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Middle to Late Paleozoic ophiolites,which are remnants of the Paleo-Tethys Ocean, are aligned in twomain zones
in northern Iran: Darrehanjir–Fariman–Mashhad, and Rasht in the north and Jandagh–Anarak ophiolites to the
south. Our new U–Pb zircon dating results show that the ~200 km long Darrehanjir–Mashhad mafic–ultramafic
body is not a single ophiolite but a composite igneous complex composed of Permian pillow lavas and pelagic
sediments in fault contact with a small outcrop of Devonian intrusive and ultramafic rocks. Darrehanjir intrusive
rocks have U–Pb zircon ages of 380.6 ± 3.7 Ma and 382.9 ± 3.7 Ma respectively, ~100 Ma older than published
ages for gabbros and radiolarites intercalatedwith lavas nearMashhad and Fariman. Mantle peridotites from the
Devonian complex contain low Cr# spinel, similar to that in MORB-type peridotites. Devonian Darrehanjir
gabbros and Permian Mashhad sequences both have boninitic and calc-alkaline signatures, respectively. The
δ18Ozircon values from the Devonian ferrodiorite (δ18Ozircon ~ 4.6 ± 0.3‰) are slightly lower than the 5.2 to
5.4‰ expected for MORB-type zircons whereas Devonian plagiogranitic zircons mostly have δ18Ozircon b5‰,
perhaps reflecting involvement of hydrothermally altered crust. Similar, strongly positive values of zircon
εHf(t) for plagiogranite (av. +14.9) and ferrodiorite (av. +13.8) indicate melt derivation from depleted astheno-
sphere. Darrehanjir–Mashhad ophiolitic rocks can be divided into groups with high εNd (N10.3) and low εNd
(b5.4) for both Permian and Devonian suites. Most Darrehanjir–Mashhad rocks are characterized by radiogenic
207Pb/204Pb and 208Pb/204Pb, indicating the involvement of subducted terrigenous sediments in the source. The
Mashhad–Darrehanjir mafic–ultramafic complex demonstrates that this part of Paleo-Tethys evolved from oceanic
crust formation above a subduction zone in Devonian time to accretionary convergence in Permian time. Iranian
Paleozoic ophiolites and oceanic igneous complexes along with those of the Caucasus and Turkey in the west and
Afghanistan, Turkmenistan and Tibet to the east, define a series of diachronous subduction-related marginal
basins that were active from at least Early Devonian to Late Permian time.

© 2014 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

Ophiolites are fragments of oceanic lithosphere tectonically emplaced
onto continents during orogeny. They are generally exposed along
suture zones, and play a key role in reconstructing the tectonic history
of orogenic belts (e.g., Coleman, 1977; Dilek, 2003). Determining
whether or not an assemblage of mafic and ultramafic rocks is an
ophiolite can be challenging. A complete “Penrose” ophiolite consists
eophysics, Chinese Academy of
Fax.: +86 10 62010846.
ghadam).

na Research. Published by Elsevier B.
of a reasonably intact sequence of oceanic crust and mantle comprising
from top to bottom: pillowed basalts, sheeted dikes, cumulate mafic
and ultramafic rocks, and tectonized peridotite (Anonymous, 1972).
Most ophiolites are highly disrupted by faulting and some of these com-
ponents may be missing, especially sheeted dikes. Some Ligurian
ophiolites have little gabbro or basalt (Nicolas, 1989). But in all cases
ophiolite components formed approximately at the same time, perhaps
differing in age by nomore than ~10Ma. If parts of an ophiolitic assem-
blage are much different than ~10 Ma, then it is unlikely to be an
ophiolite but some other kind of mafic–ultramafic complex. We herein
show that the Mashhad–Darrehanjir “ophiolite” contains components
that differ in age by much more than 10 Ma and thus is a composite
V. All rights reserved.
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mafic–ultramafic complex. Nevertheless, this complex contains impor-
tant information about Paleo-Tethys.

