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Abstract: The Nain Ophiolite is one of the most complete harzburgitic-ophiolite suites exposed 
along the Nain-Baft Fault, around the Central-East Iranian Microcontinent (CEIM). It is a remnant of 
the Nain Ocean (Early Jurassic to upper Early Cretaceous-Paleocene). During the Cretaceous (~Al-
bian to Cenomanian), ascending melts and serpentinization overprinted the Jurassic melt-rock reac-
tions and metamorphism of peridotites in most of the ophiolite. However, metamorphosed peridotites 
of the Darreh Deh massif in the eastern part of Nain Ophiolite remained intact, with the lowest degree 
of alteration and serpentinization and slightly higher degrees of partial melting and melt – rock reac-
tions. Clinopyroxene and Cr-spinel compositions together with bulk rock geochemistry of Darreh 
Deh peridotites indicate a mid-ocean ridge affinity for lherzolite but later compressional tectonics 
led to an intra-oceanic subduction and supra-subduction zone (SSZ) in which harzburgite and dunite 
formed due to ascending melt reacting with the mantle lherzolite. Further indications are the pres-
ence of replacive olivine, incongruent melting of orthopyroxene and increase of Cr# of Cr-spinel in 
harzburgite. The extensional to compressional evolution in the Jurassic ended with accretionary and/
or collisional processes induced by convergence between the Sanandaj – Sirjan zone and the CEIM. 
These caused a regional metamorphism that affected the Darreh Deh massif by forming antigorite, 
talc, metamorphic olivine, tremolite and chlorite metamorphic assemblages in mantle peridotites 
at amphibolite facies (~630-700 °C / 7-15 kbar) conditions, similar to the metamorphosed diabasic 
dikes, basalts and pillow lavas of this ophiolite. 

Key words: ophiolite, Central Iran, Nain, melt-rock reaction, metamorphosed mantle peridotite.

1. Introduction

Petrography coupled with in situ mineral chemistry 
allows us to investigate the nature and condition of 
melt-rock reactions and to constrain some aspects of 
the melting history of peridotites (Seyler et al. 2007). 
However, the emplacement of peridotite into, or onto, 
continental crust can result in changes in its mineral-
ogical, structural, textural and bulk chemical proper-
ties (Evans 1977) both prior to and during emplace-
ment, and subsequent crustal deformation and meta-
morphism (Bucher & Grapes 2011). Metamorphism 
of peridotite and serpentinite has been examined in 

detail by previous workers (e.g. Evans 1977, Bucher 
& Grapes 2011; Coleman 1977; Nicolas 1989; Dilek 
& Newcomb 2003; Torabi et al. 2011a). Many of the 
original properties of peridotite are affected by the 
metamorphism, but the geochemistry of selected pri-
mary igneous minerals (e.g. relics of clinopyroxene 
and Cr-spinel) may be used to reconstruct the original 
character of the metamorphosed peridotite protolith.

Evidence from abyssal peridotites suggests that 
mechanisms other than the expected fractional crys-
tallization, such as significant reaction of melt with 
shallow mantle peridotite beneath mid-ocean ridges, 
can occur during the early stages of cooling and crys-
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tallization of mid-ocean ridge basalt (MORB) mag-
mas. This process is known as “reactive crystalliza-
tion”, meaning crystallization influenced by melt-rock 
reaction (Collier & Keleman 2010). Harzburgite may 
result from interaction between a protolith and melts 
(i.e., “reactive” harzburgite). During this reaction, per-
colating melt preferentially dissolved clinopyroxene 
and orthopyroxene and precipitated olivine, trans-
forming the lherzolite (clinopyroxene-bearing) into 
harzburgite (clinopyroxene-poor) (Xu et al. 2003). 

Jurassic oceanic crust around the CEIM (Central-
East Iranian Microcontinent) and in the Inner Zagros 
Ophiolitic Belt is rare or unknown, herein we focus 
on rare oceanic crust occurring around the CEIM to 
trace melt-rock reactions and metamorphism in mantle 
peridotites that occurred before Cretaceous. 

Several recent papers deal with the peridotites (har-
zburgite, lherzolite, dunite) and chromitite in the Nain 
Ophiolite (e.g. Pirnia et al. 2010; Torabi 2008; Ghazi 
et al. 2011), but no scientific work was done on the 

Fig. 1. (A) Distribution of the main ophiolites in Iran including the study area situated within the Nain Ophiolite (ophio-
lite abbreviations: NA=Nain, ASH-ZA = Ashin-Zavar, AN = Anark, MS = Mashhad, SB = Sabzevar, KH = Khoy, TK = 
Tchehel Kureh, NY = Neyriz, IR = Iranshahr, K = Kermanshah, BZ = Band-e-Ziarat, ES = Esfandagheh, BF = Baft, SM = 
Semail, FM = Fanuj-Maskutan, JA = Jandagh); (B) Simplified geological map of the Nain Ophiolitic mélange to the north 
of Nain city (modified from Davoudzadeh 1972); (C) The Darreh Deh massif with sample locations of the metamorphosed 
peridotites.
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metamorphosed mantle peridotites. Cretaceous melt-
rock reactions in the mantle peridotites in the central 
parts of the Nain Ophiolite are also considered in 
many papers, but here we studied in detail the mantle 
peridotites of Darreh Deh in order to trace melt-rock 
reactions that took place before the Cretaceous. 

This work is the first study on Darreh Deh meta-
morphosed mantle peridotites of the Nain Ophiolite 
and it addresses the effects of regional amphibolite-
facies metamorphism on the mantle peridotites of the 
Nain Ophiolite, using petrology and geochemistry, 
in addition to the pre-Cretaceous melt-rock reactions 
relics in the mantle peridotites of this ophiolite. This 
study is a consequential study that provides important 
constraints on the evolution of the Nain Ophiolite and 
the CEIM, and its results can be transferred to many 
other worldwide ophiolites with comparable evolu-
tions of mantle melting processes, multi-stage magma-
tism and metamorphism. 

2. Geological background 

In the Early Permian to Middle Permian - Early Tri-
assic, the western Cimmerian terranes of present-day 
Iran migrated from southern Gondwana as a conse-
quence of the opening of the western branch of Neo-
Tethys Ocean between the Iranian and Arabian plates 
(e.g. Agard et al. 2011, and references therein). The clo-
sure of this Triassic ocean in Upper Cretaceous times 
resulted in the formation of the Kermanshah to Ney-
riz and Oman ophiolites, and the Eocene - Miocene 
Urumieh Dokhtar magmatic arc (UDM) to the west 
of the Nain and Ashin ophiolitic mélanges (Fig. 1A). 
Much petrological evidence indicates that the eastern 
branch of the Neo-Tethys ocean (Muttoni et al. 2009) 
or Nain-Baft Ocean (in Ghasemi & Talbot 2006; 
Shirdashtzadeh et al. 2011) was a long–lived ocean 
(~Early Jurassic to Upper Cretaceous) and predates 
Upper Cretaceous subduction in the western branch of 
the Neo-Tethys and predated Neo-Tethys subduction 
beneath the Sanandaj-Sirjan zone. The evidence is (1) 
Early Jurassic to Upper Cretaceous plagiogranite rel-
ics from this oceanic suite (Sharkovski et al. 1984), 
(2) early Upper Cretaceous radiolarian cherts (Shir-
dashtzadeh 2014) and limestones (Sharkovski et al. 
1984), (3) early Upper Cretaceous hornblende gabbro 
(Hassanipak & Ghazi, 2000), which are all older than 
the Eocene – Miocene UDM in the west of the Nain 
Ophiolite. Therefore, Glennie (1992), Torabi (2004), 
Reichert (2007), Shirdashtzadeh et al. (2010, 2011) 
considered the Nain Ocean as the eastern branch of the 

Neo-Tethys Ocean, which opened from southeast Tur-
key to Oman and separated the Sanandaj-Sirjan and 
Central Iranian plates from the Early Jurassic to the 
upper Early Cretaceous-Paleocene (~150 to 100 Ma). 
Basin closure resulted in the formation of the Ashin 
and Nain Ophiolites. 

The age of the opening of the eastern branch of the 
Neo-Tethys Ocean is not well constrained. However, 
Sharkovski et al. (1984) obtained 188 Ma (Pliensba-
chian in Early Jurassic) and 98 Ma (Cenomanian in 
Early Upper Cretaceous) K-Ar ages for two melting 
stages (gabbro-plagiogranite in Table 1) from the Ash-
in (= Ashin-Zavar) ophiolite, which shares the same 
suture zone and has a history comparable to the Nain 
Ophiolite (Shirdashtzadeh et al. 2011). In addition, 
judging from the presence of metamorphosed and not-
metamorphosed basic rocks, Shirdashtzadeh (2007, 
2014) and Shirdashtzadeh et al. (2010, 2011) proposed 
that extensional processes leading to the formation of 
Nain – Baft oceanic crust occurred during at least two 
phases. The first phase occurred in the Early Jurassic, 
when Nain oceanic crust segments started to form due 
to spreading. Melting of an ancient primary mantle 
lherzolite produced diabasic dikes and pillow lavas 
which were subsequently covered by pelagic sedi-
ments. Prograde regional metamorphism during clo-
sure and tectonism of this oceanic realm around the 
middle Jurassic turned these rocks into orthoamphibo-
lites (at ~650-800 °C / 7-8 kbar; Shirdashtzadeh et 
al. 2010), metachert, skarn and schist. However, uncer-
tainties still exist as to whether this high-grade Juras-
sic metamorphism left any imprints on the mantle pe-
ridotite of this ophiolite, because they have undergone 
widespread severe alteration and serpentinization or 
were affected by melt–rock reactions.

Oceanic spreading resumed in the Cretaceous pro-
ducing sheeted dikes, massive basalts, and basaltic pil-
low lavas with a MORB signature (Shirdashtzadeh 
et al. 2011). These were covered by radiolarian cherts 
and Globotruncana limestones of late Cretaceous age 
(Torabi et al. 2011b) and, in the east, by the Middle 
Eocene–Lower Oligocene Akhoreh Formation (Shar-
kovski et al. 1984). 

The 188 Ma age of the plagiogranites (Sharkovs-
ki et al. 1984, Table 1) is in agreement with Jurassic 
magmatism and the younger 98 Ma age (Sharkovski 
et al. 1984, Table 1) for a later phase of magmatism in 
the Cenomanian (at the beginning of the Upper Creta-
ceous), when the Nain oceanic spreading system reac-
tivated melt-rock reaction and production of basalts, 
diabasic dikes and gabbros. The latter magmatic phase 
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is also supported by three 40Ar/39Ar ages of 101.2 ± 
0.9, 99.7 ± 0.9, 99 ± 1.2 Ma (~Albian, in upper term 
of Lower Cretaceous) obtained for hornblende gabbros 
from the Nain Ophiolite (Hassanipak & Ghazi 2000) 
and K-Ar dating of amphibole in gabbro (by Mogha-
dam et al. 2009) that yields an age of 93.4 ± 3.6 Ma 
(Cenomanian) (Table 1). In addition, U-Pb zircon ages 
of Nain plagiogranite (102-103 Ma) are comparable to 
the 98 Ma K-Ar age for gabbro-plagiogranite (Table 1) 
of the Ashin ophiolite to the northeast (Moghadam et 
al. 2013). 

The uppermost magmatic units of the Nain Ophi-
olite (basalts and pillow lavas) are covered by upper 
Early Cretaceous to Paleocene and Early Eocene sedi-
ments, themselves part of the mélange. These sedi-
ments are intruded by Eocene intrusive rocks that are 
not part of the mélange. As the Akhoreh Formation 
(flysch) was deposited during and after Eocene vol-
canism (Torabi 2010), the closing of the Nain Ocean 
definitely occurred during, or sometime after the up-
per Early Cretaceous to Paleocene, and before the Eo-
cene, as reported for other Neo-Tethyan Ocean relics 
around the CEIM (e.g. the Sistan micro-ocean to the 
east of the CEIM, Bröcker et al. 2013).

