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ABSTRACT
Several Mesozoic ophiolites in Iran formed in response to Late Cretaceous subduction initiation. 
Here we review the geology, petrography, mineralogy and geochemistry of mantle rocks from the 
Nain, Neyriz, Khoy, Esfandagheh and Fannuj ophiolites. They are remnants of Neo-Tethys ocean 
lithosphere formed during subduction initiation and were emplaced onto the southern flank of 
Eurasia. Most show SSZ-type geochemical affinity. We summarize the composition of mantle 
sections from these five representatives, which comprise lherzolites and harzburgites with minor 
dunite lenses and sometimes chromitites. Spinels in lherzolite from all regions are characterized by 
low chromium number [Cr# = Cr/(Al + Cr)] of 0.09 to 0.56 and plot in the abyssal peridotite field, 
whereas spinel in harzburgite and dunite-chromitite have Cr# of 0.41 to 0.73 and 0.45 to 0.86, 
respectively, showing geochemical affinities with forearc peridotites and boninites, respectively. 
Lherzolites and harzburgites have low rare earth element (REE) contents and experienced around 
15% and 25% partial melting, respectively. Ophiolitic peridotites from the Nain (inner Zagros 
ophiolitic belt), Khoy, and Neyriz (outer Zagros ophiolitic belt) complexes are depleted in light 
REE and show flat heavy REE patterns. By contrast, peridotites from the Fannuj (Makran ophiolitic 
zone) and Esfandagheh (outer Zagros ophiolitic belt) complexes are characterized by flatter and 
U-shaped REE patterns, respectively, similar to those of SSZ peridotites. Based on the compositions 
of olivine and spinel, we infer that chromitites and their dunite envelopes experienced wider 
variations in oxygen fugacity (fO2), equilibrium temperatures, and spinel Cr# values than those of 
the surrounding lherzolites and harzburgites, suggesting interaction between residual mantle 
harzburgites and H2O-rich and highly oxidized SSZ melts. Lherzolites from all regions and harz
burgites of Nain, Neyriz and Fannuj are MOR-type peridotites that plot in the overlapping space of 
MOR peridotites and were generated in an extensional environment. These are forearc peridotites 
that were in equilibrium with tholeiitic melts generated during early proto-forearc or back-arc 
spreading during subduction initiation, whereas spinels of dunites and high-Cr chromitites were in 
equilibrium with boninitic melts.
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1. Introduction

Ophiolites are slices of oceanic lithosphere that have 
been obducted onto a continental margin and can be 
classified as mid-oceanic ridge (MOR) or suprasubduc
tion zone (SSZ) types based on the tectonic setting in 
which they originally formed (Pearce et al. 2000; Shervais  
2001). Dilek and Furnes (2011) classified ophiolites into: 
(1) subduction-related types, comprising supra- 
subduction zone (SSZ) and volcanic arc environments, 
and (2) subduction-unrelated types, which form at con
tinental margins, mid-ocean-ridge (MOR) systems, and 
above mantle plumes. Although there is a great overlap 
in petrological character between both types, ophiolites 
generated in a MOR setting are generally characterized 
by fertile mantle rocks with Al-rich spinels (Cr# = atomic 

Cr/ (Cr + Al) < 0.6) and a relatively low fO2 (Dilek and Thy  
2009; Arai et al. 2011; Khedr et al. 2014). In contrast, SSZ- 
type ophiolites, which contain refractory mantle perido
tites, have high-Cr# (>0.6) spinels and reflect higher fO2 

(e.g. Dare et al. 2009; Arai et al. 2011; Khedr and Arai  
2013, 2017). Podiform chromitites only form in small 
volumes within both highly refractory harzburgites and 
fertile lherzolites, whereas less refractory harzburgites 
with intermediate-Cr# (0.4–0.6) spinels are the best 
host rocks for large chromitite pods (Arai 1997; Arai 
and Miura 2016; Khedr and Arai 2017). The most recent 
and widely accepted process for the formation of ophio
litic chromitite is melt–rock reaction.

Neotethyan ophiolites define a ~ 7000-km-long belt 
across southern Eurasia and can be divided into two
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groups: (1) Jurassic ophiolites in the west (e.g. the 
Dinarides and Ligurian ophiolites of S Europe) with MOR- 
type geochemical signatures and (2) mostly Cretaceous 
ophiolites in the east, which typically show SSZ-type 
geochemical features (Abbate et al. 1980). Most 
Neotethyan ophiolites in Cyprus, Turkey, Iran, Pakistan, 
Afghanistan, and Oman are Late Cretaceous, but some 
are older (e.g. ophiolites in Caucasus and Iranian 
Makran).

Previous studies have documented several Iranian 
ophiolites (Eslami et al. (2018), Shirdashtzadeh et al. 
(2017), Torabi (2001), Ghazi et al. (2011), Zaeimnia 
et al. (2017), Monsef et al. (2010), Rajabzadeh et al. 
(2013), and Sepidbar et al. (2021)). Because 
Cretaceous ophiolites of Iran are mostly related to 
subduction initiation on the northern margin of Neo- 
Tethys adjacent to Eurasia (Moghadam and Stern  
2015), their geochemistry contains essential informa
tion about magmatism and processes associated with 
subduction initiation. In this paper, we review and 
characterize peridotites from five Iran ophiolites 
based on Cr-spinel and peridotite chemistry and use 
these to discuss the origin and tectonic settings of 
these units. We describe the geology, petrography, 
mineralogy and geochemistry of mantle rocks from 
the Nain, Neyriz, Khoy, Esfandagheh and Fannuj areas 
in order to better constrain the spatial variation and 
the geodynamic evolution of Late Mesozoic ophiolites 
in Iran.

2. Geological setting

Late Mesozoic ophiolites in Iran are found in five belts: 
(1) Late Cretaceous Zagros Outer Belt Ophiolites (ZOB), 
which comprise the Khoy and Kermanshah-Kurdistan 
ophiolites to the NW and the Neyriz and Esfandagheh 
ophiolites to the SE; (2) Late Cretaceous Zagros Inner 
Belt Ophiolites (ZIB) containing the Nain, Dehshir, Shahr- 
e-Babak and Balvard-Baft, Anarak, Posht-e-Badam and 
Jandaq, Bayazeh ophiolites along the western to south
western periphery of the Central Iranian block; (3) Late 
Cretaceous-Early Palaeocene Sabzevar-Torbat 
e-Heydarieh ophiolites of NE Iran; (4) Early to Late 
Cretaceous Birjand-Nehbandan-Tchehel-Kureh ophio
lites in eastern Iran between the Lut and Afghan blocks, 
and (5) Late Jurassic-Cretaceous Makran ophiolites of SE 
Iran including the Kahnuj and Fannuj-Maskutan ophio
lites. Chromitites occur in most Iranian ophiolites, includ
ing Neyriz, Khoy, Esfandagheh (ZOB), Nain (ZIB), which 
are Harzburgite Ophiolite Type (HOT) ophiolites. They 
have not been found in others (e.g. Anarak, Posht- 
e-Badam and Jandaq, Bayazeh), possibly due to poor 
study in these areas. The Nain, Khoy, Neyriz, 

Esfandagheh, and Fannuj ophiolites – the foci of our 
study – are described in greater detail below.

2.1. Nain ophiolite

The Nain ophiolitic complex is located at the northwest 
margin of the central Iran micro-continental block 
(Figure 1) (Arai and Torabi 2010; Pirnia et al. 2014,  
2018). It trends NNW – SSE and is surrounded by 
Tertiary sedimentary and volcanic rocks in the west and 
east, respectively. Although shear zones caused frag
mentation and displacement, as well as facilitated altera
tion of ophiolitic rocks, the sequence outcrops in many 
places in the field area. Mantle rocks consist of perido
tite, pyroxenite lenses, and orthopyroxenite veinlets, 
whereas the thin crustal sequence consists of gabbro, 
diabase, dyke swarms and pillow lava overlain by pelagic 
limestone and radiolarite (Figure 2a and 3a). A crust- 
mantle transition zone is absent and the boundaries 
between the rock units are chiefly tectonic.

Nain peridotites are mainly serpentinized harzburgite 
and dunite, whereas lherzolite is relatively fresh. Despite 
most contacts being tectonic, sharp contacts can occa
sionally be found between lherzolite and harzburgite 
and between harzburgite and dunite. Chromitite lenses 
occur as elongated bodies surrounded by host dunite 
and harzburgite. The dunite forms wide aureoles around 
chromite ore bodies, with a gradual (i.e. increasing 
modal percent of orthopyroxene) transition to harzbur
gite (Ghazi et al. 2010). The lherzolite contains olivine (70 
vol. %), orthopyroxene (20 vol. %), clinopyroxene (>10 
vol. %) and Cr-spinel (>1 vol. %) with porphyroclastic 
textures. Other minerals are sulphides, Cr-chlorite and 
talc. Clinopyroxene occurs as individual grains and small 
inclusions in orthopyroxene and shows small kink bands 
in lherzolite (Ghazi et al. 2010). Harzburgites consist of 
olivine (up to 85 vol. %), orthopyroxene (up to 10 vol. %), 
clinopyroxene (<5 vol. %), and spinel (~1 vol. %). All 
peridotite samples show diffuse alteration with develop
ment of a serpentine-rich matrix. Secondary fibrous 
amphibole occurs on pyroxene rims. Dunite is the main 
host rock of chromitite lenses (Ghazi et al. 2011). Cr- 
spinel in the dunite is subhedral to euhedral and is 
variably altered to thick ferrous chromite at its rims. 
Chromitite in the Nain ophiolites occurs as aggregates, 
patches and lenses that include 10, 15 vol. % and ~40 
vol. % Cr-spinel, respectively.

