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Introduction

The Nain ophiolite in Central Iran has been the subject of numerous
petrological investigations, particularly focusing on its ultramafic rocks.
The present study examines the crystal chemistry of pyroxenes in
harzburgite massifs from the southern Separab area in order to compare
with those of the central (near Sucheh village) and eastern parts of the
Nain ophiolite (Darreh Deh region). Understanding mantle heterogeneity
is crucial for interpreting the tectonomagmatic conditions of forearc
oceanic lithosphere (Ishii et al., 2019; Zheng, 2019).

This study examines the oceanic lithosphere remnants of Nain
ophiolite in the northwest of Central East Iranian Microcontinent (CEIM),
where mantle peridotites record suprasubduction zone (SSZ) processes
(Mehdipour et al., 2010; Pirnia et al., 2013; Shirdashtzadeh et al., 2014).
Previous work documented a Iherzolite-harzburgite-dunite transition
(Pirnia, 2007; Shirdashtzadeh, 2014) formed by melt-rock interactions in
a suprasubduction setting (Pirnia et al., 2010, 2018). While peridotites
from the central and southern sections have been studied (e.g., Mehdipour
et al., 2010; Pirnia et al., 2013), the western exposures near Separab (or
Separo) village remain poorly characterized. A preliminary study by
Safdari and Shirdashtzadeh (2024) have shown compositional
heterogeneity for the olivines in the various harzburgite massifs of the
aforementioned ophiolite.

Chemical analysis of constituent minerals in these
rock units provides critical insights into the origin and the
nature of the oceanic lithospheric mantle sequence.
Among these, pyroxenes - particularly clinopyroxene -
serve as important petrogenetic indicators due to their
refractory nature and high chemical/physical resistance,
especially against alteration processes. As demonstrated

in numerous studies (e.g., Aldanmaz, 2012; Mohamed et
al., 2013; Nishio et al., 2022; Ghorbani et al., 2024), their
chemistry has been extensively used to determine the
nature and the origin of host rocks. Therefore, this study
conducts detailed petrographic and chemical analyses of
clinopyroxene and orthopyroxene in harzburgite outcrops
south of Separab village to investigate the nature and the
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evolution of the mantle beneath the Neotethyan oceanic
lithosphere. The obtained results are then compared with
previously studied harzburgite samples from other
sections of this ophiolite by various researchers.

Geological Background

The Nain ophiolite, located in central Iran, is a part of
the larger Central Iranian tectonic zone representing the
remnants of the Neotethyan oceanic lithosphere. The
ophiolitic sequence includes harzburgites, which are key
to understanding mantle processes during subduction
initiation. The studied harzburgites from Separab, Suché,
and Darreh Deh exhibit variations in mineralogy and
geochemistry, suggesting different tectonic settings. The
Separab harzburgites are dominated by olivine,
orthopyroxene, and minor clinopyroxene (<5 vol%) and
spinel, whereas the Sucheh and Darreh Deh harzburgites
show greater evidence of subduction-related
metasomatism. These differences imply that the Separab
harzburgites may represent an earlier stage of forearc
mantle evolution, while the Sucheh and Darrenh Deh
harzburgites reflect a more mature SSZ environment.

Analytical Methods

Field sampling was conducted to collect fresh, least-
altered samples. Thin sections were prepared using resin
mounts (without coverslips) and examined under an
Olympus BH-2 polarizing microscope at Tarbiat
Modares University. Selected polished thin sections were
analyzed for major elements compositions of
clinopyroxene and orthopyroxene using a JEOL
JXAB800R electron microprobe (accelerating voltage: 15
keV; beam current: 15 nA,; spot size: 3 um) at Kanazawa
University, Japan. Structural formulas and end-member
components of pyroxenes were calculated based on 6
oxygen atoms per formula unit using Excel spreadsheets.
Mineral abbreviations follow Warr (2021).

Discussion

The geochemical differences between the Separab
harzburgites and those from Sucheh and Darreh Deh
suggest two possible models for their formation:

1. Two-Stage Formation Model: The Separab
harzburgites may be older, originating in a Jurassic mid-
ocean ridge (MOR) setting, while the Sucheh and Darreh
Deh harzburgites formed later in a Late Cretaceous SSZ-
like forearc environment above the subducting
Neotethyan slab. Given that the pyroxene chemistry in all
the studied harzburgites resembles that of the harzburgites
from subduction-related zones (though the subduction-
related chemical indicators are less pronounced in the
Separab area compared to other regions), this model may
not be valid for the formation of these harzburgites.
Therefore, the harzburgites in the southern Separab were
likely not formed in an ancient mid-ocean rift
environment during the Jurassic period.