2.1. Nain Ophiolite 

The Mesozoic ophiolitic mélange of Nain (or Naein) 
occurs to the north of Nain city (Isfahan Province) and 
is exposed in a 15 km wide and 35 km long area situat-
ed at the western end of the CEIM, along the Sabzevar 
to Nain-Baft faults (Fig. 1A). The Nain ophiolitic mé-
lange consists of a chaotic mixture of igneous, meta-
morphic and sedimentary rocks. It is mainly composed 
of harzburgite, lherzolite and dunite and their serpen-
tinized varieties. Other rock units are chromitite, py-
roxenite, gabbro, diabasic dike, spilitized pillow lava, 
and plagiogranite, in addition to a wide variety of 
metamorphic rocks, including metamorphosed mafic 
rocks (amphibolite), schist, skarn, marble, rodingite, 
metachert and listwaenite; all form part of a meta-
morphosed oceanic crust unit (Shirdashtzadeh 2007, 
2014, Shirdashtzadeh et al. 2010, 2011). 

During their complex tectonic history of obduction 
and emplacement these rock units were mixed to form 
an ophiolite mélange. However, amphibolitic rocks of 
the Nain ophiolite are mostly exposed along the suture 
zone, in Soheil-e-Pakuh, Abyaneh-e-Nain, south of 
Separab, south of Kuh-e-Zard, and near the Soucheh 
farm (Fig. 1B). Some amphibolites formed from ba-
salts and basic pillow lavas of the Nain ophiolite se-

quence and have a massive appearance, while some 
are regionally metamorphosed primary diabasic dykes 
within the mantle peridotites (Shirdashtzadeh et al. 
2010). However, relics of amphibolite facies metamor-
phism in the mantle peridotite host were overprinted 
and removed during later alteration during mélange 
formation. Most harzburgites and dunites in the cen-
tral parts of the Nain Ophiolite are the products of 
Cretaceous rock-melt reactions triggered by ascending 
melts, causing incongruent melting of orthopyroxene 
in ~Albian to Cenomanian times, as is clear from the 
formation of secondary olivine with lower Mg# and 
increasing Cr# of Cr-spinel, compared to those in as-
sociated mantle lherzolite (Pirnia 2007). 

2.2. Study area: Darreh Deh massif

The study area of Darreh Deh massif is exposed in the 
eastern part of the Nain Ophiolite (N33º04’ to 06’ and 
E53º05’ to 06.3’) along the active right-lateral strike 
slip Darreh Deh Fault (Nadimi & Sohrabi 2008) and 
along the Nain-Baft Fault in the west (Fig. 1C). The 
massif is dominated by metamorphosed mantle lher-
zolite, clinopyroxene-bearing harzburgite, and harz-
burgite, but small volumes of dunite, metapicrite and 
metarodingite are also present. This massif that is an 
isolated exposure, contrasting with other mantle peri-
dotites in the central part of the Nain Ophiolite by its 
darker color, higher topographic relief, smaller num-
ber of basic intrusives, lower serpentinization degree, 
and amphibolite-facies metamorphism. This study is 
the first detailed study of this region, and focusses on 
the petrology of the metamorphosed peridotites.

3. Analytical methods
Quantitative chemical analyses of mineral compositions 
(Tables 2 to 6) were carried out using a JEOL JXA8800R 
wavelength-dispersive electron probe micro-analyzer at the 
Centre for Cooperative Research of Kanazawa University 
(Kanazawa, Japan). The analyses were performed with an 
accelerating voltage of 15 kV and a beam current of 15 nA. 
Standard corrections of atomic (Z) number factors (= ZAF) 
were carried out. Natural and synthetic minerals of known 
composition were used for calibration. Abbreviations of 
mineral names are adopted from Whitney & Evans (2010). 
The Fe3+ content of minerals was estimated by assuming 
mineral stoichiometry (Droop 1987).

The major, trace and rare earth element contents of 
clinopyroxene from Darreh Deh lherzolite were obtained 
by laser ablation ICP-MS (LA-ICP-MS) using an ArF 193 
nm Excimer Laser coupled to an Agilent 7500S at the Earth 
Science Department of the Kanazawa University (Japan). 
The diameter of the analyzed points was 60 micrometers 
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at a frequency of 5 Hz. The standard synthetic glass NIST 
SRM 612 (Pearce et al. 1997) was used for calibration with 
29Si as an internal standard. The concentrations of La, Ce, 
Pr, Ta, Pb and Th were below the detection limits (Table 6). 

For the determination of major and trace element con-
tents, a combination of X-ray fluorescence (XRF) analysis, 
and sodium peroxide sintering with ICP-MS analysis was 
selected. The method largely follows that of Meisel et al. 
(2002), in particular to assure complete digestion of chro-
mite bearing peridotites. In brief, 100 mg sample powder 
was mixed with 600 mg finely ground Na2O2, sintered, and 
dissolved in 3 mol/l HCl. The final dilutions for the ICP-MS 
measurements were 1:5000; measurements were carried out 
using an Agilent 7500cx at the Montanuniversität, Leoben, 
Austria. Quantifications of the signal were done with ex-
ternal calibrations on certified and non-certified geological 
reference materials (Table 7).

Serpentine minerals were identified by micro-Raman 
spectroscopy at Kanazawa University using a HORIBA Jo-
bin Yvon, LabRAM HR800 system equipped with a 532 nm 
Nd:YAG laser (Showa Optronics co., Ltd, J100GS-16) and 
an optical microscope (Olympus, BX41).

X-ray diffraction on whole-rock powders was done to 
determine bulk sample mineralogy of Darreh Deh lherzo-
lite and to detect the presence of antigorite. The data were 
obtained using an XRD system (Bruker, D8 Advance, Ger-
many) with a wavelength of 1.5406 Å (Cu Ka), voltage of 
40 kV, and current of 40 mA at the Central Laboratory of 
the University of Isfahan. The XRD patterns confirmed the 
presence of antigorite, chrysotile, actinolite, clinochlore and 
forsterite in lherzolite. 

4. Data and results
4.1. Petrography and mineral chemistry

The lherzolite is composed of four major primary 
phases olivine, orthopyroxene, clinopyroxene and 
Cr-spinel, but later serpentinization and metamor-
phism resulted in secondary hydrous and non-hydrous 
Mg-silicate minerals. Lherzolite is composed of ol-
ivine (~70 Vol.%) with a forsterite-rich composition 
(Fo>90%), orthopyroxene (~15-20 Vol.%), clinopyrox-
ene (5-7 Vol.%) and vermicular brown Cr-spinel (<5 
Vol.%), together with chlorite, lizardite, chrysotile, 
talc, tremolite, and metamorphic forsterite (Fig. 2). 

Harzburgite and clinopyroxene-bearing harzbur-
gites are characterized by the mineral association 
olivine (>60-70 Vol.%), orthopyroxene (~30 Vol.%), 
a small amount of clinopyroxene, sparse subhedral 
dark brown Cr-spinel (~0.1 mm), talc, tremolite, mag-
netite and small amounts of chlorite. The rocks show 
secondary metamorphic textures such as mesh, poi-
kiloblastic, nematoblastic and jack-straw textures, but 
original magmatic granular and porphyroclastic tex-
tures are well preserved. Dunites are composed ex-
clusively of olivine, minor amounts of subhedral, dark 

brown Cr-spinel, serpentine, metamorphic tremolite, 
talc and chlorite. 

4.1.1. Olivine

In lherzolites, the coarse-grained olivine crystals (<4-
5 mm), here named magmatic olivine (Ol1), formed 
within the mantle melts, but are not well preserved 
due to incipient serpentinization (Fig. 2A). Their me-
dian magnesium number (Mg# = 100xMg/(Mg+Fe2+)) 
and CaO contents are, respectively, ~90.4 and ~0.034 
g/100g (Table 2). In harzburgites, replacive olivine 
(Olr) formed abundantly as reaction rims or within 
partially corroded orthopyroxene crystals with irregu-
lar boundaries (Fig. 2B). Their median Mg# and CaO 
contents are ~89.4 and ~0.028 g/100g, respectively 
(Table 2).

4.1.2. Orthopyroxene 

Orthopyroxene has kink bands and contains fine ex-
solution lamellae of clinopyroxene, and resembles 
primary mantle orthopyroxene. Orthopyroxene is 
enstatite-bronzite (Mg# = 89.9-90.4) in lherzolite and 
bronzite (Mg# = 89.2-89.7) in harzburgite (Table 3). 
As a consequence of magmatic depletion, Al2O3 con-
tents (Lhz: ~4.7 g/100g, Hz: ~2.5 g/100g) decrease 
from lherzolite to harzburgite while TiO2 (Lhz: ~0.06 
g/100g, Hz: ~0.07 g/100g), Cr# = Cr/(Cr+Al) (Lhz: 
~0.09, Hz: ~0.17) and Mg# (Lhz: ~91.1, Hz: ~91.6) in-
crease (Table 3).

4.1.3. Clinopyroxene

Clinopyroxenes are diopside-augite in lherzolite and 
diopside in harzburgite (Table 3); they show kink 
bands, warped cleavages, and undulatory extinction. 
The clinopyroxenes in harzburgite have lower Al2O3 
contents (Lhz: ~5.9 g/100g, Hz: ~3.6 g/100g) and 
higher TiO2 (Lhz: ~0.15 g/100g, Hz: ~0.20 g/100g), 
Mg# (Lhz: ~92.2, Hz: ~93.3) and Cr# (Lhz: ~0.11, Hz: 
~0.16) than those in lherzolite (Table 3). 

The high field strength (HFSE), heavy (HREE) 
and light (LREE) rare earth element concentrations of 
clinopyroxenes from Darreh Deh meta-lherzolite are 
comparable with those of clinopyroxenes from mantle 
lherzolite (reported by Pirnia 2007); which for com-
parison are included in Table 4. Despite similar Mg#, 
Darreh Deh samples have slightly higher CaO, Rb, Sr 
and Nb contents but lower Na2O, NiO, Li, Y, Zr, Ti, 
Hf and MREE compared to HREE (Table 4). In the 
chondrite normalized REE diagram (Fig. 4A), clino-
pyroxenes of Darreh Deh and those reported by Pirnia 
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(2007) have similar, parallel patterns with flat HREE 
and MREE and show progressive depletion of LREE 
(Fig. 4A), but Darreh Deh samples are characterized 
by slightly higher Eu/Eu* and lower Smn/Lun (~0.31 
for Darreh Deh, ~0.43 for samples from Pirnia 2007) 
(Table 4). In the primitive mantle normalized diagram 
(Fig. 4B), the samples show enrichment of HREE 
above the mantle composition, while other elements 
(large ion lithophile elements (LILE) and HFSE) are 
depleted (especially in Darreh Deh samples). The 
samples are characterized by Zr, Sr and Ba depletion, 
which is related to magmatic, rather than alteration 
processes. 

4.1.4. Chromian spinel

Vermicular brownish chromian spinels in lherzolite 
are characterized by having a thin ferrian opaque rim 
that is occasionally surrounded by a corona of chlo-
rite (Figs. 2C and D). On average, they have Cr#=~0.2, 
TiO2 = 0.05 g/100g, Mg# ~76.7, and Al2O3 = 48.8 
g/100g (Table 5). In harzburgite, Cr-spinels are subhe-
dral dark brownish and one microprobe spinel analysis 
(Table 5) shows it to be very similar in composition to 
the Cr-spinels in harzburgites investigated by Pirnia 
(2007), in being comparatively enriched in Cr# (~0.4) 
and TiO2 (~0.22 g/100g), and depleted in Mg# (~53.1) 
and Al2O3 (26.3 g/100g).

