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ABSTRACT

In central Iran, to the northwest of the Central Iranian micro-continental (CIM) block, the coloured mélange is characterized by widespread ophiolite blocks.
In the Nain area, these ophiolite blocks, known as Nain ophiolites, are mainly composed of mantle peridotites. Based on field and petrographic observations and
on the chemistry of Cr-spinels, two types of chromitites have been recognized in the Nain ophiolites. The first type occurs as chromitite patches within the
harzburgites. The Cr number [Cr” = 100*Cr/(Cr+Al)] of the Cr-spinels varies between 58 and 63 in chromitite patches and 39-40 in harzburgites. Calculated
amount of Al,O; and ratio of FeO/MgO in the parental melts of the chromitite patches indicate a boninitic melts for the source magmas of the Cr-spinels. The
REE patterns for the studied harzburgites and lherzolites are similar to those from abyssal peridotites. These characteristics suggest a back-arc basin setting for
the generation of the chromitite patches as well as of the harzburgites and lherzolites from the Nain ophiolites. The second type of chromitites occurs as lenses
(chromitite pods) in dunites. The Cr number of Cr-spinels of these chromitites varies between 69 and 73. The Cr-spinels of these chromitites also show a
boninitic nature for the parental melts. These characteristics of chromitite lenses show that they were generated at an arc setting. Therefore, intra-oceanic sub-
duction in the Nain basin in Early Cretaceous can be proposed on the basis of these data on the origin of the chromitite lenses. Intra-oceanic rifting in a back-arc
setting generated an oceanic back-arc basin in the Nain area in Late Cretaceous., The chromitite patches and the studied harzburgites and lherzolites were likely
formed in the mantle beneath the back-arc basin. On the whole, the field and petrographic observations as well as the degree of partial melting, calculated on the

basis of the Cr”, suggest that the genesis of these rocks can be explained according to a mixed open-channel cumulate/rock-reaction model.

INTRODUCTION

Ophiolites are considered to be important tools for under-
standing the tectonic and magmatic processes responsible
for the formation of oceanic lithosphere. The lithological
and chemical signatures of their mantle section can provide
further insights into the tectonic setting where the ophiolitic
complexes formed.

Cr-spinel is an important petrogenetic indicator in ultra-
mafic/mafic rocks. It is recognized as a sensitive mineral for
deducing the conditions during magma crystallization (e.g.,
Orberger et al., 1995; Kamenetsky et al., 2001). The major
factors controlling the composition of Cr-spinel are: (i)
composition of the parental melt, (ii) composition of miner-
als crystallizing along with Cr-spinel, (iii) the congruent/in-
congruent melting behaviour of the mantle, (iv) nature of
crystallisation (equilibrium or fractional crystallisation) and
(v) physico-chemical parameters (temperature, pressure,
fO,; e.g., Dick and Bullen, 1984; Dick and Kelemen, 1991).

Based on field relationships, petrographic studies, chem-
istry of Cr-spinel in chromitites and whole rock chemistry
of peridotites, this paper attempts to interpret the possible
tectonic environment for the origin of chromitites and asso-
ciated mantle rocks in the Nain ophiolites. A magmatic and
geodynamic model for the formation of the Nain ophiolites
is also proposed.

GEOLOGICAL SETTING

The Iranian ophiolites (Fig. 1) belong to the Tethyan
ophiolite belt of the Middle East. They have been divided

into four groups (Takin, 1972; Stocklin, 1974; McCall,
1997):

1- ophiolites of Northern Iran, cropping out along the Al-
borz Range, and regarded as remnants of the Paleo-Tethys
Ocean (e.g., Ruttner, 1993; Moazzen et al., 2010);

2 - ophiolites of the Zagros Suture Zone, including those
of Neyriz and the Kermanshah, which are correlated to the
Oman ophiolites obducted onto the Arabian continental
block (e.g., Lanphere and Pami¢, 1983);

3 - ophiolites of the Makran region, which are located
south of the Sanandaj-Sirjan Zone, and include non-frag-
mented complexes such as Sorkhband and Rudan (McCall,
1997; Ghazi et al., 2004);

4 - ophiolites enclosed as tectonic blocks in the Late Cre-
taceous coloured mélange along the main boundaries of the
Central Iranian Micro-continental (CIM) (=Lut) block. To
group 4 belong also some ophiolites from the Makran re-
gion and from the Sanandaj-Sirjan Zone.

The Nain ophiolites belong to group 4, according to
Ghazi et al. (2004). Like the other ophiolites of this group,
also the Nain ophiolites are regarded to be derived from the
Cretaceous oceanic lithosphere surrounding the CIM block,
located south-east of the Eurasia continental plate. Paleo-
magnetic data indicate that during the Mesozoic the CIM
moved northwards, and contemporaneously underwent a
counterclockwise rotation of about 130° towards the south-
ern rim of Eurasia (Schmidt and Soffel, 1983), leading to
development of subduction zones where the oceanic lithos-
phere was deformed and metamorphosed. As a result of this
geodynamic evolution, several main suture zones developed
around the CIM block, all marked by ophiolite-bearing
coloured mélanges. Despite the occurrence of ophiolites in
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Fig. 1 - Sketch map of Iran showing locations
of the major ophiolites, Sanandaj-Sirjan Zone
(SSZ) and Urmia-Dokhtar magmatic arc
(UDMA). Kh- Khoy; Kr- Kermanshah; Ny-
Neyriz; Bz- Band-e-Zeyarat; Na- Nain; Bf-
Baft; Sh- Shahr-Babak; Ir- Iranshahr; Tk-
Tchehel Kureh; Ms- Mashad; Sb- Sabzevar;
Rs- Rasht (Talesh ophiolite); Bj- Birjand
(Modified after Emami et al., 1993).

the coloured mélanges as dismembered blocks, in the Nain,
Sabzevar, Baft, Sistan and Makran areas all the components
of a complete ophiolite sequence occur.

