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Kermanshah Ophiolite Complex (NW lIran), located along the Main Zagros Thrust Zone, marks the ophiolitic suture
between the Arabian and Sanandaj—Sirjan continental blocks. N-MORB-normalized multielement patterns and chondrite-
-normalized REE patterns in the Kermanshah mantle restites show depletion in incompatible elements concentrations
with respect to the depleted MORB mantle (DMM). In the V vs. Yb diagram, Harsin—-Sahneh—Norabad and Miyanrahan
peridotites (Kermanshah Ophiolite Complex), due to their relatively low V contents, fall close to the QFM buffer. Cal-
culated TiO, and Al,O, compositions in the parental melt that were in equilibrium with chromian spinel are consistent
with supra-subduction zone-type compositions. Besides, calculated FeO/MgO ratios in the parental melts are compa-
rable with those in boninites from Oman ophiolites. Olivine from the peridotite restites is highly magnesian (Fo,, ,.)
with NiO contents of 0.2-0.4 wt. %, consistent with formation in a forearc environment. This is also proven by the Cr#
and Mg# values as well as TiO,, Cr,0,, and Al O, concentrations in chromian spinel of ultramafic rocks. Accordingly,
petrogenetic modeling indicates that the Kermanshah ultramafic rocks may represent the residual mantle after extraction
of 13-23% of boninitic-type melts. Decompression, melting and melt—rock reaction related textures are widespread in
the Kermanshah mantle restites. Field relationships and geochemical evidence reveal that the studied ophiolites were a
part of a rifted basin at the ocean—continent transition zone formed in the south Neo-Tethyan Ocean.
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1. Introduction

Geological evidence led Stocklin (1968) to propose that
Iran consists of continental blocks that were detached from
Gondwana and collided with Eurasia during the Triassic.
A new ocean, the Neo-Tethys, was created to the south
and the ancient Paleo-Tethys Ocean was closed in the
north. The geodynamic evolution of Neo-Tethys realm was
dominated by the existence of long-lived active subduction
zones to the north, beneath Eurasia, leading to detachment
and northward migration of continental fragments (such
as Central Iranian continental block) from the Gondwana
(Agard et al. 2011). The evidence from detrital zircon ages
from Shemshak Fm. (Alborz Mountains, North of Iran), lo-
cated on Paleo-Tethys suture, indicates that Carnian—early
Norian (early Late Triassic, roughly 222-210 Ma) was
the time of Iran—Eurasia collision. This mechanism has
contributed to the construction of Eurasia at the expense
of Gondwana. Based on stratigraphic evidence, Neo-Tethys
rifting, along the south-eastern margin of the Afro-Arabian
Plate, was initiated in Early Permian. Moreover, oceanic
subduction of Neo-Tethyan beneath the active margin of
Central Iran has continued from the Late Triassic till the
final collision of Arabia with Eurasia.

Generally, three major tectonic elements includ-
ing Zagros fold-thrust belt, Sanandaj-Sirjan Zone,
and Urumieh-Dokhtar magmatic arc in western and
southwestern parts of Iran, are considered related to
the subduction of southern Neo-Tethyan oceanic crust
and the collision of the Arabian Plate with central
Iran microplate. Zagros Crush Zone, extending from
Turkey—Iran border to just north of Hormuz Straits, is
a part of the classic Mesozoic—Cenozoic continental
collision system of the Alpine—Himalayan Orogen. This
system remains an active orogenic belt which contains
a series of nappes of shallow and deep-water sediments
and a number of ophiolites. These ophiolites, 3000 km
long, resulted from continental collision between Afro-
Arabia and Central Iran and have been obducted over
the Arabic-Taurides Platform from Oman to northwest
of Syria, Cyprus, and Antalya (Fig. 1). Cretaceous
ophiolitic belt, cropping out along Main Zagros Thrust
Zone in Iran, has recorded geodynamic evolution of
southern Neo-Tethys Ocean located between Arabian
shield (Gondwana) and Sanandaj—Sirjan continental
block (Agard et al. 2011). Therefore, the geodynamic
evolution of the Zagros orogenic belt, separating north-
ern active margin of Eurasia from southern passive
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Fig. 1 Distribution of major Tethyan ophiolites and suture zones in Alpine-Himalayan orogenic system (modified from Dilek and Furnes 2011).

margin of Arabia, was mainly related to the opening
and subsequent closure of the Neo-Tethys oceanic basin
with a protracted history of convergence in between
(Agard et al. 2011).

Zagros ophiolites can be subdivided into two belts,
one south of the Main Zagros Thrust (MZT) and the
other along the SW periphery of Central Iranian (Tau-
ride) Block (Stocklin 1968). These two parallel belts are
termed the Outer Zagros Ophiolitic Belt and the Inner
Zagros Ophiolitic Belt, respectively. The Outer Zagros
Ophiolitic Belt includes Kermanshah, Sawlava, Neyriz,
Esfandagheh, Faryab and Baft ophiolites in Iran (Ra-
jabzadeh et al. 2013; Whitechurch et al. 2013; Allahyari
et al. 2014) and Penjween ophiolites in Iragq (Aswad et
al. 2011). The Outer Zagros Ophiolitic Belt is considered
to be equivalent to Oman Ophiolite. The Inner Zagros
Ophiolitic Belt includes Nain, Dehshir, Shahr-e-Babak
and Balvard ophiolites. The Kermanshah Opbhiolite is
considered as a remnant of the southern branch of Neo-
Tethyan Ocean from the Outer Zagros Ophiolitic Belt
cropping out in Kermanshah Province, northwestern Iran.

As a matter of fact, Kermanshah Ophiolite differs
from classical Tethyan ophiolites, such as Troodos and

Oman ophiolites that have a rather complete oceanic
stratigraphy. Field evidence such as the occurrence of
dismembered types of ophiolitic rocks, gabbros and ser-
pentinized peridotites, which were locally intruded by
dolerite dykes, and tectonic mutual contacts in particular,
indicate that the Kermanshah Opbhiolite is an ophiolitic
tectonic mélange.

In recent years, most of studies on Kermanshah Ophio-
lite Complex have been focusing on pillow basalt, gabbro
and plagiogranite in the Hasin—Sahneh area (west of Ker-
manshah; Saccani et al. 2013; Whitechurch et al. 2013;
Zarei Sahamieh and Moradpour 2015; Ao et al. 2016).
The new study of mantle peridotites can provide impor-
tant information about melting processes, melt production
and melt flow in the mantle wedge above the subduction
zone. For this reason, the present paper focusses on the
mineralogy and geochemistry of the Kermanshah mantle
restites aiming to investigate petrogenetic processes,
tectono-magmatic environment, melt-rock reactions and
partial melting by applying textural evidence, whole-
rock and mineral chemistry of Harsin—Sahneh, Harsin-
Norabad and Miyanrahan peridotites that have not been
considered yet.
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Fig. 2 Simplified geological map of Kermanshah Ophiolite in Harsin—Sahneh—Norabad area (modified from Shahidi and Nazari 1997).

2. Geological setting

Kermanshah Ophiolite Complex is located in the north-
west part of Zagros Ophiolite Zone (Crush Zone) between
Arabian Shield and Sanandaj—Sirjan Zone. There are
three main structural units in Kermanshah region, from
southwest to northeast, including Zagros Fold Belt, Crush
Zone with ophiolites (or High Zagros), and Sanandaj-Sir-
jan Zone (SSZ). Kermanshah Ophiolite can be divided
into two distinct parts: Harsin—-Sahneh—Norabad Com-
plex in the southeast and Miyanrahan Complex in the
northwest. Harsin—Sahneh—Norabad Complex [34° 10' N
to 34° 30" N and 47° 30" E to 48° 00" E] mainly consists
of peridotites and gabbros intruded by dyke swarms,
and covered by limestones (Bisotun Unit; Saccani et al.
2013). Moreover, pillow basalts are found in a few small
outcrops in Tamark—Gashor area (Saccani et al. 2013) and
at Sarmaj village (Fig. 2).

Field evidence indicates that in the south of Sahneh
region (west of Arganeh village, Fig. 2), two wehrlitic
dykes crop out between pegmatoid gabbro and mantle

peridotite. These wehrlitic dykes have not been known
from the Kermanshah Ophiolite Complex prior to the
current research.