4.1.5. Alteration and metamorphic minerals 

In addition to magmatic phases (Ol1 + Opx + Cpx + 
Cr-Spl), the rocks contain minerals related to altera-
tion and metamorphism. The serpentinization mineral 
paragenesis in the metamorphosed Darreh Deh lher-
zolites is Ctl + Lz + Atg, and the metamorphic mineral 
paragenesis is Tr + Tlc + Chl + Ol2. 

Metamorphic olivines (Ol2) recrystallized as fine-
grained (<0.1mm) neoblasts at the expense of serpen-

tines. Magmatic, replacive, and metamorphic olivines 
all have approximately similar major elements con-
tents; however, the median CaO of the metamorphic 
olivines (Ol2) is lower (~0.012 g/100g), and the Mg# of 
Ol2 has not the same range as Ol1 due to partial incre-
ment of Fe2+/Mg in some Ol2 (Table 2, Fig. 3). 

Tremolite is the other abundant metamorphic phase 
in the metamorphosed peridotites of Darreh Deh. The 
Ca-bearing tremolite to tremolitic hornblende (Table 
6) developed as nematoblastic and jack-straw textures 
in cracks within and/or around clinopyroxene (Fig. 2C) 
and basititized orthopyroxene porphyroclasts in lher-
zolite (Fig. 2E). According to Khedr & Arai (2012) 
and Nozaka (2014), these tremolites can be catego-
rized into partially-retrograde (Tr1) and prograde (Tr2) 
tremolite. The fibrous crystals of retrograde tremo-
lite (Tr1) are tremolitic hornblende in composition 
with higher Al2O3 (~4.3 g/100g), Cr2O3 (~0.8 g/100g), 
Na2O (~0.7 g/100g), and lower SiO2 (~53.8 g/100g), 
whereas acicular crystals of prograde tremolite have 
lower Al2O3 (~2.4 g/100g), Cr2O3 (~0.4 g/100g), Na2O 
(~0.4 g/100g), and higher SiO2 (~55.7 g/100g) con-
tents (Table 6). The retrograde tremolitic hornblende 
(Tr1) formed at the expense of clinopyroxene, and was 
afterwards replaced by tremolite (Tr2). The higher 
Cr content of Tr1 was inherited from its clinopyrox-
ene source. Tremolite is a prograde product after talc 
(Fig. 2E), chrysotile (Fig. 2F) and chlorite (Fig. 2G), 
wherever the associated olivine (or orthopyroxene) has 
been serpentinized and the Ca2+ ions released to con-
tribute to the tremolite structure. XRD patterns also 
confirm the occurrence of minor amounts of actinolite 
in the lherzolite (Fig. 5). In metamorphosed harzbur-
gite samples, tremolite has replaced formerly serpen-
tinized pyroxene crystals or occurs as thin needles or 
sheaves of needles penetrating neighboring olivines. 
Tremolite also formed in the metamorphosed dunites 
after olivine serpentinization. 

Fig. 2. Photomicrographs of Darreh Deh metamorphosed peridotites (Nain Ophiolite): (A) Metamorphic fine-grained oliv-
ine neoblasts (Ol2) together with magmatic olivine (Ol1) containing serpentine veins; (B) Orthopyroxene containing minute 
clinopyroxene crystals as exsolutions, and having irregular and partially corroded boundaries in which replacive olivine 
have formed by incongruent melting of orthopyroxene (Olr = replacive olivine); (C) Crossed nicols and (D) Plane-polarized 
light images of vermicular brownish chromian spinel with magnetite at the rims, and chlorite alteration rims. Clinopyroxene 
rims are replaced by tremolite. Upper right shows serpentine veins crossing Ol1, but not Ol2; (E) Orthopyroxene altered to 
and surrounded by nematoblastic and jack-straw textured talc and tremolite (crossed nicols); (F) A bastized orthopyroxene 
replaced by chrysotile (Ctl). The chrysotile is substituted by lizardite (Lz) and reacting to tremolite (Tr); (G) Tremolite 
needles formed in a chloritized matrix; (H) Olivine altered and surrounded by nematoblastic and jack-straw textured talc 
and tremolite (crossed nicols).
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Fig. 2. 
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Talc is a common product of low-grade metamor-
phism and formed along the cleavages of orthopyrox-
ene or olivine, and was progressively metamorphosed 
into tremolite wherever a serpentinized orthopyroxene 
or olivine was associated (Figs. 2E and H). 

Raman spectrometry of serpentine minerals in-
dicates that the mesh texture is made of lizardite 
whereas the crosscutting serpentine-filled veins (V1) 
are chrysotile. In addition, XRD analysis proved the 
presence of antigorite in some lherzolite samples (Fig. 
4). It is difficult to identify the antigorite in thin sec-
tion but formation of secondary olivines (mostly in the 
veins) reveals that antigorite formation was limited to 
the veins.

Chrysotile veins (V1) cut all primary phases (e.g. 
olivine, pyroxene porphyroclasts, and lizardite) but not 
the metamorphic phases (e.g. olivine neoblasts (Ol2), 
tremolite, talc and chlorite) (Fig. 2C). Lizardite with 
high Mg, Fe and Ni contents (Table 6) replaced oliv-
ine, while the low Mg and high Cr contents of Al-rich 
serpentine (chrysotile) in orthopyroxene bastite reflect 
the composition of the original orthopyroxene (Dungan 
1979, Wicks & Plant 1979, in Shervais et al. 2005). 

Some serpentines reacted to form chlorite, indicat-
ing that chloritization followed serpentinization. The 
XRD pattern indicates that clinochlore may be present 
in lherzolite as well (Fig. 4). Chlorite also occurs as 

veins (V2) crosscutting the older V1 serpentine veins. 
Some chlorites (clinochlore) are in the rim of Cr-spi-
nel and some (talc-chlorite) formed at the expense of 
clinopyroxenes, however, they are mostly replaced by 
tremolite during prograde metamorphism (Table 6). 

4.2. Bulk rock composition

The chemical data for selected metamorphosed Dar-
reh Deh peridotites are given in Table 7, for com-
parison together with published data for peridotite 
samples from the central parts of the Nain Ophiolite 
(taken from Ghazi et al. 2011; Torabi 2013). Darreh 
Deh peridotites are characterized by slightly higher 
SiO2, Na2O, Sc, V, Cr and heavy REE contents and 
lower loss of ignition (LOI) values. The CaO, Al2O3 
and HREE contents of lherzolites positively correlate 
with clinopyroxene abundance. CaO/Al2O3 reflecting 
clinopyroxene content is higher in lherzolites (~1.01-
1.57) than in harzburgite (~1.05-1.28) and dunite 
(~0.81-0.90). Darreh Deh peridotites are characterized 
by LOI values between ~7 and 10 g/100g. LOI cannot 
be used as a criterion for degree of serpentinization 
(Deschamps et al. 2013), but samples have Al2O3, CaO, 
MgO, Ni and Cr content comparable to less, or not, 
serpentinized residual mantle peridotites (e.g. Taylor 
& McLennan 1985; Bodinier et al. 1988). It seems that 

Fig. 3. CaO versus Mg# (in g/100g) diagram for magmatic (Ol1), replacive (Olr), and metamorphic olivine (Ol2) in metamor-
phosed mantle peridotites of Darreh Deh massif. 
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serpentinization can increase the CaO of bulk rock 
dunite (e.g. Fig. 3d in Deschamps et al. 2013), pos-
sibly due to olivine decomposition (See section 2.a). 
In addition, Al, Ca, Cr, Zn, Y, Sc, V, Ga and HREE 
contents decrease from lherzolite to harzburgite and 
dunite, whereas Mg#, MgO, Ni, Co, and some of the 
light rare earth elements increase (Table 7). 

Fig. 6 shows chondrite and primitive mantle nor-
malized bulk-rock REE and trace element abundances 
of Darreh Deh metamorphosed peridotites. Darreh 
Deh peridotites have compositions and REE patterns 
that are similar to peridotites from the central parts 
of the Nain Ophiolite (e.g. Ghazi et al. 2011; Tora-
bi 2013). Harzburgite and dunite show a slightly flat 
chondrite-normalized REE patterns while lherzolites 
are HREE-enriched (Fig. 6). The peridotites are char-
acterized by increasing normalized LREE to HREE 
contents, while Lan/Ybn, Lan/Smn and Gdn/Ybn ratios 
in Darreh Deh samples constantly increase from lher-
zolite to harzburgite and dunite (Table 7). Eu shows a 
weak positive anomaly (Eu/Eu* ~1.2-1.7) as is com-
mon in the most depleted and primitive MORB melts 
due to late crystallization of plagioclase, serpentiniza-
tion, or seafloor weathering (Niu 2004). 

On the primitive mantle normalized diagram (Fig. 
6E), Rb, Ba, Pb and Sr are more enriched and have 
similar values as primitive mantle. Co, Sc, V, Ga are 
more or less immobile or unaffected by serpentiniza-
tion and seafloor weathering (e.g. Niu 2004 & refer-
ences therein). 

5. Discussion

5.1. Metamorphic events

The P-T pseudosection modeling of a lherzolite sample 
was performed using the Perple X software (Connolly 
1990) and the hp02ver.dat file containing the thermo-
dynamic data set of Holland & Powell (1998). The 
chemical system considered in the P-T pseudosection 
is CFMASH (sample L-223-2) (Fig. 7). This diagram 
yields the possible mineral assemblages in the sample 
in the considered P-T range of 1-30 kbar and 300-
1000 °C. In the following we explain how Darreh Deh 
peridotites, petrographic relics and chemical evidence 
indicate a greenschist-facies stage (serpentinization 
and chloritization) that was followed and overprinted 
by a prograde amphibolite-facies metamorphic stage. 

5.1.1. Early greenschist-facies stage (serpentinization 
and chloritization)

Some ultrabasic bodies in ophiolites were probably 
serpentinized in an oceanic setting prior to the region-
al metamorphism, and the serpentinization stage in 
Darreh Deh peridotites be related to serpentinization 
in a fast mid ocean rifting system. The slightly lower 
degree of serpentinization of harzburgite and dunite 
compared to lherzolite indicates that serpentinization 
occurred by fluid infiltration before and during melt-
rock interaction in a rift to intra-oceanic subduction 
setting. In comparison with serpentinized peridotites 

Fig. 4. (A) Chondrite-normalized analyses of clinopyroxene (in lherzolite) and calculated melt for Darreh Deh samples 
and published data from Pirnia (2007) (Table 4); (B) Primitive mantle normalized composition of clinopyroxene in Darreh 
Deh lherzolite and published data from Pirnia (2007). The fields are clinopyroxene composition data of MOR peridotites 
from the Red Hills peridotite in the Dun Mountain ophiolite of South Island, New Zealand (Sano & Kimura 2007) and the 
Atlantis II Fracture Zone (Johnson & Dick 1992), and SSZ peridotites of the Hellenic Peninsula, Pindos, and Bulqiza in 
Albania (Bizimis et al. 2000). Chondrite and primitive mantle normalization factors are from McDonough & Sun (1995).
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from other settings (e.g. Deschamps et al. 2013, and 
references therein), Darreh Deh lherzolites are more 
comparable with forearc or “mantle wedge” serpenti-
nites (e.g. Guillot et al. 2009; Deschamps et al. 2013) 
and Darreh Deh harzburgite and dunite partly differ 
from subducted serpentinites (e.g. Deschamps et al. 
2013). However, Darreh Deh lherzolite, harzburgite 
and dunite compositions show low contrasts in trace 
element contents (except for the higher MREE and 
HREE in lherzolites) due to their lower serpentiniza-
tion degrees compared to the samples of Deschamps et 
al. (2013). Therefore, it is very difficult to assign the 
serpentinization to a certain geological setting on the 
basis of published serpentinization studies (e.g. Des-
champs et al. 2013), and more research is needed.