The Nain ophiolites crop out in an approximately 600
km? wide area, north of the town of Nain, along the Nain-
Baft fault zone (Fig. 1). This fault represents a true suture
zone running along the western side of the CIM, where sev-
eral dismembered fragments of Neo-Tethyan ophiolites oc-
cur (Shojaat et al., 2003) as, for instance, those of Shahr-e-
Babak, Dehshir, Balvard and Robat areas. The Nain-Baft
suture zone is located northward of the Mesozoic magmatic
arc of the active margin of the Central Iranian block, report-
ed in literature also as Sanandaj-Sirjan Zone. The Sanandaj-
Sirjan Zone is a narrow zone of highly deformed rocks dom-
inated by Mesozoic rocks, while the Palaeozoic rocks are
generally rare and restricted to the southeast.

Three “°Ar/*Ar ages of 101.2+0.9, 99.7+0.9, 99+1.2 Ma
obtained on a hornblende gabbro indicate a late Albian age
for the Nain ophiolites (Hassanipak and Ghazi, 2000). K-Ar
ages, performed on amphibole grains from amphibolites and
gabbros, reveal in turn a Middle to Late Cretaceous age
plateau for the Nain-Baft ophiolitic belt (Shafaii Moghadam
et al., 2007).

In addition, Rahmani et al. (2007) proposed for the sheet-
ed dykes of the Nain ophiolites an origin related to a supras-
bduction zone (SSZ).

In the available literature, the ophiolites from the Nain-
Baft suture zone have been interpreted as (i) remnants of a
narrow oceanic basin, like the Red Sea, located between the
CIM block and the Sanandaj-Sirjan Zone (e.g., Berberian
and King, 1981); (ii) as remnants of a Cretaceous arc basin
related to Tethyan subduction (e.g., Desmons and Beccaluva,
1983) and (iii) as remnants of a Late Cretaceous back-arc
basin (e.g., Agard et al., 2006; Ghazi et al., 2010a; 2010b).

FIELD RELATIONSHIPS

The area north of Nain has been divided into three geo-
logical units (Davoudzadeh, 1972): (I) the ophiolite-bearing
coloured mélange unit cropping out with a NNW-SSE trend
through the central area, (II) the Tertiary volcanic unit asso-
ciated with small Tertiary dioritic intrusions in the West,
and (III) the Tertiary sedimentary unit in the East (Fig. 2).

The coloured mélange in the northern part (Kuh-e-Zard
area) mostly consists of Late Cretaceous limestones and
Palaeocene to Early Eocene sequences (Figs. 2 and 3). Dif-
ferently, in the Nain area, the coloured mélange is typically
characterized by blocks of different sizes enclosed in a ma-
trix of strongly deformed serpentinized peridotites. The
blocks mainly include lithologies derived from a dismem-
bered ophiolite sequence. The tectonic deformations that
formed the mélange were responsible for disruption of the
primary ophiolite sequence, and the development of multi-
ple blocks surrounded by shear zones. However, some still
preserved primary relationships among the different litholo-
gies in the blocks can be found in the field. A reconstruction
of the primary ophiolite sequence can thus be attempted,
and it shows peridotites at the base covered by a crustal se-
quence including gabbros, sheeted dyke complex, pillow
lavas and oceanic sediments. Primary relationships between
pillow basalts and oceanic sediments, represented by pelagic
limestones and cherts, have also been found (Fig. 4A).

The peridotites mainly consist of a thick sequence of foli-
ated clinopyroxene-bearing harzburgites, characterized in
some places by orthopyroxenite veinlets (< 10cm) (Fig. 4B)
with sharp contacts with the host rocks. The mantle rocks
include also minor lherzolites and dunites, showing primary
relationships with the hazburgites. Impregnated peridotites
are common in the field. The peridotites are generally
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Fig. 2 - Tectonic sketch map and related
cross-sections of the Nain Area (modified
after Davoudzadeh, 1972).

strongly serpentinized, with increasing degree from lherzo-
lite through harzburgite to dunite. The foliated hazburgites
are cut by thin pyroxenite dykes well exposed at the south-
ern sector of the area (Ghazi et al., 2010b). Also diabases
and coarse-grain gabbroic dykes (Fig. 4E) are found in the
foliated harzburgites. Their intrusive contacts with the
hazburgites are sharp and regular, suggesting that the host
rocks were significantly cold at the time of mafic magma in-
trusion. Rodingitized gabbroic dykes characterized by
growth of secondary minerals such as pectolite and/or wol-
lastonite have also been found.

The crustal rock types consist of cumulates comprising
pyroxenites, websterites (Fig. 4C), wherlites, olivin-gab-
bronorites (Fig. 4D) and pegmatite gabbros. The pyroxen-
ites and websterites associated with wherlites and gab-
bronorites occur either as dykes or as small pockets in peri-
dotites. The crustal rocks include also pillow basalts.

In the hazburgites two types of chromitites occur in the
field. The first type is chromitite patches (about 2-3 cm in
size), showing sharp contacts within the harzburgites (Fig.
4G). The distances among these patches are very different,
ranging in length from a few centimetres to a few meters.
Their shape is mainly rounded or ovoidal. Evidence of maf-
ic melt segregating and of minor gabbroic melt infiltrations
within the peridotites around the chromitite patches has
been also recognized.

The second type of chromitites occurs as large lenses (or
pods) with size up to a few meters. These chromitites are
surrounded by a dunite rim of ~ 1 meter thickness.

In the coloured mélange also blocks of metaophiolities
and metasedimentary rocks have been found (Shir-

dashtzadeh et al., 2010). These rocks include marbles,
skarns, schists, phyllites, quartzites, banded metacherts, am-
phibolites, listwaenites and metaserpentinites (Torabi et al.,
2007). The mineral assemblages from metaophiolites indi-
cate greenschist to amphibolite facies metamorphism. These
metamorphic events are regarded to have occurred during
the three main deformation phases developed from Jurassic
to Cretaceous (Shirdashtzadeh et al., 2010). According to
Rahgoshay and Shafaii Moghadam (2004) and Torabi et al.
(2007), no evidence of rocks that can be interpreted as a
metamorphic sole has been found.