Miyanrahan Complex [34° 35' N to 34° 55' N and 47°
00' E to 44° 25' E] consists of several thrust sheets com-
posed of serpentinised peridotite, lava flows and flysch
(Fig. 3). Large gabbroic and dioritic intrusions crosscut
Palaeocene—Eocene basalts and sediments. Marls and
siliceous limestones, interbedded with basalts, have Pa-
lacocene—Eocene ages, confirmed paleontologically (Ao
et al. 2016).

In the Kermanshah area, sedimentary rocks are mainly
made of deformed radiolarites, Bisotun Unit and Qom
Fm. (Fig. 2). Strongly deformed radiolarites mainly crop
out in the Harsin—Sahneh area. Its original substratum is
considered as a continental rim basin with stratigraphic
thickness of ¢. 500 m overlying the Campanian Gurpi
Fm. and Maastrichtian Amiran flysch. Bisotun Unit is
composed of 1500-3000 m of shallow carbonates of late
Triassic to early-late Cretaceous age (Wrobel-Daveau
et al. 2010). Qom Fm. is made of upper Oligocene to
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Fig. 3 Simplified geological map of Kermanshah Ophiolite in Miyanrahan area (modified from Rafia and Shahidi 1999).

lower Miocene shallow marine platform carbonates with
basal conglomerates resting unconformably on the entire
Kermanshah Ophiolite (Agard et al. 2011).

3. Analytical methods

One hundred of thin sections of Harsin—-Sahneh—
Norabad and Miyanrahan peridotites restites were
studied in order to determine the dominant textures and
mineral associations. The freshest samples were then
selected for whole-rock chemical analyses and electron-
microprobe study.

3.1. Mineral chemistry

Mineral chemistry of Cr-spinel, olivine, clinopyrox-
ene, orthopyroxene and serpentine was determined by
electron-microprobe analysis (EPMA) using a Cameca
SX 100 instrument at Iran Mineral Processing Research
Center (IMPRC). The acceleration voltage was 15 keV,
the sample current 20 pA and the beam diameter 3 pm.

Analytical errors for major and trace elements reached 1
and 5 %, respectively. Instrumental calibration was made
using natural and synthetic minerals as standards. The
detection limit for oxide species was 100 ppm.

3.2. Whole-rock geochemistry

Whole-rock major- and some trace-element analyses were
obtained by Inductively Coupled Plasma-Mass Spectrom-
etry (ICP-MS) at Act Lab Analytical Laboratories Ltd.,
Ontario, Canada, following fusion with lithium metabo-
rate/tetraborate (Code 4Litho). In fusion process, lithium
metaborate and lithium tetraborate were mixed with the
sample in graphite crucibles and then they were fused in
induction furnaces at 1150°C. The melt was immediately
poured into a solution of 5% nitric acid. It was mixed
continuously until it was completely dissolved (~30 min).

In order to determine the accurate levels of base met-
als such as Cu, Pb, Zn, Ni and Ag, 0.25 g of each sample
were digested with four acids: hydrofluoric, followed
by a mixture of nitric and perchloric acids and finally

168



Kermanshah peridotite and evolution of southern Neo-Tethys

hydrochloric acid. Detection limits of ICP-MS in both
cases lie typically between 0.04 % and 0.01 %.

For accurate determination of As, Sb, W and Cr, we
used the INAA technique. Approximately 30 g aliquot
was encapsulated and weighed in a polyethylene vial
and irradiated with flux wires and an internal standard
at a thermal neutron flux of 7 x 10 ncm ~2s %, #Na was
allowed to decay after a seven-day period. After that, the
samples were counted on a high purity Ge detector with
a resolution more than 1.7 keV for the 1332 KeV ¢Co.
Using flux wires, calibration was done applying certified
international reference materials. 10-30 % of the samples
were rechecked by re-measurement.

4. Petrography

Harzburgite makes up more than 85 vol. % of mantle
restites in Harsin-Sahneh—Norabad and c. 25 vol. % of
Miyanrahan Ophiolite Complex. Dunites and Iherzolites
occur as small fragments scattered in harzburgite.

Dunites consist of more than 90 vol. % olivine and/or
serpentine, with minor orthopyroxene and spinel. These
rocks mostly have granular textures and show triple-point
junctions between grains (Fig. 4a). Some coarse grains
of olivine contain well developed fractures, undulatory
extinction or kink banding due to high-T plastic mantle
deformation. Serpentinization varies from weak to mod-
erate, mostly along thin veins cutting olivine. Chrome
spinels are mostly anhedral to subhedral in shape.

Harzburgite, the dominant lithology in the ophiolite
massif, consists of olivine (65-80 vol. %) and orthopy-
roxene (15-30 vol. %) with < 5 vol. % clinopyroxene.
Accessory minerals are spinel, as well as secondary
serpentine and magnetite. Most of these rocks are fresh,
green or dark green, showing only local serpentinization
along major fracture zones. Orthopyroxene porphyro-
clasts of harzburgites are highly variable in shape and
size. Most of them are broken by irregular fractures
(Fig. 4b) and form simple twins, whereas others contain
sparse rounded inclusions of olivine or exsolution lamel-
lae of clinopyroxene and orthopyroxene (Fig. 4c). Yel-
lowish-brown to dark brown chrome spinels are mostly
anhedral to subhedral in shape. In some thin sections,
discontinuous chains of chrome spinels are observable
in olivines (Fig. 4d).

Lherzolites occur as small fragments scattered in harz-
burgite. They consist of olivine (55-75 vol. %), orthopy-
roxene (22-34 vol. %) and clinopyroxene (5-10 vol. %)
with less than 5 vol. % spinel. Olivine and orthopyroxene
commonly show deformation features, such as undulose
extinction and kink banding. Clinopyroxene occurs as
kinked or distorted lamellae in large orthopyroxene
crystals (Fig. 4e). Olivine commonly appears as large

grains (~2—4 mm) in lherzolites and clinopyroxene occurs
as aggregates in lherzolites of variable size (<1-3 mm).

Wehrlitic dykes cropping out between pegmatoid
gabbro and mantle peridotite (Fig. 4f) consist of fresh
to complete serpentinized olivine (20-30 vol. %) and
clinopyroxene (70-80 vol. %). They have poikiloblastic,
granoblastic or mesh textures. Clinopyroxene is common-
ly 2-4 mm across, but may also form porphyroclasts up
to 6 mm in size. Moreover, olivines are often character-
ized by corroded boundaries and irregular rims indicating
their magmatic assimilation (Fig. 4g).

Peridotite samples are locally affected by alteration
(serpentinization) in Harsin—Sahneh—Norabad and Mi-
yanrahan ophiolite complexes. However, since mantle
restites in Harsin—Sahneh region are more widespread,
serpentinite masses chiefly crop out between the regions.
Generally, in studied areas, serpentinization is more
common in harzburgites than wehrlites, lherzolites and
dunites. The degree of harzburgite serpentinization is
highly variable and ranges from 40 % to 100 % (aver-
age = ~75 %). In cases, the original rock composition is
impossible to infer from petrographic observation, due
to pervasive serpentinization that obscures the primary
mineralogy. Serpentinized harzburgites generally display
typical mesh and hourglass textures (when the serpen-
tinization involved olivine), as well as bastitic texture
(when orthopyroxene was the serpentinized mafic phase).
Olivine microgranulation is frequent in majority of the
samples, leaving residual anhedral and fine-grained (av-
erage diameter = 0.05 mm) relict olivine. Kink banding
is common and clearly visible in larger grains. Orthopy-
roxene is mainly found as equant subhedral grains (max.
4 x 1 mm). As a result of extensive shearing, orthopyrox-
ene cleavage planes are often bent showing undulatory
extinction.

A small outcrop of rodingitic dykes was found in
southwestern part of Sahneh (northeast of Aliabad
village; Fig. 2) belonging to an ultramafic sequence
(Fig. 4h). These dykes are thin and white or creamy in
colour. Microscopic evidence indicates that prehnite
formed as a result of plagioclases alteration; tremolite
or/and secondary diopside replace mainly clinopyroxene.
Likewise, hydrogrossular (as the result of plagioclase
alteration) has filled spaces between early clinopyrox-
enes. They have granoblastic texture as a result of static
rodingitization (Fig. 4i).