Ophiolites are widely distributed in Iran and can be subdivided into
two main age groups (Fig. 1): 1) Paleozoic ophiolites in northern Iran
and 2) Mesozoic ophiolites further south, around the main Cadomian
continental blocks (e.g., Shafaii Moghadam and Stern, 2011; Shafaii
Moghadam et al., 2013). Paleozoic ophiolites of Iran help define the
location of Paleo-Tethys, and such ophiolites can be traced to the east
and west. Paleozoic ophiolites of southwest Asia are exposed in
Turkey (Kure mélange) and the Caucasus and pass through Iran into
Afghanistan, Turkmenistan and Tibet (e.g., Su et al., 2011; Shi et al.,
2012; Meng et al., 2013). Development of Paleozoic ophiolites in these
regions reflects a long history of continental rifting, ocean propagation,
subduction initiation along the southernmargin of Eurasia, exhumation
of high-pressure rocks, and closure of the Paleo-Tethys oceanic basin
(e.g., Stampfli and Borel, 2002; Bagheri and Stampfli, 2008; Jian et al.,
2009a,b; Dai et al., 2011; Rolland et al., 2011; Buchs et al., 2013;
Omrani et al., 2013; Zanchetta et al., 2013; Zhai et al., 2013). Any links
of Iranian Paleo-Tethys with that of Paleozoic orogens in the Urals
to the north and Central Asian Orogenic Belt (CAOB) to the NE are
Fig. 1. Simplified geological map of Iran emphasizin
buried beneath younger deposits in Turkmenistan, Uzbekistan, and
Kazakhstan.

In southern Eurasia, the Paleo-Tethys Ocean opened in Early Paleo-
zoic time and closed during Triassic time, resulting in Eo-Cimmerian de-
formation in northern Iran and Afghanistan, followed by Middle–Late
Jurassic compression (Boulin, 1988; Zanchi et al., 2009). Paleo-Tethys
opening is reflected in widely distributed alkali to tholeiitic continental
flood basalts (Soltan–Meidan basalts), felsic–mafic plutons (with ages
of ca. 460Ma; Shafaii Moghadam and Stern, 2014) and dolomites, evap-
orites and terrigenous sediments in the Ordovician Ghelli to Lower
Devonian Padeha Formations in north Iran (Stampfli, 1978; Aharipour
et al., 2010). These data show that followingOrdovician–Silurian rifting,
seafloor spreading to widen Paleo-Tethys was diachronous, varying in
age from Devonian to Permian time.

Paleozoic remnants are mainly distributed in north Iran, where
northward subduction of Paleo-Tethys and subsequent collision be-
tween the Iranian Cimmerian blocks and the Turan block (Eurasia)
occurred (Fig. 2). These ophiolitic slices comprise Mashhad, Fariman–
Darrehanjir (in Kopet Dagh), Rasht, Takab and Jandagh–Anarak
ophiolites (Fig. 1). The 200 km long Paleozoic Darrehanjir–Mashhad
g the main ophiolitic belts (thick dashed lines).



Fig. 2. Structural and geological map of northern Iran showing locations of Paleozoic ophiolites and associated units.
Modified after Zanchi et al. (2009).
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mafic–ultramafic complex in northeast Iran has long been interpreted
as an ophiolite (Alavi, 1991; Sheikholeslami and Kouhpeyma, 2012),
unconformably covered byUpper Triassic to JurassicMashhad phyllites.
The complex is best exposed in three places: west of Mashhad,
north of Fariman and northeast of Darrehanjir (Figs. 2 and 3). Expo-
sures of mafic–ultramafic lavas and gabbros near Fariman and
Darrehanjir are also called the Aghdarband ophiolite. Biostratigraphic
Fig. 3. Simplified geologicalmap of theMashhad–Fariman–Darrehanjir ophiolites. Note that plu
the map does not allow these to be separated on this map.
Modified after Zanchetta et al. (2013).
ages for radiolarites intercalated with turbidites and these lavas are
Early Permian (Eftekharnezhad and Behroozi, 1991), Late Early Permian
or Middle Permian (Zanchetta et al., 2013), ~260–290 Ma. These agree
with 40Ar/39Ar dating of hornblende gabbros from the Mashhad
ophiolite with ages of ca. 288 to 282 Ma (Ghazi et al., 2001) and/or
U–Pb zircon dating (262.3 ± 1Ma) of Anarak plagiogranites (Paleozoic
ophiolite outcrops in central Iran; Fig. 1). Early Permian ages for
tonic rocks (gabbros and plagiogranites) are at the contactwith peridotites, but the scale of
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Darrehanjir–Fariman radiolarite micro-faunas may show the last
phases of Paleo-Tethys evolution. The Permian age for interbedded
radiolarites and lavas associated with Mashhad–Darrehanjir gabbros
could represent arc or back-arc extension following subduction and
roll-back of Paleo-Tethys lithosphere (Zanchetta et al., 2013).