2.2. Khoy ophiolite

The Khoy ophiolite is located along the western margin 
of the Central Iranian block (Figure 1) and may be divided 
into three lithostratigraphic units: the Eastern Khoy
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Ophiolitic Complex, a central volcanic-turbiditic sedimen
tary unit, and the Western Khoy Ophiolitic Complex. The 
NW-trending Eastern Khoy Ophiolitic Complex consists of 
large tectonic slices of ophiolitic rocks associated with 
metamorphic rocks. Ophiolitic rocks have been thrusted 
over the metamorphic rocks in a southwestern direction. 
Here, we consider the ultramafic tectonites in the middle 
of the Eastern Khoy Ophiolitic Complex. These ultramafic 
rocks include lherzolites and clinopyroxene-rich harzbur
gites, which show obvious high-temperature mantle 
deformation defined by flattened and stretched ortho
pyroxene and spinel grains (Monsef et al. 2010; Zaeimnia 
et al. 2017). Deformation features such as undulatory 
extinction and kinking are common. The Khoy area 
includes serpentinized lherzolites and harzburgites to 
the east and harzburgites and dunite to the west 
(Figure 2b and 3b). Lherzolites consist of olivine (ca. 70 

vol. %), orthopyroxene (10–20 vol. %), and clinopyroxene 
(5–10 vol. %) with minor Cr-spinel (<2 vol. %). 
Clinopyroxenes are diopside that exhibit kinking and 
twinning. Opaque minerals in the serpentinites are mag
netite and Cr-spinel. Some Cr-spinel grains show highly 
porous ferritchromite rims. The harzburgites are inter
layered with numerous dunite and chromitite bodies in 
western Khoy, similar to those of other ophiolites. They 
are composed of 70–80 vol. % olivine, 20 vol. % ortho
pyroxene, 2 vol. % clinopyroxene, and <2 vol. % Cr-spinel. 
These rocks are highly fractured, which likely allowed 
fluid ingress to promote intense serpentinization. Cr- 
spinels are anhedral or amoeboid in shape and occur as 
disseminated grains. Clinopyroxene occurs as small 
grains in orthopyroxene. Chromitite occurs as lenticular 
pods enveloped by dunite within highly serpentinized 
peridotites in the eastern Khoy ophiolite.
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2.3. Neyriz ophiolite

The Neyriz ophiolite is located at the western border of 
the Zagros Suture Zone, in southern Iran (Figure 1). The 
mantle section is composed of nearly homogenous harz
burgite that is more than 2 km thick, constituting 80% of 
the ophiolite, and is covered by Late Cretaceous pelagic 
limestones of the Tarbour Formation. The harzburgite is 
mixed with numerous dunite and chromitites, similar to 
those of other ophiolites. Dunite dykes within the clin
opyroxene-bearing harzburgite generally range from 20 
to 100 cm wide and grade into the host peridotite over 
a few centimetres to a few tens of centimetres. Minor 
lherzolite appears as patches within the lower parts of 
the homogenous harzburgite and lack any obvious rela
tion with host rock. The crustal section includes a thick, 
massive, and serpentinized dunite that occurs directly at 
the mantle–crust transition zone and grades progres
sively into wehrlite. Gabbros is rare in the ophiolite 
(Rajabzadeh et al. 2013) (Figure 2c and 3c). The perido
tites are locally cut by dibasic (up to 10 m thick), and 
orthopyroxenitic (up to 3 m thick) dykes, which are 
concordant with the foliation of the host ultramafic 
tectonite.

Ultramafic rocks at the mantle–crust transition zone 
occur as dismembered fragments at the top of ophiolite 
pile and consist of dunite, orthopyroxenite, wehrlite, and 
minor uneconomic disseminated chromitite 
(Rajabzadeh et al. 2013). The residual lherzolite contains 
60–65 vol. % olivine, 25–30 vol. % orthopyroxene, 5–7 
vol. % clinopyroxene, and 1–3 vol. % Cr-spinel. The main 
textures of this rock are mosaic and porphyroclastic. 
Clinopyroxene appears as banded exsolution lamellae 
and small inclusions in orthopyroxene and as small crys
tals among olivine and orthopyroxene. Some orthopyr
oxenes and clinopyroxenes show kink structure. Both 
olivine and orthopyroxene in the lherzolites experienced 
deformation, as shown by deformed lamellae along slip 
planes, kink banding and wavy extinction. Harzburgite is 
the most abundant rock type and is composed of 70–80 
vol. % olivine, 15–25 vol. % orthopyroxene, 1–2 vol. % 
clinopyroxene, and <2 vol. % Cr-spinel. It exhibits wide
spread serpentinization, mainly developed along frac
tures. Amoeboid Cr-spinels occur as disseminated 
irregular-shaped grains. Clinopyroxene is found as indi
vidual discrete grains. All dunites in the Neyriz ophiolite 
have the same mineral assemblages, comprising mainly 
olivine (94–97 vol. %) with minor orthopyroxene (2–4 
vol. %) and Cr-spinel (1–2 vol. %). Massive chromitites are 
composed of coarse-grained Cr-spinel (up to 2 cm), with 
serpentinized olivine and chlorite as matrix silicates 
minerals. Massive chromitites are composed of coarse- 
grained chromian spinel crystals (up to 2 cm), with 

serpentinized olivine and chlorite as gangue minerals 
(Figure 2g). In contrast, disseminated ores contain smal
ler (0.2–1 cm) rectangular grains in which olivine and 
serpentine minerals are the principal interstitial minerals. 
The effects of tectonic activity and obduction are 
recorded as cohesive cataclasite and pull-apart struc
tures in some chromitites. Chromitite bodies are charac
terized by varying shapes and mass (Rajabzadeh et al.  
2013). In these, Cr-spinel grains constitute aggregates of 
1–3 cm nodules within an olivine-rich matrix. Banded 
chromitites are formed by alternating chromian spinel- 
rich (mean 1 cm thick) and serpentine-rich bands (up to 
5 cm thick) and exhibit pull-apart and cataclastic fabrics 
(Figure 2i). Most chromite grains in the studied chromi
tites are fresh, but in some highly serpentinized samples, 
chromite may exhibit rims characterized by higher 
reflectance under ore microscope corresponding to sec
ondary ferrian chromite.

2.4. Esfandagheh ophiolite

The Esfandagheh ultramafic massif is part of a series of 
homogenous peridotite bodies that were emplaced in 
the ophiolite mélange belt of the Esfandagheh region in 
southern Kerman province, which hosts several chromi
tite deposits. This belt is located at the southeastern 
edge of the main Zagros thrust (Figure 1) and is part of 
the ZOB (Sepidbar et al. 2021; Figure 1). According to 
McCall (1985), this area is part of the southern margin of 
the Sanandaj-Sirjan–Bajgan-Durkan (SS-BD) sliver 
(Figure 2d), separate from Neyriz ophiolites. In contrast, 
Shahabpour (2005) suggests that these 
ophiolite mélanges are parts of the Neyriz ophiolite 
belt along the southeastern edge of the main Zagros 
thrust.

The dominant mantle lithology of the Esfandagheh 
melange is harzburgite (90%), with associated dunite, 
lherzolite, and pyroxenite (10%) (Figure 2d, 3d). 
Lherzolites occur as small, reddish-brown outcrops 
in the northern part of the area. Lherzolite–harzbur
gite contacts are gradational due to variations in the 
modal percent of clinopyroxene and orthopyroxene. 
Lherzolites formed first and contained more than 7 
vol % clinopyroxene, but later underwent partial 
melting to produce harzburgite (Peighambari et al.  
2011) (Figure 2d) containing 66–88 vol. % olivine, 
15–27 vol. % orthopyroxene, 1–5 vol. % clinopyrox
ene, and 1–3 vol. % spinel. The effects of partial 
melting can be seen in LREE-depleted and nearly 
flat patterns from Gd to Lu (see next section). 
Olivine occurs as irregular porphyroclasts and has 
sinusoidal grain boundaries. In the harzburgites,

4 F. SEPIDBAR ET AL.



orthopyroxene dominantly occurs as coarse-grained 
deformed porphyroclasts (>3 mm in diameter). Such 
porphyroclasts often show irregular sinusoidal out
lines. Minor amounts (up to 5 vol. %) of undeformed 
orthopyroxene (Opx2) occur as tiny interstitial grains 
(0.5 to 2 mm in diameter) in the harzburgites. 
Clinopyroxenes (1–5 vol. %) occur as slightly 

deformed grains (1–3 mm) along olivine–orthopyrox
ene grain boundaries. Opx2 crystallized along olivine– 
olivine grain boundaries or is intermixed with Ol2. 
Interstitial clinopyroxene (Cpx2) occurs as small grains 
between orthopyroxene neoblasts or porphyroclasts 
(Peighambari et al. 2011). Petrographically, the lher
zolites are similar to harzburgites and consist of
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different generations of olivine and orthopyroxene 
but have more clinopyroxene (10–15 vol. %). 
Clinopyroxenes occur as distinct porphyroclasts with 
orthopyroxene. They also occur as inclusions in ortho
pyroxene and as undeformed grains at the boundary 
of orthopyroxene porphyroclasts. The lherzolites con
tain brown-reddish Cr-spinels of various size, shape 
and occurrence. Some Cr-spinels are anhedral to 
euhedral (up to 3 mm) and occasionally contain oli
vine inclusions. There are spectacular clinopyroxene 
+spinel symplectites at the rims of large orthopyrox
ene porphyroclasts. Dunites consist of coarse-grained 
olivine (4–5 mm) with 120° triple junctions. 
Undulatory extinction, deformation lamellae and sub
grains occur in many olivines. Minor clinopyroxene (1 
vol. %) usually occurs as interstitial grains (1–2 mm) 
between olivines. Cr-spinels, usually euhedral to sub
hedral, are typically located at olivine grain 

boundaries. Spinel occurs either with or without oli
vine/serpentine inclusions and shows a sieve texture.