Late Cretaceous pelagic limestones are the oldest sedi-
mentary rocks found in the coloured mélange of the Nain
area. They are massive or weakly bedded limestones, in-
cluding also marls and sandstones beds, and containing both
continuous and boudin-shaped radiolarian cherts. In thin
sections, these rocks can be classified as Globotruncana-
bearing micrites. Microfossils indicate ages ranging from
Santonian-Coniacian to Campanian-Maastrichtian
(Davoudzadeh, 1972). The relationships between the pelagic
limestones and the other rocks of the coloured mélange are
generally marked by shear zones, but in a block north of the
Ahmadabad village, primary relationships between pillow
lavas and red cherts interbedded with limestone layers can
be observed (Fig. 4H). Therefore these deposits can be in-
terpreted as the sedimentary cover of the ophiolites derived
from the Nain oceanic basin.

The ophiolites as well as the pelagic limestones are cov-
ered by a polymict breccia with fragments of limestone,
chert, volcanic rocks and serpentinite in a grey lime matrix
showing a transition to a sequence of fine-grained quartzite-
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and clay-bearing neritic limestones, where interlayers of
spilitic diabases have been found. The age of this succession
ranges from Middle-Late Palaeocene to Early Eocene
(Davoudzadeh, 1972). Thus, a sedimentation gap can be en-
visaged between the sedimentary cover of the ophiolites and
the overlying polymict breccia. This sedimentation gap may
indicate that the Paleocene to Eocene sedimentary rocks
were unconformably deposited on the ophiolites after their
emplacement and deformation.

PETROGRAPHY

The peridotites are mainly represented by serpentinized
harzburgites, clinopyroxene-bearing harzburgites and lher-
zolites, whose textures dominantly consist of olivine togeth-
er with large orthopyroxene porphyroclasts, small clinopy-
roxene porphyroclasts and tiny Cr-spinel crystals as primary
minerals. Polymorphs of serpentine minerals, mainly
lizardite and chrysotile, occur as secondary minerals. The
peridotites show a porphyroclastic texture replaced by a
mesh texture developed during serpentinization.

Harzburgites: the studied samples show various degrees

Fig. 3 - Geological map of the Nain ophiolite
(modified after Davoudzadeh, 1972).

of serpentinization. The main mineral is olivine (70-85
modal%), whereas orthopyroxene represents the 7-20
modal% of the rock. The minor phases are clinopyroxene
(3-5 modal%) and Cr-spinel (1-3 modal%). Other minerals
include sulfide minerals and Cr-chlorite (kaemmererite). A
mesh texture formed due to alteration of olivine to lizardite
and alteration of pyroxene to bastite. Olivine is coarse-
grained and usually exhibits undulatory extinction and kink
banding and it is surrounded by fine-grained olivine crystals
producing a mylonitic fabric in places (Ghazi et al., 2010b).
Curved olivine-olivine and olivine-pyroxene grain bound-
aries suggest that they were modified by partial fusion (e.g.,
Mercier and Nicolas, 1975). Orthopyroxenes in harzburgite
can be divided into two groups. The first group is represent-
ed by porphyroclastic orthopyroxenes, displaying plastic de-
formation features such as undulatory extinction, kink
bands, rotation, shearing, re-crystallization and lobate
boundaries. The second group includes relatively smaller or-
thopyroxene crystals lacking the characteristics of the first
group (Fig. 5SA). Orthopyroxene occasionally contains very
fine exsolution lamellae of clinopyroxene aligned along the
mineral cleavage. Cr-spinel occurs often as subhedral to eu-
hedral crystals (Fig. 5B).
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Fig. 4 - Field photos of the rock units from the Nain ophiolite, (A) Pelagic limestones overlying ultramafic rocks with normal contact, (B) Orthopyroxenite vein
within harzburgites, (C) Pyroxenite lens with cumulus texture, (D) Olivine gabbronorites with dendritic aggregation of white plagioclase, (E) Diabasic dyke
within peridotites, (F) Serpentinized peridotites, (G) Chromitite patches in peridotites, (H) Normal contact between Upper Cretaceous cherts and pillow lavas.
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Fig. 5 - Photomicrographs of the Nain mantle rocks. (A) Kink bands in orthopyroxene (Opx) from harzburgites, (B,C) chromite (Cr-
spinel) crystals and serpentinized olivine (Oli) and orthopyroxene (Opx), (D) Clinopyroxenes (Cpx) within orthopyroxenite, (E) poikilitic
olivine grains in large clinopyroxene porphyroclast in wehrlites, (F) curved contacts between olivine-olivine, secondary plagioclase (PI)
and clinopyroxene in the olivine gabbros, (G) olivine, orthopyroxene, secondary plagioclase (P1) and clinopyroxene in olivine gab-
bronorites, (H) olivine, orthopyroxene and clinopyroxene in websterites.



Lherzolites: the studied samples contain = 70 modal%
olivine, = 20 modal% orthopyroxene, < 10 modal% clinopy-
roxene and 2-3 modal% Cr-spinel. The lherzolites show
both mosaic and porphyroclastic textures. Clinopyroxene
appears as banded exsolution lamellae and small inclusions
in orthopyroxene and as small crystals among olivines and
orthopyroxene (Ghazi et al., 2010b). Some orthopyroxene
and clinopyroxene crystals show kink structure.

Dunites: this lithotype hosts chromitite with high Cr con-
tent (chromitite samples HA1 and HA2). Subhedral to euhe-
dral crystals of Cr-spinel show thick ferroan Cr-spinel rims
(Fig. 5C). Olivine forms porphyroclastic grains with 120°
triple junctions. Scarce chlorite and talc represent products
of alteration of orthopyroxene.

Chromitites: as previously described, the chromitites in
the Nain ophiolites occur as both chromitite patches hosted
in harzburgite and chromitite lenses rimmed by dunite.