In this paper, we report new U–Pb ages and O–Hf isotopic composi-
tions of zircons, whole rock major, trace elements and Sr–Nd–Pb
isotopes as well as mineral compositions of the Mashhad, Fariman
and Darrehanjir mafic–ultramafic complex. Our results reveal that the
Darrehanjir–Mashhad “ophiolite” is a composite igneous complex;
Ar–Ar ages and biostratigraphy from the Fariman–Mashhad ophiolites
indicate Permian age but our U–Pb zircon ages indicate Devonian
crystallization ages for Darrehanjir plutonic rocks. These are both never-
theless fragments of Paleo-Tethys, and we refer to them as such. This
discovery provides additional constraints on the configuration of the
Paleo-Tethys during Devonian to Permian time.

2. Geological setting

Below we separately discuss the field relationships and petrology of
rocks from each of the complexes: Mashhad, Fariman and Darrehanjir.

2.1. Darrehanjir mafic–ultramafic rocks

There is a small outcrop (~5 × 2 km) of plutonic and volcanic rocks
southeast of Mashhad city at Darrehanjir (Fig. 3), near Aghdarband
village. The Paleo-Tethys oceanic fragments here are fragmented and
crushed and their contacts with younger strata are mostly faulted.
Fig. 4. Lithological columns showing pseudo-stratigraphic
Darrehanjirmafic–ultramafic complex consists of amantle sequence in-
cluding serpentinized lherzolites and harzburgites with dunite screens/
layers and gabbroic lenses (~2 × 1 km). Clinopyroxenite to wehrlitic
dikes and sills (av. 20–30 cm wide, but up to 50 cm wide) crosscut the
mantle peridotites (Figs. 4 and 5A). Peridotites were impregnated via
reaction with clinopyroxenitic/wehrlitic sills. Gabbros are medium- to
coarse-grained and locally show layering. These gabbros display a well-
defined, steep north-dipping magmatic foliation (Zanchetta et al.,
2013). The Devonian gabbros have faulted contacts with peridotites
(Fig. 5B). They vary from dry gabbros, leucogabbros, and ferrogabbros–
ferrodiorite to amphibole-bearing varieties. Leucogabbros are abundant
and are enriched in plagioclase with minor clinopyroxene whereas
melagabbros are enriched in clinopyroxene with rare orthopyroxene.
Early plagiogranite, rodingitized gabbroic, and last-stage basaltic–diabasic
dikes crosscut the gabbro (Fig. 5C). Amphibole-bearing gabbros and
diorites are intercalated with amphibole-free gabbros. Because most
volcanic rocks are exposed near Fariman, we suspect that those near
Darrehanjirmay be a tectonic slice of Fariman volcanic rocks. The volcanic
sequence includes basaltic rocks with intercalated carbonate, tuff,
radiolarite and radiolarian shale near the base grading up into Permian
turbidite and phyllitic shale with intercalated volcanic rocks and recrys-
tallized limestone (Fig. 4). Late Permian or younger Qara-Gheitan Forma-
tion (comprising red to green shale, sandstones, mafic lavas and tuffs)
with basal conglomerates (including ophiolitic fragments) rests conform-
ably on the Darrehanjir ophiolite (Eftekharnezhad and Behroozi, 1991).
The plutonic pebbles of basal conglomerates are mostly granite, alkali-
granite, and minor monzonite. U–Pb zircon ages of granitoid pebbles
yield 343 Ma (Early Carboniferous; Karimpour et al., 2011) and 306.7 ±
rock units of the Darrehanjir and Mashhad ophiolites.