2. Single-Stage Formation with Progressive
Subduction Influence: The Separab harzburgites formed
in a young forearc rift (MOR-like FAB) during the initial
stages of subduction, where the mantle wedge was less
affected by slab-derived fluids. In contrast, the Sucheh
and Darreh Deh harzburgites formed later in the same
Late Cretaceous period but under greater subduction
influence (SSZ-like FAB), as the mantle wedge became
more metasomatized by slab-derived fluids. The
chemical composition of pyroxenes (Figs. 5-10), lower
oxygen fugacity, higher temperatures (1456-1487°C)
recorded in Separab pyroxenes suggest lower mantle
partial melting with minimal influence of subduction-
related fluids, whereas the Sucheh and Darreh Deh
pyroxenes reflect more hydrated conditions of mantle
wedge (e.g., chemistry of pyroxenes (Figs. 5-10), higher
oxygen fugacity, lower melting temperatures) that is
typical characteristics of SSZ settings. Various
compositional plots for pyroxenes (Figs. 5-10) clearly
distinguish the initial MOR-like FAB nature of Separab
harzburgites from the SSZ-like nature of Sucheh and
Darreh Deh harzburgites, supporting the interpretation of
a heterogeneous mantle wedge beneath the oceanic
lithosphere in this forearc basin.

Conclusion

The Nain ophiolite, situated north of Nain city in the
Central Iranian zone, contains harzburgite units exposed
in various sections, including the northwestern area near
Separab village. This harzburgite consists mainly of
olivine and orthopyroxene, with minor clinopyroxene (<5
vol%) and spinel. Geochemical analyses reveal that the
Separab harzburgite pyroxenes (Cr#>0.3, Na.O >0.1
wit%) formed at higher temperatures (1456-1487°C) and
lower oxygen fugacity (higher AIVYAIY), indicating
lower degrees of mantle wedge partial melting. These
features suggest an initial forearc setting resembling mid-
ocean ridge-like forearc basalt (MOR-like FAB). In
contrast, harzburgites from the eastern (Darreh-Deh) and
southern (Sucheh) sections developed under lower
temperatures and higher oxygen fugacity, reflecting a
mature forearc setting with subduction-related signatures
(SSz-like FAB). These compositional differences
highlight temporal heterogeneities in the sub-arc mantle,
driven by the advancing stages of slab subduction. The
Nain ophiolite thus, records a transition from early,
MOR-like forearc magmatism to later, SSZ-dominated
conditions, documenting the evolution of the subduction
system.
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Table 1. Microprobe data (in wt%), the calculated structural formula (in a.p.f.u) and the end members of
orthopyroxene in the mantle harzburgite (Hz) of Nain ophiolite.

Sample No. B743 B743-1 B743-1 B743-1 B743-1 B743-1
Point No. 14-83 14-53 14-54 14-59 14-60 14-76

SiO, 55.62 55.82 55.68 55.85 55.35 55.42
TiO, 0.02 0.00 0.02 0.03 0.02 0.00
Al O, 3.07 2.74 2.94 3.01 2.93 3.30
Cr,03 0.83 0.71 0.69 0.73 0.68 0.92
FeO 5.46 5.75 5.85 5.77 5.53 5.73
MnO 0.11 0.14 0.13 0.12 0.13 0.10
MgO 33.00 34.29 34.03 33.45 32.82 33.05
CaO 217 0.60 0.85 1.17 2.16 1.45
Na,O 0.00 0.00 0.00 0.00 0.00 0.00
K0 0.00 0.00 0.00 0.00 0.00 0.00
Sum 100.36 100.14 100.30 100.22 99.69 100.08
Si 1.92 1.92 1.92 1.93 1.92 1.92
AlY 0.08 0.08 0.08 0.07 0.08 0.08
AV 0.04 0.04 0.04 0.05 0.04 0.05
Fe* 0.02 0.03 0.03 0.01 0.02 0.01
Cr 0.02 0.02 0.02 0.02 0.02 0.03
Ti 0.00 0.00 0.00 0.00 0.00 0.00
Fe?* 0.14 0.14 0.14 0.16 0.14 0.16
Mn 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.70 1.76 1.75 1.72 1.70 1.70
Ca 0.08 0.02 0.03 0.04 0.08 0.05
Na 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00
Total 4,01 4.01 4,01 4.00 4.01 4.00
Wo (wollastonite) 4.14 1.14 1.61 224 4.14 2.78
En (enstatite) 87.58 90.20 89.58 88.98 87.40 88.46
Fs (ferrosillite) 8.28 8.67 8.81 8.79 8.45 8.76
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Table 2. Microprobe data (in wt%), the calculated structural formula (in a.p.f.u) and the end members of
clinopyroxene in the mantle harzburgite (Hz) of Nain ophiolite.