5. Whole-rock chemistry of peridotite

The whole-rock major- and trace-element compositions
of the studied peridotites from the Kermanshah Ophiolite
are presented in Tab. 1. With a single exception, the loss
on ignition (LOI) values vary in the range of 1.73-9.42
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Fig. 4 Photographs of peridotites from the Kermanshah Ophiolite: a — Subhedral and euhedral olivine with triple point relationship in dunite;
b — Exsolution lamellae of clinopyroxene within orthopyroxene with irregular fractures; ¢ — Exsolution lamellae of clinopyroxene in orthopyroxene;
d — Chrome spinel chain in the dunite matrix; e — Coarse orthopyroxene grains with bent lamellae of clinopyroxene; f — Wehrlitic dykes cutting
pegmatoid gabbro and mantle peridotite; g — Corroded boundaries and irregular rims of olivine in clinopyroxene in wehrlites; h — Rodingitic dyke
within the ultramafic sequence; i — Photomicrograph of rodingite with granoblastic texture. All photomicrographs were taken under both plane- and
cross- polarized light. Ol: olivine; Opx: orthopyroxene; Cpx: clinopyroxene; Cr-Spl: chrome spinel; Srp: serpentine; PI: plagioclase.

wt. %, reflecting low to moderate degrees of olivine and
orthopyroxene serpentinization. All ultramafic rocks have
very low contents of TiO,, P,O,, Zr and Y as well as high
Mg#, Ni and Cr (Tab. 1). In terms of major elements,
lherzolites, harzburgites, and dunites can be distinguished
on the basis of their low ALO, and CaO contents (Tab. 1).
On the other hand, Kermanshah wehrlites are enriched
in components such as Al,O, (4.59-4.84 wt. %), CaO

(5.26-5.68 wt. %), and FeO,, (11.61-11.95 wt. %), and
depleted in MgO (27.97-28.31 wt. %).

The mean MgO content (> 42.9 wt. % in dunites, har-
zburgites and lherzolites vs. < 28.4 wt. % in webhrlites)
indicates that these rocks represent a moderately to highly
depleted mantle. Accordingly, the mean of Mg# values
in dunites, harzburgites and lherzolites is 91.3 but only
82.5 in wehrlites.
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Fig. 5a — Modelled degrees of melting using Ti-Yb covariations (Pearce et al. 2000) in mantle peridotites from the Kermanshah Ophiolite.
b — Oxygen fugacities estimated using the V-Yb covariations (Pearce et al. 2000). Fields for the peridotites from the Izu-Bonin-Mariana forearc,
shown for comparison, are also from Pearce et al. (2000). Abbreviations, Miy: Miyanrahan; Har: Harsin; Sah: Sahneh; Hz: harzburgite; Du: dunite;
Lh: lherzolite; Wh: wehrlite. QFM: Quartz—Fayalite-Magnetite buffer; FMM: Fertile MORB Mantle.

In the plots of Ti and V vs. Yb (Fig. 5a-b), Kerman-
shah peridotites show variable degrees of melting and
different oxygen fugacities. In the opinion of most in-
vestigators, peridotites originate as restites at sufficiently
high but variable degrees of partial melting of mantle
sources, usually below 50%. Based on the Ti vs. Yb
diagram (Fig. 5a), Kermanshah peridotites could have
been derived by variable degrees of melting (20-22%:
dunites, 17-21%: harzburgites, 15-17%: lherzolite and
13-16%: wehrlite).

Incompatible elements show negative covariance with
MgO in the rocks. In contrast, as Opx and Cpx decrease
(modal OI/(Opx + Cpx) ratio increases), the compat-
ible elements (e.g., Ni and Co) increase from lherzolite
through harzburgite to dunite (i.e., with progressive
melting).
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The N-MORB-normalized multielement patterns and
chondrite-normalized REE patterns are shown in Fig. 6.
In general, Kermanshah mantle restites show depletion
in HFSE and REE concentrations with respect to the
depleted MORB mantle (DMM) of Workman and Hart
(2005). By contrast, wehrlites have high field strength
element (HFSE) contents, higher than those of Iherzolites,
harzburgites and dunites (Fig. 6a).

Accordingly, wehrlites have MREE and HREE con-
tents higher than lherzolites, harzburgites and dunites.
Harzburgites and dunites are characterized by marked
U-shaped chondrite-normalized patterns (Fig. 6b), that is,
by a significant depletion in MREE with respect to LREE
(La/Sm, = 1.61-3.87) and HREE (Sm,/Yb = 0.13-0.51).

Regardless of the rock type, the Kermanshah mantle
peridotites show REE depletion with respect to the de-
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Fig. 6a — N-MORB normalized multielement patterns. b — Chondrite- normalized REE patterns for mantle peridotites from the Kermanshah Ophiolite
Complex. Normalizing values are from Sun and McDonough (1989). DMM: depleted MORB mantle of Workman and Hart (2005); PM: Primitive
Mantle of Sun and McDonough (1989). Patterns for Thetford wehrlite of Harnois et al. (1990) are shown for comparison.
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Tab. 1 Whole-rock chemical compositions of peridotites in Kermanshah Ophiolite Complex (major elements as wt. % and trace elements as ppm)

Area Miy Miy Miy Har Har Har Har Har Har
Locality 34°48'39"N  34°49'08"N  34°49'20"N  34°13'25"N  34°14'32"N  34°14'20"N  34°15'24"N  34°1524"N  34°18'11"N
47°05'14"E  47°03'39"E  47°02'39"E  47°45'56"E  A4T7PAT'01"E  47°45'27"E  47°41'21"E  47°41'21"E  47°48'01"E
Sample PR-27 PR-28 PR-31 PR-21 PR-23 PR-22 HZ-12 HZ-13 PR-25
Rock Hz Du Lh Du Hz Hz Hz Lh Lh
Sio, 40.28 39.76 41.43 41.34 40.43 39.82 40.30 39.46 41.65
TiO, 0.007 0.005 0.004 0.003 0.006 0.009 0.007 0.040 0.005
ALO, 0.55 0.58 1.51 0.72 0.01 0.45 0.95 2.43 191
FeO* 9.20 7.66 8.28 6.98 6.69 7.81 6.82 6.88 6.91
MnO 0.14 0.16 0.10 0.09 0.09 0.12 0.07 0.11 0.10
MgO 41.35 44.63 42.36 43.50 45.45 42.95 43.78 43.42 42.67
CaO 0.43 0.26 0.35 0.04 0.12 0.32 0.83 0.20 0.81
Na,O n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
K,0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
P,0, 0.02 n.d. 0.02 n.d. n.d. n.d. n.d. n.d. n.d.
L.O.l. 7.96 6.50 5.92 7.10 6.80 7.65 6.34 6.76 5.53
Total 99.94 99.56 99.97 99.77 99.60 99.13 99.10 99.30 99.59
Mg# 89.9 92.0 91.0 92,5 93.0 91.5 92.7 92.6 92.4
Sc 9 21 25 13 16 17 12 14 19
\Y 71 45 55 59 36 58 60 55 63
Ba 12 2 1 1 1 1 1 2 2
Sr 10 5 4 7 5 25 4 3 2
Y 1 1 1 1 1 1 1 2 1
Zr 2 2 2 3 3 2 3 2 2
Cr 2325 2493 2977 2653 2442 2245 2449 1997 2878
Co 112 100 86 92 96 103 91 93 88
Ni 2674 2135 2050 1954 2227 1656 1945 1857 1846
Cu 10 10 30 20 10 10 10 30 20
Zn 39 27 35 25 25 24 26 42 30
Ga 7 5 6 8 6 3 6 4 7
Rb 2 3 4 2 6 4 3 4 2
Nb n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
La 0.2 0.1 0.9 0.2 0.1 0.1 0.1 0.1 0.1
Ce 0.2 0.1 1.3 0.3 n.d. 0.1 0.2 0.1 0.2
Pr 0.05 0.01 0.17 n.d. 0.05 0.01 0.01 n.d. n.d.
Nd 0.22 0.13 0.17 0.15 0.16 0.16 0.19 0.18 0.17
Sm 0.03 0.04 0.13 0.04 0.05 0.03 0.06 0.02 0.04
Eu 0.04 0.01 0.12 0.01 0.02 0.02 0.01 0.03 0.01
Gd 0.04 0.05 0.04 0.06 0.03 0.03 0.03 0.6 0.04
Tm 0.01 0.01 0.02 0.01 0.05 0.01 0.03 0.02 0.02
Yb 0.14 0.16 0.28 0.16 0.13 0.18 0.19 0.36 0.26
Lu 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.02
Hf 0.2 1.1 2.4 1.3 n.d. 2.1 15 1.2 1.8
Th 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.1 0.1

n.d: not detected; LOI: loss on ignition
Mg# = 100 x Mg/(Mg + Fe)

pleted MORB mantle. The REE contents in the Kerman-
shah wehrlite samples are lower than that in chondrite
and are comparable with those in the Thetford wehrlite.
The REE patterns of studied wehrlites testify to a rela-
tively weak fractionation of these elements. Wehrlites
from Kermanshah Ophiolite have a generally gentle
slope in their patterns, i.e. insignificant depletion of
the light compared to the heavy and middle REE (La,/
Yb, = 0.47-0.51).