Fig. 5. Field photographs of the Darrehanjir–Mashhad Paleozoic ophiolites. A — Clinopyroxenitic dikes/veins within the Darrehanjir lherzolites. B — The faulted contact between the
Darrehanjir gabbros and peridotites. C — Plagiogranitic dike within the Darrehanjir gabbros. D and E — Stratigraphic contact between Miankuhi Formation with basal conglomerate
(E) and the Darrehanjir ophiolites. F and G — Outcrop of pillow lavas in the Fariman and Mashhad ophiolites. H — Intercalation of ultramafic (komatiite) lavas with terrigenous/pelagic
sediments in the Mashhad ophiolite.
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7 and 326.5±6.7Ma (Late Carboniferous) (Zanchetta et al., 2013). These
granitic fragments have initial 87Sr/86Sr that range from 0.7062 to 0.7068
and εNd values ~ −5, indicating that the granite melt involved older
continental crust (Karimpour et al., 2011). In Darrehanjir village, the
mafic rocks are overlain unconformably by Upper Triassic sandstones
and conglomerates (with fossil wood) of the terrestrial Miankuhi
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Formation (Fig. 5D and E). This sequence is also similar to the Middle
Jurassic Kashafrud Formation, which is generally conglomeratic at its
base and is dominated by thick siltstone, sandstone and shale (Robert
et al., 2014).

2.2. Fariman mafic–ultramafic rocks

Mafic–ultramafic rocks are also found west and southwest of
Darrehanjir, along the Fariman–Torbat-e-Jam Fault (Fig. 3). The Fariman
sequence consists of two units (Zanchetta et al., 2013): 1) a lower mé-
lange unit of mica schists, phyllites, metabasalts and marbles with
serpentinites and 2) an upper, more coherent unit including Permian
carbonates with abundant basaltic lava flows interbedded with
volcaniclastic sediments (Fig. 4). Our field observations show that ul-
tramafic lava flows are also present (around Sefid-Sang and Senjedak
villages), intercalated with Permian radiolarite. Recrystallized lime-
stones, tuffaceous slates and phyllites are unconformably overlain by
pelagic sediments and turbidites. Mafic lavas occur as massive flows
but mostly as pillowed lavas and are associated with metamorphosed
limestone (Fig. 5F). These lavas were metamorphosed at greenschist
facies and contain secondary epidote and chlorite. Permian high-Nb,
OIB-type (see next sections) basaltic lavas (transitional basalts of
Zanchetta et al., 2013) are intercalated with metamorphosed pelagic
limestone. Peridotite and serpentinite are rare and occur as tectonic
slices in fault contact with volcano-sedimentary units. Biostratigraphic
data show a Late Early to Middle Permian age for the sediments
(Zanchetta et al., 2013). Further south, both the Darrehanjir and the
Fariman ophiolites are unconformably overlain by clastic sediments of
the Middle Jurassic (Bajocian) Kashafrud Formation. Zanchetta et al.
(2013) suggested that volcano-sedimentary units of the Fariman and
the Darrehanjir ophiolites were deposited during Permian time in a
subsiding basin where siliciclastic turbidites derived from the erosion
of a magmatic arc and its basement were deposited, interfingered
with carbonates and basaltic lava flows with calc-alkaline and transi-
tional (alkaline?) affinities. They interpreted the Fariman–Darrehanjir
ophiolites as remnants of a magmatic arc developed at the southern
margin of Eurasia, above the north-dipping Paleo-Tethys subduction
zone.

2.3. Mashhad mafic–ultramafic rocks

Remnants of Paleo-Tethys oceanic sequences near Mashhad city
(Fig. 3) include three distinct rock assemblages (Alavi, 1991; Ghazi
et al., 2001): 1) ophiolite (Mashhad–Fariman), 2) deep sea turbidites
and other metamorphosed sedimentary rocks (interpreted as an accre-
tionary prism by Alavi, 1991and Ruttner, 1993); and 3) pyroclastic
rocks. The ophiolite comprises ultramafic rocks, gabbro-diorite (locally
layered), and pillow lava (Fig. 5G). Metachert interbedded with marble
(originally pelagic limestone) and meta-terrigenous sediments (turbi-
dites) are locally interlayered with mafic–ultramafic lavas (Figs. 4 and
5H). Layered gabbro and sheeted dikes aremissing (Alavi, 1991). Because
of pervasive serpentinization, Mashhad ophiolite ultramafic lavas and
mantle harzburgites are difficult to distinguish in the field. Two features
help the distinction; i) nearly holocrystalline ultramafic lavas, with
rounded olivines (without spinifex texture); and 2) lavas are interbedded
with marbles, slates and phyllites (originally turbidites).