The chromitite patches include 10-15 modal% Cr-spinel
and less than 3 modal% pyroxene. Olivine and serpentinite
minerals also occur as minor phases. Cr-spinel appears as
crystals from 0.5 to 4 mm long within a silicate (mainly
olivine or serpentine) phase. Cr-spinel crystals are aligned
parallel to the rock foliation. Some Cr-spinel grains show
rounded boundaries.

The chromitite lenses contain 10-40 modal% Cr-spinel,
with an increase of this percentage in the inner parts of the
lenses. The size of Cr-spinels is larger in the lenses. These
rocks lack pyroxene.

Orthopyroxenite veins: the studied samples typically show
< 5% olivine and minor amounts of clinopyroxene (< 2%),
Cr-spinel and traces of amphibole (Fig. 5D). These veins
have variably deformed cumulus textures in the core and
generally oriented minerals (more likely due to magmatic
flow) at the contact with the harzburgitic host.

Cumulates: in some ultramafic cumulates, olivine crys-
tals exhibit rounded edges and clinopyroxene (25-50
modal%) appears as the inter-cumulus phase (Fig. 5E).
Based on the clinopyroxene percentage, the rocks can be di-
vided into wherlites and olivine-clinopyroxenites. Some
other mafic cumulate rocks contain plagioclase and rare or-
thopyroxene along with clinopyroxene and olivine. These
can be classified as olivine gabbronorite and olivine gabbro
(Fig. 5F and G). In these rocks, also rounded olivine crystals
make the cumulus phase and clinopyroxene, plagioclase and
rare orthopyroxene are inter-cumulus phases. Textural rela-
tionships indicate that plagioclase crystallized after clinopy-
roxene, a feature indicative of suprasubduction zone mag-
matic sequences.

Clinopyroxenites and websterites are the other types of
cumulate rocks. Cumulus phase is clinopyroxene and inter-
cumulus phases are clinopyroxene, orthopyroxene and rare
(> 5 modal%) olivine (Fig. SH). The inter-cumulus phases
are less than 7% and the cumulus phases are in mutual con-
tact. Cr-spinel and iron oxides make about 2% of the rocks.

CHEMICAL ANALYSES

The ICP-MS and ICP-AES analyses were performed on
well-defined representative samples at the Centre de
Géochimie de la surface, Strasbourg, France. The analytical
precision for major elements is better than 5% and for trace
elements was found to be better than 5%, for larger than 5
ppm concentration in the samples. Major elements and Ni,
Cr,V, Sc, Y, Zr, Ba, Sr were measured by ICP-AES, whereas
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other trace and rare earth elements were determined by ICP-
MS. Electron microprobe analyses of the polished samples
were carried out using a Cameca SX-50 superprobe, at Uni-
versité Nancy I, France. The accelerating voltage and beam
current were 12keV and 10nA respectively. Natural and
synthetic standards were used for calibration.

WHOLE ROCK CHEMISTRY

Seven representative samples from the peridotites
(harzburgite and lherzolite) were chosen for analysis. Table
1 includes the whole rock chemistry of the representative
peridotite samples from the Nain area. The SiO, contents of
the peridotites range between 36.50 to 40.70wt%. All Fe is
assumed to be FeO. The analyzed samples are rich in MgO
(30.0-43.30wt%), with a wide range in concentration of
Al0O; (0.8-7.20wt%), CaO (0.50-7.10wt%) and TiO, (0.01-
0.04wt%). Al O is expected to be the most immobile major
element in serpentinized peridotites (Snow and Dick, 1995);
also Al,O; abundance increases from harzburgite to lherzo-
lite samples. CaO abundance is generally correlated with in-
creasing clinopyroxene abundance (Casey, 1997), because
clinopyroxene is the main CaO-bearing phase in these
rocks. Therefore the high amounts of CaO and Al,Oj; in the
Nain peridotites show high amount of modal clinopyroxene
in the original samples and a low degree of serpentinization.
Clear positive correlations between CaO-Al,O,, CaO-Sc
and CaO-Y most likely indicate that the abundance of these
elements is controlled by the amount of clinopyroxene in
the rocks. On the other hand, low amounts of CaO and high
amounts of LOI in some studied peridotites may be attrib-
uted to the high degree of serpentinization. Relatively high
loss on ignition (LOI) confirms extensive serpentinization
of these rocks. Based on petrography and geochemistry, two
samples (BKSh-12 and BY23) most likely represent cu-
mulitic peridotites rather than mantle peridotites. In fact, the
amount of CaO in these samples, as well as the Al content
in sample By23 are too high for mantle peridotites. On the
basis of the modal composition, all the investigated samples
fall within the harzburgite and lherzolite fields (Fig. 6).

Ol
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herlite

olivine
websterite

\ websterite 7
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Fig. 6 - Normative mineral composition of the Nain peridotites plotted on
the olivine (Ol), orthopyroxene (Opx) and clinopyroxene (Cpx) triangular
diagram.
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Table 1 - Whole rock chemistry of the representative samples from the Nain peri-

dotites. BDL (belw derection limits).