2.5. Fannuj ophiolite

The Fannuj ophiolite is located in the central-eastern 
Makran (Figure 1). It covers an area of ca. 2800 km2 

south of Jaz Murian (see Khalatbari Jafari et al. 2016). It 
is bordered to the west by the Rameshk-Moktharabad 
ophiolite complex, to the east by the eastern Makran 
(Kahiri-Espake and Iranshar) ophiolites, and to the 
south by the Bajgan-Durkan complex and Makran 
accretionary wedge (e.g. Moghadam and Stern 2015; 
Khalatbari Jafari et al. 2016; Sepidbar et al. 2020). The 
Fannuj-Makran ophiolite (FMO) includes both mantle 
and crustal sequences (Figure 2e). The mantle 
sequence is comprised of lherzolites and harzburgites 
that are mainly exposed in the west (Figure 2e). The

Figure 3. (a) Simplified psuedo-stratigraphic columns of the (a) Nain ophiolite (modified after Davoudzadeh, 1972); (b) Khoy ophiolite; 
(c) Neyriz ophiolite (modified after Monsef et al. 2010); (d) Esfandagheh ophiolite (modified after Sepidbar et al. 2021); and (e) Fannuj 
ophiolite (modified after Sepidbar et al. 2020), displaying idealized internal lithologic successions.
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primary mantle textures are still preserved, despite 
their locally tectonized and/or serpentinized character 
(Khalatbari Jafari et al. 2016). The FMO crustal sequence 
is composed of layered and isotropic gabbros that are 
overlain by basaltic rocks with associated pelagic sedi
ments. It shows a complete exposure from the basal 
mantle peridotites to the upper mafic lava sequences 
with their interlayered pelagic sediments (Figure 
2e, 3e).

Primary contacts between mantle rocks, gabbros, and 
basalts are locally well preserved. Ultramafic rocks repre
senting the upper mantle are overlain by crustal 
sequences containing lower cumulate layered gabbros 
that upward gradually transform into isotropic massive 
gabbros. All FMO peridotites are charged with chromi
tite and dunite pods. Lower cumulate layered gabbros 
include pyroxenite and wehrlite lenses, whereas pegma
tite-gabbros and plagiogranite pockets are observed in 
the upper isotropic gabbros.

The main peridotite body is located in the northern 
FMO complex (Figure 2e), where the dominant rock is 
lherzolite. This has porphyritic texture with porphyro
clasts (1–3 mm in size) and fine-grained matrix 
(<0.5 mm in size) and is associated with minor clinopyr
oxene-bearing porphyroclastic (1–3 mm in size) harzbur
gites (sample Hr1). The harzburgites are highly 
serpentinized. All peridotite samples display mantle 
deformation textures, such as foliation and kinked, 
stretched, and rotated porphyroclasts.

Lherzolites consist mainly of olivine (~70 vol. %), 
orthopyroxene (10–20 vol. %), clinopyroxene (5–10 vol. 
%), and spinel (<2 vol. %). Orthopyroxene and spinel 
locally exhibit symplectitic intergrowths. Harzburgites 
consist of olivine (up to 85 vol. %), orthopyroxene (up 
to 10 vol. %), clinopyroxene (<5 vol. %), and spinel (~1 
vol. %). All peridotite samples show diffuse alteration, 
with the development of a serpentine-rich matrix. 
Secondary fibrous amphibole is locally observed on pyr
oxene rims.

3. Data sources

We compiled literature data for mineral and whole-rock 
major and trace-element geochemical compositions for 
Iranian ophiolites discussed above (Table 3). Nain mantle 
sequence data (Supplementary Tables S1, S2) are after 
Eslami et al. (2018), Shirdashtzadeh et al. (2017), Torabi 
(2001) and Ghazi et al. (2011). Neyriz, Esfandagheh, and 
Khoy mantle sequence data (Supplementary Table S1, 
S2) are after Zaeimnia et al. (2017), Monsef et al. (2010), 
Rajabzadeh et al. (2013), Sepidbar et al. (2021), and 
Peighambari et al. (2011); and Fannuj mantle sequence 
data are after Sepidbar et al. (2020).

The fO2 and crystallization temperatures of the peri
dotites from Nain, Khoy, Neyriz, Esfandagheh and Fannuj 
were calculated based on the compositions of coexisting 
primary olivine and spinel pairs (Ballhaus et al. 1990,  
1991). Oxygen fugacities of the peridotites were calcu
lated based on these mineral assemblages and are 
reported as log units relative to the FMQ (fayalite–mag
netite–quartz) buffer at 1.5 GPa (Ballhaus et al. 1991), 
where log fO2 FMQ refers to the deviation from the FMQ 
conditions (Parkinson and Pearce 1998) (Supplementary 
Table S3). As Mg and Fe readily exchange between 
olivine and spinel at high temperatures, we only used 
core compositions rather than rim compositions in order 
to only consider primary (unmodified) compositions. 
This calculated fO2 is applicable to a variety of mantle- 
derived rocks. In the discussion below, YCr, YAl and YFe 

are the atomic proportions of Cr, Al and Fe+3, respec
tively, of the trivalent cation total (Cr + Al + Fe+3).

4. Results

4.1 Mineral chemistry

Compositions of minerals in mantle peridotites are reli
able petrogenetic indicators (e.g. Dick and Bullen 1984) 
that reflect the degree and condition of partial melting 
alongside the effects of melt-rock interaction. For this 
reason, detailed chemical characteristics of all available 
Cr-spinels and olivines within lherzolite, harzburgite, 
dunite and chromitite of the Nain, Neyriz, Khoy, 
Esfandagheh and Fannuj-Makutan ophiolites were 
compiled.

Nain ophiolite

The Cr2O3 contents of Cr-spinels from lherzolite, harz
burgite and dunites of Nain are 9.1–26.1 wt. %, 33.1–41.9 
wt. %, and 35.9–36.9 wt. %, respectively. FeOT contents 
range between 11.3 and 23.9 wt. %. The compiled data 
are characterized by variable MgO (11.7–20.8 wt. %), Al2 

O3 (18.9–58.3 wt. %) and low TiO2 (<0.5 wt. %) contents. 
Nain lherzolite contains Cr-spinel with a Cr# [= Cr/(Cr + 
Al)] of 0.09 to 0.32 (mean at 0.18) and Mg# [= Mg/(Mg + 
Fe)] of 0.40 to 0.81 (mean at 0.68). Cr-spinel in harzbur
gite, dunite and chromite has higher Cr# values of 0.41 
to 0.54 (mean at 0.47), 0.45 to 0.61 (mean at 0.51), and 
0.58 to 0.64 (mean at 0.61), respectively, and lower Mg# 
values of 0.50 to 0.67 (mean at 0.60), 0.30 to 0.54 (mean 
at 0.46) and 0.63 to 0.68 (mean at 0.65), respectively.

Cr-spinel in Nain lherzolites plot in the abyssal peri
dotite field on a Cr–Al–Fe ternary diagram (Figure 4a), 
close to the Cr–Al dividing side. They lie within the field 
for MOR peridotite on TiO2–Cr# and Cr#–Mg# plots of
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Figure 4. Spinel Al–Cr–Fe3+ ternary (a,d,g,j,m), TiO2-Cr# (b,e,h,k,n) and Cr#-Mg# binary diagrams (c,f,I,l,o) for Nain, Khoy, Neyriz, 
Esfandagheh and Fannuj ultramafic rocks. The field of abyssal peridotites is after .Arai (1994), Arai et al. (2011), and Khedr and Arai 
(2017), and the field for forearc (SSZ) peridotites is after Ishii et al. (1992) and Khedr and Arai (2017)
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spinel compositions (Arai et al. 2011) (Figure 4b, c). The 
Cr# of Cr-spinel in harzburgite and dunite overlaps with 
the ranges for abyssal and forearc peridotites (Arai et al.  
2011) (Figure 4b, c). Olivine in Nain peridotites is homo
genous, with high MgO (48–50 wt. %), very low MnO 
(0.08–0.15 wt. %), Cr2O3 (<0.1 wt. %), NiO of 0.33–0.40 wt. 
%, and Fo of 89–90 mol. %, and lie within the olivine- 
mantle array (e.g. Takahashi et al. 1987; Moghadam et al.  
2015) (Figure 5).