In Virani village (Fig. 3), a gabbroic dike (2–3 m) crosscuts
serpentinized peridotite. The Virani region contains more mafic (basal-
tic) and ultramafic rocks whereas the Mashhad exposes more volcanic
and sedimentary rocks. Basalts in the Mashhad mafic–ultramafic com-
plex show both E-MORB and arc-type geochemical signatures (Ghazi
et al., 2001). West of Mashhad, Majidi (1981) recognized 15 lava
flows that change from ultramafic to tholeiitic basalt up-section over a
stratigraphic interval of about 2000 m. Ultramafic pillow lavas are also
found 80 km southeast of Mashhad, underlain by hyaloclastic rocks
and overlain by chert. The Mashhad complex is thought to be Early
Permian, based on biostratigraphy and radiometric age determinations.
Pelagic conodonts in chert interbedded with pillow lava, phyllitic
slate and sandy chert are Late Kungurian (Early Permian; Kozur and
Mostler, 1991). Gabbros yield hornblende 40Ar/39Ar crystallization
ages between 281.7 and 287.6 Ma (Artinskian to Sakmarian of Early
Permian; Ghazi et al., 2001). The Mashhad ophiolite is overlain by
metamorphosed sedimentary rocks consisting of slate, phyllite, schist,
and marble with intercalated volcanic rocks (~1–1.5 m. thick for each
lava layer) (Alavi, 1991). Clastic metasediments are interpreted as
deep-water flysch deposits, thought to have accumulated in a Permo-
Triassic accretionary prism (Alavi, 1991; Ruttner, 1993). Acidic to inter-
mediate pyroclastic rocks (with calc-alkaline signatures) including
lapilli tuffs and tuffs associated with lavas in the Mashhad ophiolite
thicken toward the southeast (Torbat-e-Jam). Such pyroclastic and vol-
canic rocks are considered to reflect Silk Road magmatic arc explosive
volcanism (Alavi, 1991), suggesting that these are arc-related (forearc/
backarc) ophiolites. The afore-mentioned ophiolitic metasedimentary
rocks are overlain unconformably by Late Triassic–Early Jurassic shale,
sandstone, and conglomerate (Kashafrud Formation).

3. Petrography

3.1. Darrehanjir mafic–ultramafic rocks

Darrehanjir lherzolites are variably serpentinized but have relicts of
olivine and spinel. Less altered varieties contain large orthopyroxene
(4–5mm)porphyroclasts and smaller (1–2mm) clinopyroxene. Spinels
are red–brown and vermicular to anhedral. Clinopyroxenes are mostly
distributed around the large orthopyroxenes. Dunites are highly
serpentinized with relicts of olivine and brown spinels. Some dunites
have trace clinopyroxene, due to impregnation by wehrlitic dikes.
Wehrlitic to clinopyroxenitic dikes/sills include large clinopyroxenes
(N5 mm) with interstitial olivine.

Darrehanjir leucogabbros/gabbros show cumulate texture and
contain large plagioclase (2–3 mm av.). Fine-grained, anhedral
clinopyroxenes (0.5–1 mm) are interstitial between plagioclases.
Orthopyroxene occurs rarely. Brown amphiboles rim clinopyroxenes
and occur as anhedral, vermicular crystals. Ferrodiorites have altered
plagioclases and fine-grained amphibole aggregates. Clinopyroxene
is rare, but coarse-grained apatite and iron oxides are common.
Rodingites contain hydrogrossular, secondary diopside, chlorite and
pectolite. Diabasic dikes are characterized by plagioclase laths and fine-
grained (0.3–0.5 mm av.) brown amphiboles. Plagiogranites have
cataclastic texture, characterized by large (av. 4–5 mm) deformed pla-
gioclases and recrystallized quartz neoblasts. The rock has suffered
mylonitic metamorphism, evidenced by recrystallized plagioclase
and quartz. Quartz ribbons (with stretched neoblasts) are common,
suggesting lower amphibolite facies metamorphism.