Sample BKB-1 BKB-7 BPV-12 BSU-14 BKSh-12 BKB-12 BY23
Si0, 36.50 40.70 39.10 38.00 40.49 38.67 38.90
TiO, 0.01 0.02 0.03 0.02 0.04 0.03 0.04
AlO; 1.14 0.81 1.99 1.12 2.93 2.02 1.27
FeOt 7.63 8.22 7.86 8.04 8.93 8.14 7.82
CaO 1.15 0.76 2.03 0.59 6.33 3.17 1.13
Na,O 0.03 0.05 BDL 0.20 0.01 0.01 0.23
MgO 41.70 43.30 39.30 42.90 31.80 37.63 30.50
K;O0 0.13 0.07 0.13 0.18 0.00 0.88 0.00
MnO 0.10 0.12 0.11 0.11 0.13 0.11 0.12
P,0s 0.01 0.05 0.03 0.05 0.01 0.02 0.05
LOI1 10,79 5.35 8.95 8.00 8.80 9.50 7.57
Total 99.21 99.31 99.52 99.12 99.12 99.12 99.69
Ba 4 5 1 2 6.360 5.787 7.330
Rb 0.216 0.228 0.21 0.174 0.23 0.218 0.594
Sr 17 19 13 4 19.2 16.4 170
Y 0.922 2 0.928 2 2.209 1.353 2.77
Zr 1.74 9 0.561 9 1.337 1.212 3.98
Nb 0.051 0.01 0.03 0.372 0.023 0.034 0.015
Th 0.05 0.023 0.022 0.022 0.017 0.029 BDL
Pb 1.52 0.892 1.63 1.72 1.68 1.61 0.608
Zn 57 48 57 39 479 53.9 65.7
Cu 3.76 29.5 19.1 12.5 23.783 15.547 113
Ni 1851 2097 1809 1946 993.377 1551.21 1268
\' 41 55 65 46 76.513 60.837 56
Cr 1732 2828 2294 2421 2915.28 2313.76 4119
Hf 0.028 0.023 0.018 0.027 0.033 0.0263 0.056
Cs 0.01 0.023 BDL 0.012 BDL 0.018 BDL
Se 9 11 12 10 21.65 14.216 152
Ta 0.013 BDL 0.002 BDL 0.001 0.005 0.36
Co 111 124 107 96.4 84.80 100.93 106
u 0.029 0.051 0.042 0.076 0.020 0.030 0.033
w 0.617 0.303 0.224 0.230 0.013 0.284 2.62
La 0.051 BDL BDL BDL 1.461 BDL BDL
Ce 0.125 0.05 BDL 0.02 0.108 0.08 0.061
Pr 0.012 0.012 0.001 0.006 0.016 0.009 0.016
Nd 0.082 0.04 0.023 0.02 0.097 0.067 0.143
Sm 0.031 0.03 0.015 0.021 0.058 0.034 0.099
Eu 0.008 0.009 0.014 0.005 0.036 0.019 0.054
Gd 0.032 0.051 0.052 0.013 0.113 0.065 0.21
Tb 0.007 0.006 0.016 0.006 0.017 0.013 BDL
Dy 0.08 0.074 0.126 0.052 0.188 0.131 0.29
Ho 0.021 0.024 0.035 0.015 0.042 0.032 0.067
Er 0.068 0.069 0.124 0.043 0.111 0.101 0.18
Tm 0.008 0.01 0.027 0.007 0.022 0.019 0.031
Yb 0.084 0.093 0.17 0.065 0.12 0.124 0.186
Lu 0.015 0.018 0.028 0.012 0.019 0.02 0.025




Variations of selected oxides in the Nain peridotites are
shown in Fig. 7. SiO,, Al,O;, FeO, and CaO are plotted
against MgO. The composition of primitive mantle (McDo-
nough and Sun, 1995) is included for comparison. SiO, con-
tent of the Nain ophiolites is relatively lower than in primi-
tive mantle. The positive correlation of FeO with MgO may
reflect the influence of cumulate processes involving rela-
tively Fe-rich olivine (e.g., Medaris et al., 2005; Fig. 7).
Samples BKSh-12 and BY23 show a positive correlation
between FeO and MgO (i.e., cumulitic nature) and they are
completely different from other samples where that correla-
tion is negative (i.e., mantle peridotites).

The primitive mantle normalized incompatible trace ele-
ment patterns for the peridotites are shown in Fig 8. All
peridotites show high amounts of Pb and U. Additionally,
they do not show a refractory nature, confirmed by rather
high contents of Ba, Rb, Th, Zr, Sr, U, Pb and Y (Fig. 8A).
The chondrite-normalized REE patterns for the Nain peri-
dotites are shown in Fig. 8B. All samples exhibit depletion
in all rare earth elements (REE). Depletion in light rare
earth elements (LREE) is more pronounced compared to
that of heavy rare earth elements (HREE).

CR-SPINELS CHEMISTRY

The cores of fresh Cr-spinel grains were analyzed. The
Fe3* and Fe?* contents of the minerals were calculated based
on stoichiometric criteria. Table 2 provides representative
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analyses of Cr-spinels. The microprobe data from dunites
used in the mineral chemistry of Cr-spinels are from Torabi
and Pirnia (2008). Compositions of Nain Cr-spinels are
compared with other Cr-spinels from known tectonic set-
tings (Table 3; Stowe, 1994).

Chemistry of Cr-spinels in chromitite patches and host
harzburgite

Samples 1, 2 and 3 represent the Cr-spinels analysed
from chromitite patches. The TiO,, Al,0; and MgO con-
tents of these Cr-spinels range between 0.22-0.40, 18.90-
22.20 and 12.50-15.00wt% respectively. Also the Cr/Fe,,
ratio for this type of Cr-spinels is 2.60 to 3.30. These Cr-
spinels plot in the ophiolite-related spinels field in the Cr-
Al-Fe** diagram (Fig. 9A) and they also plot in the field of
podiform chromite originated from the mantle, in the ALO,
versus Cr,O, diagram (Fig. 9B). The CaO, FeO and MnO
contents are < 0.1, 13.80-17.20 and < 0.3wt%, respectively.
The Cr# versus the Mg# of the Cr-spinels from the chromi-
tite patches plot in the podiform chromite field in the dia-
gram of Fig. 9C.

Cr-spinels from the host harzburgite have Mg# of 60.93-
67.42, Al,O4 content of 32-34.17wt% and TiO, content of
0.00-0.12wt%. Cr# is low in this type of Cr-spinel (39.64-
41.55). The CaO, FeO and MnO contents are about 0.03>,
17 and 0.3wt%, respectively. These Cr-spinels are of resid-
ual peridotite/ophiolite spinel types (Fig. 9A), which are
originated in the mantle (Fig. 9B) and plot in the abyssal
and back-arc peridotite fields in Fig. 9C.