6. Mineral chemistry

6.1. Olivine

Olivine compositions of Kermanshah peridotites are
listed in Tab. 2. The forsterite content of olivine is mostly
in the range of Fo, . [Fo = Mg/ (Mg + Fe)], averaging
Fo,,,, in dunite, Fo, . in harzburgite, Fo,, ,, in Iherzolite
and Fo

. 90.18
in wehrlite.

90.14
86.32
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Tab. 1 Continued

Area Sah Sah Sah Sah Sah

Sah Sah Sah Sah Sah

34°28'07"N  34°26'00"N  34°26'23"N  34°28'14"N 34°26'17"N 34°23'44"N 34°23'43"N 34°25'47"N 34°25'31"N 34°27'02"N

Locality 47°36'52"E  47°36'08"E 47°39'47"E 47°37'18"E 47°39'39"E 47°38'25"E 47°38'28"E  47°36'35"E 47°36'37"E 47°39'32"E
Sample HZ-5 PR-10 PR-16 HZ-6 PR-17 PR-7-1 PR-7-2 PR- 11 PR- 15 Pr-9
Rock Hz Hz Hz Hz Hz Wh Wh Lh Lh Du
Sio, 41.58 44,52 44,75 41.11 43.28 39.58 39.02 39.35 40.73 38.64
TiO, 0.006 0.009 0.021 0.010 0.011 0.048 0.043 0.023 0.024 0.005
ALO, 0.50 0.83 2.06 0.22 0.69 4.59 4.84 1.12 1.08 0.12
FeO* 8.41 8.86 9.09 8.54 7.85 11.61 11.95 9.06 8.85 8.53
MnO 0.11 0.11 0.13 0.12 0.12 0.14 0.15 0.14 0.11 0.11
MgO 41.73 42.09 41.92 43.24 42.58 28.31 27.97 39.55 40.44 47.66
CaO 0.74 0.95 2.22 0.79 0.83 5.26 5.68 0.97 1.32 0.15
Na,0 0.02 0.04 0.08 0.02 0.03 0.08 0.09 0.07 0.04 0.02
K,0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
P,0, n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
L.O.l. 6.01 1.73 0.00 5.54 4.39 9.42 9.29 8.96 6.83 4.35
Total 99.11 99.14 100.17 99.59 99.78 99.04 99.03 99.24 99.43 99.59
Mg# 90.7 90.4 90.1 91.0 91.5 82.8 82.2 89.6 90.0 91.7
Sc 9 10 13 7 12 21 25 6 8 2

\Y 63 40 58 42 50 64 69 40 52 10
Ba 3 2 4 4 4 2 2 2 3 2

Sr 4 5 7 3 3 8 9 3 4 10

Y 1 1 1 1 1 2 2 2 5 2
Zr 4 8 3 6 3 7 10 3 6 2
Cr 2621 2820 2962 2797 2717 2315 2303 2189 2657 2959
Co 108 112 110 112 113 114 116 100 95 113

Ni 2323 2358 2322 2381 2290 1024 1197 2455 2362 2981
Cu 40 10 50 30 30 10 10 20 30 10
Zn 51 53 54 58 43 47 45 43 46 13
Ga 1 1 2 2 1 3 3 1 3 2
Rb 4 4 2 4 2 2 2 2 3 2
Nb n.d. n.d. n.d. 1 1 n.d. 1 n.d. 1 2
La 0.1 0.3 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1
Ce 0.2 0.7 0.3 0.4 0.3 0.3 0.4 0.2 0.2 0.4
Pr 0.01 0.07 n.d. 0.06 0.07 0.01 0.06 0.05 0.05 n.d.
Nd 0.16 0.45 0.14 0.16 0.17 0.34 0.24 0.14 0.25 0.25
Sm 0.02 0.05 0.06 0.03 0.04 0.05 0.03 0.03 0.06 0.02
Eu 0.01 0.01 0.03 0.01 0.01 0.01 0.00 0.01 0.02 0.01
Gd 0.07 0.03 0.02 0.05 0.04 0.20 0.20 0.10 0.10 0.05
Tm 0.01 0.03 0.01 0.02 0.02 0.01 0.03 0.02 0.02 0.01
Yb 0.15 0.14 0.13 0.18 0.13 0.15 0.14 0.18 0.16 0.12
Lu 0.01 0.01 0.03 0.01 0.02 0.01 0.02 0.01 0.03 0.02
Hf 0.2 0.2 n.d. 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Th 0.1 0.1 0.1 0.1 0.3 0.1 0.1 0.1 0.1 0.1

Area: Miy: Miyanrahan, Har: Harsin, Sah: Sahneh
Rock type: Hz: harzburgite, Du: dunite, Lh: lherzolite, Wh: wehrlite

As indicated, the olivine becomes slightly less mag-
nesian from dunite to lherzolite. The plot of Mg/(Mg +
Fe?*) vs. Fe?*/(Fe?* + Mg) indicates that olivine in dunites,
harzburgites and Iherzolites is forsterite and exhibits
chrysolite nature in wehrlite (Fig. 7a). The NiO, TiO,
and MgO contents of olivine in lherzolites, harzburgites
and dunites are 0.02-0.39 wt. %, 0.0-0.02 wt. % and
46.45-51.15 wt. % respectively. Compared to dunites,
harzburgites, and Iherzolites, olivine in wehrlites is

enriched in FeO,  (11.49-15.31 wt. %), and depleted in
MgO (43.47- 47.22 wt. %).

6.2. Orthopyroxene
Representative analyses of orthopyroxene from mantle

peridotites are presented in Tab. 3. The orthopyroxene
is generally unzoned and, according to the classification
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Fig. 7 Chemistry of minerals of mantle peridotites from the Kermanshah Ophiolite Complex: a — Mg# vs. Fe# diagram for olivines (Deer et al.

1992). b—c — Pyroxene quadrilateral diagram (Morimoto 1989) showing th
Cr + Fe vs. Al + Mg for chromian spinels; the diagonal line represents a

e composition of orthopyroxene and clinopyroxene; d — Cation plot of
1:1 replacement; e — Plot of Cr# (spinel) vs. Fo (olivine) after Pearce

et al. (2000), showing the fields of abyssal peridotite after Dick and Bullen (1984), supra-subduction zone (SSZ) peridotites after Pearce et al.
(2000). FMM = Fertile MORB Mantle. The olivine-spinel mantle array (OSMA) and melting trend are from Arai (1994); f — Cr# vs. Mg# diagram
for chromian spinels (modified from Dick and Bullen 1984) with compositional fields for spinels in boninites (Barnes and Roeder 2001), forearc

and back-arc peridotites (Kamenetsky et al. 2001) and abyssal peridotites
shown for comparison.