The non-pervasive serpentinization is delineated by 
serpentine relics found mostly around the ferromagne-
sian minerals olivine and pyroxene, or filling cross-

cutting veins. This low-temperature serpentinization 
stage is a result of chemical interaction with seawater, 
which resulted in early replacement of olivine (Ol1) by 
lizardite (forming a mesh texture) and chrysotile (in 
crosscutting V1 veins), and the formation of chrysotile 
at the expense of orthopyroxene in lherzolite. Serpen-
tinization can release Ca2+ cations from primary phas-
es. For example, primary olivines (Ol1) in Darreh Deh 
lherzolite contain >0.015 g/100 g CaO (in the M2 site), 
and this CaO was involved in the crystallization of Ca-
bearing minerals (e.g. tremolitization, rodingitization). 
Evans (2004) and Lafay et al. (2013) suggested forma-
tion temperatures of 50-300 °C for vein chrysotile, and 
0-400 °C for the lizardite in the bastite/mesh texture 
(by hydration of peridotites). Lizardite and chrysotile 
are progressively replaced by antigorite at 320-390 °C 
(Schwartz et al. 2013) or from 300 to 650 °C (Evans 
2004; Lafay et al. 2013). The reaction 

Fig. 5. (A) and (B) Whole rock XRD pattern for Darreh Deh lherzolite (Act = actinolite, Atg = antigorite, Fo = forsterite, 
Chl = clinochlore, Ctl = chrysotile). 
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2Mg3Si2O5(OH)4 + H2O ➝ Mg3Si2O5(OH)4 + 3Mg(OH)2 
+ 2SiO2

shows chrysotile stability and its conversion to antig-
orite. The P-T pseudosection modeling indicates ~500 

to 700 °C/1 to 30 kbar as the upper P-T stability limit 
for antigorite in the lherzolite sample. The progressive 
replacement of chrysotile + lizardite assemblages by 
antigorite + lizardite indicates the prograde green-
schist-facies metamorphism (Bliss & MacLean 1975).

Fig. 6. (A) Chondrite-normalized compositions of Darreh Deh mantle lherzolite and published data from Ghazi et al. (2011), 
compared to MOR lherzolite and Cpx-harzburgite data are from Aldanmaz et al. (2009), Saccani et al. (2010), Dokus et 
al. (2011), and Uysal et al. (2012); (B) Chondrite-normalized compositions of Darreh Deh harzburgite, compared to MOR 
harzburgite data from Godard et al. (2008), Aldanmaz et al. (2009), and Saccani et al. (2010); (C) Chondrite-normalized 
compositions of Darreh Deh harzburgite, compared to SSZ harzburgite data from Parkinson & Pearce (1998), Aldanmaz 
et al. (2009), Dokus et al. (2011), and Uysal et al. (2012); (D) Chondrite-normalized compositions of Darreh Deh dunite, 
compared to SSZ and MOR dunite data from Parkinson & Pearce (1998), Godard et al. (2008), Aldanmaz et al. (2009), 
and Uysal et al. (2012); (E) Primitive mantle normalized compositions of Darreh Deh mantle peridotites. Chondrite and 
primitive mantle normalization factors are from McDonough & Sun (1995).
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The chloritization occurred after serpentinization 
because chlorite-filled V2 veins crosscut the chryso-
tile-filled V1 veins. P-T pseudosection modeling (Fig. 
7) indicates ~650 to 850 °C at 1 to 30 kbar as the up-
per possible P-T stability limit for chlorite (clinochlo-
re) that formed after Cr-spinel in the metamorphosed 
lherzolite sample. Thus, the chloritization of Cr-spi-
nels occurred during serpentinization and continued 
during regional metamorphism. 

5.1.2. Later amphibolite-facies stage

The Darreh Deh peridotites preserved petrographic 
evidence for a prograde stage of metamorphism, char-
acterized by the formation of antigorite after lizardite 
and chrysotile, metamorphic olivine neoblasts (Ol2) 
after serpentines, clinochlore after Cr-spinel, talc after 
olivine, and orthopyroxene and tremolite after pyrox-
ene and talc, serpentine, and chlorite. The evidence is 
discussed below. This prograde metamorphism has 
occurred after melt-rock interactions because it also 
overprinted harzburgites and dunite.

The early grade of metamorphism of this stage 
reached the upper stability limit of antigorite, which 
is known to be stable over a temperature range of 
300-650 °C and formed at the onset of prograde meta-
morphism, close to where tremolite appeared (Fig. 7). 
Schwartz et al. (2013) suggested a temperature of 460 
°C for the onset of secondary olivine crystallization. 
The fine-grained secondary olivines (<0.1 mm) found 
in the present study are very similar to the minute 
grains of secondary metamorphic olivines (~50 µm) in 
antigorite veins reported by Debret et al. (2013).

The reaction sequence olivine (Ol1) ➝ lizardite 
➝ chrysotile ➝ olivine (Ol2) ± talc (Hayakawa et al. 
2006) shows that chrysotile may dehydrate and de-
compose into a metastable assemblage of forsterite + 
talc. In the pure MgO-SiO2-H2O system, antigorite can 
also react to produce secondary olivine + talc at ~515 
°C and 2 kbar (Evans et al. 1976). In the CFMASH 
phase diagram (Fig. 7) within the tremolite P-T stabil-
ity field, antigorite reacts to form talc at ~540 to 700 
°C. The reaction antigorite ➝ talc + olivine (Ol2) + 
chlorite+H2O (Worden et al. 1991) may best describe 
the formation of olivine neoblasts from antigorite. 

The compositions of olivine and other minerals are 
supposed to be controlled by bulk-rock chemistry and 
metamorphic grade (Torabi et al. 2011a). For example, 
the magmatic olivine (Ol1) having crystallized in the 
mantle, has higher CaO contents of > 0.015 g/100g 
(or Ca > 0.010 g/100g), while metamorphic olivine 
neoblasts (Ol2) are comparatively Ca-poor to Ca-free 

(CaO <0.015 g/100g) (Fig. 3). Comparable results can 
be found in the LA-ICP-MS data in Table 3 of De-
bret et al. (2013) for the magmatic (Ca ~0.028 g/100g) 
and secondary olivines (Ca ~ 0.016 g/100g). Calcium 
partitioning in olivine is temperature dependent (e.g. 
Hoog et al. 2010) and, hence, is higher in mantle oliv-
ines compared to olivines formed by metamorphism. 
In addition, the lower Ca content of olivine neoblasts 
(Ol2) is due to their recrystallization after low calcium 
serpentine:

Ol1(CaO>0.015 g/100g) ➝ Serpentine(CaO<0.01 g/100g) + Ca2+ ➝ 
Ol2(CaO<0.015 g/100g) + Ca2+

The reactions that describe the release of Ca2+ from 
orthopyroxene and olivine during serpentinization are:

3(Mg, Ca<0.1)2Si2O6 + 4H2O ➝ 2Mg3Si2O5(OH)4 + 
2SiO2 + Ca2+

3(Mg, Ca~0.001)2SiO4 + SiO2(aq) + 2H2O ➝ 
2Mg3Si2O5(OH)4 + Ca2+

Ca2+ released during serpentinization of olivine and 
pyroxene cannot be accommodated in the serpentine, 
talc and olivine lattice. As a consequence, the olivine 
neoblasts (Ol2) that formed by serpentine-consuming 
reactions are depleted in Ca2+ (CaO<0.015 g/100g, 
Table 2).

In addition, the Mg# of metamorphic olivines has 
not the same range as that of Ol1 (it is ~0.2 lower in 
some Ol2). Lower Fe2+/Mg in some Ol2 analyses is 
due to low Fe2+ partitioning into serpentines and con-
centration of Fe, mostly in fine-grained aggregates 
of magnetite (e.g. Niu 2004). Moreover, even at low 
Fe contents the octahedral M2 site of orthopyroxene 
prefers calcium above ferrous iron (Rietmeijer 1983). 
Müntener et al. (2000) indicated that orthopyroxene 
in ultramafic rocks may break down by hydration to 
olivine + tremolite + chlorite + talc at ~600 (±50) °C 
and ~10 kbar. 

The calcic amphibole in high-grade metaperidotite 
(at amphibolite facies), tremolite, is stable at 550-800 
°C along the kyanite geotherm in the pure MgO-SiO2-
H2O system (Bucher & Frey 2002). In our samples, it 
mostly progressively developed around clinopyroxene 
and orthopyroxene, chloritized clinopyroxene, chryso-
tile around orthopyroxene, and serpentinized or meta-
morphic olivine (Ol2). In the CFMASH system, it is 
stable over the temperature range 550 to 850 °C, i.e. 
amphibolite to granulite facies (Fig. 7). According to 
Spear (1995), those tremolites with 7.4<Si<7.9 a.p.f.u., 
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together with associated forsterite and talc, constitute 
the characteristic medium amphibolite-facies assem-
blage in the Darreh Deh metaperidotites. 

Spinel in Darreh Deh metaperidotites is replace by 
Mg-rich clinochlore and talc-chlorite assemblages that 
are stable at amphibolite- to granulite-facies condi-
tions (~550-800 °C and <15 kbar) (Fig. 7). In addition 
to serpentinization of magmatic olivine Ol1 and or-
thopyroxene; chloritization of clinopyroxene provided 
another Ca2+ source for tremolite formation (Figs. 2C, 
E and F): 

Clinopyroxene(CaO~20 g/100g) ➝ Chlorite(CaO<0.02 

g/100g)+Ca2+
(out) ➝ Tremolite(CaO~12 g/100g)

2.5(Mg, Ca~0.0 to <0.1)2Si2O6 + 3SiO2(aq)+H2O+2Ca2+ 
➝ Ca2Mg5Si8O22(OH)2

Although harzburgite and dunite have lower CaO con-
tents due to the smaller amounts of clinopyroxene, 
they still contain tremolite as a metamorphic product, 
which confirms that enough Ca2+ was released from 
olivines after serpentinization. 

According to Shirdashtzadeh et al. (2010, 2011), 
amphibolites are found within the mantle peridotites 
in the shape of metamorphosed basic pillow lavas and 
basic feeder and diabasic dikes. For amphibolites of 
the Nain Ophiolite, Shirdashtzadeh et al. (2010) re-
ported that Jurassic-age high-grade metamorphism 
occurred at temperatures and pressures of 650-800 °C 

Fig. 7. P-T Pseudosection (CFMASH system) calculated for Darreh Deh metamorphosed lherzolite (sample L-223-2, Table 
7). Mineral abbreviations are from Whitney & Evans (2010).
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and 7-8 kbar (upper amphibolite to lower granulite fa-
cies). Judging from the CFMASH pseudosection these 
temperatures overlap the estimated P-T range for the 
common mineral assemblages of Darreh Deh meta-
morphosed mantle lherzolite. The observed mineral 
assemblage olivine + clinopyroxene + orthopyroxene 
+ chromian spinel + antigorite + metamorphic oliv-
ines (after deserpentinization of serpentines) + talc + 
tremolite + chlorite could have formed at amphibolite-
facies conditions at approximately 630-700 °C and 
7-15 kbar (Field A, Fig. 7). 