14 -
12 A
&
= 10 A
9 o
L
6 : : . . . . , ’
29 31 33 35 37 39 41 43 45 47
8-
71 0O
0
2 %]
T 51
Q 41
O O
O 31
2 1 | ]
1.
0 T T T T T T T 1

29 31 33 3 37 39 41 43 45 47
MgO, wt%

Fig. 7 - Variation diagrams of Al,0O,, Ca0O, SiO, and FeO versus MgO in peridotites of the Nain ophiolite. For more explanation see text.
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Chemistry of Cr-spinels in chromitite lenses and host dunite

Samples HA1 and HA?2 represent the Cr-spinels analyses
from the chromitite lenses. TiO,, Al,O,, and MgO contents of
these Cr-spinels are between 0.18-0.28, 13.60-14.70 and
14.80-15.05wt%, respectively. Cr/Fe,, is 3.13-3.46 and they
plot in the ophiolite related spinels field in Fig. 9A, and in the
podiform chromites field in Fig. 9B and C. The CaO, FeO
and MnO contents are < 0.03, 14.6-15.01 and < 0.27wt%, re-
spectively. The Cr# versus Mg# of Cr-spinels from the
chromitite lenses plot in the podiform chromitite field in the
diagram of Fig. 9C. Dunite around the chromitite lenses con-
tains Cr-spinel crystals with Mg# ~ 54. Al,O, content of this
Cr-spinel is ~ 27wt% and TiO, content is relatively high (~
0.4wt%). The Cr# is relatively low (~ 47-61). FeO content is
~ 23wt% and MnO content is ~ 0.30wt%. These Cr-spinels
plot in the residual peridotite/ophiolite field in Fig. 9A. Cr-
spinel in dunite also shows a mantle origin (Fig. 9B). These
Cr-spinels cluster at the low- Mg# end of the diagram of Cr#
versus Mg# (Fig. 9C).

DISCUSSIONS
Nature of the parental melts

Whole rock Tb/Yb versus Al,O; contents for the studied
peridotites indicate that partial melting of the source materi-
als occurred within the spinel melting field in the mantle
(Fig. 10).

The chemical composition of Cr-spinel is used to con-
strain the chemistry of the parental melt (e.g., Auge, 1987).
We calculated the Al,O; content of the parental melt using
the equation of Maurel and Maurel (1982), which is:

(ALO3), e = 0:035(AL0.)>®,  (ALO; in Wt%)

The Al O, content of the parental melt is 13.58-13.87wt%
for the chromitite patches and 11.58-11.95 for the lenses
(Table 4). This indicates a boninitic nature for the chromitite
crystallizing magma. Al,O; contents calculated using the
chemistry of Cr-spinels in dunite and harzburgite are
15.5wt% and 16.7wt%, respectively. The FeO/MgO ratio in
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(2008). Peridotite data shown with filled symbols in this figure and other graphs are from Ghazi (2010b).

Table 3 - Comparison of Cr-spinel compositions from the Nain complex with Cr-spinels from other known tectonic settings

(data from Stowe, 1994).

Deposits Mg/Mg+Fe’  Cr/Cr+Al Cr/Feyy Fe*/Fe*' Ti**

(4 oxygen basis)
Nain chromitite patches 0.58-0.63 0.59-0.68 2.6-3.3 0.00-0.23  0.003-0.008
Nain chromitite lenses 0.68-0.70 0.69-0.73 3.13-3.46 0.26-0.30  0.005-0.007
Archaen ultramafic-mafic complex of
Selukwe 0.68-0.78 0.72-0.77 2.7-4.8 0.00-0.25  0.06-0.10
Contintal Layered Complex:
Bushveld 0.24-0.58 0.60-0.75 0.95-3.0 0.16-1.12  0.13-1.06
Great Dyke 0.36-0.67 0.70-0.80 2.1-3.9 0.14-0.26 0.02-0.13
Ophiolite segregated (Layered Cumulates):
Cyprus (stratiform) 0.47-0.74 0.52-0.84 1.9-3.8 0.02-0.48 0.02-0.04
Ophiolite podiform (Tectonic mantle):
Semail (Oman) 0.47-0.71 0.11-0.80 0.8-3.9 0.00-0.24 0.01-0.04
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the parental melt has also been estimated from the
FeO/MgO ratio of Cr-spinel using the empirical formulation
of Auge (1987), which is:

]n(FeO/MgO)Spinel =
= 047 - 1OTXAlgy, + 0-64XFe™s ., + In(FeO/MgO)

where

melt

XAIS ine
= Al/ (Al + Cr + Fe') and XFe3*
Fe**/ (Al + Cr + Fe).

The FeO/MgO values are estimated to be 0.99-1.1 for the
chromitite patches and 0.8 for the chromitite lenses. It is 1.6
for dunite and 1.3 for harzburgite (Table 4). The host rocks
(dunite and harzburgite) do not indicate an unequivocal na-
ture for the parental melts using the calculations mentioned
above, but the chemistry of chromitites (both patches and
lenses) shows a bonintic composition for the parental melt.
The plot of Cr# versus TiO, wt% (Fig. 11) shows that the
Cr-spinels in chromitite lenses plot in the boninitic field and
the Cr-spinels in harzburgite plot in the highly depleted and
depleted peridotite fields, whereas the Cr-spinels in dunite
and chomitite patches plot among the boninite, MORB and
depleted peridotite fields.