(Dick and Bullen 1984); Penjween peridotites (Aswad et al. 2011) are
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Tab. 4 Representative electron-microprobe analyses of clinopyroxene (wt. % and apfu based on 60)

Rock Lh Lh Lh Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz

Sample HZzZ-13 HZz-13 HZ-13 PR-23 PR-23 PR-23 PR-23 PR-23 PR-23 PR-23 PR-10 PR-10 PR-10 PR-10
Sio, 51.38 5157 53.08 53.31 5368 5418 5416 55.05 52.84 5293 47.83 48.89 48.71  49.72
TiO, 0.00 0.00 0.00 0.04 0.03 0.02 0.03 0.01 0.02 0.01 0.02 0.03 0.02 0.03
ALO, 5.47 6.09 6.09 3.66 3.28 2.97 3.27 15 3.4 3.58 1.97 2.04 2.07 1.69
Cr,0, 1.26 1.27 1.22 1.22 1.15 1.05 1.23 0.59 0.97 1.01 0.9 1.02 1 0.76
FeO* 2.53 2.87 2.99 2.44 2.32 2.08 2.7 1.81 2.73 2.19 2.7 2.59 3.3 2.62
MnO 0.05 0.1 0.03 0.06 0.08 0.09 0.07 0.06 0.09 0.06 0.08 0.08 0.05 0.1
MgO 16.46  15.98 22.3 16.53  16.95 16.4 17.57 18.41 17.05 1817 27.12 26.07 25.65 25.89
CaO 23.15 22.3 12,74 2272 23.01 2371 2166 2322 21.82 2165 19.86 19.7 19.62  20.03
Na,0 0.47 0.34 1.25 0.00 0.01 0.00 0.00 0.03 0.14 0.03 0.01 0.09 0.01 0.01
K,0 0.02 0.00 0.06 0.01 0.01 0.01 0.00 0.01 0.02 0.02 0.00 0.00 0.00 0.00
NiO 0.04 0.04 0.05 0.4 0.33 0.33 0.24 0.04 0.03 0.04 0.02 0.02 0.00 0.03
Total 100.80 100.56 99.81 100.39 100.85 100.84 100.93 100.70 99.11  99.69 100.50 100.53 100.43 100.90
Si 1.848 1.865 1.878 1944 1944  1.967 1.957 1980 1.983 1.922 1.665 1.708 1.709 1.734
Ti 0.00 0.00 0.00 0.001 0.001 0.001 0.001 0.00 0.001  0.00 0.00 0.00 0.00 0.00
Al 0.232 0.260 0.254 0.157 0.140 0.127 0.139 0.064 0.147 0.153 0.081 0.084 0.086 0.069
Cr 0.036 0.036 0.034 0.035 0.033 0.030 0.035 0.017 0.028 0.029 0.025 0.028 0.028 0.021
Fes* 0.070  0.00 0.042  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.056  0.060 0.057 0.048
Fe? 0.006 0.087 0.046 0.074 0.070 0.063 0.082 0.054 0.084 0.066 0.023 0.015 0.039 0.029
Mn 0.002 0.003 0.001 0.002 0.002 0.003 0.002 0.002 0.003 0.002 0.002 0.002 0.001 0.003
Mg 0.882  0.861 1.176 0.898 0.915 0.887 0.946 0.987 0.932 0.983 1.407  1.357 1.341 1.346
Ca 0.892 0.864 0483 0.888 0.893 0.922 0.838 0.895 0.857 0.842 0.741 0737 0.737  0.749
Na 0.033 0.024 0.086 0.00 0.001  0.00 0.00 0.002 0.010 0.002 0.001 0.006 0.001 0.001
K 0.001  0.00 0.003  0.00 0.00 0.00 0.00 0.00 0.001 0.001 0.00 0.00 0.00 0.00
Mg# 0.993 0908 0962 0.924 0929 0.934 0920 0.948 0.917 0.937 0.984 0.989 0.972 0.979
Cr# 0.134  0.122 0.118 0.182 0.191 0.191 0.201 0.210 0.160 0.159 0.236 0.250 0.246  0.233
Fe# 0.010 0.092 0.038 0.076 0.071 0.066 0.080 0.052 0.083 0.063 0.016 0.011  0.028 0.021
AlvY 0.153 0.135 0.123 0.056 0.056 0.033 0.043 0.021 0.062 0.078 0.081 0.084 0.086 0.069
AlV 0.079 0124 0.131 0.101 0.084 0.094 0.096 0.043 0.085 0.075 0.00 0.00 0.00 0.00
Wo 48.20 47.68 2764 47.74 4755 4925 4491 46.23 4576 4453 3327 3397 33.89 3245
En 4769 4752 67.30 4828 48.72 4738 50.70 50.98 49.76 5198 63.20 6255 61.66 64.03
Fs 4.11 4.80 5.06 3.98 3.73 3.37 4.39 2.79 4.48 3.49 3.53 3.48 4.45 3.52

trusive rocks. Low TiO, contents in clinopyroxene from
the studied lherzolites generally reflect the removal of
TiO, during previous partial melting, and the very low
Ti contents of the clinopyroxenes in harzburgites may
imply that even more than one earlier partial melting
event could have occurred.

6.4. Chrome spinel

Chrome spinel compositions of Kermanshah peridotites
are listed in Tab. 5. These revealed a wide range of both
Cr# =[100x Cr/(Cr + Al)] (17-80) and Mg# = [100 x Mg/
(Mg + Fe)] (47-79). The Cr# gradually increase from
Iherzolites to harzburgites and dunites. Figure 7d clearly
shows that all chromian spinels plot along the line
representing a 1:1 replacement of Fe(Cr,Fe**),O, (chro-
mite end-member) by MgALO, (spinel end-member).
Nonetheless, chromian spinels from different rock types
(harzburgites, dunites and wehrlites) show different pro-
portions of the two end-members (Fig. 7d).

In the Cr# of spinel vs. Fo content of olivine diagram
(Fig. 7e), dunites and harzburgites fall in SSZ domain.
Furthermore, all rock types fall into olivine—spinel mantle
array (OSMA). This is regarded as the evidence for their
residual origin, i.e. they form a trend which was likely
caused by partial melting. As the Cr# vs. Mg# diagram of
spinel shows, the value of Cr# shows a counter relation
with Mg#. According to this trend (Fig. 7f), the studied
peridotites show a wide variation in degree of partial
melting, which is regarded as the main reason for hetero-
geneity within the upper mantle and melt-rock reaction.

6.5. Serpentine

Table 6 shows serpentine compositions of Kermanshah
mantle peridotites. Due to different generations of serpen-
tinization, serpentinite minerals are highly variable in their
compositions. They contain (wt. %): SiO, = 33.31-41.9,
MgO = 30.11-47.40, ALO, = 0.00-10.42, FeO = 3.58-
8.57 and Cr,0, = 0.00-1.16.
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Tab. 4 Continued

Rock Wh Wh Wh Wh Wh Wh Wh Wh Wh Wh
Sample PR7-1 PR7-1 PR7-1 PR7-1 PR7-1 PR7-1 PR7-1 PR7-1 PR7-1 PR7-1
Sio, 54.78 54.88 53.97 52.1 51.18 53.51 50.07 54.05 51.16 53.08
Tio, 0.00 0.04 0.01 0.02 0.05 0.07 0.07 0.02 0.07 0.04
AlO, 0.71 0.52 0.85 9.74 10.7 7.74 9.51 6.95 9.52 9.13
Cr,0, 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.06 0.06 0.01
FeO* 2.15 2.00 2.90 3.93 4.20 3.94 5.96 4.93 4.98 3.37
MnO 0.29 0.03 0.06 0.13 0.06 0.25 0.10 0.20 0.05 0.04
MgO 17.33 17.56 17.91 18.83 18.36 19.39 18.77 18.77 17.54 18.35
CaO 25.47 25.66 24.33 13.32 13.46 13.62 13.38 14.52 14.5 14.51
Na,0 0.03 0.00 0.01 1.24 1.28 0.95 0.96 0.67 1.26 0.77
K,0 0.02 0.00 0.00 0.00 0.04 0.01 0.00 0.03 0.02 0.00
NiO 0.00 0.01 0.00 0.07 0.09 0.09 0.06 0.06 0.08 0.08
Total 100.8 100.7 100.04 99.38 99.42 99.57 98.89 100.26 99.24 99.38
Si 1.977 1.98 1.958 1.865 1.833 1.919 1.811 1.94 1.847 1.911
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.001
Al 0.030 0.022 0.036 0.411 0.452 0.327 0.405 0.294 0.405 0.387
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.002 0.002 0.00
Fe® 0.020 0.020 0.047 0.00 0.00 0.00 0.036 0.00 0.00 0.00
Fe?* 0.047 0.044 0.041 0.118 0.126 0.118 0.145 0.148 0.150 0.101
Mn 0.010 0.00 0.002 0.004 0.002 0.008 0.003 0.006 0.002 0.001
Mg 0.932 0.944 0.969 1.005 0.980 1.037 1.012 1.004 0.944 0.985
Ca 0.985 0.992 0.946 0.511 0.517 0.523 0.519 0.558 0.561 0.560
Na 0.00 0.00 0.001 0.086 0.089 0.066 0.067 0.047 0.088 0.054
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg# 0.95 0.95 0.95 0.89 0.88 0.89 0.87 0.87 0.86 0.90
Cri# 0.032 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.005 0.000
Fe# 0.048 0.045 0.041 0.105 0.114 0.102 0.125 0.128 0.137 0.093
AlY 0.010 0.020 0.036 0.135 0.167 0.081 0.189 0.060 0.153 0.089
Alvi 0.023 0.002 0.00 0.276 0.285 0.246 0.216 0.234 0.252 0.298
Wo 49.69 49.68 47.23 31.28 31.84 31.19 30.30 32.64 33.88 34.00
En 47.04 47.30 48.38 61.52 60.41 61.77 59.16 58.71 57.04 59.84
Fs 3.27 3.02 4.39 7.20 7.75 7.04 10.54 8.65 9.08 6.16

The Fe® and Fe?* contents were calculated from the measured total FeO according to Droop (1987)

Hz: harzburgite, Lh: lherzolite
Mg# = Mg/(Mg + Fe?); Fe#t = Fe?*/(Fe?* + Mg); Cr# = Cr/(Cr + Al)
Wo: wollastonite, En: enstatite, Fs: ferrosilite

According to Coleman (1971), there are two major
petrological types of serpentinites. Pseudomorphic ser-
pentinite, which consists dominantly of lizardite with mi-
nor concentrations of chrysotile, originates by retrograde
replacement of olivine, orthopyroxene, and clinopyroxene
with serpentines. The second type is represented by anti-
gorite serpentinite, which is formed by the recrystalliza-
tion of pseudomorphic serpentinites during progressive
metamorphism.

