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The Haji-Abad-Esfandagheh-Faryab ophiolitic belt is one of the most famous chromite-
bearing occurrences in the south of Iran that has received considerable attention. Golashkard
ultramafic unit includes dunite, highly serpentinized harzburgites, chromitite and wehrlite
layers in the Faryab ophiolitic complex located in the southeast of Sanandaj-Sirjan as
one of the chromite-bearing areas of the Haji-Abad-Esfandagheh-Faryab ophiolitic belt.
Ultramafic rocks and chromitites of Golashkard area consist of 20 to more than 50% of
chromite. The studied chromites have variable massive, banded and scattered textures. The
geochemistry of Golashkard ultramafic rocks shows that the average Cr# enrichment of
chromite in serpentinite rocks (probably dunite and harzburgite) and wehrlite is to Cr/ (Cr +
Al) x100= 70-80 and in chromitite is relatively higher (Cr/ (Cr + Al) x100= 81). Based on
the lithological and mineral chemistry characteristics, Golashkard ultramafic rocks are part
of mantle related to ophiolite, which was produced by a homogeneous boninitic melt in the

suprasubduction zone and formed high chromium chromitites and related peridotites.

1. Introduction

Ophiolites are good windows of the mantle lithosphere that are
exposed on the surface of the earth that the heterogeneity of the
mantle can be examined by them. As indicated by mineralogical
and geochemical characteristics, ophiolites may be formed in
different tectonic settings, including those related to the mid-

ocean ridge (MOR), which includes the fertile mantle with the

characteristics of Cr and Al-rich spinels with a relatively low Cr
ratio (0.6<Cr/(Cr+Al)), and also types associated with the arc or
supra-subduction zone (SSZ) with the characteristic of Cr-rich
chromium spinels with a high Cr ratio (0.6>Cr/(Cr+Al)) were
named (Dick and Bullen, 1984; Zhou et al., 1998; Dare et al.,
2009; Arai et al., 2011). Ophiolites contain significant chromite
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deposits hosted by harzburgites in massive, nodular, banded and
scattered forms. Cr-spinel is sometimes preserved from alteration
both in chromitites and even in other peridotites and can be used
as a reliable petrogenetic indicator, even in highly serpentinized
ultramafic rocks (Liipo et al., 1995). The chemistry of chromium
spinels provides important information about the composition of
the primary melt (Rollinson, 2008), magmatic processes (partial
melting) and partial crystallization (Irvine, 1967; Roberts and
Neary, 1993; van der Veen and Maaskant, 1995).

Ophiolites are the oldest known ocean fragments of the Sanandaj-
Sirjan zone in southern Iran, which are used to identify the suture
zone between convergent blocks. The ophiolitic complexes of
Haji-Abad-Esfandagheh-Faryab belt are dismembered mafic-
ultramafic complexes that have undergone several stages of change,
deformation and metamorphism. With detailed lithological studies
on the ophiolitic rocks of the upper mantle (peridotites and related
chromitites) of the Haji-Abad-Esfandagheh-Faryab belt, it has been
concluded that these ophiolites were probably formed in various
tectonic situations, from MOR to SSZ (Ahmadipour et al., 2003;
Ghasemi et al., 2002; Shafaeii-Moghadam, 2013; Saccani et al.,
2018; Delavari et al., 2016; Peighambari et al., 2011; Jannessary
et al., 2012). Tholeiitic to boninitic magmas are considered as the
dominant primary magmas for chromite deposits in Haji-Abad-
Esfandah-Faryab belt ophiolites, especially the types with high
Cr (Shafaii-Moghadam, 2013; Ahmadipour et al., 2003; Saccani
et al., 2018; Delavari et al., 2016). According to the studies of
Naseri et al. (2023), the Golashkard mantle part is located in the
Faryab ophiolitic complex consists of dunite, wehrlite, pyroxenite,
as well as chromitite and serpentinite, which has been thrust on a
metamorphic bed belonging to the Bajgan complex. Dunites are
seen as masses and sometimes contain thin layers of chromitite.
Wehrlites and pyroxenites are also exposed as dikes in different
parts. Harzburgites are completely serpentinized and chromitites
are seen as layers and masses. This research provides a detailed
geochemical investigation of chromium spinels on chromitite rocks

and their host ultramafic rocks.