Khoy ophiolite

Spinel in Khoy ophiolite peridotites exhibits a wide 
range of Cr# (0.39–0.81) and Mg# (0.45–0.76) values. 
The spinel Cr# of lherzolites (0.45–0.53; mean at 0.48) is 
lower than that of harzburgite (0.39–0.70; mean 0.58) 
and chromitites (0.41–0.81; mean at 0.62), whereas the 
spinel Mg# of lherzolites, harzburgite and chromitites 
ranges 0.46–0.61 (mean at 0.55), 0.48–0.75 (mean at 
0.65) and 0.36–0.70 (mean at 0.55), respectively. Al-rich 

Figure 5. Olivine compositional variations of mantle peridotites from Nain, Khoy, Neyriz, Esfandagheh and Fannuj in the XFo vs NiO 
diagram (after Pagé et al. 2008).
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spinels in the lherzolite show low-to-moderate TiO2 con
tents (up to 0.5 wt. %) and high Al2O3 contents (26– 
28 wt. %) (Supplementary Table S1b). Cr-rich spinels in 
the harzburgite have up to 0.11 wt. % TiO2 and Al2O3 of 
8.5–34.9 wt. %, and plot in the overlapping space of 
abyssal and forearc peridotites (e.g. Arai 1994; Arai 
et al. 2011), respectively.

Olivine in Khoy peridotites is homogenous with high 
MgO (48–50 wt. %), Mg# (0.89–0.91) and very low MnO 
(<0.2 wt. %) and Cr2O3 up to 0.15 wt. %). NiO is up to 
0.40 wt. %. Olivine shows a high forsterite content (Fo: 
89–91 mol. %), and lie close to and within the olivine- 
mantle array field (e.g. Takahashi et al. 1987; Moghadam 
et al. 2015) (Figure 4d-f, 5).

Neyriz ophiolite

Data for lherzolites, harzburgites, dunites, and chromi
tites from the Neyriz ophiolite from Rajabzadeh et al. 
(2013) were used The Cr# of spinel in peridotites and 
chromitites ranges from 0.37 to 0.46 for lherzolites, 0.58 
to 0.73 for harzburgites, 0.74 to 0.79 for dunites, and 0.72 
to 0.81 for chromitite. Spinel Mg# ranges from 0.58 to 
0.61 (mean at 0.60) for lherzolites, 0.41 to 0.68 for harz
burgites (mean at 0.55), 0.32 to 0.49 (mean at 0.44) for 
dunites, and 0.62 to 0.72 (mean at 0.65) for chromitites 
(Supplementary Table S1c). Spinels in Neyriz lherzolites 
plot close to the Cr–Al side on a Cr–Al–Fe ternary dia
gram, falling in the field of abyssal peridotite, whereas 
those from harzburgites, dunites and chromitites over
lap fields of abyssal and forearc peridotites (Figure 4g) 
(e.g. Arai 1994; Arai et al. 2011; Khedr et al. 2014). This 
agrees with spinel data plotted on TiO2 vs. Cr# and Cr# 
vs. Mg# diagrams (Figure 4h, i). Olivine in Neyriz perido
tites is also homogenous, with high MgO (48–51 wt. %) 
and Mg# (0.91–0.95), but low MnO (<0.15 wt. %), Cr2O3 

(up to 0.2 wt. %), and NiO (0.28 wt. %) contents. Olivine 
has high forsterite content (Fo: 91–95 mol. %) and plots 
close the olivine-mantle array field (e.g. Takahashi et al.  
1987; Moghadam et al. 2015) (Figure 5)

Esfandagheh ophiolite

Peridotite and chromitite analyses from Esfandageh 
ophiolites were compiled from Sepidbar et al. (2021) 
and Peighambari et al. (2011). Spinel Cr# ranges 0.16– 
0.56 for lherzolites, 0.43–0.64 for harzburgites, 0.38–0.76 
for dunites and 0.44–0.79 for chromitites. Spinel Mg# is 
0.59–0.72 (0.67 on average) for lherzolites, 0.49–0.83 
(0.63 on average) for harzburgites, 0.46–0.83 (0.55 on 
average) for dunites, and 0.51–0.86 (0.71 on average) 
for chromitite (Supplementary Table S1d). Most 
Esfandagheh dunite spinels plot in the field of forearc 

peridotite spinels on the Cr–Al–Fe, TiO2 vs. Cr# and Cr# 
vs. Mg# diagrams (Figure 4j-l). However, spinels in host 
harzburgites and lherzolites overlap fields of abyssal 
(Figure 4j-l) and forearc peridotites (e.g. Arai 1994; Arai 
et al. 2011; Khedr et al. 2014). Esfandagheh peridotite 
olivines are also characterized by high MgO (48–51 wt. 
%), Mg# (0.91–0.94) and low MnO (<0.3 wt. %), and Cr2O3 

(up to 0.23 wt. %). Olivine has a broad range of forsterite 
contents (Fo: 88–94 mol. %) and plots close to the oli
vine-mantle array (e.g. Takahashi et al. 1987; Moghadam 
et al. 2015) (Figure 5).

Fannuj ophiolite

Cr-spinel analyses of lherzolites, harzburgites and chro
mitite from Fannuj ophiolite peridotites are after 
Sepidbar et al. (2020). Spinel from lherzolite- 
harzburgite units has high Al2O3 (31.4–43.3 wt. %), Cr2 

O3 (22.3–32.9 wt. %) and FeOtot (17.0–22.5 wt. %) con
tents, but low TiO2 (<0.05 wt. %) and MnO (<0.4 wt. %) 
contents. Spinel Mg# ranges from 0.46 to 0.67 (mean 
value 0.62) and Cr# lies in the range 0.26 to 0.41 
(mean = 0.30) (Supplementary Table S1e). Spinel Mg# 
and Cr# range from 0.41 to 0.46 (mean 0.43) and 0.61 to 
0.68 (mean 0.63), respectively (Supplementary Table 
S1e). The compositional variation of spinel is shown in 
Al–Cr–Fe3+ ternary and TiO2–Cr# and Cr#–Mg# binary 
diagrams (Figure 4m-o), which indicate that this is Al- 
spinel (Supplementary Table S1e) and mainly plots in the 
field of abyssal peridotites (Figure 4m). Olivine in Fanuj 
peridotites is homogenous, with high MgO (50–51 wt. 
%), Mg# (0.90–0.91), and very low MnO (0.11–0.15 wt. %) 
and Cr2O3 (0.1 wt. %). Its NiO content is 0.38 to 0.42 wt. % 
and forsterite content (Fo: 90–91 mol. %; forsterite- 
chrysolite) sits within the olivine-mantle array (e.g. 
Takahashi et al. 1987; Moghadam et al. 2015) (Figure 5).

4.2 Whole-rock geochemistry

Whole-rock major and trace-element chemistry 
(Supplementary Table S2) of lherzolites, harzburgites 
and dunites from the Nain, Neyriz, Khoy, Esfandagheh 
and Fannuj ophiolitic complexes were compiled from 
several literature sources (Eslami et al. 2018; 
Shirdashtzadeh et al. 2017; Torabi 2001; Ghazi et al.  
2011; Zaeimnia et al. 2017; Monsef et al. 
2010Rajabzadeh et al. 2013; Sepidbar et al. 2021; 
Peighambari et al. 2011; Sepidbar et al. 2020). These 
peridotites show loss on ignition (LOI) contents that 
vary from 0.6 wt. % to 10.8 wt. %, indicating variable 
degrees of serpentinization. For this reason, the major 
oxides were normalized to 100% anhydrous; 
Supplementary Table S2). Nain peridotites have narrow
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ranges of SiO2 (41–44 wt. %), Al2O3 (1.1–3.2 wt. %), MgO 
(41–47 wt. %) and TiO2 (0.01–0.04 wt. %), but wide 
ranges of CaO (0.7–6.5 wt. %). They show variable 
CaO/Al2O3 ratios (0.4–6.1), and high Cr (1732–4119 
ppm) and Ni (993–2097 ppm) contents. Neyriz and 
Khoy peridotites show variable SiO2 (40.7–47.3 wt. %), 
Al2O3 (0.2–2.2 wt. %), CaO (0.06–2.2 wt. %), and TiO2 (up 
to 0.04 wt. %) contents. Their CaO/Al2O3 ratio ranges 
from 0.3 to 2.1 and MgO ranges from 41 to 49 wt. %. 
They also have high Cr (889–3220 ppm) and Ni (1406– 
2731 ppm) contents. These compositions reflect the 
depleted nature of Iran ophiolite peridotites.

Esfandagheh ophiolite peridotites show variable SiO2 

(40.1–45.8 wt. %), MgO (40.3–49.4 wt. %), Al2O3 (0.5– 
2.5 wt. %), CaO (0.2–3.1 wt. %), and TiO2 (0.01–0.06 wt. 
%) contents, with CaO/Al2O3 values from 0.6 to 2.5, and 
high Cr (2420–3090 ppm) and Ni (1260–2490 ppm) con
tents. Fannuj ophiolite peridotites have SiO2 (42.7– 
44.8 wt. %), MgO (42.9–44.9 wt. %), Al2O3 (1.4–2.5 wt. 
%), CaO (0.9–1.7 wt. %), TiO2 (0.01–0.04 wt. %) and Ni 
(2180–2097 ppm) contents and a narrow range of 
CaO/Al2O3 ratios (0.4–1.2). Peridotites from all regions 
in this study mostly plot within or close to terrestrial 
mantle (Figure 6a), showing that serpentinization has 
not affected major oxide contents, such as SiO2, Al2O3 

and MgO.
Chondrite (CI)-normalized REE (Sun and McDonough  

1989) patterns (Figure 7) of peridotites from Nain, Khoy, 
and Neyriz ophiolites differ. For example: (1) Khoy peri
dotites are defined by flat REE patterns and have higher 
LREE and MREE values; (2) Khoy and Nain peridotites 
display strong La and Ce enrichment, which is very 
weak in those of Neyriz (Figure 7) and lack an Eu anom
aly; (3) peridotites from the Fannuj area have relatively 
flat patterns from LREE to HREE (Figure 7), and also lack 
an Eu anomaly. However, in contrast to the others, 
Esfandagheh harzburgites show U-shape patterns with 
clear Eu anomalies (Figure 7).