In MgO vs. SiO, diagram, all analyzed serpentine
minerals are plotted in pseudomorphic serpentines field
(Fig. 8a) which indicates that parent minerals were
formed by retrogressive replacement of olivine, clinopy-
roxene and orthopyroxene with serpentines. Likewise,
analyzed serpentine minerals in Cr,0, vs. Al,O, diagram
fall in Ol-mesh field (Fig. 8b).

Based on Ashwal and Cairncross (1997), serpentine
minerals can be divided into two sub-groups. The first

sub-group is characterized by ALO,< 1.5 wt. % (poor in
Al) and the second one displays marked enrichments of
Al,O, (Al,0,> 7 wt. %). Analyzed serpentine mineral is
mostly located in the first group.

7. Discussion

7.1. Textures in selected ultramafic samples
and their origin

Although each petrogenetic process produces a specific
mineral texture, some are not restricted to a particular
process, and the other may rather reflect combined
effects of several processes. Textures and bulk-rock
compositions of Kermanshah ultramafic rocks in Har-
sin—-Sahneh—Norabad and Miyanrahan areas provide
clear evidence of cooling and decompression, partial

178



Kermanshah peridotite and evolution of southern Neo-Tethys

(IV +10)11D = #10 (BN + :94)/:284 = #34 ‘(.34 + BIN)/BIN = #BIN

a1bingziey :zH ‘a)j0z4ay| Yy ‘anunp :nq :adA) 300y

(uoneue|dxa Joy 1xa) 99s) paliodal osfe aie (b)) 1aw [euased ay) ui sonel OBN/O84 pue suoiisodwod (0% pue “OlL parejnafe)d
(286T) dooiqg 01 BuIp1022e O34 [BI0] PaINSeall 8y} WOy PaIe|NIJRY 8JaM SJUSIUOD ,,94 PUB .84 dyL

0T'T 870 70 190 S0'T €L'0 €5'T 00T €6'0 v.0 Tt 0.0 0.0 €L°0 880 860 96°0 86°0 160 (bi)obw/oe4
96'0T GETT 6TET 8T'€T T60T ¥S0T €F0T 620T SG¥OT 2Tt T60T G86T G86T G86T T8YT 89¥T T9VvT GS¥T  18¥T (bn)’0°tv
900 800 200 S00 OTO0O 900 OT0 STO  TITO G20 670 000 000 000 000 000 000 000 000 (b)’orL
900 ero vT0 070 €00  ¥00 100 200 200 200 100 200 200 10O €00 €00 €00 €00 €00 #e9
G0 €0 €90 290 /0 6.0 080 080 080 SO L0 /T0 8T0  8T0 950 990 180 IS0 950 #10
950 €0 80 TL0 150  S90 70 1S0 650 990 950 6.0 6,0 8,0 990  ¥90  ¥90  ¥90  ¥90 #ON
86'9T 8Z0T 698  ¢9TT €8ST 66T 668 6GGT 0€GST 8827 99GT  G8'8 968  S06  9¥ET  80FYT 90YT  0Z¥T 0TV 0®4
v6'y  TLOT ¢T'cl 8838 e 0ze 70T 99T €6'T 98'T 150 69T 1971 T €8'C 167 €87 0.2 652 ‘0
000 000 000 000 TOOO TOOO 000 TO00 TOOO TOO0 TOOD Y000 G000 Y000 €000 2000 2000 €000 2000 IN
000 000 000 TOOO TOOD TOOO 000 000 000 OT00 2000 000 000 000 000 000 TOOO TOOO 000 0]
0860 0€L0 ¥/.0 €220 TLS0 8¥90 9/4’0 9/60 0090 €890 €950 0640 88L0 ¢8L0 2990 €90 OF¥90 SE90  O¥90 BN
0T0'0  0T00 9000 9000 000 000 000 000 00O 000 00O 000 00O 00O 00O 000 000 000 000 U
09%'0 020 0220 G620 TEY0 2GE'0  82ZS0  LZ¥0  ¥IYO  ¥SE0  vWY0  0TZ0  0TZ0 STZ0  8EE0  29E0  6SE0  €9€0  09E0 1294
0270 0S¢0 9/20 €020 2S00 800 9200 Tv00 L¥O'O 9¥00 €T00 9800 ¥E0'0  ¥Z00  ¥90°0 8S0°0 G900 2900  6S0°0 19
0S€T 02T T80T 60T ¥OST ZIST /Z9GT TZGT GEST  00FT GOST TPED TSE0 8YE0 060T 60T TOTT OITT 0607 1
orP’'0 0970 Z¥9'0 8590 LEY0  TOFO 000 TBED  O06E0  ¥9¥0 95’0  8T9T  ZT9T  9Z9T  E€¥80 Y80  ZE80 9280 0S80 v
000 000 000 000 TOOO TOOO TOOO 2000 TOOO  ¥000 €000 000 000 000 000 000 000 000 000 1L
0¥0'0  0T00 000 €200 2000 TOO0 2000 TOOO 2I00  8€0'0 8000 TOOO 000 TOOO 000 000 000 000 000 1S
v0'66  6T°00T 2Z00T 69°00T 6566 TI'66 8766 9966 TS00T /696 6086 €276 €566 2226 v900T 6986 GI'66 +266 T1200T [elol
¥0°0 100 000 000 000 €00 900 000 000  +00 200 000 000 200 000 000 000 000 000 *0%d
000 000 200 000 800  ¥00 000 200 000  LE0  SET 100 000 000 100 T00  T0O 100  T00 oM
100 200 000 200 20  1ITO €00  0T0 0T0 127 69T 000 200 200 €00 €00 200 000 000 O%N
100 000 800 600 ¥00 €0 000 ¥0O 00O ¥0O0O 200 9T0 020  9T0  TITO 600 800  TITO 600 OIN
200 €T0  T00  TOO 200 €00 000 €00 000 820 220 000 000 000 000 000  TI00O 200 100 0ed
Z6TT  9L°ST  9TLT  86'ST  €LTT  8E€E€T 896 8LTT  /v2T G8€T OTTT TS8T €8T 8€8T LL¥T 88ET 66€T 88ET 6TV OB
6T0 920 220 220 000 000 000 000 000 00O 000 00O 000 000 000 000 000 000 000 OUN
€y'1Z  26'6T  096T T96T v.LT /8GT €667 60T V0T GS¥T  2U'9T  LE0OT TVOT  900T TO9T +€9T T99T €997 €G°9T MoLE!
vP'2S  €2TS LTSk €SS 928G 606G 656G 2909 LT09 ZvES G8'SS  PI'ST  9L°ST  98GT  98'Sy  00SY 8E'Sy  E€LGY  ESSY ‘040
vSTT  2S2T  008T Ty8T  8ETT  8Y0T TZ0T /86 GZ0T T6TT 8ETT T08r T8y 6187 G8E€Z vEE€Z GO'EZ G872 G8'€EC ‘o’Iv
€00  ¥00 100 200 G00 €00 S00 800 900 9T0  TTO 000 000 000 000 000 000 000 000 ‘oIL
Ge'T 00 000 G0 SO0 200 00 €00 80  YTT €20 €00 000 €00 000 000 000 100 000 ‘ols
0T-dd 0T-dd 0T-d4d 0T-d4d GZ-dd GZ-dd G¢-d4d G2-dd Gz-dd Gg-dd Ge-dd €I-ZH €I-ZH €T-ZH 82-d4d 82-dd 8Z-dd 8¢-d4d 82-dd a1dwes
ZH ZH ZH ZH ZH ZH ZH ZH ZH ZH ZH ul ul U na na na na na o0y

(0¥ uo paseq nyde pue o, IM) |aulds-1D J0 sasAjeue 8q04dod1W-U0I103]9 BAIRIUSSAIdRY G el

179



Ali Moradpour, Reza Zarei Sahamieh, Ahmad Ahmadi Khalaji, Ramin Sarikhani

in lherzolites, harzburgites and

melting, and melt-rock reaction
dunites.