2. Research and methodology

In order to accurately investigate the geochemical behavior
of elements in the structure of minerals and to complete the
mineralogical investigations of spinel minerals in chromitite,
serpentinite and Wehrlites rocks in Japan by JEOL JXA-8600M
automatic superprobe with KV15 accelerating voltage and Amp
radiation current 2x10-8 have been analyzed in the Department of
Earth and Environmental Sciences, Yamagata University, Japan.
Then, using the obtained results, the structural formula of the
mentioned minerals was calculated. Spreadsheets (Excel) were

used to calculate the structural formula and determine the end

members of the minerals, as well as their Fe*? and Fe™ separation.

3. Results and Discussions

Golashkard ultramafic unit is a part of Faryab chromite-rich
ophiolite complex, in the east of Faryab city and in the Sanandaj-
Sirjan structural zone, between large chromite mines such as
Sorkhband mountain, Esfandagheh, and Haji-Abad outcrops.
Sanandaj-Sirjan represents the southwest margin of a continental
strip in the Neotethian oceanic subduction system in Iran.
The ophiolite complexes of Sanandaj-Sirjan zone have many
differences and similarities in terms of ophiolite structure. Some
of these complexes have a coherent ophiolite structure similar to
the Oman ophiolite (such as the Kahnuj ophiolite complex) and
some are ophiolitic melanges and fragmented parts (such as the
Haji-Abad, Minab, Esfandagheh and Faryab complexes). The
Golashkard ultramafic unit includes the mantle part of the Faryab
ophiolitic complex, which is surrounded by the metamorphic rocks
of the Bajgan complex from the south and west (McCall, 1985)
and the metamorphic complexes around the Mordan river from the
north without direct contact.

Most of the ultramafic rocks of Golashkard area are strongly
serpentinized. In serpentinized rocks, primary silicate minerals
have been completely altered to serpentines, carbonates and talc.
Although the degree of alteration is high, the ultramafic protolith
can be identified as harzburgite by bastite textures, the result of
orthopyroxene alteration. There are forms similar to orthopyroxene
(bastite) in which magnetite fills the cleavage planes of their main
crystals. Chromium spinels in harzburgite are mostly amorphous
and skeletal. Serpentinitic dunite contains abundant subhedral to
euhedral chromium spinel crystals (about 5% of rock volume),
which usually show weaker changes and fractures than serpentinitic
harzburgite. The spinels in the dunites are often aligned and
scattered in the olivines. In some samples, chromium spinel
crystals have tensile cracks, orientation, olivine inclusions and
mylonitic textures. Chromium spinel found in Wehrlites rocks is
often anhedral, with irregular edges and in different sizes. Spinel in
Wehrlites is scattered among olivine minerals or next to them and
in the vicinity of clinopyroxene porphyroclasts.

Chromitites in Golashkard area are composed of 70% to 90%
of modal chromium spinel crystals. Altered chromite crystals are
generally black in color and non-altered chromites are reddish
brown to orange in color, fine-grained to coarse-grained (up to 10
mm) and have tensile fractures. In microscopic sections, chromitites
are often anhedral to subhedral and show signs of severe crushing.
Different shapes can be distinguished in chromium spinel crystals
such as semi-rounded spherical, elliptical and polygonal. Usually,
the primary texture of chromites cannot be recognized due to their

excessive crushing, but due to the angle of placing the crystals
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next to each other, a mass texture can be recognized for them. In
sheared chromium spinel, the grains break along the fractures and
form a cataclastic texture. Chromium spinel sometimes contains
interstices of olivine and orthopyroxene silicate minerals, which
are often altered to serpentine and chlorite minerals. Ferrochromite
and chromium-rich magnetite are formed along the margins and
cracks of chromium spinel grains as a result of the alteration of
harzburgites, wehrlites, and to a lesser extent in chromitites.

