions similar to high-Cr spinels from
the Albanian podiform chromitites but with lower Fe2+#
(Beccaluva et al., 1998; Saccani and Tassinari, 2015) and
ophiolites of Sarve-Abad (Allahyari et al., 2014), Turkey
(Paktunc and Cabri, 1995), Troodos (Arai and Yurimoto,
1994), northern Oman-United Arab Emirates (UAE) (Arai
and Yurimoto, 1994) (Fig. 7). In order to decipher the geo-
logical setting of the Cheshmeh-Bid chromitites, geological
setting of the chromitite xenoliths from the Japan arc as
suprasubduction zone (Arai and Abe, 1994) and chromitites
of the Hess Deep as mid-ocean ridge setting (Arai and Mat-
sukage, 1998) have also been plotted in Fig. 7.

Linear relationships between the Al2O3 and TiO2 content
of chromite and the parental melt composition have been
experimentally established (Maurel and Maurel, 1982), as
well as through the study of natural systems (Roeder and
Reynolds, 1991; Kamenetsky et al., 2001). Kamenetsky et
al. (2001) used chromite-olivine pairs and melt inclusion-
chromite pairs from various tectonic settings such as ocean-
ic, arc and intraplate tectonic settings. Thus, calculated
Al2O3 and TiO2 compositions of parental melts can be used
to infer the magmatic affinity of the parental melt, as well as
the tectonic setting of formation of the chromitite. Al2O3
and TiO2 contents in chromite have used to estimate the
geochemical composition of a melt from which the chromite
crystallised (Pagé and Barnes, 2009). The Al2O3 and TiO2,
chromite-parent melt composition relationship has been ap-
plied to the chromites of the Cheshmeh-Bid chromitites. For
this point, we have used the Al2O3 and TiO2 chromite-parent
melt composition relationship from natural sample suites of
Kamenetsky et al. (2001) using equations (1) and (2). The
Al2O3 contents of the parental melts have been calculated
using the following equation:

Fig. 6 - Compositional variations of Cheshmeh-Bid chromitites: (a) Cr2O3 versus Al2O3 (wt%). (b) Cr2O3 versus TiO2 (wt%); The fields for podiform and
stratiform chromitites are from Arai et al. (2004).
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wt % Al2O3 in melt = 
5.0258 · [ln (wt % Al2O3 in spinel)]- 0.6867 (1)

Similarly, it is possible to calculate the TiO2 content of
the parental melt by using the following equation which has
been applied for low-Al chromian spinels:

wt% TiO2 in melt = 1.112 · ( wt% TiO2 in spinel) 0.7893 (2)

In this part, TiO2 and Al2O3 contents of parental melt in
equilibrium with the Cheshmeh-Bid chromitites data were
calculated based on data from Kamenetsky et al. (2001),
and equations (1) and (2). Position of chromitite samples
on the regression lines related to the arc lavas is shown in
Fig. 8. 

The calculated Al2O3 contents of melt vary from 10.97
to 12.62 wt%. The calculated TiO2 contents ranges from
0.14 to 0.19 wt%. These values are consistent with TiO2
and Al2O3 contents of boninites from several localities
such as Thetford Mines Ophiolite (Pagé and Barnes,
2009), Betts Cove (Bédard, 1999), Chichijima (Taylor et
al., 1994), Dinaride ophiolites (Dilek et al., 2008; Saccani
et al., 2008; 2011) (Fig. 9). The FeO/MgO ratio of the par-
ent melt was calculated from the chromite composition by
equation (3) which has been proposed by Maurel and
Maurel (1982):

ln(FeO/MgO)spinel = 
0.47-1.07YAl

spinel + 0.64YFe+3
spinel + ln(FeO/MgO)melt (3)

where 

YAl
spinel = Al/(Cr + Al + Fe+3) 

and 

YFe+3 spinel = 
Fe+3/(Cr + Al + Fe+3).