Exsolutions of clinopyroxene
lamellae from orthopyroxene
(Figs 4b—c and e) are one of the
textures observed in this study.

This type of texture is widespread
in both abyssal and SSZ peri-

dotites (Tamura and Arai 2006).

tion is caused by a decrease in
clinopyroxene solubility in or-

Based on this paper, such exsolu-

Some workers believe that such
textures are produced by partial

thopyroxene due to cooling and/
melting, though; a reaction fol-

or decompression.

lowed by static recrystallization
(Pearce et al. 2000), or by low-P
partial melting of abyssal perido-
tites from which all the clinopy-

roxene has been removed (spinel
stability field, Seyler et al. 2007;

Li et al. 2015). Neumann (1991)

suggested that exsolution lamellae

In the studied samples, the

excess of 1200 °C and pressures
Therefore, given the presence

of exsolution lamellae of clino-

mantle, or by earlier melt-rock

reaction.

other remarkable texture represent

up to 20 kbars, leading to the
formation of exsolved Cpx + Spl

(Neumann 1991).
pyroxene in orthopyroxene of the

of clinopyroxene in orthopyroxene
probably represent relicts from an
earlier orthopyroxene generation
that gave rise to some of the ol-
ivine porphyroclasts by incongru-
ent melting. This conclusion was
supported by experimental studies
showing that, in the presence of
H,O, orthopyroxene may melt
incongruently at temperatures in
studied samples, it can be con-
cluded that the formation of this
texture could be the result of cool-
ing and decompression of mantle
peridotites produced by partial
melting of primary or evolved
embayed and chain-like spinel
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Fig. 8 MgO vs. SiO, diagram (a) and Cr,0, vs. Al,O, diagram (b) for the analyzed serpentine minerals (after Dungan 1979).

grains (Fig. 4d). Such embayed spinel grains are widely
observed in many peridotites that have been related to
partial melting (Saumur and Hattori 2013). However,
others have suggested that this texture is formed by
melt-rock reaction in the mantle (Bézard et al. 2011).
O’Driscoll et al. (2010) suggested that such features
could prove co-precipitation of Cr-spinel with olivine.

7.2. Melt/rock reaction

Primary clinopyroxene can be an important Cr reservoir
in upper mantle, commonly containing 1-2 wt. % Cr,O,,
i.e. contents comparable to those in orthopyroxene (Sey-
ler et al. 2007).

Partial melting of Cr-bearing orthopyroxene releases
Cr (Bézard et al. 2011):

Cr-Opx — Opx + Cpx + Spl [1]

(Cr-depleted)

In harzburgite samples, high degrees of partial melting
and melt-rock reaction lead to an increased abundance
of Cr-spinel:

Cpx + Opx + Spl — melt [2]
Cpx/Opx — Cr-Spl + Ol + melt [3]

Since dunites in Harsin—Sahneh—Norabad and Miyan-
rahan ophiolite complexes occur as small pods, they are
interpreted as the result of melt—rock reaction rather than
as residues of extensive partial melting. As melts migrate
through the peridotite, clinopyroxene and orthopyroxene
are dissolved and olivine precipitated (Fig. 4a) as illus-
trated by the reactions:

Opx + Cpx + melt, — Ol + melt, [4]
Opx — Ol + melt [5]

7.3. Petrogenesis of ultramafic rocks — mineral
chemistry approach

Vanadium can be a sensitive indicator of oxygen fugacity
in residual mantle rocks, and in general, SSZ peridotites
have low V contents (Pearce et al. 2000). Given the rela-
tively low V contents in the Kermanshah peridotites, In
a plot of V vs. Yb (Fig. 5b) the samples fall close to the
QFM buffer (mostly between QFM and QFM + 1), sug-
gesting a SSZ affinity (Pearce et al. 2000).

Ina TiO, vs. AlO, plot (Fig. 9a), chrome spinels of
the Kermanshah peridotites show an arc affinity. How-
ever, forearc regions may contain both SSZ and abyssal
peridotites, although the former are typically dominant
(Pearce et al. 2000).

In addition, chrome spinels in SSZ peridotites are
characterized by Cr# values often significantly higher
(38-80) than abyssal peridotites (38-58). Elevated Cr#
values of selected peridotite samples (17-80, on average
60 — Tab. 5), can also reflect higher degrees of partial
melting or much more extensive melt-rock reaction
(Arai 1994).

Most pyroxenes in SSZ peridotites are characterized
by extremely low minor-element (Al, Ti) contents com-
pared to the abyssal peridotites, but generally have higher
Mg# (Choi et al. 2008). Average Mg# in Kermanshah
orthopyroxenes and clinopyroxenes are 0.95 and 0.93
respectively (Tabs 3 and 4). Accordingly, in the ALO,
vs. Cr,0, diagram (Fig. 9b), the chromian spinels from
the studied peridotites fall into the olivine—spinel mantle
array (OSMA). Likewise Fig. 7e—f, this diagram indicates
that Harsin—-Sahneh—Norabad and Miyanrahan mantle
peridotites were generated in volcanic-arc environment.

Experimental studies confirm that the AL,O, and TiO,
contents, as well as FeO/MgO ratios in chromian spinel
are directly related to those of the parental melt (Rol-
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Fig. 9 Mineral chemistry of chromian spinels in mantle peridotites from Kermanshah ophiolites: a - TiO, vs. Al,O, diagram (after Dick and Bullen
1984). Compositional fields for spinels in MORB and SSZ (Dick and Bullen 1984), Arc, OIB, LIP and back-arc basin (Kamenetsky et al. 2001);
b - ALO, vs. Cr,0, diagram (after Franz and Wirth 2000). Compositional fields for spinels in Oman chromitites (Rollinson 2008), Penjween
peridotites (Aswad et al. 2011), and Albania ophiolites (Saccani et al. 2011) are shown for comparison; ¢ - TiO, . vs. Al,O, . calculated in
equilibrium with chromite. Fields for boninites (Kamenetsky et al. 2001), MORB, Troodos boninites and Thetford boninites (Page and Barnes
2009) are shown for comparison; d — Cr/(Cr + Al) vs. TiO, diagram; compositional fields for spinels in abyssal (MOR) peridotites (Dick and Bullen
1984), Oman chromitites (Rollinson 2008), Penjween peridotites (Aswad et al. 2011) and Albania ophiolites (Saccani et al. 2011) are shown for
comparison. Abbreviations: MORB — mid-ocean ridge basalt; OIB — ocean-island basalt; LIP — large igneous province, Arc — island-arc magma,
SSZ - supra-subduction zone.

linson 2008). According to Maurel and Maurel (1982),  TiO, (wt. %)

=1.0963 x Tio2 (Wt. %) 0.7863
Al,O, content of the parental melt can be calculated as:

melt Cr-Spl

Low calculated TiO, contents (less than 0.25 wt.
ALO, (Wt. %) ¢ s = 0.035%ALO, (Wt %), o ome - % —Tab. 5) also suggest a boninitic-type parental melt.
Indeed, the calculated Al,O, and TiO, contents fall into
The Al,O, contents of the parental melt calculated by  the field of boninitic rocks (Fig. 9¢), overlapping with
this formula range from 10 to 14 wt. % for the studied = Troodos and Thetford boninites fields.
harzburgites and dunites (Tab. 5). Such values are con- The FeO/MgO ratio in the parental melt has also been
sistent with boninitic or island-arc tholeiites (IAT) melts,  calculated using the empirical formula of Augé (1987):
which typically contain 10-14 wt. % and 12-16 wt. %
Al,O,, respectively (Dilek and Thy 2009). In(FeO/MgO)
Rollinson (2008) proposed a formula relating TiO,  In(FeO/MgO)
content in chromian spinel and parental melt:

=0.47 - LOTYN +0.64Y7 +

Cr-Spl Cr-Spl

melt
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where: YFe* o = Fe¥/(Al + Cr + Fe¥), YA' [ o = All
(Al + Cr + Fe®*). Calculated FeO/MgO ratio for parental
melts varies from 0.61 to 1.12 (Tab. 5) which is slightly
higher than what is expected for primary boninitic liquids
(0.5-0.8: Dilek and Thy 2009).