Based on mineral chemistry, chromium spinels in host
serpentinites (probably harzburgite) are high Cr types. Cr,O,
content is lower in Chromium spinels that host Wehrlites than those
formed in serpentinites (harzburgite) (41.34-35.45% and 41.95%
on average). Cr# of the Wehrlites -hosted chromium spinels shows
different values from 0.67 to 0.76 with an average of 0.72. Cr-
spinels of serpentinite (harzburgite) show a different compositional
range. Cr203 content ranges from 30.62 to 50.87% by weight
(on average 43.24% by weight). Cr# of serpentinite (harzburgite)
chromium spinels is high and ranges from 0.76 to 0.83 (on average
0.80). Chromium spinels of all chromitites are also high Cr types.
They have a high Cr,0, content ranging from 47.46 to 56.60 wt%,
with an average of 54.51 wt%. Cr# in chromitite spinels such as
those in serpentinites (harzburgite) is significantly higher than in the
host wehrlite and ranges from 0.66 to 0.87 with an average of 0.81.
The TiO, content of chromium spinel in all rock types (wehrlites,
serpentinites and chromitites) is very low (<0.35% by weight),
which is one of the characteristics of the upper mantle of ophiolitic
complexes. Mg ratio is inversely correlated with Cr ratio. The
approximate negative correlation between ALO, and Cr,O, in the
chromites of the Golashkard area in the Faryab complex indicates
their ophiolitic nature. In the graph of TiO, versus Cr,0,, most of
the chromitites of the Faryab complex are placed in the range of
podiform chromitites close to the border of stratiform chromitites.
The ratio of Cr and the ratio of medium to high Mg of Cr-spinels of
the upper mantle rocks of Golashkard region are almost similar to
those of ophiolitic Cr-spinels, as shown in the Cr-Al-Fe’* triangular
diagram and the Cr-Al-Fe™+Ti triangular diagram.

Chromite deposits with Chromium spinels of high Cr# are
most likely produced by the interaction between melts of high
partial melting with mantle peridotite in a supra subduction
zone. In the present study, in the Faryab complex, all chromitites
and serpentinites (harzburgite) are uniform in terms of chemical
composition and include chromium spinels with Cr# higher than 0.8.
These chromium spinels with high Cr# strongly indicate that these
rocks are either formed from high-grade partial melting or depleted
peridotite melting. These types of magmas are easily formed in
the supra subduction zone, where H,O is supplied as a fluid from
the subducting edge. This interpretation is strongly supported

by estimates of primary melt composition in equilibrium with
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chromitites and other studied host rocks, such that the chromitites
of the Faryab complex are plotted almost in the boninite field. In
addition, chromium spinels in chromitite and other rocks with low
TiO, are also plotted in the SSZ field in the ALO, - TiO, diagram.
The chromitite-serpentinite (harzburgite) and wehrlite complex
of Golashkard area are very similar to late Proterozoic ophiolitic
complexes. The chromium spinel chemistry of chromitites and
serpentinites (harzburgite) is very similar, including the high Cr
ratio (Cr#>0.8), which most likely formed from the interaction
between boninite melts and wall rock peridotites in an arc
environment. The main difference between the Golashkard region
ophiolite and late Proterozoic ophiolitic complexes is the absence
of Al-rich chromites, which are quite common in many Proterozoic
and Phanerozoic ophiolitic complexes (Ahmed et al., 2012; Miura
etal., 2012).

4. conclusion

The mantle part of the Faryab complex ophiolite includes highly
serpentinized harzburgites, dunite, medium-scale chromitite layers,
and wehrlite. The primary silicate minerals of dunite and especially
harzburgite have been completely altered to secondary minerals in
most of the studied areas. Chromium spinels are the only primary
minerals that are preserved from changes and reflect the primary
characteristics of the ultramafic protolith. The composition of
chromium spinels in chromitites is slightly different from the
examples found in hosts of harzburgite and wehrlite. The high Cr
ratio of Chromium spinels in chromitites, as well as the low TiO,
content, indicates their formation by interaction between mantle
harzburgite and arc-related magma. The estimated composition
of the primary melt in equilibrium with the formation of podiform
chromitites indicates a boninitic chemical composition above
a supra subduction zone. Therefore, the composition of high
Cr Chromium spinels in podiform chromitites and in relatively
refractory mantle peridotites in Faryab ophiolitic complex shows
the extensive interaction of boninitic melt with relatively refractory
mantle peridotite. In the Faryab complex, dunite, harzburgite
and chromitite rocks are the most important hosts of chromite,
which is consistent with other ophiolitic areas in the Haji-Abad-
Esfandagheh-Faryab belt. Also, in terms of magmatic nature
(Boninititic magmas) and tectonic setting (supra-subduction zone),
there is a significant similarity between the ophiolitic regions in the
Haji-Abad-Esfandagheh-Faryab belt.
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Figure 2- a) Replacement of magnetite in cleavage planes of orthopyroxene

crystals in harzburgite; b) Anhedral to skeletal chromium spinels in harzburgite;

¢) mesh texture in the serpentine resulting from dunite; d) Chromium spinels

subhedral to euhedral and abundant in dunite.