4.3 Mantle oxidation state and thermometry

Nain peridotites show variable oxidation states, with log 
fO2 units and temperatures ranging from +1.85 to +3.04 
and 768°C to 877°C, respectively, for lherzolites; +0.45 to 
2.4 and 691°C to 1021°C, respectively, for harzburgites; 
+2.60 to +3.55 and 882°C to 932°C, respectively, for 
dunites (Supplementary Table S3)

Khoy complex peridotites display variable oxidation 
states and temperatures, with wide ranges of log fO2 

from −0.05 to +0.89 and 755°C to 912°C, respectively, for 
lherzolites; −1.62 to +1.35 and 742°C to 914°C, respec
tively, for harzburgites. Both fO2 and temperature 

generally increase from lherzolites to harzburgites 
(Supplementary Table S3).

The Neyriz and Esfandagheh ophiolitic peridotites are 
more oxidized, with log fO2 units and temperatures ran
ging from −0.33 to +3.01 and 798°C to 970°C, respec
tively, for the lherzolites; −1.3 to +3.4 and 711°C to 
796°C, respectively, for the harzburgites; and −0.2 to 
+3.8 and 769°C to 950°C, respectively, for the dunite 
(Supplementary Table S3).

Fannuj ophiolitic peridotites are oxidized, with log fO2 

units and temperatures ranging from +3.1 to +3.6 and 
683°C to 846°C, respectively, for lherzolites; +1.7 to +3.5 
and 728°C to 812°C, respectively, for harzburgites 
(Supplementary Table S3). The fO2 and temperatures 
also increase from lherzolites to harzburgites, and plot 
above the upper limit of the continental-arc peridotite 
field (Supplementary Table S3).

5. Discussion

Primary spinel Cr# and Mg# compositions and whole- 
rock geochemistry of peridotites are used here to inves
tigate the geodynamic evolution of Iran ophiolites. 
Spinel Cr# and Mg# can be used to indicate the degree 
of partial melting of an assumed primitive peridotite 
(e.g. Arai 1992). However, the Mg# of mantle minerals 
in the presence of Fe-rich minerals like spinel can change 
during heating and cooling due to Mg–Fe diffusive 
exchange, so the mineral pairs these are based on 
should be examined to ascertain that they are primary. 
Therefore, we used whole-rock and spinel-olivine geo
chemical data from Late Mesozoic Iranian ophiolites to 
interpret (1) subsolidus chemical changes in mantle 
minerals, (2) petrogenesis of different Iranian ophiolite 
peridotites, (3) petrogeochemical similarities and differ
ences between Iranian ophiolites, and (4) decipher the 
geodynamic evolution of Iran during the Late Mesozoic.

5.1 Subsolidus chemical change of mantle minerals

The Mg and Fe contents of primary olivine and spinel in 
mantle rocks change during decompression and cooling 
due to intercrystalline and intracrystalline diffusion (e.g. 
Arai, 1992; Khedr and Arai 2013). Changes in mineral 
composition are affected by several factors, including 
mineral proportions, formation (or not) of exsolution 
structures, cooling rate, and re-equilibration tempera
tures (e.g. Arai 1992; Khedr and Arai 2013; Khedr et al.  
2022). The investigated spinels mostly have primary 
compositions based on their morphology (vermicular 
shape), homogenous red colour in thin section (without 
zonation) and low MnO (mainly < 0.3 wt. %) and TiO2 

(<0.05 wt. %) contents, coupled with high Fe2+/Fe3+ratio
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Figure 6. Peridotite compositions. Al2O3/SiO2 vs MgO/SiO2 (a,c,e,g,i) and Al2O3 versus MgO (b,d,f,h,j) diagrams (after Jagoutz et al.  
1979; Hart and Zindler, 1986; Barnes et al. 2014; Lian et al. 2019; Nouri et al. 2019) for the Nain, Khoy, Neyriz, Esfandagheh, and Fannuj 
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(>5) (Supplementary Table S1), like primary spinels in 
other ophiolitic mantle sections (e.g. Khedr et al. 2014,  
2022). It should be mentioned that Cpx Mg# has been 
significantly enhanced by Mg-Fe exchange with abun
dant olivine. Mg and Fe of spinel mainly changed via 
diffusion between olivine (and opx) and spinel based on 
the modal volume of these minerals. Therefore, spinel 
Mg/Fe ratios may also change due to cation exchange 
with olivine (olivine prefers Mg and spinel prefers Fe) 
during subsolidus diffusional modification (Arai 1992,  
1994), so these ratios should not be used as petrogenetic 
indicators. Even in this case, Cr# and TiO2 (Figures 4, 8) 
content may be intact and reflect its primary composi
tions and can be used as petrogenetic indicators. 
Combined olivine Fo versus spinel Cr# is a better petro
genetic indicator (Figure 8). No chlorite around primary 
spinel (as corona texture) in thin sections was observed; 
consequently, Al from spinel was not consumed to form 
chlorite and no significant Al-Cr changes in spinels are 
inferred. Cr/Al in spinels range mainly < 1.8 for Nain, < 

2.8 for Khoy, < 2.5 for Neyriz, < 2.9 for Esfandagheh and < 
2 for Fannuj; Supplementary Table 1), resembling the Cr/ 
Al range of Oman ophiolitic peridotite spinels (Cr/Al: 
0.08–1.6 after Khedr et al. 2014) and primary spinel (Cr/ 
Al: 1.2–2.8) in Neoproterozoic serpentinized peridotites 
(Khedr et al. 2022). There are no exsolution textures in 
pyroxene and spinel and there is little variation in their 
compositions due to low modal volume proportions in 
peridotites. Pyroxenes do not show exsolution textures 
and no change in Ca content of pyroxenes. Tschermak’s 
components (Al and Cr contents) of spinel show little 
variation due to the absence of exsolution. However, 
Mg# of cpx and spinel in peridotites may have changed 
because of their low abundances.

Excellent preservation of primary spinel compositions 
may reflect rapid cooling, potentially due to the addition 
of large volumes of slab-derived fluids that elevated fO2 

(Supplementary Table S3) (e.g. Khedr et al. 2022). 
Primary olivine in Nain, Khoy, Neyriz, Esfandagheh, and 
Fannuj peridotites with unmodified textures

peridotites (after Ishii et al. 1992; Moghadam et al. 2013; Moghadam and Stern 2015; Monsef et al. 2019). Mantle depletion trend, fields 
of abyssal peridotites, and forearc peridotites are from Pearce et al. (1992). Depleted MORB Mantle (DMM: Workman and Hart 2005), 
primitive mantle (PM; Sun and McDonough 1989), abyssal peridotite (Niu et al. 1997), forearc peridotite (Parkinson and Pearce 1998), 
metasomatism/seafloor weathering trend (Paulick et al. 2006), interaction with olivine-rich melts, and terrestrial array (Jagoutz et al.  
1979) are shown. Note systematic correlations, reflecting partial melting between 15% and 25% by either isobaric batch melting 
(broken line) or near-fractional polybaric melting (solid line) (e.g. Niu et al. 1997). PM: primitive mantle; Fizh-Sarami Hrz: Fizh-Sarami 
(Oman) harzburgite. Data for the IBM forearc, Fizh-Sarami Hrz and PM are from Khedr et al. (2014) and references therein.

Figure 7. Chondrite-normalized rare earth element (REE) diagrams (.Sun and McDonough 1989) for Nain, Khoy, Neyriz, Esfandagheh, 
and Fannuj peridotites. Data for OIB, N-MORB, and E-MORB are after Sun and McDonough (1989), Eastern-Western Makran (E–W 
Makran) peridotites are after Monsef et al. (2019) and Sepidbar et al. (2020), abyssal peridotites are after Niu et al. (1997) and Lian et al. 
(2019), and South Sandwich forearc peridotites are after Pearce et al. (2000)
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Figure 8. TiO2 vs. Cr# and Mg# vs. Cr# diagrams for spinel (Pearce et al. 2000) for the (a-b) Nain, (c-d) Khoy, (e-f) Neyriz, (g-h) 
Esfandagheh and (i-j) Fannuj ophiolites. Spl: spinel.
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nonetheless show no evidence of changed chemical 
compositions due to Fe-Mg exchange with spinel; this 
reflects the abundance of olivine and scarcity of spinel in 
each lithology. This is confirmed by the investigated 
olivine Mg# (0.89–0.91, 0.89–0.91, 0.91–0.94, 0.89–0.94, 
and 0.9–0.91) (Supplementary Tables S1, S2) that are 
similar to primary mantle olivine Mg# in other fresh 
mantle peridotites (Takahashi et al. 1987; Khedr et al.  
2014). In addition, the investigated Mg# of Nain, Khoy, 
Neyrize, Esfandagheh, and Khoy peridotites (0.90–0.92, 
0.90–0.91, 0.90–0.92, 0.90–0.91, and 0.91–0.92) is consis
tent with their olivine Mg# values (0.89–0.91, 0.89–0.91, 
0.91–0.94, 0.89–0.94, and 0.9–0.91), suggesting no 
changes in chemical compositions during Fe-Mg 
exchange between olivine and spinel.