5.2. Petrogenesis of Darreh Deh mantle perido-
tites

According to Deschamps et al. (2013), REE abun-
dances can be used to identify the protolith of ser-
pentinized peridotites (e.g. abyssal and mantle wedge 
serpentinized lherzolite, harzburgite and dunite) and 
identify later magmatic processes. For example, LREE 
enrichment in subducted serpentinized peridotites 
could be related to magmatic processes before serpen-
tinization (such as melt/rock interactions and/or the in-
trinsic nature of the protolith) or after serpentinization 
(such as the magmatic refertilization process during 
the sedimentary derived fluid/rock interactions within 
the subduction channel). 

Although hydration and dehydration during ser-
pentinization, metamorphism, and shearing may alter 
the compositions of the primary minerals of a perido-
tite to some extent, the compositions of relict minerals 
(i.e. clinopyroxene and chromian spinel) together with 
the bulk rock composition can be used to constrain the 
mantle processes involved in peridotite formation. 

5.2.1. Bulk rock composition

MgO decrease in peridotites can be a result of partial 
alteration of olivines and pyroxenes to serpentines (e.g. 
Snow & Dick 1995; Bach et al. 2004; Niu 2004; Pau-
lick et al. 2006). However, the inverse correlation of 
MgO with progressively heavier rare earth elements 
reflects varying degrees of melt depletion and post-
melting magmatic refertilization (Niu 2004). For Dar-
reh Deh lherzolite to harzburgite and dunite, Al2O3 and 
Cr decrease with increasing Mg#, as is the case for the 
samples from the central parts of the Nain Ophiolite 
(i.e. Torabi 2013, Ghazi et al. 2011) (Table 8). Such a 
trend is explained by melt-rock interaction, rather than 
depletion of a fertile mantle lherzolite by extraction of 
a basaltic component during high degrees of partial 
melting. 

The REE pattern reveals a complex series of events 
for the oceanic crust of the Nain Ophiolite. The chon-
drite-normalized REE patterns of harzburgite and du-
nite are flatter than those of lherzolite (Fig. 6A, B and 
D). It is possible to interpret this pattern as reflecting 
REE depletion (particularly LREE), but also HREE 
enrichment at a later stage. Initial partial melting of 
lherzolite and incremental consumption of clinopy-
roxene resulted in decreasing clinopyroxene/ortho-
pyroxene ratios in residual lherzolite. The ascending 
melts reacted with the lherzolitic wall rocks causing 
incongruent orthopyroxene melting. While being de-
pleted in clinopyroxene, modal amounts of olivine 
(Olr) replacing orthopyroxene gradually increased to 
form replacive harzburgite and finally dunite. As con-
sequence of such melt-rock reaction, the lower clino-
pyroxene/orthopyroxene ratio resulted in flatter REE 
patterns in harzburgite and dunite (Fig. 6B and D). 

In Fig. 6, Darreh Deh peridotites are compared to 
the average composition of some worldwide examples 
of MOR and SSZ peridotites. On the chondrite-nor-
malized REE pattern, MOR lherzolites show a wide 
range of REE abundances, particularly for the LREE. 
For example, the samples from Dokuz et al. (2011) are 
more REE-enriched, and samples from Uysal et al. 
(2012) are more depleted in LREE. Darreh Deh lher-
zolite is very similar to the lherzolite and clinopyrox-
ene-harzburgite samples from the Nehbandan ophiol-
itic complex (eastern Iran) (Saccani et al. 2010) and 
mid-ocean ridge lherzolites from Neo-Tethyan ophio-
lites in SW Turkey (Aldanmaz et al. 2009) (Fig. 6A). 

Darreh Deh harzburgites have flatter REE patterns 
that show some similarity with the MOR harzburgi-
tes from the Neo-Tethyan ophiolites in SW Turkey 
(Aldanmaz et al. 2009) and the Nehbandan ophiolitic 
complex (Saccani et al. 2010), especially in the more 
mobile LREE contents, while the less mobile HREE 
have slightly lower concentrations (Fig. 6B). The MOR 
harzburgite of Godard et al. (2008), drilled at ODP 
Sites 1272 and 1274 (Fifteen-Twenty Fracture Zone, 
slow spreading Mid-Atlantic Ridge), is the most HREE 
depleted. In Fig. 6C, the Darreh Deh samples REE pat-
terns that very similar to SSZ harzburgite from Dokuz 
et al. (2011), and HREE abundances similar to those 
of Aldanmaz et al. (2009) and Parkinson & Pearce 
(1998). The MREE and LREE, however, show a wide 
range of abundances. The REE concentrations of SSZ 
dunites vary widely, but those of the Darreh Deh du-
nite are similar to the SSZ dunites of Aldanmaz et al. 
(2009). In fact, the REE content of MOR lherzolite is 
higher than that of MOR and SSZ harzburgite, and the 
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REE content of dunite is the lowest. However, due to 
their overlapping ranges of REE abundance it is diffi-
cult to characterize a MOR or SSZ origin for the harz-
burgites based on REE patterns alone. Therefore, bulk 
harzburgite REE data are unspecific because magmat-
ic processes in SSZ harzburgite may have taken place 
at different rates (e.g. melt-rock reactions), depending 
on the sinking slab, the released fluids, and the mantle 
wedge partial melting. 

The progressive decrease of LREE and MREE con-
centrations from Darreh Deh lherzolite to harzburgite 
and dunite indicates a SSZ tectonic setting in which, 

for example, an intra-oceanic arc formed above a sub-
duction zone. Subduction of oceanic lithosphere and 
sediments into the mantle beneath the pre-existing 
mid-ocean ridge lithosphere caused modification of the 
mantle by hydrous fluids and melts that were derived 
from the dehydration of the sinking slab, resulting in a 
nascent supra-subduction zone magmatic system. 

On the primitive mantle normalized diagram, en-
richment of the fluid mobile elements Sr, Pb, U, Rb 
and Ba (Fig. 6E) is similar for serpentinized perido-
tites (e.g. Sulabest ophiolite (Eastern Iran), Angiboust 
et al. 2013; Deschamps et al. 2013; Debret et al. 2013), 

Fig. 8. Composition of clino- and orthopyroxene from lherzolite and harzburgite of the Nain Ophiolite: (A), (B), (C) and 
(D) Mg# versus Al2O3, TiO2, Cr# and Na2O (in g/100g). The MOR and SSZ fields are from Aldanmaz (2012). The fields are 
from the Coast Range ophiolite (CRO) of California in North American Cordillera (Choi et al. 2008 & references therein).
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including examples of less serpentinized MOR and 
SSZ peridotite (e.g. Godard et al. 2008; Aldanmaz et 
al. 2009; Saccani et al. 2010; Dokuz et al. 2011; Uysal 
et al. 2012). Magmatic processes in the mantle wedge 
can contribute to this enrichment (Niu 2004). Garrido 
et al. (2005) suggested that serpentine dehydration is a 
source of LILE, Pb and Sr fluid leached from the slab 

and transported into the mantle wedge. However, in 
the case of Darreh Deh lherzolite, primary magmatic 
clinopyroxenes are more depleted in Sr and Ba (Fig. 
4B) compared to the bulk rock (Fig. 6E), indicating 
that Pb, Sr and Ba could have been partially enriched 
after seafloor weathering and/or serpentinization (e.g. 
Niu 2004; Deschamps et al. 2013). 

Fig. 9. Composition of clinopyroxene and orthopyroxene from lherzolite and harzburgite of the Nain Ophiolite: (A), (B), (C) 
and (D) Cr# versus Al2O3, TiO2, Na2O and Cr2O3 (in g/100g) (=Cr/Cr+Alvi); (E) Yb versus Dy (in µg/g). The MOR and SSZ 
fields are from Aldanmaz (2012). Major element oxides are in g/100g and trace elements are in µg/g.
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5.2.2. Clinopyroxene composition

The average Al2O3, Na2O and TiO2 concentrations and 
Cr# and Mg# of clinopyroxene and orthopyroxene 
from Darreh Deh meta-lherzolite (Fig. 8) are compa-
rable to those from lherzolites from the central parts 
of this ophiolite (investigated by Pirnia (2007)), of 
abyssal peridotite (e.g. Choi et al. 2008 & references 
therein) and of MOR peridotites (e.g. Aldanmaz 2012; 
Saccani et al. 2010) which all have Yb>0.5 µg/g and 
Dy>1 µg/g (Fig. 9). In addition, the compositions of 
clinopyroxene and orthopyroxene in Darreh Deh har-
zburgite closely resemble those of SSZ peridotites 
(Figs. 8 and 9). 

The chondrite-normalized REE patterns for clino-
pyroxenes in Darreh Deh lherzolite (Fig. 4A) show an 
affinity with the average composition of samples from 
Pirnia (2007), and those of MOR mantle peridotites 
formed by low degrees of partial melting (e.g. Atlantis 
II Fracture Zone, Johnson & Dick 1992; Red Hills pe-
ridotite in the Dun Mountain ophiolite of South Island, 
New Zealand, Sano & Kimura 2007). In contrast, the 
clinopyroxenes of SSZ peridotites (e.g. Hellenic Pen-
insula, Pindos and Bulqiza in Albania; Bizimis et al. 
2000) are well characterized by a largely flat REE pat-
tern with LREE enrichment. On the primitive mantle 
normalized diagram (Fig. 4B) the HFSE and LILE of 
our samples strongly overlap with those of the Red 
Hills MOR peridotites. 

The LREE (La, Ce, Pr, Nd) and Zr abundances of 
clinopyroxenes from Darreh Deh lherzolites are more 
depleted (Fig. 4B) than the bulk-rock compositions 
(Fig. 6E) and in this respect they resemble clinopy-
roxenes of abyssal MOR peridotites (e.g. Niu 2004). 
The bulk rock probably underwent post-melting LREE 
refertilization. However, Nb shows an inverse pattern 
possibly caused by later serpentinization. Nui (2004) 
and experimental studies on distribution coefficients 
(Foley et al. 1999; Green et al. 2000; Tiepolo et al. 
2000) have confirmed DZr<DHf. Therefore, the fact 
that Hf/Zr of clinopyroxene (~0.22) is higher than that 
of bulk rock (~0.02) strongly points to control by a 
magmatic process rather than later serpentinization or 
weathering.

The correlations among Dy, Nd, Zr, Yb, and Ti in 
clinopyroxene (Figs. 10A, B and C) and Cr# of Cr-
spinel (Fig. 10D) indicate 6 to 10% partial melting for 
Cretaceous lherzolites (samples from Pirnia 2007), 
but slightly higher partial melting degrees for the Ju-
rassic Darreh Deh lherzolite (this study), indicating 
formation by depletion of a fertile mantle peridotite by 
extraction of a basaltic component. 

The model of Wood & Blundy (1997) was used 
to calculate the original lherzolitic melt composi-
tion (Table 8). The melt that resulted from reaction 
between melt and peridotite was not only undersatu-
rated in orthopyroxene (or silica) but also saturated in 
clinopyroxene (Seyler et al. 2007). In this method, the 
major elements of clinopyroxene in Darreh Deh lher-
zolite are used to calculate the Kdcpx/melt, Mg# and REE 
composition of the primitive melt in equilibrium with 
clinopyroxene in lherzolite. Pressure and temperature 
calculation were performed using the approach of Ni-
mis & Taylor (2000) and yielded an average tempera-
ture and pressure of ~1100 °C and 21 kbar. The Kdcpx/

melt values are >1 for the HREE. Fig. 4A compares the 
chondrite-normalized REE patterns of clinopyroxene, 
calculated primitive melt and the bulk rock composi-
tions. The HREE abundance of the calculated melt is 
between that of the clinopyroxene (Fig. 4A) and bulk 
lherzolite (Fig. 6A), indicating a MOR affinity and 
<10% of partial melting for the formation of Darreh 
Deh lherzolite. 