OA



[N :(1)}"\: ClEo (o pole/yl S g 68 xubuwl (50l solwdl/....5 ;SuiHUS Sudlol yilgl Solg 4 Cr jl id slo Yol pg S

BN

S

b Jogel 0557 S

(S tiCo 4 (b ¢ s ol 05,5 ST, 5 aiss o VSIS il @ S

(O o] 405 53 o Jogml 3 S SAST, (d sl fol 35 53 sl sladlssl 5 (a8 slaeS 5 (0 4 3

{(Cr-Sp) Jorel 5,5 «(CPX) S 5y 58

Figure 3-a) Granular texture in dunite and distribution of chromium spinels; b) Elongation and

orientation of chromium spinels in dunite; ¢) Tensile cracks and olivine inclusions in chromium

spinels; d) Dispersion of chromium spinels in wehrlite [Olivine (Oli), clinopyroxene (Cpx),

chromium spinel (Cr-Sp)].
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Figure 4. Microscopic images of chromium

spinels in chromitite rocks: a) Ensile fractures
in chromite crystals; b) Non-altered crystals of
chromium spinel with orange color; ¢) Triple
connection, mass texture and the presence of
silicate intermediates in chromium spinels of

chromitite; d) Cataclastic texture.
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Table 1. Chromium spinel minerals analyzed by electron microprobe method in serpentinite (Fa-32) and wehrlite (Fa-37).

Fa-32 Fa-37
1 2 3 4 5 6 7 1 2 3 4 5 6
Sio 0.79 2.89 6.76 0.53 1.85 2.85 6.76 7.09 10.40 10.09 8.01 8.05 10.59
Tio, 0.35 0.28 0 0.33 0 0.28 0.35 0.35 0.31 0.30 0.34 0.29 0.3
ALO, 7.61 7.15 6.1 6.22 5.8 8.18 6.06 10.20 13.09 12.40 10.5 11.1 12.3
Cr,0, 50.87 46.34 30.62 46.15 43.89 38.19 46.62 45.35 40.49 41.34 42.1 41.2 41.24
FeO 25.89 38.47 38.68 39.82 50.75 45.57 39.68 29.53 27.50 27.94 34.31 32.51 23.13
MnO 0.4 0.59 0.31 0.47 0.21 0.21 0.31 0.28 0.29 0.31 0.40 0.28 0.16
MgO 9.41 3.64 5.66 5.3 1.71 10.71 10.66 7.01 8.34 8.28 4.86 6.60 12.22
CaO 0 0 0 0 0 0 0 0.00 0.00 0.03 0.01 0.0 0.03
Total 96.01 100 88.13 98.92 94.21 10599 10046 100.02 100.42 100.72 100.53  100.03 99.97
Formula 32(0)  32(0) 32(0) 32(0)  32(0) 32(0) 32(0) 32(0)  32(0) 32(0) 32(0) 32(0) 32(0)
Si 0.22 0.8 2 0.15 0.55 0.7 1.76 1.88 2.66 2.59 2.13 2.12 2.66
Ti 0.074 0.06 0.000 0.072 0 0.052 0.072 0.073 0.064 0.058 0.046 0.061 0.054
Al 2.504 2.412 2.18 2.04 2.03 2.38 1.85 3.18 3.95 3.75 2.89 3.5 3.66
Cr 11.226  10.19 7.34 10.15 7.97 7.46 7.51 9.48 8.2 8.38 9.25 8.96 8.6
Fe® 1.7 1.71 2.39 3.34 4.89 4.65 2.99 0 0 0 0.65 1.1 1.21
Fe* 432 7.24 7.41 5.93 7.74 4.77 5.63 6.53 5.9 5.99 6.98 5.61 4.64
Mn 0.095 0.14 0.08 0.111 0.053 0.044 0.068 0.063 0.063 0.067 0.09 0.062 0.034
Mg 3.916 1.553 2.56 22 0.76 3.95 4.13 2.76 3.18 3.165 1.96 2.59 3.13
Ca 0.000 0.000 0.000 0.000 0.0 0 0.0 0 0 0.008 0.003 0.0 0.008
Total 24 24 24 24 24 24 24 24 24 24 24 24 24
Mg/(Mg+Fe?) 0.48 0.18 0.26 0.27 0.11 0.45 0.42 0.3 0.35 0.35 0.22 0.32 0.4
Fe/(Fe**+Mg) 0.53 0.82 0.74 0.73 0.91 0.55 0.68 0.7 0.65 0.65 0.78 0.68 0.6
Cr/(Cr+Al) 0.82 0.81 0.77 0.83 0.80 0.76 0.80 0.75 0.67 0.69 0.76 0.72 0.7
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Table 2. Chromium spinel minerals analyzed by electron microprobe method in chromitite rocks (Fa-38).