Sample No. B743 B743 B743 B743 B743 B743 B743 B743 B743 B743 B743

Point No. 13-83 13-84 13-85 13-86 13-87 13-88 13-89 13-90 13-91 13-92 13-93

SiO; 52.01 52.36 52.89 51.86 52.73 52.09 52.00 52.65 52.88 52.96 52.05
TiO, 0.04 0.04 0.05 0.02 0.04 0.03 0.05 0.03 0.03 0.05 0.03
Al,O; 4.05 3.77 3.21 4.00 2.92 4.37 4.33 4.04 294 3.01 3.95
Cr,0; 1.32 1.33 1.01 1.20 0.80 1.49 1.40 1.34 0.71 0.86 1.22
FeO 191 1.98 2.20 241 2.25 2.35 2.22 251 2.03 217 2.45
MnO 0.08 0.05 0.07 0.08 0.07 0.07 0.10 0.06 0.07 0.07 0.08
MgO 16.69 16.41 17.35 16.65 17.50 16.86 16.80 18.02 17.13 17.04 17.44
CaO 23.46 24.37 23.18 23.61 2341 22.60 22.97 21.53 23.90 23.81 22.80

6 weight percent
7 atom per formula unit
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Table 2. Continued.

Sample No. B743  B743 B743 B743 B743  B743 B743  B743 B743  B743 B743

Point No. 13-83  13-84 13-85 13-86  13-87  13-88 13-89  13-90 1391 1392 13-93

Na,O 0.03 0.04 0.01 0.04 0.04 0.04 0.04 0.04 0.02 0.03 0.03
K0 0.00 0.02 0.02 0.03 0.02 0.03 0.01 0.02 0.02 0.02 0.01
Sum 99.65 100.41 100.07 99.95 99.85 100.00 99.94  100.29 99.75  100.08 100.09
Si 1.90 1.90 1.92 1.89 1.92 1.89 1.89 1.90 1.93 1.92 1.89
AV 0.10 0.10 0.08 0.11 0.08 0.11 0.11 0.10 0.07 0.08 0.11
AlV! 0.07 0.06 0.06 0.06 0.05 0.08 0.08 0.07 0.05 0.05 0.06
Fe® 0.00 0.00 0.00 0.02 0.02 0.00 0.00 0.00 0.01 0.00 0.02
Cr 0.04 0.04 0.03 0.03 0.02 0.04 0.04 0.04 0.02 0.02 0.03
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe? 0.06 0.06 0.07 0.05 0.05 0.07 0.07 0.08 0.06 0.07 0.05
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.91 0.89 0.94 0.91 0.95 0.91 0.91 0.97 0.93 0.92 0.94
Ca 0.92 0.95 0.90 0.92 0.91 0.88 0.89 0.83 0.93 0.93 0.89
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.00 4.00 4.01 4.01 3.99 4.00 4.00 4.00 4.00 401
Wo (wollastonite) 4858  49.88 47.19 4838 4714  47.05 4763 4421 4836  48.26 46.45
En (enstatite) 48.09  46.75 49.16 4748  49.06  48.85 4847 5150 4824  48.07 49.42
Fs (ferrosillite) 3.22 3.24 361 3.98 3.65 3.94 3.76 412 3.31 3.55 401
Ac (Acmite) 0.11 0.14 0.04 0.15 0.14 0.16 0.14 0.17 0.09 0.13 0.12
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Table 2. Continued