Examined olivines in the Nain, Khoy, Neyriz, 
Esfandagheh, and Fannuj peridotites plot in and around 
the olivine mantle array (Takahashi et al. 1987) (Figure 5), 
reflecting their primary origin and little chemical 
changes during Fe-Mg exchange between olivine and 
spinel because of the small amount of spinel. Olivine 
Mg# in peridotite is almost constant because of its 
great abundance. In addition, olivines in the Nain, 
Khoy, Neyriz, Esfandagheh, and Fannuj peridotites 
show primary textures and lack opaque inclusions (char
acteristic of metamorphic olivine; Khedr and Arai 2012) 
and have compositions (Fo89–90, NiO < 0.39 wt. %, 
MnO = 0.08–0.16 wt. %; Fo89–91, NiO < 0.44 wt. %, 
MnO = 0.09–0.21 wt. %; Fo91–94, NiO < 0.66 wt. %, MnO 
of up to 0.13 wt. %; Fo89-94; NiO = 0.32–0.58 wt. %; 
MnO = 0.09–0.18 wt. %; and Fo90.6–92.2; NiO = 0.39 wt. 
%, MnO = 0.13 wt. %, respectively) that are similar to 
primary mantle olivine (Arai, 1992; Takahashi et al. 1987) 
and primary olivine in Oman ophiolitic harzburgites 
(Khedr et al. 2014). Because most of the investigated Cr- 
spinels, olivines, and orthopyroxenes show primary tex
tures, lack opaque inclusions, and do not extend to high 
Fo (Fo>95) contents characteristic of metamorphic oli
vine (Khedr and Arai 2012), we conclude that Iran ophio
lite peridotite olivines and spinels are primary and are 
important petrogenetic indicators of their host perido
tite formation.

5.2. Petrogenesis of late mesozoic Iran ophiolites

The Al2O3 vs. MgO contents of the five ophiolitic perido
tites show approximately the same trend with either 
isobaric batch melting (dashed line) or near-fractional 
polybaric melting (solid line) trends (Figure 6b). 
However, they plot far from the melting curve which 
suggests that the original mantle was more depleted 
than primitive mantle (PM). From this diagram, 10–15% 
melting of Iran ophiolitic lherzolites is inferred (except 

Neyriz lherzolite, which shows around 17% partial melt
ing), 15–20% melting for harzburgites (except Neyriz 
harzburgites which shows around 23% partial melting) 
and >25% partial melting for dunites. The degrees of 
peridotite partial melting from the investigated ophio
lites can also be estimated based on spinel chemistry 
(Pearce et al. 2000), which indicates (i) ~5–20% melting 
for lherzolites and around 20% for Nain and 
Esfandagheh harzburgites; (ii) ~15–17% melting for lher
zolites and 22–25% for harzburgites from Khoy and 
Neyriz; and (iii) 10–15% melt fraction for lherzolites and 
15–18% for harzburgites from the Fannuj ophiolite 
(Figure 8). Although spinels in dunites and chromitites 
tend to show boninitic signatures, melt-rock reactions 
show less effect in Neyriz and Fannuj dunites and chro
mitites (Figure 8).

Nain and Esfandagheh lherzolites and harzburgites 
show ~5–25% partial melting, whereas those from 
Khoy and Neyriz show 15–18% partial melting 
(Figure 6). The residual mantle signature in these units, 
relative to PM (Sun and McDonough 1989; Workman and 
Hart 2005) and depleted MOR mantle (DMM) values 
(Workman and Hart 2005), is suggested by their high 
Ni, Cr, MgO and low incompatible element contents (e.g. 
Ohara et al. 2002), along with depletion in TiO2, CaO and 
Al2O3 for both the bulk rock and individual spinels (e.g. 
Pearce et al. 2000; Khedr et al. 2010, 2014). Moreover, 
mantle residues after moderate degrees of melt extrac
tion show higher MgO/SiO2 and lower Al2O3/SiO2 ratios 
than those of PM (Workman and Hart 2005) and DMM 
(Workman and Hart 2005) (Lian et al. 2019) (Figure 6).

Peridotite minerals (e.g. spinel) are expected to have 
the same composition as the first phases (e.g. spinel, 
olivine) precipitated from extracted magmas (Arai  
1994). Lherzolite spinels of Nain, Khoy, Neyriz, 
Esfandageh, and Fannuj, and Fannuj harzburgites show 
chemical characteristics of spinels in residual peridotites. 
In contrast, dunite and chromitite spinels of the Khoy, 
Esfandagheh, and Neyriz ophiolites show boninitic sig
natures (Figure 4). Spinels in residual harzburgites from 
Nain, Khoy, Neyriz, and Esfandagheh ophiolites are pri
mary mantle minerals that re-equilibrated with boninitic 
melts, and so are similar to chromian spinels in arc- 
related peridotites (Arai and Ishimaru 2008; Arai et al.  
2011; Khedr and Arai 2017) (Figure 1). Such residual 
spinels are chemically similar to spinels crystallized 
from boninitic melts and may record chemical signa
tures of re-equilibrating with tholeiitic or boninitic 
melts during peridotite–melt interactions.

These distinctions are emphasized in a TiO2 vs. Cr# 
diagram, where lherzolite spinels from Nain, Khoy, 
Neyriz, Esfandagheh, and Fannuj ophiolites plot in the 
field of depleted peridotites (Figure 8). Nain and
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Esfandagheh peridotite spinels plot in the overlapping 
field of MOR and arc spinels, but Khoy, Neyriz and 
Esfandagheh dunite–chromitite spinels have composi
tions similar to boninitic spinels (Figure 8), suggesting 
a change from early proto-forearc spreading to generate 
tholeiites to late proto-forearc magmatism to generate 
boninites. Spinel chemistry of Nain, Neyriz, and Fannuj 
lherzolites resemble those of depleted peridotite, indi
cating these were in equilibrium with tholeiitic or MOR 
peridotite melts (Supplementary Table S1), suggesting 
their generation during partial melting to form tholeiitic- 
or MORB-like melts associated with proto-forearc 
spreading. This distinction is also clear in the Cr# vs. 
Mg# (Figure 4) and TiO2 vs. Cr# diagrams (Figure 8), 
where the lherzolite spinels of these regions plot in the 
field of depleted peridotites. In contrast, the melts in 
equilibrium with harzburgite-dunite-chromitite from 
Nain and harzburgite-chromitite of Fannuj resemble 
those of forearc basalts (FAB) (Supplementary Table 
S3), suggesting their generation during the proto- 
forearc stage. However, FAB signatures of these equili
brium melts increase from harzburgite to chromitite, 
which agrees with their spinel chemistry in Cr# vs. Mg# 
(Figures 4, 8) and TiO2 vs. Cr# diagrams (Figure 8), where 
the dunite–chromitite spinels of Nain and harzburgite- 
chromitites of Fannuj ophiolites show minor reaction 
trends, respectively. More precisely, the composition of 
the Nain and Fannuj ophiolites chromitites is consistent 
with the reaction trend proposed by Pearce et al. (2000).

Calculated fO2 data for Nain and Fannuj lherzolites 
are similar to those of continental arc peridotites, 
whereas those of harzburgites and dunites correlate 
with oceanic-arc peridotites (Figure 9), which is expected 
for an oxidized SSZ mantle wedge (Pearce et al. 2000). 
Chromitites and associated dunite envelopes show 
higher fO2 than associated harzburgites. The increase in 
fO2 from harzburgites to dunites is interpreted as record
ing progressive interactions between residual mantle 
harzburgite (with MOR or FAB signatures) and higher- 
fO2 SSZ melts, which produce dunites owing to the 
hydrous nature of SSZ melts (e.g. Ishii et al. 1992; 
Parkinson and Pearce 1998; Pearce et al. 2000; Dare 
et al. 2009). Such a process may be interpreted from 
chemical trends on a TiO2 vs. Cr# diagram (Figure 8).