1 2 3 4 5 6 7 8 9 10
sio, 0.14 0.01 272 0.29 0.06 2.65 0.04 0.02 5.85 128
Tio, 0.22 0.25 0.14 021 0.18 0.29 0.25 0.3 0.5 0.34
ALO, 16.24 7.60 7.64 7.11 6.77 5.49 134 435 6.03 7.52
Cr,0, 4746 56.93 52.60 56.13 5816  56.80 51 58.6 524 54.97
FeO 1949 2381 23.67 2625 2522 2149 232 272 184 4.66
MnO 0.29 0.46 0.51 0.59 0.59 0.52 0.52 0.54 0.46 0.5
MgO 13.49 9.64 8.86 8.73 8.47 10.05 103 691 134 9.13
Ca0 0.03 0.00 0.02 0.03 0.03 0.03 0.04 0.03 0 0.04
Total 97.37 98.7 96.15 9934 9948 9732 9869 9790 9706  98.46

Formula 32000  32(0)  3200)  3200) 320) 32(0) 3200) 3200) 32(0)  32(0)
Si 0.036  0.003 0.75 0078  0.016 0.73 0.01 0.01 1.55 0.35
Ti 0042 0051 0.030 0.043  0.037 0.06 0.05 0.06 0.10 0.073
Al 4.912 242 2.49 2267 2.166 1.77 4013 1.44 1.88 24
Cr 9.63 12.16 11.49 1205 1248 1229  10.57 13 11 11.78
Fe* 1.32 131 0.46 148 1.25 037 1.18 137 0.00 0.98
Fe* 2.85 4 5 446 448 455 391 5.03 41 4.61
Mn 0063  0.105 0.119 0135 0136 0121  0.115 0.13 0.10 0.115
Mg 5154  3.883 3.65 3522 3431 4.1 4.03 2.90 53 3.69
Ca 0.008  0.001 0.006 0.009 0009 0009 0011  0.009 0.00 0.012
Total 24 24 24 24 24 24 24 24 24 24
Mg/(Mg+Fe?") 041 0.42 031 0.28 0.27 0.36 0.51 0.57 0.57 0.45
Fe/(Fe*"+Mg) 0.45 0.58 0.60 0.63 0.63 0.55 0.56 0.43 0.44 0.6
Cr/(Cr+Al) 0.66 0.83 0.82 0.84 0.85 0.87 0.72 0.85 0.85 0.83
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Figure 5-a) Chromium spinel classification of Faryab complex chromites according to Al,O,

versus Cr,0;;

and Ahmed and Arai (2003).

b) TiO, versus Cr,0O,, stratiform and pediform chromite from Bonovia et al. (1993)
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Figure 6. Chromium spinels of chromites of Faryab complex in terms of: a) Cr-Al-Fe**

triangular diagram and b) Cr-Al-Fe™+Ti triangular diagram of spinels that represent specific

ranges of ophiolitic complexes for the Chromium spinels of Golashkard area, it shows

strati-form ranges and Alaska-type complexes from Irvin (1967); Barnes and Roeder (2001);
Helmy and El Mahallawi (2003); Ahmed et al. (2008).
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Figure 7-a) Diagram of Cr# [(Cr/(CrtAl)] vs Mg# [Mg/(Mg+Fe*')]; b) Diagram of

Cr# [(Cr/(Cr+Al)] vs TiO, for ophiolitic chromium spinels of the Faryab complex, tectonic fields

of harzburgites/peridotites and SSZ dunites are from Ishii et al. (1992), Parkinson and Pearce
(1998), Pearce et al. (2000), Abyssal peridotite is from Dick and Bullen (1984) and field of

boninites is from Vander Laan et al. (1992).
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Figure 8. TiO,% vs Al,0,% (Kamenetsky et al., 2001) in chromium spinels of Golashkard

region: a) Tectonic position of chromium spinel rocks; b) Ultramafics plotted in the lower Ti

range [SSZ: supra subduction zone; Arc: volcanic rocks associated with the arc; Lip: large

igneous range; MORB, mid-ocean ridge basalt; OIB: ocean island basalt].
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