Sample No. B743  B743 B743 B743 B743 B743 B743 B743 B743 B743 B743

Point No. 1394 1395 13-96 13-97 13-98 13-99 13-100  13-101  13-102  13-103  13-104
SiO, 52.74 5184 51.41 51.53 52.57 53.09 51.85 52.10 52.44 52.89 52.83
TiO, 0.02 0.04 0.03 0.05 0.03 0.02 0.04 0.04 0.03 0.03 0.04
AlLO; 3.50 4.69 469 457 332 3.10 422 3.89 372 3.09 333
Cr,0; 1.14 1.55 1.59 1.52 0.94 0.83 1.35 1.44 1.12 0.85 0.85
FeO 2.06 2.20 2.04 2.09 1.97 2.29 227 1.85 214 213 213
MnO 0.05 0.11 0.05 0.09 0.10 0.07 0.08 0.04 0.08 0.08 0.07
MgO 17.05  16.48 16.32 16.73 16.91 17.40 16.79 16.44 17.02 16.92 17.25
CaO 23.68  23.30 23.74 23.41 24.29 23.30 23.27 24.32 23.11 23.59 23.63
Na,O 0.01 0.04 0.03 0.03 0.03 0.04 0.04 0.02 0.02 0.04 0.03
K0 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.01 0.03 0.02 0.02
Sum 100.34  100.32 99.96  100.09  100.23  100.19 99.99  100.20 99.77 99.68  100.21
Si 191 188 1.87 1.87 1.91 1.92 1.89 1.89 1.91 1.93 1.91
AV 009 0.12 0.13 0.13 0.09 0.08 0.11 0.11 0.09 0.07 0.09
AlV! 0.06  0.08 0.08 0.07 0.05 0.06 0.07 0.06 0.07 0.06 0.06
Fe® 0.00  0.00 0.01 0.02 0.02 0.00 0.01 0.00 0.00 0.00 0.01
Cr 0.03  0.04 0.05 0.04 0.03 0.02 0.04 0.04 0.03 0.02 0.02
Ti 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe?* 006  0.07 0.05 0.05 0.04 0.07 0.06 0.05 0.07 0.07 0.06
Mn 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 092  0.89 0.89 0.91 0.92 0.94 0.91 0.89 0.92 0.92 0.93
Ca 092 001 0.93 0.91 0.95 0.90 0.91 0.95 0.90 0.92 0.92
Na 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 400 4.00 4.00 4.00 4.01 4.00 4.00 4.00 4.00 4.00 4.00
Wo (wollastonite) 48.25  48.43 49.32 48.31 49.08 47.14 47.93 49.93 47.58 48.21 47.83
En (enstatite) 48.34  47.66 47.16 48.06 47.56 48.99 48.14 46.97 48.76 48.12 48.58
Fs (ferrosillite) 336 375 3.40 351 3.26 372 378 3.03 357 353 3.48
Ac (Acmite) 005 0.6 0.12 0.12 0.10 0.16 0.15 0.07 0.09 0.14 0.11
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Figure 3. Photomicrographs of A, B) The orthopyroxene phenocrysts beside the primitive olivines (Ol1)
exhibit embayed and amoeboid corrosion features and are associated with secondary (replacive) olivines
(Ol) (Image A in XPL and Image B in PPL); C, D) The orthopyroxenes display undulose extinction,

bent cleavage planes, and the exsolution lamellae of clinopyroxene within the orthopyroxenes, indicating
subsolidus exsolution processes (Image C in XPL and Image D in PPL).
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Figure 2. Photomicrographs of A, B) Phenocrysts of clinopyroxene with higher resistance to fracturing and chemical
alteration, with evidence of mechanical deformation (mechanical twinning), alongside primary olivine crystals (Ol 1)
that are fractured and serpentinized (Image A in XPL and Image B in PPL).
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Figure 4. Classification diagram of pyroxenes (Morimoto, 1988) with small modifications. A) J versus Q diagram; B)

En-Wo-Fs diagram.
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Table 3. Clinopyroxene-orthopyroxene thermometry

based on the average compositions of these two minerals
in the harzburgites from the south of Separab region.

Orthopyroxe

Mineral Clinopyroxene ne
Average N=22 N=6
Composition (Table 2) (Table 1)
Fe?* 0.060 0.144
Mg** 0.919 1.722
Ca? 0.912 0.052
Mn?2* 0.002 0.004
Na* 0.002 0.000
Fe* 0.006 0.020
AP 0.097 0.078
Ti* 0.001 0.000
Cr¥ 0.034 0.021
& opx 0.838
X opx ™ 0.061
A cpx 0.399
Thermometry
Method: WwB w

Wood and Banno
Reference (1973) Wells (1977)
Average T (°C) 1487 1456
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Figure 9. Composition of orthopyroxene in the mantle harzburgites of the Nain ophiolite, plotted on Cr# versus Al,0s,
TiO2, Naz0, Cr,03 (wt.%) variation diagrams (the compositional range of MOR and SSZ harzburgite samples from
the southwestern Turkey suprasubduction ophiolites is from (Aldanmaz, 2012)).
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