5.2.3. Cr-spinel composition

Cr-spinel and coexisting olivine in lherzolite are with-
in the compositional range of mid-ocean ridge perido-
tite (e.g. Dick 1989, Pearce et al. 2000 & references 
therein). Plotting Mg# versus Cr# of Cr-spinels (Fig. 
10E), it can be seen that Darren Deh lherzolite overlaps 
with abyssal Alpine I-type peridotites, and harzburgite 
with fore-arc peridotites. The low TiO2 contents (<0.06 
g/100g) of Cr-spinel from lherzolite can be attributed 
to their residual nature. Mn and Cr/Al increments in 
Cr-spinel support the partial melting model. Partial 
melting degrees of 7.8-8.5% and 16.8% are calculat-
ed for, respectively, Darreh Deh lherzolite and harz-
burgite, using the equation F = 10xln (Cr#spinel) + 24 
(Hellebrand et al. 2001). The partial melting degrees 
are partly higher than calculated for samples of Pir-
nia (2007). However, the higher 16.8% partial melting 
degree calculated for the replacive harzburgite could 
be related to Cr enrichment by the melt-rock reactions 
(and Cr release by incongruent pyroxene dissolution), 
rather than to partial melting (e.g. Kubo 2002). 

5.3. Early Mesozoic melt-rock reaction and 
tectonism history in Nain Ophiolite

Early Permian to Middle Permian – Early Triassic 
opening of the Neo-Tethys Ocean between the Iranian 
and Arabian plates (e.g. Agard et al. 2011), followed 
by Late Triassic closure of Paleo-Tethys ocean dur-
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Fig. 10.
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ing the Cimmerian orogeny (e.g. Samadi et al. 2014, 
and references therein) resulted in a complex tectonic 
evolution from mid-ocean ridge spreading (i.e. Trias-
sic western branch and Jurassic eastern branch of Neo-
Tethys Ocean; Fig. 11A) to intra-oceanic subduction in 
the Nain Ocean (Fig. 11B). 

During the mid-Cimmerian Orogeny in the Early 
Jurassic (around 188 Ma, Table 1), partial melting of 
subducting Nain oceanic crust produced a tholeiitic, 
clinopyroxene-saturated and HREE-enriched melt 
that was involved in the formation of replacive har-
zburgite and dunite, and was emplaced as diabase 
dikes and lavas. The interaction between melt and 
lherzolitic wall rocks is characterized by formation of 
replacive olivine (Olr) due to incongruent melting of 
orthopyroxene, and formation of Cr-spinel in harzbur-
gite. This produced harzburgite and eventually dunite 
containing secondary olivine, lower amounts of clino-
pyroxene, higher Cr# in Cr-spinel, flatter bulk rock 
chondrite-normalized HREE patterns, and extremely 
high bulk rock Ni/Yb ratios (>6). During these events, 
mantle peridotites were partially and weakly hydrated 
and serpentinized.

Subsequently, convergence between Sanandaj – 
Sirjan zone and the CEIM (Fig. 11C) caused ophiol-
ite obduction and accretion and/or collision processes 
that were associated with high-grade regional meta-
morphism of upper amphibolite- to lower granulite-fa-
cies conditions. Metamorphism affected the complete 
ophiolite sequence, ranging from Darreh Deh mantle 
peridotites (~ 630-700 °C and 7-15 kbar) and the diaba-
sic dikes within them, to the basalts and pillow lavas (~ 
650 to 800 °C and 7-8 kbar; Shirdashtzadeh et al. 2010, 
2011, Torabi et al. 2011b). Ocean floor metamorphism 
typically shows temperatures increasing with depth. 
However, the high P-T conditions of metamorphism of 
the Darreh Deh peridotites are similar to those cal-
culated for the amphibolitized basic rocks (diabasic 
dikes within the mantle peridotites, basalts and pillow 
lavas; Shirdashtzadeh et al. 2010). Thus, the similar 

degree of metamorphism in this ophiolite sequence 
from its bottom (mantle peridotites and diabasic dikes) 
to its top (basalt and lavas) indicates that it was a con-
sequence of accretion and/or collision processes that 
followed basin closure, rather than an ocean-floor 
metamorphism that occurred near a spreading ridge or 
metamorphism in an oceanic subduction zone. If, for 
example, metamorphism of the lherzolite had taken 
place in a near-ridge ocean floor setting, or during slab 
subduction, then we would expect different metamor-
phic textures in harzburgites and dunites that formed 
in a supra-subduction zone and at shallower depths. 
The melt-rock reaction would have largely overprinted 
and recrystallized the metamorphic textures. How-
ever, the evidence for a prograde metamorphic over-
print seen in the SSZ harzburgites and dunite confirms 
that it occurred after the melt-rock interactions. This 
amphibolite-facies metamorphic stage is character-
ized by the formation in Darreh Deh mantle perido-
tites of metamorphic olivine neoblasts (Ol2), talc and 
tremolite. In contrast, mantle peridotites in the central 
parts of the Nain Ophiolite (e.g. Pirnia 2007; Torabi 
2008; Ghazi et al. 2011) lack any signs of this meta-
morphism as a result of serpentinization and effects of 
Cretaceous-age ascending melts. Cretaceous (~Albian 
to Cenomanian) melt–rock reactions in an SSZ system 
active in the Nain Ocean (Fig. 11D) produced harzbur-
gite, dunite, gabbros, sheeted and diabasic dikes, mas-
sive basalts, and pillow lavas (e.g. Pirnia 2007; Ghazi 
et al. 2011; Shirdashtzadeh et al. 2011). 

Finally, spreading in this ocean gradually ceased 
in the early Upper Cretaceous and basin closure was 
initiated (Fig. 11E), culminating in obduction and jux-
taposition of ocean crust along the Nain – Baft fault, 
thus forming the Nain and Ashin ophiolites. There-
fore, traces of Cretaceous-age melt-rock reactions 
in Nain Ophiolite are best preserved in most of the 
studied outcrops (e.g. Pirnia 2007; Pirnia et al. 2010; 
Torabi 2008; Ghazi et al. 2011), but little evidence has 
been found for older (Jurassic) melt-rock reactions, ex-

Fig. 10. (A), (B) and (C) Plot of Dy, Nd and Zr versus Ti of clinopyroxene in lherzolite; (D) Cr# in clinopyroxene versus Yb 
of spinel in lherzolite; (E) Mg# of spinel versus Cr# of olivine in lherzolite and harzburgite (Arai 1994). Diagrams modi-
fied after Aldanmaz et al. (2009). The abyssal peridotite composition is from Johnson et al. (1990), Johnson & Dick (1992) 
and Hellebrand et al. (2001). The SSZ peridotite composition is from Aldanmaz et al. (2009). The partial melting curves 
show the degree of hydrous and anhydrous partial melting. Major element oxides are in g/100g and trace elements are in 
µg/g), (F) Mg# versus Cr# of Cr-spinels in lherzolite and harzburgite of the Nain Ophiolite (after Arai, 1994). The abyssal 
and fore-arc peridotites are from Tamura & Arai (2006) and the Alpine I-type peridotites are from Dick & Bullen (1984). 
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pect for the Darreh Deh peridotites (this study). Thes 
latter underwent amphibolite-facies metamorphism 
similar to the metabasic rocks in the same ophiolite 
(e.g. Shirdashtzadeh et al. 2010) but were preserved 
from serpentinization and/or overprinting by ascend-
ing melts in Cretaceous times. 

6. Conclusions

The Nain Ophiolite is a remnant of the long-lived, 
Early Jurassic to upper Early Cretaceous - Paleocene 
Nain Ocean. The Jurassic Darreh Deh mantle perido-
tites form an individual, isolated massif exposed in the 
east of the Nain Ophiolite. The REE compositions of 
Darreh Deh metamorphosed peridotites and the clino-
pyroxene and Cr-spinel compositions indicate that the 
peridotites are comparable to published data for the 
Nain Ophiolite mantle peridotites, but that the Darreh 
Deh samples record slightly higher degrees of partial 
melting and more advanced melt–rock reactions. The 
Darreh Deh peridotites are MOR-type mantle lherzo-
lites that later, in a supra-subduction zone setting, were 
transformed into harzburgite and dunite during inter-
action with ascending melts. 

Regional metamorphism related to ophiolite ob-
duction and accretion and/or collision processes in-
duced by convergence between the Sanandaj – Sirjan 
zone and the CEIM affected the Darreh Deh ultramaf-
ic rocks. The mantle peridotites have the characteristic 
mineral assemblages Ol1 + Cpx + Opx + Cr-Spl + Atg 
+ Ol2 + Tlc + Tr + Chl that formed under amphibolite-
facies conditions of ~630-700 °C and 7-15 kbar that 
were similar those of metamorphosed diabasic dikes, 
basalts and pillow lavas in the same ophiolite. 

The Nain oceanic spreading system was reacti-
vated in the Cretaceous (~Albian to Cenomanian) 
and consequently, melt-rock reactions with ascending 
melts caused the formation of harzburgite and dunite 
after lherzolites. The effects of serpentinization and 
Cretaceous melt-rock reactions obscured the evidence 
for earlier, Jurassic melt-rock reactions and metamor-
phism in the mantle peridotites of this ophiolite, ex-
cept in the Darreh Deh area in its eastern part.
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Table 1. Published K/Ar, Ar/Ar and U-Pb age results for gabbros, plagiogranite and tonalitic dikes in the Nain Ophiolite.

Reference Method Mineral Rock type Age (Ma)
Moghadam et al. (2013) U-Pb Zircon Plagiogranite 102.6-103.1
Moghadam et al. (2009) K-Ar Amphibole Amphibole-bearing gabbros 93.4±3.6
Hassanipak & Ghazi (2000) Ar-Ar Amphibole Hornblende gabbro 101.2±0.9
      99.7±0.9 
      99±1.2
Sharkovski et al. (1984) K-Ar Amphibole Gabbro-plagiogranite1 188 
    Gabbro-plagiogranite2 98 
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Table 2. Representative microprobe data for olivines from metamorphosed Darreh Deh peridotites, and their calculated 
structural formula based on 4 oxygen atoms (Hz = harzburgite, Lhz = lherzolite, Ol1 = magmatic olivine, Ol2 = metamorphic 
olivine, Olr = replacive olivine). Note: bd = below detection limit. 
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Table 3. Representative microprobe data for clinopyroxene and orthopyroxene in Darreh Deh metamorphosed peridotites 
and calculated structural formula based on 6 oxygen atoms (Hz = harzburgite, Lhz = lherzolite). LA-ICP-MS data of 
samples marked with “*” are listed in Table 4.
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Table 4. Microprobe and LA-ICP-MS data for clinopyroxene from Darreh Deh metamorphosed lherzolite. Chondrite nor-
malization factors are from McDonough & Sun (1995). 
Note: Eu/Eu*= Eun/(Smn+Gdn)0.5

Darreh Deh Data from Pirnia (2007)

Sample no. 901* 902* 903* 904* Cpx -1 Cpx -2 Cpx -3 Cpx -4 Cpx -5 Cpx -6 Cpx -7 Cpx -8 Cpx -9

 (g/100g)