3.2. Fariman mafic–ultramafic complex

Fariman ultramafic lavas are altered. In highly altered varieties,
rounded olivine pseudomorphs are abundant. Between these olivine
pseudomorphs, there are interstitial coarse-grained (N2 mm) to
fine-grained (0.2–0.3 mm) clinopyroxenes and orthopyroxenes
(CpxN N Opx). The pyroxene shape follows from the spaces between
olivines. Very fine-grained, brown amphibole needles are present around
clinopyroxene and in the serpentine-rich groundmass. Amphibole also
occurs as green–brown microphenocrysts. Moderately altered ultra-
mafic lavas contain both coarse-grained (~2 mm) and fine-grained
(av. 0.5 mm) rounded olivines. Anhedral clinopyroxenes are interstitial
between olivines. Brown amphibole microphenocrysts are altered to
actinolite around their rims. Serpentine occurs between olivine and py-
roxene phenocrysts andmay be alteration of ultramafic glass. Rare skel-
etal plagioclases (altered into clay) are overgrown by clinopyroxene.
Holocrystalline to porphyritic pillowed and massive basaltic lavas
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include feather-like or dendritic clinopyroxene and rare skeletal plagio-
clase, showing a quenched, disequilibrium texture. Their groundmass
glass is mildly to highly palagonitized. Last-stage, Permian basaltic
lavas (OIB-type varieties; transitional basalts of Zanchetta et al., 2013)
contain sanidine microlites.

3.3. Mashhad mafic–ultramafic complex

Mashhad ultramafic lavas are 70–100% serpentinized and contain
rounded olivine relicts. Between olivines, there are anhedral, interstitial
clinopyroxenes. The Mg-rich nature of these lavas could partly reflect
olivine accumulation. Large clinopyroxene phenocrysts poikilitically
contain rounded olivine. Brown anhedral to subhedral amphiboles are
also interstitial. Traces of tiny black spinels are notable. No plagioclase
is observed. The ultramafic lavas have nearly holocrystalline texture.
Mafic lava flows and pillow lavas have intergranular textures with pla-
gioclase and clinopyroxenemicrolites in a highly altered glassy ground-
mass. Gabbros contain large (2–3 mm) clinopyroxene and plagioclase
phenocrysts. Clinopyroxene is altered into tremolite and calcite.

4. Mineral major and trace element composition

We analyzed thirteen samples of Darrehanjir peridotite and gabbro
and Farriman–Mashhad ultramafic–mafic lavas for mineral composi-
tions, major and trace elements. Analytical methods are available in
Supplementary File 1. Mineral major and trace element data for ana-
lyzed samples are available in Supplementary Files 2 and 3.

4.1. Olivine

Darrehanjir lherzolite olivine is represented byMg# (100 Mg/(Mg+
Fe+2)) and NiO content ranging from 90.5 to 91.2 and ~0.3–0.4 wt.%
respectively (Supplementary File 2). Forsterite content of olivine
from Farriman–Mashhad mafic lavas varies from 84.7 to 91.5 with
nearly constant NiO content, 0.3–0.4 wt.%, as expected for mantle
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Fig. 6. Compositional variations of clinopyroxene and amphibole from different rock un
clinopyroxenes; B — Na2O versus TiO2 for peridotite clinopyroxenes and C — Al2O3 vs. TiO
clinopyroxenes. Fields outline clinopyroxene compositions in boninites (Van der Laan et al., 199
mid-ocean-ridge basalt (N-MORB) (Stakes and Franklin, 1994). D— The composition of amphi
olivine (Supplementary File 2). Fariman ultramafic lavas contain olivine
with high forsterite content (88.7–90.9), similar to olivines of Mashhad
ultramafic lavas (85.7–86.9). Their NiO contents are also similar,
~0.4 wt.% (Supplementary File 2). Farriman basaltic lavas have olivine
with lower forsterite content (84.8–91.5) and NiO (0.29–0.44 wt.%)
contents (Supplementary File 2).