Re-equilibration of Fe and Mg between silicates and spinel
may change these values considerably. The partitioning of
Mg and Fe between coexisting Cr-spinel and olivine has been
widely used as a geothermometer (Irvine, 1965). The estimat-
ed temperature for the studied dunite is ~ 900°C, on the basis
of the olivine-spinel thermometer (Torabi and Pirnia, 2008).
Lower temperatures are obtained with geothermometres
based on Fe-Mg exchanges between olivine and spinel, re-
flecting sub-solidus re-equilibration (Irvine, 1967). This may
affect the liquid composition calculated for the parental melt
of the patchy chromitite, but not the massive lenses of Cr-
spinels (e.g., Melcher et al., 1997). Such calculations have
previously been applied to Oman, MOF massif BAT, Nan Ut-
taradit chromitites (Orberger et al., 1995) and layered Intru-
sions of Bushveld, Great Dyke and basalts of Barberton. The
results are compared in Table 3. The liquids forming massive
Cr-spinel of MOF contained 9-10wt% Al,O; and had very
low FeO/MgO ratios, around 0.3-0.5. The parental melts of
the Oman chromitite had higher Al,O; (> 11.4wt%) and
MgO/FeO (average 0.62). In summary, the calculated amount
of AlL,O; and FeO/MgO ratios in the parental melts of these
examples, indicate a probable boninitic magma. On the other
hand, high-Al spinel in the BAT chromitite may have equili-
brated with liquids containing 13.5-16.7wt% Al,O; and with
FeO/MgO values of 0.8-1.0, which show MORB-type liquids
for the parental melt. The composition of the parental melt of

Spinel —

the Nain chromitite patches and lenses is similar to boninitic
melts (e.g., Oman chromitites).

Boninite magmas are Si-rich, thus promoting Cr-spinel
precipitation as a result of polymerization of the melt (Peck
and Keays, 1990). Also, in contrast to MORB, boninite
magmas are possibly derived from highly depleted mantle
(Agata, 1988; Jan and Windley, 1990) and formed at the
first stages of an island arc evolution (Middlemost, 1985).

Tectonic setting

Bonatti and Michael (1989) stated that the spinel compo-
sition of mantle peridotites depends on the geodynamic envi-
ronment. The Cr# in spinel is a good indicator of the tectono-
magmatic history of the host rock (e.g., Hajialioghli et al.,
2007). Based on chemical data presented in this paper and in
Ghazi et al. (2010b), the Cr-spinels in the lherzolites and
harzburgites of the Nain ophiolites display low Cr# (< 60);
such spinels normally are found in a mid-ocean ridge envi-
ronment (including back-arc basins; Dick and Bullen,
1984). The Cr-spinels in chromitite patches and dunites dis-
play a range of Cr# (< 60 to > 60); such spinels may occur,
for example, in areas where a young island arc is built on
older oceanic crust (e.g., Miyashiro, 1973), or across the
transitions from arc to oceanic lithosphere (Menzies et al.,
1980), including back-arc basins (Arif and Jan, 2006). The
Cr-spinels in chromitite lenses display a high Cr# (>, 60),
similar to most island arc type complexes.

The boninitic magma-materials within the mantle se-
quence suggest that the Nain ophiolitic complex originated
in a suprasubduction zone (SSZ) setting (e.g., Suhr and Ed-
wards, 2000). It is commonly assumed that boninites are
generated from strongly refractory mantle as a second stage
melt, metasomatised by Ba and Sr-rich hydrous fluids re-
leased from the subducting slab (e.g., Orberger et al., 1995).

Canil (2004) infers that highly variable contents of Al,O,
are characteristic of orogenic peridotites. Since H-MRREs
are incompatible elements and secondary processes such as
alteration do not affect them, these elements can show the
nature of the source materials. Metasomatism by fluids de-
rived from the subducting slab can change the concentration
of LREEs and LILEs to some extent. The positive anom-
alies of these elements are more evident in magmas generat-
ed in fore-arc basins and in rocks formed at the initiation of
subduction. Chondrite-normalized REE patterns for these
peridotites are clearly distinctive from the Wugbah Central
zone (Oman ophiolites) and Magsad diapir, but are similar
to abyssal peridotites such as Alpine peridotites and EPR
(East Pacific Rise) peridotites that generated at the mid-
ocean ridge (Fig. 12). Therefore, all the collected data on

Table 4 - Al,O; (wt %) content and FeO/MgO ratios of the parental melt and calculated degree of partial melting (F).

Chromitite patches Chromitie lenses Host rocks
Chromititel Chromitite2 Chromitite3 Chromitite Chromitite harzburgite dunite
(HAT) (HA2)
ALO; wt% spinel ~ 20.33 21.37 20.31 13.78 14.87 32.84 26.91
AlLO; wt% melt 13.59 13.87 13.58 11.58 11.95 16.77 15.58
FeO/MgO melt 0.99 0.99 1.1 0.83 0.84 1.33 1.63
F % 19.2 18.91 19.2 20.72 20.52 15.1 16.5




the peridotites from the Nain ophiolites point to a tectonic
setting similar to a mid-ocean ridge, or more likely to a well
developed back-arc basin.

Petrogenesis

Above subduction zones, decompression-melting (Sisson
and Bronto, 1998) is facilitated and amplified by the pres-
ence of H,O derived from the subducting slab (e.g., Green
and Falloon, 1998). The presence of H,O has a critical influ-
ence on melting proportions and mechanisms, since it: (i)
lowers the peridotite solidus and increases the degree of fu-
sion at a given temperature; (ii) decreases the relative con-
tributions of olivine and clinopyroxene to the melt, allowing
clinopyroxene to persist in the residua to higher degrees of
fusion, and increases the contribution of orthopyroxene and
(iii) favours incongruent fusion of orthopyroxene, generat-
ing olivine+Cr-spinel (e.g., Page et al., 2008).

Three processes for the generation of mantle dunite and
chromitite are suggested: (1) residual material from extreme
partial melting; (2) cumulates in magmatic conduits; (3) for-
mation by reactions involving assimilation of pyroxene
(e.g., Page et al., 2008). The Cr# of Cr-spinels in peridotites
is a good tool for defining the degree of depletion of a man-
tle source. It increases as the rate of partial melting increas-
es (Dick and Bullen, 1984; Kamenetsky et al., 2001). The
formula of Hellebrand et al. (2001) was used for estimating
the degree of partial melting of the source materials:

F% = 10 In (Cr# spinel) +24

where F% is the degree of partial melting. Table 4 shows
the calculated F% for chromitite, dunite and harzburgite
source materials. These rocks show small differences in the
degree of partial melting, ranging from ~ 15 to ~ 21%. Exper-
imental data show that a fertile lherzolite source produces a
residual harzburgite at about 20% melting, and residual
dunite at about 50-60% melting (Bonatti and Michael, 1989;
Kostopoulos, 1991). These calculations are inconsistent with
a residual origin for the studied peridotites. In fact, their
whole rock chemistry (REE patterns), shows a partial melting
degree lower than 18% (Fig. 8). This confirms that both types
of Nain chromitites are not residual.