SiO2 51.94 51.84 51.62 51.76   51.75 50.98 50.08 50.96 50.38 50.71 50.28 51.15 49.49
TiO2 0.13 0.17 0.14 0.16   0.16 0.09 0.20 0.09 0.19 0.21 0.16 0.15 0.18
Al2O3 5.80 5.88 5.76 6.04   5.11 5.53 5.86 5.49 5.49 6.12 5.52 5.70 5.48
Cr2O3 1.10 1.14 1.07 1.10   0.87 1.08 1.15 1.15 1.03 1.12 1.17 1.06 1.08
FeO 2.99 2.86 2.90 3.41   3.71 3.75 2.72 3.08 2.82 2.95 2.75 3.28 2.77
MnO 0.10 0.09 0.08 0.08   0.09 0.06 0.09 0.12 0.11 0.14 0.15 0.12 0.09
MgO 16.63 16.78 16.62 18.57   18.99 18.85 16.24 17.26 16.29 16.73 16.22 17.90 17.60
CaO 21.90 22.13 22.20 19.56   17.97 18.71 21.74 20.41 20.74 20.60 22.44 19.45 20.37
Na2O 0.29 0.26 0.26 0.22   0.35 0.31 0.46 0.36 0.43 0.41 0.42 0.37 0.33
NiO 0.01 - - -   0.11 0.09 0.04 0.04 0.01 0.06 0.04 0.07 0.07
Sum 100.92 101.18 100.71 100.96   99.11 99.44 98.58 98.99 97.49 99.04 99.14 99.24 97.45
 (µg/g)
Li 2.604 1.685 1.411 1.509 3.054 2.302 3.918 3.724 3.654 2.644 3.364 3.174 2.500
Rb 0.079 0.031 0.081 0.206 < 0.027 < 0.034 < 0.033 < 0.019 < 0.065 0.215 < 0.008 < 0.013 < 0.011
Sr 0.316 < 0.161 0.238 1.037 0.135 0.108 0.318 0.421 1.441 0.466 0.435 0.71 0.361
Y 6.905 6.869 7.127 6.707 7.462 7.358 7.498 8.308 7.446 7.167 8.259 7.88 7.939
Zr 0.196 0.180 0.215 0.204 0.358 0.378 0.4 0.453 0.445 0.391 0.435 0.427 0.419
Nb 0.080 0.086 0.090 0.081 0.059 0.052 0.05 0.064 0.073 0.075 0.057 0.073 0.065
Ba 0.146 0.111 0.153 0.923 0.029 < 0.026 0.16 0.121 0.537 0.128 0.198 0.374 0.143
La < 0.001 < 0.001 < 0.002 < 0.001 < 0.000 < 0.002 < 0.002 < 0.001 < 0.000 < 0.000 < 0.001 < 0.001 < 0.002
Ce < 0.002 < 0.003 < 0.002 < 0.002 < 0.003 < 0.001 < 0.005 < 0.001 < 0.003 < 0.003 < 0.004 < 0.003 < 0.004
Pr < 0.005 0.005 < 0.003 < 0.004 < 0.008 < 0.004 < 0.011 < 0.010 < 0.007 < 0.007 < 0.009 < 0.011 < 0.006
Nd 0.096 0.100 0.097 0.092 0.195 0.201 0.172 0.196 0.186 0.206 0.223 0.214 0.227
Sm 0.207 0.209 0.220 0.214 0.269 0.312 0.287 0.318 0.281 0.301 0.321 0.305 0.281
Eu 0.109 0.105 0.114 0.107 0.154 0.119 0.124 0.161 0.138 0.135 0.159 0.164 0.147
Ti 761 1019 833 941   516 1217 516 1145 1259 941 917 1103
Gd 0.610 0.571 0.636 0.593 0.713 0.710 0.761 0.826 0.745 0.720 0.818 0.845 0.787
Tb 0.136 0.132 0.141 0.141 0.18 0.141 0.144 0.158 0.162 0.153 0.18 0.181 0.175
Dy 1.135 1.159 1.224 1.144 1.224 1.318 1.32 1.466 1.325 1.204 1.435 1.406 1.358
Ho 0.263 0.272 0.291 0.268 0.303 0.285 0.286 0.324 0.285 0.288 0.342 0.321 0.323
Er 0.789 0.794 0.837 0.787 0.89 0.837 0.861 0.965 0.884 0.818 0.981 0.956 0.861
Tm 0.120 0.120 0.122 0.109 0.12 0.134 0.137 0.133 0.119 0.127 0.142 0.145 0.14
Yb 0.795 0.792 0.880 0.762 0.717 0.904 0.754 1.017 0.807 0.811 0.95 0.955 0.906
Lu 0.116 0.111 0.120 0.104 0.107 0.113 0.109 0.119 0.116 0.115 0.132 0.121 0.11
Hf < 0.047 < 0.048 < 0.056 < 0.057 0.055 0.055 0.078 0.092 0.083 0.086 0.095 0.08 0.088
Ta < 0.002 < 0.001 < 0.004 < 0.003 < 0.003 < 0.004 < 0.005 < 0.001 < 0.001 < 0.002 < 0.004 < 0.002 < 0.002
K 50 - - -   66 - 224 - - 8 - - -
Pb < 0.013 < 0.014 < 0.011 < 0.018 < 0.038 < 0.059 < 0.078 < 0.087 < 0.113 < 0.090 < 0.046 < 0.038 < 0.040
Th < 0.002 < 0.003 < 0.001 < 0.001 < 0.004 < 0.002 < 0.009 < 0.003 < 0.000 < 0.000 < 0.002 < 0.001 < 0.001

Ratios: Average: Average:

Eu/Eu* 0.94 0.93 0.93 0.92 0.93 1.07 0.77 0.81 0.96 0.92 0.88 0.95 0.98 0.95 0.92
Smn/Lun 0.3 0.31 0.3 0.34 0.31 0.42 0.46 0.44 0.44 0.4 0.44 0.4 0.42 0.42 0.43
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Table 5. Representative microprobe data for chromian spinel in Darreh Deh metamorphosed peridotites and their calcu-
lated structural formula based on 32 oxygen atoms.
Note: F = 10xln (Cr#Spinel)+24; *: Data from Pirnia (2007).

Rock sample Lhz Lhz Lhz Lhz Lhz Lhz Lhz Lhz Lhz Lhz Lhz Lhz lhz* lhz* Hz Hz* Hz* Hz*

Point No. 20 55 56 57 82 83 84 289 290 292 293 301 68 69 330 46 47 48

(g/100g)

SiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00

TiO2 0.05 0.04 0.05 0.03 0.05 0.06 0.07 0.04 0.04 0.05 0.03 0.04 0.05 0.07 0.22 0.05 0.02 0.04

Al2O3 48.75 48.54 48.66 48.66 49.10 49.23 49.45 48.05 49.00 48.74 48.59 48.13 49.13 50.36 26.31 32.95 33.25 32.76

Cr2O3 19.62 19.24 19.27 19.34 19.44 19.67 19.20 18.14 17.95 18.90 19.14 18.82 18.81 17.64 37.01 34.83 34.50 34.75

FeO 12.05 13.30 13.48 13.49 12.07 11.94 12.25 12.89 13.04 11.83 11.80 13.05 12.79 12.47 23.06 16.17 15.83 16.11

MnO 0.16 0.13 0.13 0.18 0.13 0.15 0.11 0.14 0.10 0.16 0.16 0.14 0.14 0.12 0.30 0.20 0.21 0.20

MgO 18.65 18.26 18.30 18.32 18.91 19.21 19.14 18.34 18.46 19.30 19.19 18.98 18.27 18.39 11.50 15.21 15.41 14.71

CaO 0.00 0.00 0.02 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.02 0.01 0.01 0.02 0.00 0.01 0.02 0.00

Na2O 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.03 0.01 0.02 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00

K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

NiO 0.28 0.26 0.30 0.28 0.25 0.29 0.29 0.25 0.24 0.30 0.29 0.26 0.00 0.00 0.12 0.00 0.00 0.00

Sum 99.55 99.77 100.21 100.32 99.96 100.56 100.52 97.88 98.85 99.29 99.23 99.43 99.20 99.05 98.55 99.44 99.24 98.56

(a.p.f.u.)

Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.04 0.01 0.00 0.01

Al 12.42 12.38 12.37 12.35 12.44 12.39 12.44 12.44 12.54 12.39 12.37 12.27 12.54 12.80 7.66 9.07 9.14 9.11

Cr 3.35 3.29 3.29 3.29 3.30 3.32 3.24 3.15 3.08 3.23 3.27 3.22 3.22 3.01 7.23 6.43 6.36 6.48

Fe3+ 0.21 0.31 0.33 0.34 0.25 0.27 0.29 0.39 0.36 0.37 0.35 0.50 0.23 0.17 1.02 0.48 0.49 0.39

Fe2+ 1.97 2.09 2.10 2.09 1.92 1.86 1.90 1.97 2.01 1.77 1.79 1.86 2.09 2.08 3.74 2.68 2.60 2.79

Mn 0.03 0.02 0.02 0.03 0.02 0.03 0.02 0.03 0.02 0.03 0.03 0.03 0.03 0.02 0.06 0.04 0.04 0.04

Mg 6.01 5.89 5.88 5.88 6.06 6.12 6.09 6.01 5.98 6.21 6.18 6.12 5.90 5.91 4.24 5.29 5.33 5.18

Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 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 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ni 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00

Sum 24.01 24.01 24.01 24.01 24.00 24.01 24.01 24.01 24.01 24.01 24.01 24.01 24.00 24.00 24.00 24.00 24.00 24.00

Cr# 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.20 0.20 0.21 0.21 0.21 0.20 0.19 0.49 0.41 0.41 0.42

Mg# 0.75 0.74 0.74 0.74 0.76 0.77 0.76 0.75 0.75 0.78 0.78 0.77 0.74 0.74 0.53 0.66 0.67 0.65

F 8.52 8.39 8.39 8.42 8.39 8.46 8.23 8.01 7.77 8.22 8.35 8.29 7.91 7.39 16.77 15.08 15.08 15.32
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Table 6. Representative microprobe data for amphibole (T: tremolite, TH: tremolitic hornblende; classification of Leake et 
al. 1997), chlorite (C: clinochlore, TC: talc-chlorite; classification of Hey 1954), and serpentine (L: lizardite, C: chrysotile, 
based on Raman spectrometry) and the calculated structural formula based on 23, 28 and 7 oxygen atoms, respectively 
(Darreh Deh metamorphosed lherzolite).

Mineral type amphibole chlorite serpentine

Sample no. 87 99 304 306 79 98 81 295 291 101 90 91 74 75 297 303 64 65

(g/100g)

SiO2 54.50 57.02 56.31 55.16 53.11 54.05 54.23 54.16 33.66 33.55 37.77 37.52 54.43 50.93 43.83 45.81 34.82 36.09

TiO2 0.08 0.06 0.04 0.10 0.14 0.16 0.04 0.12 0.02 0.00 0.09 0.07 0.02 0.01 0.02 0.06 0.00 0.00

Al2O3 2.54 0.98 2.81 3.33 5.51 3.57 4.48 3.79 13.77 15.35 6.36 5.82 3.49 2.84 5.05 5.98 0.00 0.00

Cr2O3 0.57 0.28 0.27 0.49 0.94 1.02 0.22 1.37 0.10 0.04 1.42 1.27 0.69 0.59 0.43 0.89 0.00 0.00

FeO 3.01 2.63 1.82 1.88 2.43 3.13 2.42 2.64 2.47 3.23 4.72 4.69 1.60 2.45 3.55 2.04 7.03 7.42

MnO 0.10 0.12 0.03 0.02 0.04 0.07 0.07 0.05 0.01 0.01 0.03 0.03 0.00 0.03 0.01 0.02 0.09 0.10

MgO 23.95 22.99 22.78 22.00 20.98 21.71 22.36 21.75 32.96 33.40 35.04 34.84 30.80 31.99 31.67 32.37 39.67 37.95

CaO 10.08 12.68 13.53 13.45 13.38 12.55 12.36 13.07 bd 0.01 0.01 0.01 0.06 0.09 0.14 0.03 0.06 0.04

Na2O 0.62 0.25 0.45 0.49 0.81 0.81 0.71 0.57 bd bd 0.01 bd 0.12 0.03 0.04 0.08 bd bd

K2O 0.02 0.01 0.03 0.02 0.02 0.02 0.03 0.03 0.01 bd 0.01 0.02 0.02 0.04 0.01 0.01 bd bd

NiO 0.06 0.07 0.07 0.07 0.07 0.06 0.08 0.07 bd bd bd bd 0.13 0.11 0.11 0.16 0.33 0.31

Sum 95.53 97.09 98.16 97.00 97.43 97.14 96.98 97.61 83.00 85.59 85.43 84.26 91.35 89.12 84.86 87.43 81.99 81.92

(a.p.f.u.)