4.2. Spinel

Darrehanjir lherzolite spinel is characterized by low Cr# (Cr/Cr + Al),
ranging between 0.2 and 0.4, similar to those of less depleted abyssal
peridotites (Fig. 7A). These spinels have low TiO2 (0.05–0.1 wt.%) and
high Al2O3 (33.2–48 wt.%), again similar to those of abyssal peridotites
(Fig. 7B and C). Dunites are characterized by moderate Cr# spinels;
~0.5, but with high TiO2 content (0.2–0.3 wt.%). Clinopyroxenitic dike
spinels have low Cr#; ~0.3. Spinels from ultramafic lavas contain higher
Cr# spinels (0.6–0.7), with variable Al2O3 (~12.6–18.4 wt.%) and TiO2

(0.55–1.74) abundances, similar to those of arc tholeiites (Fig. 7C).
Fariman basaltic lavas are represented by slightly lower Cr# spinels
(0.55–0.75) but higher TiO2 (0.53–3.3) spinels.

4.3. Orthopyroxene

Darrehanjir lherzolite orthopyroxenes are characterized by Mg#
~91 and high Al2O3 (2.7–3 wt.%) (Supplementary File 2), whereas
orthopyroxene from mafic–ultramafic lavas is less magnesian and
aluminous, represented by 76 to 86 Mg# and low Al2O3; 1.1–1.9 wt.%.

4.4. Clinopyroxene

Darrehanjir lherzolite clinopyroxene is diopsidewith highMg# (93–
94) and Al2O3 content (2.6–4.7 wt.%) indistinguishable from dunite
clinopyroxene (Mg# = 93–94; Al2O3 = 1.5–3.9 wt.%) (Fig. 4A).
Clinopyroxene from clinopyroxenitic dikes has similar Al2O3 con-
tent (1.8–3.3 wt.%), but lower Mg# (88–92) (Fig. 6A). Lherzolite
0

1

Si (tetrahedra site)

M
g/

(M
g+

Fe
)

Tremolite

Actinolite

Ferro-
actinolite

Fe
Act
Hbl

Act
Hbl

   Tr
  Hbl   

Magnesio-
hornblende

Ferro-
hornblende

Tsch
Hbl

Tschermakite

Fe
Tsch
Hbl

Ferro-
Tschermakite

D

0

2

4

6

8 Al2O3 (wt.%)
CPX

C

TiO2+Cr2O3

Back-arc basin basalt

N-MORB

Arc tholeiite

Boninite

8.0               7.5                 7.0                   6.5                6.0                 5.5

0              0.5           1.0            1.5            2.0            2.5           3.0

its of the Darrehanjir–Mashhad ophiolites. A — Al2O3 versus Mg# for peridotite
2 and Cr2O3 adapted after Hout et al. (2002) for peridotite and ultramafic–mafic rock
2), island-arc tholeiites, and back-arc basin basalts (Hawkins and Allan, 1994), and normal
bole from ultramafic–mafic lavas in Mg/(Mg+ Fe) vs. Si (IV) diagram (Leake et al., 1997).



A
by

ss
al

 p
er

id
ot

ite
s

S
S

Z 
pe

rid
ot

ite
s

Boninites

0

0.2

0.4

0.6

0.8

1.0

C
r#

 C
r/(

C
r+

A
l)

00.20.40.60.81.0
Mg# Mg/(Mg + Fe+2)

Pa
rti

al
 m

el
tin

g 
tre

nd

A

Cr# Cr/(Cr+Al)

Ti
O

2
(w

t. 
%

)

B

Abyssal peridotites

Darrehanjir lherzolite
Darrehanjir dunite

Fariman ultramafic-mafic lavas
Darrehanjir clinopyroxenite

0       10       20      30       40      50
0.01

0.1

1

10

C

MORB

Island-arc tholeiite
OIB

MORB
peridotite

SSZ
peridotite

Ti
O

2
in

 s
pi

ne
l

Al2O3 in spinel
0.2 0.4 0.6 0.8 1.0

0.2

0.4

0.6

0

Boninites

SSZ peridotites

0.7

Fig. 7. Cr# vs. Mg# (A) and TiO2 vs. Cr# (B) diagrams (modified after Dick and Bullen, 1984) displaying the composition of peridotite and ultramafic–mafic rock spinels from the
Darrehanjir–Mashhad ophiolites. C—Diagram (after Kamenetsky et al., 2001) showing TiO2 against Al2O3 contents of spinels, in order to discriminate between various types of peridotites
and lavas.