However, most of the calculated FeO/MgO ratios of
parental melts (Tab. 5) are comparable with those in
boninites from the Oman Ophiolite (0.7-1.2: Rollinson
2008). Still, it should be noted that subsolidus re-equili-
bration may significantly change FeO/MgO ratio in chro-
mian spinels (Augé 1987) and this could explain some
of our comparatively high calculated FeO/MgO ratios.

In the Cr# vs. TiO, diagram (Fig. 9d), the Kermanshah
peridotites classify as depleted peridotites, resembling
Oman ultramafic cumulates and Penjween peridotites.
In summary, the findings from Fig. 9 indicate that
chemistries of the chrome spinels in the Sahneh, Harsin-
Norabad and Miyanrahan peridotites are compatible with
a genesis in a subduction setting from boninitic or primi-
tive arc magmas, such as picrites or island-arc tholeiites.

8. Geodynamic synthesis

The ophiolites from the Zagros Suture Zone are subdi-
vided into two parallel units, Outer Zagros Ophiolitic
Belt and Inner Zagros Ophiolitic Belt. The latter represent
remnants of southern branch of the Neo-Tethyan Ocean
in Iran, outcropping in Kermanshah Province, western
Iran (Braud 1987).

Since the pole of rotation for Arabia— Eurasia conver-
gence lies in Eastern Mediterranean, the convergence is
oblique (60°) and its rate increases eastward along Zagros
Orogenic Belt, from ~1.5-1.8 cm/year in the NW to ~2.8
cm/year in the SE (Vergés et al. 2011). Tomography data
indicate that the Arabian lithosphere underlays Zagros
and Sanandaj-Sirjan, dipping c. 50° to the NE (Agard et
al. 2011). This slab is subducted beneath NW Zagros and
underthrusted beneath central Zagros. After the initiation
of continental underthrusting in Zagros, the average Ara-
bia Plate velocity decreased by ~30 %, from ~3.1 to ~2.4
cm/yr (Reilinger and McClusky 2011). Reduction of plate
convergence in north, south, and central Zagros was an
important driving force for the slab break-off. Moreover,
slab break-off has been followed by slab rollback and
Tethyan slab retreat. Mouthereau et al. (2012) suggested
that the Bisotun Block, a buoyant continental segment
is present in north-western but absent in central Zagros;
its buoyancy likely enhanced the slab retreat. The initia-
tion of Arabia continental plate underthrusting beneath
the Sanandaj-Sirjan Zone was another important force
driving the Tethyan slab retreat (Mouthereau et al. 2012).

Studies of ophiolite complexes in the Zagros Orogen
indicated that most of the Zagros ophiolites were gener-

ated in an intra-oceanic arc environment (Saccani et al.
2013). These studies concluded that during intra-oceanic
subduction, an immature island arc developed before the
ocean closure. Subducting slab collapse during this phase
led to the large-scale extension in the overriding oceanic
plate and thereby to the generation of supra-subduction
ophiolites.

Wrobel-Daveau et al. (2010) suggested that the Har-
sin—Sahneh ophiolites were a part of a rifted basin at the
ocean—continent transition zone, generated in the south-
ern Neo-Tethyan Ocean. Saccani et al. (2013) reported
that these ophiolites, irrespective to the age of different
units, have OIB to EMORB affinity. Accordingly, these
authors interpreted the entire Harsin—Sahneh ophiolites as
an accreted oceanic basin under the influence of a mantle
plume situated at the ocean—continent transition zone of
the southern margin of the Tethyan Ocean.

Two models have been proposed for the genesis of
boninites: (1) subduction initiation (and forearc exten-
sion) model and (2) subduction initiation and subsequent
back-arc spreading model. Xia et al. (2012) described two
chemical subgroups of boninites as forearc-related and
back-arc basin-related. The compositions of the of forearc
boninites reflect the effects of varying melts/fluids com-
positions and heterogeneous metasomatism in the mantle
wedge, showing, within a single arc system, a systematic
decrease in slab influence with increasing distance from
the trench. In contrast, back-arc basin-related boninites
are characterized by major involvement of mantle wedge,
but the role for slab-derived components is limited due
to a higher distance from the slab. Therefore, back-arc
basin-related boninites generally display MORB-like
chemistry. Based on the lithological variations along
NE-SW trending geographical positions, we propose that
forearc-related boninitic parental magmas largely inter-
acted with southern Kermanshah mantle peridotites. The
likely sequence of tectonic events leading to the forma-
tion of Kermanshah arc then was as follows:

(i) Sanandaj-Sirjan continental arc magmatism had
ended in the Late Cretaceous. It may be that the Southern
Neo-Tethyan oceanic crust broke off at this time, sub-
ducted beneath itself and developed arc magmatism in
the Kermanshah region. As a result, Neo-Tethyan oceanic
crust subduction beneath the arc stopped at this time.

(ii) In the Late Cretaceous, magmatic-arc related rocks
developed from Kermanshah ophiolites. In this geody-
namic setting, Kermanshah ultramafic rocks closer to the
trench were largely affected by percolating forearc-related
hydrous boninitic melts.

Whitechurch et al. (2013) work on sedimentary rocks
in Kamyaran and to the north of Harsin—-Sahneh region
indicated that the subduction-related magmatism has
been active mainly between Palaeocene and Eocene.
This period of arc-related magmatism in the Kermanshah
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region roughly coincided with magmatic quiescence in
the Sanandaj-Sirjan Zone . By the end of short-lived Ker-
manshah magmatism in Middle Eocene, continental arc
magmatism resumed and shifted from Sanandaj-Sirjan
Arc to the Urumieh—Dokhtar Arc.

9. Conclusions

The main conclusions from this study are as follows:

1) Mantle restites in Kermanshah ophiolites are cha-
racterized by very low concentrations of REE and
incompatible elements. Such geochemical features,
typically observed in many subduction-related ophio-
lites, as well as in modern intra-oceanic subduction
settings, are interpreted as the result of boninitic-type
melt removal. In addition, the significant LREE/MREE
enrichment suggests that the studied rocks represent
mantle previously enriched in LILE and LREE by
subduction-derived hydrous fluids.

2) Calculated AlO, contents and Mg# values in the melt
in equilibrium with chromian spinel and olivine are
consistent with either boninitic or igneous-arc thole-
iitic melts. Nonetheless, the very low (< 0.25 wt. %)
TiO, calculated for the parental melt in equilibrium
with chromian spinel are only consistent with bonini-
tic-type parental melts.

3) Accordingly, whole-rock composition suggests that
Harsin—Sahneh—Norabad and Miyanrahan ultramafic
rocks may represent the residual mantle after extrac-
tion of 13-22 % of boninitic-type melts.

4) Mineral and whole-rock chemistry clearly indicate that
Harsin—Sahneh—Norabad and Miyanrahan ultramafic
rocks record an episode of boninitic magmatism that
occurred within the southern Neo-Tethys Ocean in Late
Cretaceous. Boninitic melts in Kermanshah Ophiolites
were formed by partial melting of depleted peridotite, a
residue after MORB-type melt extraction. It is therefore
suggested that this boninitic magmatism was generated
in forearc sector of a short-lived intra-oceanic arc that
was located south of the “Andean-type” subduction
below the Sanandaj-Sirjan continental margin.

5) The Late Cretaceous subduction of southern Neo-
Tethyan Ocean beneath itself led to the cessation of
subduction beneath the Sanandaj-Sirjan Zone. The
quiescent period of magmatism in the Sanandaj—Sirjan
Zone roughly coincided with the arc-related magma-
tism in Kermanshah region. The resumption of sub-
duction generated arc-related magmatic rocks in the
Harsin—Sahneh—Norabad and Miyanrahan regions and
Songor-Baneh and Hamedan-Tabriz volcanic belts. The
second stage of magmatism occurred after Kermanshah
Ophiolite obduction when the igneous activity shifted
from Sanandaj—Sirjan Arc to the Urumieh—Dokhtar Arc.
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