Khoy lherzolites record lower degrees of partial melt
ing (10–15%; Figure 8) and these melts inferred from 
spinel compositions are similar to tholeiitic or MOR 
melts. This suggests generation by partial melting dur
ing back-arc extension, perhaps associated with subduc
tion initiation (Moghadem and Stern 2021). This is 
corroborated by spinel compositions on Cr# v. Mg# 
(Figure 4) and TiO2 vs. Cr# diagrams (Figure 8). Parent 
melts of Khoy ophiolite harzburgites–chromitites are 

similar to BAB or FAB (Supplementary Table S1). This 
agrees with spinel chemistry shown in Cr# vs. Mg# 
(Figure 4) and TiO2 vs. Cr# diagrams (Figure 8). The fO2 

of Khoy ophiolite lherzolites and harzburgites overlap 
with continental, forearc, arc and abyssal peridotite 
fields (Figure 9), being equivalent to an oxidized SSZ 
mantle setting (Pearce et al. 2000). The wide range of log 
fO2 (−1.6 to +5.6) of Khoy ophiolitic peridotites suggests 
that interaction between residual mantle rocks (with 
lower fO2 values) and SSZ melts (with higher fO2 values) 
produced harzburgite owing to the hydrous nature of 
the SSZ melts (e.g. Ishii et al. 1992), in agreement with 
how these plot on the TiO2 vs. Cr# diagram (Figure 8)

Neyriz and Esfandageh lherzolites record low to mod
erate degrees of partial melting (~15–20% and 7–17% 
melting, respectively; Figure 8) suggesting generation in 
a proto-forearc. This is supported by Cr# vs. Mg# 
(Figure 4) and TiO2 vs. Cr# diagrams (Figure 8), where 
the lherzolite spinels of Neyriz and Esfandageh ophio
lites plot in the field of depleted peridotites. Neyriz and 
Esfandageh harzburgites record ~22–30% partial melt
ing (Figure 8) and their spinel chemistry and parent 
melts are in equilibrium with FAB, also suggesting their 
generation beneath a proto-forearc. This is supported by 
the Cr# vs. Mg# diagram (Figure 4), where the harzbur
gite spinels of Neyriz and Esfandageh ophiolites lie in the 
forearc peridotite field. In contrast, the parent melts of 
spinel in dunite and chromitite from these ophiolites 
have boninitic signatures (Supplementary Table S1a-e), 
suggesting their generation during subduction initia
tion. This is in agreement with spinel chemistry in Cr# 
vs. Mg# (Figure 4) and TiO2 vs. Cr# diagrams (Figure 8), 
where the dunite–chromitite spinels of Neyriz and 
Esfandagheh ophiolites show boninitic and reaction 
chromite trends. The fO2 of all the lherzolites, harzbur
gites, and dunites from the Neyeriz and Esfandagheh 
ophiolites plot at the border of oceanic-arc peridotites 
(Figure 9), equivalent to the mantle wedge in an oxi
dized SSZ setting (Pearce et al. 2000). The fO2 and tem
peratures of the Neyriz and Esfandagheh units also 
increased from lherzolites to dunites (Figure 8), confirm
ing that their interactions also produced dunite (e.g. Ishii 
et al. 1992), in agreement with their position in a TiO2 vs. 
Cr# diagram (Figure 8).

Thus, all investigated peridotites have characteristics 
of a forearc or a back-arc basin setting consistent with 
their location relative to the palaeo-Zagros trench. 
Their compositions are consistent with formation as 
residues during partial melting associated with subduc
tion initiation (Moghadem and Stern 2021). As such, 
there are large variations in degrees of partial melting 
(5–30%; Figure 4), a wide range of oxygen fugacity 
(−1.6 to +5.6 log units) and changes of magma
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compositions (Figure 9 and Supplementary Table S3) 
that partly reflect whether the ophiolites formed in the 
proto-forearc (Neyriz, Esfandagheh, Fannuj) or back-arc 
(Nain, Khoy; Figure 1).

Mantle fO2 is controlled mostly by the addition via 
fluid infiltration of subducted oxidized crustal compo
nents into a moderately reduced asthenosphere 
(Ballhaus et al. 1990), so that the mantle wedge above 

a subducting slab is more oxidized than mantle in other 
geodynamic settings (e.g. Ballhaus et al. 1990; Palin et al.  
2020). Olivine–spinel chemistry in the studied units 
shows that dunites have higher fO2, temperatures and 
spinel Cr# than related lherzolites and harzburgites. The 
increase of Cr#, fO2 and temperatures from lherzolite– 
harzburgites to dunites must therefore have occurred 
due to interactions between residual mantle
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Figure 10. Simplified chart showing the range of Cr#, equilibrium temperatures and fO2 for mantle sequences of the Mesozoic 
ophiolites. Nain mantle sequence data (Supplementary Tables S1, S2) are after Eslami et al. (2018), Shirdashtzadeh et al. (2017), Torabi 
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diamonds: Chromirite.
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harzburgites and SSZ-type hydrous melts (i.e. highly 
oxidizing condition and fO2) (e.g. Ishii et al. 1992; 
Parkinson; Pearce et al. 2000; Dare et al. 2009). 
However, it seems that Khoy backarc ophiolitic complex 
formed under more variable fO2 and temperature con
ditions relative to the Esfandagheh and Neyriz examples 
located in forearc positions during subduction initiation 
(Supplementary Table S3). Although the Esfandagheh 
and Fannuj ophiolites have similar fO2 to the Nain ophio
lite, they formed at lower equilibrium temperatures 
(Figure 9) (Supplementary Table S3). The low calculated 
equilibration temperature (~700°C) and high values of 
calculated fO2 relative to that of arc peridotites (e.g. 
Pearce et al. 2000) are interpreted to represent the dom
inance of fluid metasomatism and cooling. The abun
dance of H2O contents enhanced the oxidation of 
mantle wedge peridotites and forearc peridotites 
(Ballhaus et al. 1990, 1991; Khedr and Arai 2013, 2017), 
causing high fO2. Similar equilibrium temperatures of 
<700°C have been documented from the Happo-O’ne 
(Japan) peridotites, thought to have formed near the 
corner of the mantle wedge overlying the slab at 
a depth of <50 km (Khedr and Arai 2010). This is in 
agreement with low temperature of mantle wedge peri
dotites (Davies 1999; Abers et al. 2006). It is also well 
known that enrichment of LREE in mantle rocks is due to 
pervasive metasomatism of peridotites by slab-derived 
fluids (e.g. Hernández-Uribe et al. 2020). La and Ce are 
more mobile and are enriched in fluids compared to 
other REE; however, La and Ce are highly sensitive to 
retrograde metamorphism and contamination, and so 
both errors during analyses or syn- or post-exhumation 
alteration of mantle rocks can lead to significantly higher 
La and Ce concentrations in ophiolite.

5.2 Petrogeochemical similarities and differences 
between Iranian ophiolites

Most Iranian Mesozoic ophiolites have similar Late 
Cretaceous ages, including 92–93 Ma for Outer belt 
Neyriz hornblende gabbros (40Ar-39Ar; Babaie et al.  
2006); 103–99 Ma for Inner belt plagiogranites and dior
ites (U–Pb zircon; Moghadam et al. 2013), and 101– 
77 Ma for Khoy gabbros (Khalatbary Jafary et al. 2016). 
However, these ages are notably younger than those of 
the Makran (U–Pb zircon; 145–111 Ma), Kahnuj (Ar–Ar; 
143–141 Ma) and Birjand (U–Pb zircon: 113–107 Ma for 
gabbros) ophiolites (Moghadam and Stern 2015). In par
ticular, the Late Cretacous ophiolites are related to sub
duction initiation on the N side of the Neo-Tethys Ocean 
(Moghadem and Stern 2021).

The spinel compositions of the backarc Nain lherzo
lite, the Neyriz and Esfandagheh units from the outer 

ZOB, and lherzolite-harzburgite from Fanuuj show 
abyssal geochemical signatures (Supplementary Table 
S1; Figure 4). They are mostly Al-rich with low Cr#, 
similar to back-arc basin and/or abyssal peridotites 
(Figure 4a-o). However, Khoy lherzolite spinel composi
tions show abyssal and suprasubduction zone signa
tures (Supplementary Table S1a), whereby they plot 
near the Cr–Al line and are mostly richer in Cr than 
other Iran lherzolites (Figure 4). Lherzolite spinels 
have the same compositions in both forearc and back
arc ophiolitic belts with abyssal peridotite affinity, sug
gesting similar sources during Early Cretaceous to Late 
Cretaceous for their genesis. Harzburgite spinels are 
also similar in composition for both inner and outer 
Zagros and Makran ophiolitic belts with abyssal and 
forearc affinity, suggesting similar sources. On the 
other hand, the spinel compositions of forearc Neyriz 
and Esfandagheh harzburgite (Figure 4b-c) show 
a stronger SSZ affinity than those of backarc Nain 
(Figure 4a-c) and Fannuj units from the Makran zone 
(Figure 4a-c). Dunite and chromitite from all regions 
plot in the overlapping space of both abyssal and fore
arc peridotites and are consistent with the reaction 
trend (Figure 8). Spinels in lherzolites and harzburgites 
show similar fabrics (i.e. symplectic spinel and exsolu
sion lamella of spinel in orthopyroxene and clinopyrox
ene) in both the inner and outer Zagros and Makran 
ophiolitic belts; however, small differences in the che
mical composition of Cr-spinel and olivine indicate for
mation from a similar mantle source. Because inner and 
outer Zagros ophiolites have the same geochemical 
and spinel chemistry as those of the Makran ultramafics 
(Figure 4, 5, 6, 10), we infer that lherzolites and less 
depleted Nain, Neyriz and Fannuj harzburgites are asso
ciated with similar subcontinental-upper mantle mate
rials that show MOR peridotite characteristics or have 
early proto-arc spreading features. Moreover, metaso
matized peridotites (harzburgite, dunite, and chromi
tite) from these ophiolites suggest that their protoliths 
were trapped and modified in a mantle wedge envir
onment before exhumation. This is expected for peri
dotites related to subduction initiation.

Whole-rock geochemistry of ultramafic components 
of Iranian ophiolites also confirm that the lherzolites 
likely originated from a slightly metasomatized mantle, 
with slight enrichment in LILEs (i.e. Sr, Ba, Pb, Cs, U) and 
depletion of HFSEs indicating a mantle source associated 
with an early-stage proto-arc. Chromite deposits and 
their dunite envelopes are surrounded predominantly 
by residual dunite formed from interaction between 
boninitic melts and harzburgites later during subduction 
initiation. Moreover, the SSZ-type affinity of peridotites 
is clearer among the forearc ophiolites Neyriz and
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Esfandagheh ophiolites) than those of the backarc (Khoy 
and Nain) and Fannuj ophiolites.