The presence of chromitite and dunite lenses, ultramafic
rocks cumulus, veins of orthopyroxenite in harzburgites, im-
pregnated peridotites and evidence of melt/peridotite inter-
action all imply channelled circulation of magma in the
Nain mantle. Also, the presence of podiform chromitite with
nodular textures is consistent with open-channelled melt mi-
gration and cumulus forming processes (Leblanc and Nico-
las, 1992). Considering the above evidences, it seems that a
mixed open-channel cumulate/rock-reaction model can be
used to explain the formation of the studied podiform
chromitite in the Nain ophiolites.

Magmatic and geodynamic evolution

Studies on the geodynamic environment where the Iran-
ian ophiolites formed, based on mantle rocks chemistry are
scarce. Chemistry data on ophiolitic mantle rocks such as
Khoy, Nehbandan, Nain and Kermanshah suggest MORB
and intra-oceanic subduction basins settings (e.g., Allah-
yari et al., 2010; Ghazi et al., 2010a; 2010b; Saccani et al.,
2010). The study by Saccani et al. (2010) on the evolution
of the mantle sequence of the Nehbandan ophiolites is very
detailed and comprehensive. Thus, a comparison of the
mantle rocks from Nain with those from the Nehbandan
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ophiolites, both bounding the CIM, seems to be suitable to
provide valuable insights for a geodynamic reconstruction.
Saccani et al. (2010) stated the presence of an oceanic
basin between CIM and the Afghan blocks of mainly
MORSB type during the Jurassic. An intra-oceanic subduc-
tion during the Cretaceous was responsible for the genesis
of subduction related rocks. Unlike the Nehbandan ophio-
lites, the Nain ophiolites are located between the Sanandaj-
Sirjan Zone (active continental margin) and the CIM block.
The evolution of this basin was driven by subduction of
the Neotethys oceanic crust beneath the Sanandaj-Sirjan
Zone.

After subduction inception of the Neo-Tethys oceanic
lithosphere beneath the southern margin of the Central Iran-
ian block (Sanandaj-Sirjan active zone), a back-arc basin
developed between Sanandaj-Sirjan active zone and CIM
during the Jurassic. Based on geochemical characters of the
Nain rocks (Hassanipak and Ghazi, 2000), an intra-oceanic
arc is supposed to be generated in this basin during Late
Jurassic to Early Cretaceous. The lithospheric mantle wedge
that supplied material for the arc magmas, become much de-
pleted. Chromitite lenses, dunite and ultramafic cumulates
were generated in this depleted lithospheric mantle.

A change in subduction regime in mid Cretaceous (e.g.,
Agard et al. 2006), caused the spreading of an oceanic
back-arc basin in the Nain basin. Back-arc basin magmas
were generated by decompression melting of the asthenos-
pheric mantle under a spreading ridge in the same way like
true MORB (e.g., Xu et al., 2003). During the formation of
this back-arc basin, chromitite patches were generated.
Therefore, chromitite lenses, dunite and ultramafic cumu-
lates are the remnants of the Nain Ocean in the site of the
arc suture with highly depleted lithospheric mantle, now
recognized in the ophiolites as serpentinized rocks. Whole-
rock and Cr-spinel chemistry of these peridotites and
chromitite patches show that they probably formed in the
mentioned oceanic back-arc basin, with the same characters
found in mid-ocean ridge settings. Increments of mantle
partial melts from MOR were possibly incomplete in the

Neo-Tethys
Ocean

Nain-Baft Marginal Basin

Neo-Tethys
Ocean

very incipient mid-ocean ridge as in the short-lived Nain
back-arc basin (Pirnia et al., 2010). A simplified magmatic
and geodynamic reconstruction of the Nain basin in the
Cretaceous is shown in Fig. 13.

CONCLUSIONS

Chromitites in the Nain ophiolites occur as podiform
bodies formed in the mantle. Based on field and petrograph-
ic observations and chemical characters of Cr-spinels, two
types of chromitites have been recognized, occurring, re-
spectively, as lenses and patches.

The boninitic parental melt composition and high Cr# of
Cr-spinels of chromitite lenses indicate that they formed in
an arc setting, while the geochemical characters of chromi-
tite patches and peridotites of this ophiolites show that they
generated in an oceanic back-arc basin. In this picture, the
chromitite lenses and the host dunites, which are more de-
pleted in comparison with chromitite patches and their host
harzburgites, can be attributed to a depleted mantle wedge
on the subduction zone.

In contrast, chromitite patches and their host harzburgites
can be related to a more enriched mantle in the spreading
site of a rather deep marginal basin, associated with a man-
tle plume.

It seems that a mixed open-channel cumulate/rock-reac-
tion model is most compatible with our data and observa-
tions for explaining the formation of the Nain podiform
chromitites. The mixed open-channel cumulate/rock-reac-
tion system suggested here, could have been very active at
the arc and during the early stages of rifting of a depleted
mantle wedge. Therefore the formation of the chromitite
lenses can be related to the arc system generating ascending
melts, in which the Cr-spinels formed and show characteris-
tics of boninitic spinels. In contrast, chromitite lenses,
where the host rock Cr-spinels show intermediate character-
istics of SSZ to MOR spinels, should have formed at the
early stages of rifting.

i

chromitite lenses, dunite and

oceanic crust Nt -
- ultramafic cumulates

Cl continental crust
L J
@;@ lithospheric mantle

chromitite patches

Fig. 13 - Highly schematized geodynamic and
magmatic scenario for the evolution of the
Nain oceanic basin in the Cretaceous. SSSZ:
South Sanandaj-Sirjan Zone, CIM: Central
Iranian micro-continent.
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