Si 7.64 7.82 7.67 7.63 7.36 7.47 7.46 7.45 6.59 6.40 7.30 7.36 2.33 2.26 2.08 2.09 1.81 1.87

Ti 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00

Altotal - - - - - - - - - - - - 0.18 0.15 0.28 0.32 0.00 0.00

AlIV 0.36 0.16 0.33 0.37 0.64 0.53 0.54 0.55 1.41 1.60 0.70 0.65 - - - - - -

AlVI 0.06 - 0.12 0.17 0.26 0.05 0.19 0.06 1.76 1.85 0.75 0.70 - - - - - -

Cr 0.06 0.03 0.03 0.05 0.10 0.11 0.02 0.15 0.02 0.01 0.22 0.20 0.02 0.02 0.02 0.03 - -

Fetotal - - - - - - - - - - - - 0.06 0.09 0.14 0.08 0.31 0.32

Fe3+ 0.00 0.30 0.10 - 0.06 0.36 0.28 0.30 - - - - - - - - - -

Fe2+ 0.35 - 0.11 0.22 0.22 - - - 0.41 0.52 0.76 0.77 - - - - - -

Mn 0.01 0.01 - - 0.01 0.01 0.01 0.01 - - - 0.01 - - - - - 0.01

Mg 5.01 4.70 4.63 4.54 4.33 4.47 4.59 4.46 9.62 9.50 10.10 10.18 1.97 2.12 2.24 2.20 3.07 2.93

Ca 1.51 1.86 1.98 1.99 1.99 1.86 1.82 1.93 - - - - - - 0.01 - - -

Na 0.17 0.07 0.12 0.13 0.22 0.22 0.19 0.15 - - - - 0.01 - - 0.01 - -

K - - 0.01 - - - 0.01 - - - - - - - - - - -

Ni - 0.01 0.01 0.01 0.01 0.01 0.01 0.01 - - - - - - - 0.01 0.01 0.01

Sum 15.19 14.96 15.10 15.13 15.21 15.10 15.12 15.08 19.77 19.85 19.81 19.83 4.57 4.66 4.77 4.74 5.20 5.13

Mg# 93.47 - 97.68 95.38 95.16 - - - 95.91 94.81 93.00 92.97 - - - - - -

Fe# - - - - - - - - 0.04 0.05 0.07 0.07 - - - - - -

Cr# - - - - - - - - - - - - 0.12 0.12 0.94 0.09 - -
Mineral 
Classification T T T T TH TH TH TH C C TC TC C C C C L L

Product of: Cpx Cpx Opx Opx Cpx Cpx Opx Opx  Cr-Spl  Cr-Spl Cpx Cpx Opx Opx Opx Opx Ol Ol
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Table 7. Bulk rock compositions of metamorphosed Darreh Deh metamorphosed mantle peridotites (major element oxides, 
V, Cr and Zn obtained by XRF; the other elements obtained by ICP-MS). * = XRF data of mantle peridotite from Torabi 
(2013), ** = ICP-MS data of mantle peridotite from Ghazi et al. (2011). Abbreviations: meta= metamorphosed, Lhz= lher-
zolite, Hz= harzburgite, Du = dunite. 
Sample no. L- N223-2 L- N27* L-N29* L-N30* BKB-1 M** BPV-12M **- BKB-12 M** H- N214-2 H-N35* H-N36* H-N37* D- N206-2 D-N38* D-N39*
Rock type meta Lhz Lhz Lhz Lhz Lhz Lhz Lhz meta Hz Hz Hz Hz meta Du Du Du

(g/100g)
SiO2 41.18 41.18 39.45 38.63 36.50 39.10 38.67 41.06 38.56 37.81 38.49 39.06 36.90 38.83
TiO2 bd bd bd bd 0.01 0.03 0.03 bd bd bd bd bd bd bd
Cr2O3 0.45 bd bd bd bd bd bd 0.41 bd bd bd 0.41 bd bd
Al2O3 1.90 1.71 1.48 1.53 1.14 1.99 2.02 0.59 1.07 0.95 0.71 0.39 0.77 0.59
FeO* 7.19 7.02 7.30 6.87 7.63 7.86 8.14 7.41 6.33 6.43 6.06 7.20 6.51 6.07
MnO 0.12 0.13 0.14 0.11 0.10 0.11 0.11 0.12 0.09 0.10 10.00 0.11 0.12 0.11
MgO 38.84 36.90 37.52 38.78 41.70 39.30 37.63 41.77 38.54 37.90 38.63 41.79 38.10 37.92
CaO 2.10 2.24 2.06 1.75 1.15 2.03 3.17 0.64 1.33 1.00 0.91 0.35 0.62 0.51
Na2O 0.16 0.04 0.03 0.03 0.03 bd 0.01 0.20 0.03 0.02 0.03 0.14 0.01 0.05
K2O bd 0.03 0.01 0.01 0.13 0.13 0.88 bd 0.01 bd 0.02 bd bd 0.01
NiO 0.24 bd bd bd bd bd bd 0.27 bd bd bd 0.28 bd bd
P2O5 bd bd bd bd 0.01 0.03 0.02 bd bd bd bd 0.01 bd bd
LOI 8.01 11.24 10.81 10.26 10.79 8.95 9.50 7.68 12.43 12.70 13.09 10.31 12.50 13.49
Sum 100.19 100.49 98.80 97.97 99.19 99.53 100.18 100.15 98.39 96.91 107.94 100.05 95.53 97.58
Mg# 84.38 84.02 83.72 84.96 84.53 83.33 82.22 84.94 85.88 85.49 86.45 85.31 85.40 86.19

(µg/g)
Be 0.01 - - - - - - 0.01 - - - 0.01 - -
Sc 14.02 12 11 10 9 12 14.22 11.3 11 9 8 9.7 7 8
Ti 0.03 - - - - - - 0.02 - - - 0.01 - -
V 71.4 53 49 54 4 65 60.84 38.06 45 40 38 34.6 35 40
Cr 3060 - - - 1732 2294 2313 2770 - - - 2791 - -
Co 95 110 100 98 11 107 100.93 104 106 115 104 105 115 112
Ni 1896 - - - 1851 1809 1551 2114 - - - 2170 - -
Cu 11 - - - 3.76 19.1 15.55 1 - - - 2.7 - -
Zn 47.4 - - - 57 57 53.9 41.2 - - - 34.7 - -
Ga 2.61 - - - - - - 1.29 - - - 1.17 - -
As 0.71 - - - - - - 0.26 - - - 0.42 - -
Rb <0.5 - - - 0.22 0.21 0.22 <0.5 - - - <0.5 - -
Sr 22.6 - - - 17 13 16.4 97 - - - 11.6 - -
Y 1.05 - - - 0.92 0.93 1.35 0.27 - - - 0.17 - -
Zr <5 - - - 1.74 0.56 1.21 <5 - - - <5 - -
Nb <0.1 - - - 0.05 0.03 0.03 <0.1 - - - <0.1 - -
Mo 0.05 - - - - - - <0.05 - - - 0.86 - -
Cd 0.06 - - - - - - 0.06 - - - 0.05 - -
Sn 0.3 - - - - - - 0.2 - - - 0.28 - -
Sb 0.24 - - - - - - 0 - - - 0.18 - -
Cs 0.02 - - - 0.02 0.01 0.02 0.01 - - - 0.02 - -
Ba 14.9 - - - - - - 8.3 - - - 10.1 - -
La 0.009 <0.16 <0.15 <0.18 0.051 - - 0.008 <0.10 <0.12 <0.09 0.025 <0.08 <0.12
Ce <0.02 - - - 0.125 - 0.080 <0.02 - - - <0.02 - -
Pr 0.009 - - - 0.012 0.001 0.009 0.009 - - - 0.014 - -
Nd 0.054 - - - 0.082 0.023 0.067 0.050 - - - 0.071 - -
Sm 0.021 <0.12 <0.12 <0.10 0.031 0.015 0.034 0.017 <0.10 <0.12 <0.09 0.002 <0.08 <0.12
Eu 0.015 - - - 0.008 0.014 0.019 0.005 - - - 0.008 - -
Gd 0.079 - - - 0.032 0.052 0.065 0.027 - - - 0.018 - -
Tb 0.020 - - - 0.007 0.016 0.013 0.005 - - - 0.004 - -
Dy 0.151 <0.20 <0.18 <0.20 0.080 0.126 0.131 0.042 <0.25 <0.20 <0.24 0.027 <0.20 <0.22
Ho 0.039 - - - 0.021 0.035 0.032 0.012 - - - 0.005 - -
Er 0.126 - - - 0.068 0.124 0.101 0.034 - - - 0.022 - -
Tm 0.021 - - - 0.008 0.027 0.019 0.005 - - - 0.002 - -
Yb 0.144 <0.10 <0.10 <0.09 0.084 0.170 0.124 0.043 <0.10 <0.11 <0.10 0.023 <0.10 <0.12
Lu 0.022 - - - 0.015 0.028 0.020 0.008 - - - 0.005 - -
Hf - - - - 0.03 0.02 0.03 - - - - - - -
Ta <0.005 - - - - - - <0.005 - - - <0.005 - -
W 0.2 - - - - - - 0.01 - - - 0.05 - -
Pb 0.12 - - - 1.52 1.63 1.61 <0.1 - - - 2.21 - -
Th <0.005 - - - 0.05 0.02 0.03 <0.005 - - - <0.005 - -
U 0.01 - - - - - - <0.005 - - - <0.005 - -
Eu/Eu* 1.52 - - - - - - 1.24 - - - 1.76 - -
Lan/Ybn 0.05 - - - 0.41 - - 0.17 - - - 0.68 - -
Lan/Smn 0.31 - - - 1.03 - - 0.31 - - - 1.25 - -
Gdn/Ybn 0.46 - - - 0.31 0.25 0.42 0.61 - - - 1.21 - -
ΣREE 0.710 - - - 0.624 0.631 0.714 0.265 - - - 0.226 - -
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Table 8. Calculated Kd and melt compositions for Darreh Deh mantle lherzolite based on clinopyroxene composition (data 
from Table 3) using the method of Wood & Blundy (1997).

La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

Average Kd 0.283 0.453 0.676 0.945 1.458 1.656 1.817 1.926 1.974 1.972 1.962 1.905 1.819 1.718 1.614

Melt 901 0.004 0.004 0.007 0.102 0.142 0.066 0.336 0.071 0.575 3.501 0.134 0.414 0.066 0.463 0.072
Melt 902 0.004 0.007 0.007 0.106 0.143 0.063 0.314 0.069 0.587 3.483 0.139 0.417 0.066 0.461 0.069
Melt 903 0.007 0.004 0.004 0.103 0.151 0.069 0.350 0.073 0.620 3.614 0.148 0.439 0.067 0.512 0.074
Melt 904 0.004 0.004 0.006 0.097 0.147 0.065 0.326 0.073 0.579 3.401 0.137 0.413 0.060 0.444 0.064
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