5.3 Geodynamic evolution of late mesozoic Iranian 
ophiolites

Our compiled geochemical data for these lherzolites 
confirm the presence of Neo-Tethys MOR oceanic litho
sphere along the ZOB and ZIB. ZOB ophiolites are 
located between older rocks of the Sanandaj-Sirjan 
zone and the Main Zagros thrust fault, in a forearc set
ting. ZIB ophiolites have been recognized as forming 
from a Neo-Tethys oceanic branch between the 
Sanandaj-Sirjan zone and the Lut block (e.g. Arvin and 
Robinson 1994). It is suggested that the Nain-Baft ophio
lite belt represents a suture of this Neo-Tethys oceanic 
branch (e.g. Agard et al. 2005; Moghadam et al. 2009). 
However, the occurrence of turbidites suggests that ZIB 
ophiolites formed near a rifted margin, where deep- 
water radiolarites, platform carbonates, and rift-related 
alkaline lavas are absent (Moghadam and Stern 2015).

Some researchers suggest a Campanian back-arc ori
gin for ZIB ophiolites (e.g. Agard et al. 2006; Moghadam 
et al. 2009), whereas others suggest a subduction initia
tion/infant-arc model origin (Moghadam and Stern  
2011). In the latter model, Late Cretaceous Zagros ophio
lites are remnants of a long, broad, and continuous tract 
of oceanic lithosphere formed during subduction initia
tion along the southern margin of Eurasia. This subduc
tion initiation event was accompanied by extension and 
early arc igneous activity, which initially occurred via 
seafloor spreading to form residual lherzolites 
(Moghadam and Stern 2015). Moghadem and Stern 
(2021) concluded that similar signatures of ZIB and 
ZOB lherzolites formed due to similar melting as 
a result of broad extension that accompanied subduc
tion initiation. This model is supported by strong SSZ 
affinities of most Zagros ophiolite igneous rocks, espe
cially for the most diagnostic lithologies of mantle harz
burgites, and by the observation of early MORB-like lavas 
in some of these ophiolites, which are succeeded by 
more arc-like lavas (Whattam and Stern 2011). Some 
ZIB ophiolites are conformably overlain by arc-derived 
pyroclastic rocks. Mineral compositions and whole-rock 
geochemistry show that lherzolites from all regions and 
harzburgites of Nain, Neyriz and Fannuj lie close to the 
fields of MOR peridotites generated in an extensional 
environment or plot in the overlapping space of MOR 
peridotites and forearc peridotites (Figures 6, 7 and 8). 
This supports the presence of an extensional environ
ment for Mesozoic lherzolites and harzburgites during 
proto-forearc spreading accompanying subduction 
initiation (Figure 11a,b). Our compiled data also indicate 

that forearc ophiolites have a stronger boninitic signa
ture than back-arc ophiolites and those from the Makran 
zone, as expected for subduction initiation ophiolites.

Chromian spinels in the high-Cr dunite envelopes and 
chromitites are geochemically similar to spinels that 
formed in both boninite-forming late SI and in 
a mature SSZ setting (Figures 6–8; Supplementary 
Table S1; Kamenetsky et al. 2001; Parkinson and Pearce  
1998; Pearce et al. 2000; Khedr and Arai 2013, Khalatbari 
Jafari et al. 2016, Khedr and Arai 2017). This indicates an 
SSZ origin for these chromitites (e.g. Khedr and Arai  
2016, 2017). Spinel compositions of peridotites and asso
ciated chromitites plot near the Cr–Al line on the Cr–Al– 
Fe ternary diagram and show variable Cr and low Fe3+ 

contents (Figure 4). Such high-Al (with Av. Cr# of 0.42, 
0.43, 0.49 and 0.57 for the Nain, Khoy, Esfandagheh and 
Fanuj, respectively) and high-Cr chromitites (with Av. Cr# 
of 0.61, 0.66, 0.73, 0.73 and 0.65 for the Nain, Khoy, 
Neyriz, Esfandagheh and Fanuj, respectively) can form 
in an arc-related setting during three stages; (i) early 
subduction initiation for lherzolites which are most con
sistent with a FAB-like melt; (ii) late subduction initiation 
stage for harzburgite formation that is most consistent 
with a boninite-like melt; and (iii) true subduction stage 
for chromitite formation. Most of the magmas in equili
brium with Cr-rich chromitites, except the Khoy region, 
experienced highly oxidizing conditions, with fO2 values 
just above the FMQ buffer (Figure 9). All of these criteria 
suggest that the studied ophiolitic peridotites were 
depleted as a result of high degrees of partial melting 
in an SSZ setting. In contrast, Al-rich spinels in Khoy 
lherzolites have compositions resembling spinel in back- 
arc basin basalts (Zhou et al. 1998) with lower fO2 values 
(Figure 9). These Al-rich spinels and host peridotites 
likely formed in an extensional environment during 
early proto-forearc spreading. Melts with a boninitic affi
nity formed in response to second-stage melting of pre
viously depleted mantle later during subduction 
initiation, when large volumes of slab-derived water 
entered the mantle wedge beneath the fore-arc region 
(Khedr and Arai 2016, 2017; Palin and White 2016). 
Another way of saying this is that the lherzolites and 
harzburgites were re-fertilized due to percolating MOR- 
like tholeiitic melts beneath a proto-forearc spreading 
centre during subduction initiation and trench rollback 
stage (Moghadam et al. 2019), whereas the dunites 
reflect more extensive mantle melting as a result of 
a more hydrous environment (Figure 11).

We suggest that interaction of MORB-like melts with 
mantle peridotite precipitated low-Cr# chromitites in 
restricted domains. This is the mantle expression of the 
subduction initiation rule, articulated for well-studied 
ophiolite volcanic sections by Whattam and Stern (2011),
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whereby subduction initiation is manifested by early out
pourings of tholeiitic (FAB: forearc basalt-) basalts fol
lowed by boninitic melts. Upwelling of asthenospheric 
mantle beneath the forearc region during the early stages 
of subduction initiation first resulted in decompression 
melting to form FAB and BABB (Reagan et al. 2010; 
Ishizuka et al. 2011). Such melts crystallized spinels with 
compositions like those of all Iran ophiolitic lherzolites 
and harzburgites of Nain, Neyriz and Fanuuj. Production 
of FAB melts during early-stage subduction initiation was 
followed by generation of arc-like or boninitic melts as 
slab-derived fluids flooded the zone of melt generation in 
the mantle wedge as the sinking slab descends further. 
These later boninitic melts formed Mesozoic dunites and 
high-Cr# chromitites from all regions (Figure 11). FAB-like 

melts are likely to be generated by extension-related 
melting in both the proto-forearc and backarc but the 
boninites are likely only in the proto-forearc because of 
reduced water flux with distance from the trench.

6. Conclusions

(1) Iran lherzolite spinels are geochemically character
ized by a lower Cr# (0.17 to 0.40) and plot in an abyssal 
peridotite field, whereas spinel in harzburgite 
(Cr# = 0.40–0.50) and dunite–chromitite (Cr# > 0.50) 
shows geochemical affinities to FAB or MORB and boni
nites, respectively.

(2) Whole-rock compositions suggest that Iran lherzo
lites and harzburgites are residues after moderate-to-

(c ) <90 Ma:True subduction (chromitites form)
Urunieh-Dokhtar volcanic arc 

Highly Depleted Mantle

Dunite and chromitite from all regions
Harzburgites from Khoy and Esfandagheh

Harzburgite from 
Nain, Neyriz and Fannuj

Continued proto-forearc
spreading

(b) ~100 Ma: Later subduction initiation (harzburgites form)

Fluids from
subducted slab

Decompression 
and hydrous melting
(Boninite-like melt)

Moderately depleted mantle 

Early proto-forearc
Lherzolite from all regionsspreading

(a) Early Cretaceous: Onset of sinking and subduction initiation (lherzolites form)

Upwelling
Asthenosphere

Decompression 
and partial melting
(MORB-like melt)

Arabia

Sinking slab

Asthenospheric
induced convection

Figure 11. Schematic model for tectono-magmatic evolution and genesis of enriched peridotites, and high Cr# chromitites and dunitic 
rocks in the Mesozoic ophiolites of Iran.
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high degrees of partial melting (~15% for lherzolite and 
25% for harzburgite).

(3) The composition of primary olivine and spinel 
indicates that dunites formed at higher fO2 and tem
peratures than those of surrounding lherzolites and 
harzburgites. This suggests that dunite-chromitite spinel 
crystallized from boninitic melts after high-degree par
tial melting of a depleted mantle source, but that lher
zolite-harzburgite spinel is residual after moderate- 
degree partial melting of peridotite.

(4) Increases in spinel Cr#, fO2, and equilibrium tem
perature of lherzolite-harzburgites to dunites are likely 
due to interactions between residual mantle harzbur
gites and SSZ melts enriched with H2O, leading to highly 
oxidizing conditions and fO2.

(5) The Late Cretaceous ophiolites of Iran are increas
ingly recognized as having formed in response to sub
duction initiation. Our results are consistent with that 
interpretation.

(6) Magma compositions, equilibrium temperatures 
and fO2 varied within and between the Iranian ophiolite 
belts, but also evolved through Mesozoic in the same 
place due to the changes in tectonic style from proto- 
forearc arc to mature arc stages.
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