Post-magmatic subsolidus re-equilibration would trigger
exchange of Mg2+ and Fe2+ cations between chromite and
olivine. As discussed above, only massive chromitites have
been used to estimate FeO/MgO ratio of parental melt as
they underwent minimal subsolidus Fe-Mg exchange be-
tween their chromite and interstitial silicates. The FeO/MgO
ratios of the parental melt of studied chromitite range be-
tween 0.68 and 1.04 which reflects boninite chemistry of
parental melt (Hichey and Frey, 1982; Fallooon and Craw-
ford, 1991; Saccani et al., 2011; Saccani and Tassinari,
2015). The FeO/MgO ratios and TiO2, Al2O3 concentrations
in parental melts of the Cheshmeh-Bid chromitite is similar
to boninitic parental melts which has been inferred from
chromian spinel composition in other Late Cretaceous Za-
gros ophiolites (e.g., Penjween-Walash ophiolites of the
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Fig. 7 - Compositional variations of Cr#
(100*Cr/(Cr + Al)) versus Fe2+# (100*Fe2+/
(Fe2+ + Mg)) in chromian spinels of the
Cheshmeh-Bid chromitites (diamonds). Com-
positional fields of mid-ocean ridge basalt
(MORB) and boninite (BON) are from
Barnes and Roeder (2001). The spinel-olivine
re-equilibration curves (spin-oliv) at 1220°C
are from Dick (1977). Fields of Albanian
Podiform Chromitites (Beccaluva et al., 1998;
Saccani and Tassinari, 2015), chromitites of
Sarve-Abad ophiolite (Allahyari et al., 2014)
and podiform chromitites (Pagé and Barnes,
2009) are shown for comparison. Data of
podiform chromitite from Northern Oman
(NO; Arai and Yurimoto, 1994), Trodoos (Tr;
Arai and Yurimoto, 1994), Turkey (Tk; Pak-
tunc and Cabri, 1995) and a suprasubduction
zone (SSZ) nodular-textured chromitite xeno-
lith from the Japan arc (Arai and Abe, 1994)
are shown for comparison.

02Eslami 91 COLORE_Layout 1  22/12/15  12:20  Pagina 99



100

northwestern Zagros Suture Zone in Kudristan of Iraq,
Aswad et al., 2011; Sarve-Abad ophiolites of northwestern
Iran, Allahyari et al., 2014; Gogher-Baft ophiolites of south-
eastern Iran, Shafaii Moghadam et al., 2013).

trace and minor element compositions as proxy 
for chromitite genesis

The application of trace elements in chromian spinels of
chromitites to infer the genesis of podiform chromitites, has
been described by Pagé and Barnes (2008). It is crucial to
note that minor elements in pristine cores of chromian

spinels might be perturbed due to post-magmatic re-equili-
bration processes (González-Jiménez et al., 2011; Colás et
al., 2014). Most of the Cheshmeh-Bid chromitites were not
affected by intense hydrothermal alteration. The plot of Ga
versus Zn + Co + Mn for all studied chromitites (Fig. 10)
shows that as Mg# decreases, there is a similar negative cor-

Fig. 8 - Al2O3 (a) TiO2, (b) melt-spinel relationship for the studied chromi-
an spinels, after Kamenetsky et al. (2001). The spinel compositions from
the shallow and deep Wadi Rajmi (Oman) chromitites and the calculated
melt compositions (Rollinson, 2008) are included for comparison. MORB-
Mid-Ocean Ridge Basalt.

Fig. 9 - TiO2 (wt%) versus Al2O3 (wt%) compositions of melt calculated to
be in equilibrium with chromian spinels from the Cheshmeh-Bid chromi-
tite deposit. The fields of Thetford Mines Ophiolite, boninites and MORB
are from Page and Barnes (2009). Fields of Chichijama boninites (Taylor
et al., 1994) and Sarve-Abad chromites (Allahyari et al., 2014) are shown
for comparison. 

Fig. 10 - Zn+Co+Mn (ppm) versus Ga (ppm) of chromites from the Chesh-
meh-Bid chromitite (after Colás et al., 2014).
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relation between Ga and Zn + Co + Mn from massive to dis-
seminated chromitites. Slight enrichment of trace elements
like Zn, Co and Mn in most of massive chromitites as well
as disseminated chromitites may reflect the post-magmatic
sub-solidus re-equilibration with olivine matrix. Colás et al.
(2014) observed similar enrichment in unmetamorphosed
chromites of disseminated samples from chromitite dyke of
Dyne in New Caledonia Ophiolite. They suggested that Mn,
Zn and Co, together with Fe2+, can enter the tetrahedral sites
after Mg2+ sequestration into olivine during cooling and

subsolidus re-equilibration between chromite and olivine.
Dunite samples of the Cheshmeh-Bid massif with strong en-
richment of Zn + Co + Mn show how dunite with high sili-
cate/chromite ratio can be affected by subsolidus re-equili-
bration during cooling. 

In summary, trace and minor element compositions of
chromian spinels from massive chromitite can be used as
proxy for chromitite genesis, provided that they are not af-
fected by subsolidus re-equilibration and/or hydrothermal al-
teration. Spider-diagrams of major, minor and trace elements
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Fig. 11 - Spidergrams showing the composi-
tion of chromites from the Cheshmeh-Bid
massive (a), semi-massive (b) and disseminat-
ed (c) chromitites compared with chromites
from boninites (Bonin Island and the Thetford
Mines Ophiolite, Page and Barnes, 2009) nor-
malized to the composition of chromites from
the MORB. Normalizing values of MORB
are from Page and Barnes (2009). Data for
chromitites of Dyne in the New Caledonia
Ophiolite are also from Colás et al. (2014).
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from massive, semi-massive and disseminated chromitites
(Fig. 11) are normalized to the composition of chromite
from East Pacific Rise MORB. The patterns of minor and
trace elements in chromian spinels of the Cheshmeh-Bid
chromitites are also similar to those of high-Cr chromites
from the Dyne chromitites of New Caledonia Ophiolite.
Disseminated chromitites of Dyne are more enriched in Zn,
Co and Mn than those from the Cheshmeh-Bid chromitites
which means that they are more re-equilibrated than Chesh-
meh-Bid chromitites. Chromian spinels of massive and re-
equilibrated semi-massive chromitites show patterns simi-
lar to Thetford Mines Ophiolite with small changes such as
slight enrichment of Zn-Mn-Co in re-equilibrated chromi-
tites and Sc negative anomaly. Similarity with Thetford
mine chromitites suggests that chromian spinels from the
Cheshmeh-Bid chromitites crystallised from a boninitic
melt while discrepancy with Bonin lava spinels can be due
to their low chromite to silicate ratio and higher degree of
re-equilibration.

Mantle oxidation state

The oxidation state of the mantle can be affected by recy-
cling and accreting processes like subduction and flux of
oxidized crustal components into a moderately reduced,
poorly buffered asthenosphere (Ballhaus et al., 1990). Thus
it is not surprising that oxygen fugacity has been found to
vary widely across a range of tectonic settings. It has been
suggested that subduction zone settings are more highly oxi-
dized than other tectonic settings (e.g., Ballhaus et al., 1990;
Parkinson and Arculus, 1999). One way to approach the ox-
idation state of the mantle is the application of olivine-
spinel oxygen barometer of Ballhaus et al. (1991a and
1991b). It is crucial to note that no orthopyroxene has been
found in podiform chromitites and associated dunites, and
only coexisting olivine-chromian spinel pairs are available
for such calculations. Representative electron microprobe
analyses of olivine-chromian spinel pairs are given in Table
5. The calculated oxygen fugacities of two massive chromi-
tites, three disseminated chromitites and one dunite sample
are given in Table 6. The calculated fO2 values of the studied
samples are above the FMQ buffer and plot into the field of
oceanic-arc peridotites (Fig. 12).

conclusions

The chromian spinel of Cheshmeh-Bid chromitites dis-
plays different major, trace and minor element composi-
tions from that of non-equilibrated massive to disseminated
chromitites. Chromian spinel in massive chromitites has re-
tained its magmatic composition. In rare cases, alteration of
chromite as high-Cr, high-Fe3+, low Al2O3 porous spinel
occurs, which is attributed to reaction between chromite
and olivine in the presence of reducing fluids. However, the
alteration is restricted to chromite grain boundaries and
within fractures of individual chromite grains. The calculat-
ed TiO2, Al2O3 and FeO/MgO contents of the parental
melts of the Cheshmeh-Bid massive chromitites also indi-
cate that these high-Cr# chromitites were derived from
boninitic melts in a supra-subduction zone setting. The cal-
culated oxygen fugacities (fO2) or log fO2 are +1.01, +1.43
and +0.96 in disseminated chromitites, massive chromitites
and dunites, respectively. The high oxygen fugacity of the
studied upper mantle from the Cheshmeh-Bid ophiolitic

massif suggests a boninitic source in the mantle wedge of a
suprasubduction zone. From the standpoint of trace ele-
ments, chromian spinels from the non-equilibrated massive
chromitites make them analogous to chromite in typical
boninites worldwide. It is crucial to note that boninitic
magmatism, as inferred from chromian spinel composition,
occurred all along the present-day MZT during Late Creta-
ceous, from the Penjween-Walash ophiolites of the north-
western Zagros Suture Zone in Kurdistan of Iraq (Aswad et
al., 2011) through the Sarve-Abad ophiolites in northwest-
ern Iran (Allahyari et al., 2014) to the study area and, possi-
bly, to the Gogher-Baft ophiolites of southeastern Iran
(Shafaii Moghadam et al., 2013). Thus, the present work
confirms the widespread boninitic magmatism, extending it
further to the southwest.
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Table 5 - Representative microprobe analyses of chromite-
olivine pairs from the Cheshmeh-Bid chromitites and
dunites.
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