788 H.S. Moghadam et al. / Gondwana Research 28 (2015) 781–799
clinopyroxenes have high Na2O and TiO2 contents (0.1–0.2 and
0.2–0.3 wt.% respectively), similar to magmatic clinopyroxenes
from clinopyroxenitic dike (Fig. 6B), suggesting that the Darrehanjir
peridotites are relatively undepleted.

Darrehanjir gabbro clinopyroxene Mg# is lower than that of
ultramafic–mafic lavas (71–80 vs. 74–91) (Supplementary File 2).
Compositional contrasts between clinopyroxenes from different mafic
rock units of the Darrehanjir–Mashhad complexes are revealed by
a plot of Al2O3 content versus Cr2O3 + TiO2 (Fig. 6C). Al2O3 (3.4–
5.2 wt.%) and TiO2 (0.7–0.9 wt.%) of gabbro clinopyroxenes are
relatively high. Al2O3 and TiO2 contents of Darrehanjir–Mashhad
ultramafic–mafic lava clinopyroxenes are variable; 1.9–6.4 and 0.3–3.3
wt.% respectively. Higher values are restricted to the last-stage Fariman
high-Nb OIB-like basaltic lavas, whereas the ultramafic lavas contain
less Al2O3 and TiO2 (Supplementary File 2; Fig. 6C). In the Al2O3 versus
Cr2O3 + TiO2 diagram (Hout et al., 2002), clinopyroxenes are composi-
tionally similar to those of back-arc basin basalts and MORBs (Fig. 6C).
The Fariman OIB-type basalts (sample F12–35) have higher
Cr2O3 + TiO2 values.

4.5. Amphibole

Brown to greenish magmatic amphiboles from Darrehanjir–
Mashhad ultramafic–mafic lavas display magnesio- to ferro-hornblende,
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(0.4–4.5 wt.%) (Supplementary File 2).
4.6. Feldspar

Plagioclase in Darrehanjir gabbros is An 68–86. Plagioclase microlites
in Mashhad ultramafic lavas are altered into secondary albite during
saussuritization. Sanidine laths in OIB-type basalts have 97–98% ortho-
clase (Or) end member (Supplementary File 2).
4.7. Trace & REE composition of clinopyroxene

Clinopyroxene in Darrehanjir lherzolites exhibits similar REE
patterns to that of abyssal peridotites, but with slightly lowerHREE con-
tents (Fig. 8a), further indicating that this peridotite is not very deplet-
ed. Depletions in Zr, Ti and Sr are conspicuous (Fig. 8). Magmatic
clinopyroxenes from Darrehanjir clinopyroxenitic dike are enriched in
bulk REEs, but show LREE-depleted patterns (Fig. 8) that differ from
those of lherzolites. Clinopyroxenitic dike clinopyroxenes are also
depleted in Nb, Zr and Ti. Their trace element patterns differ from
those of MOR cumulate clinopyroxenes and seem to have crystallized
from an E-MORB or OIB-like melt.
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5. Geochemistry of rock units fromDarrehanjir–Mashhad ophiolites

We selected 32 samples (without veins filled with secondary min-
erals such as magnesite, calcite and/or quartz) from the Darrehanjir–
Mashhad ophiolites for whole rock analysis. Analytical methods for
whole rockmajor, trace, REE and Sr–Nd–Pb isotopic analyses, U–Pb zir-
con dating and zircon O–Hf isotopes are presented in Supplementary
File 1. Bulk rock major and trace element data are available at Supple-
mentary File 4. We sampled Darrehanjir gabbros, plagiogranites and as-
sociated dikes, where our U–Pb SIMS dating (see next section) indicates
a Devonian crystallization age for these rocks, in contrast to Mashhad–
Fariman mafic–ultramafic rocks as well as gabbros where previous
Ar–Ar (for gabbros; Ghazi et al., 2001) and biostratigraphic ages (for
ultramafic–mafic lavas) indicate Early to Middle Permian ages (Kozur
and Mostler, 1991; Zanchetta et al., 2013).

Darrehanjir gabbros have similar SiO2 contents ranging from 44.7 to
48 wt.%, except rodingitized gabbros with lower SiO2 abundance (Sup-
plementary File 4). TiO2 contents and Mg# vary between 0.03 and
1.06 wt.% and 49–92.7 respectively. Plagiogranite has high SiO2

(63.4 wt.%), but low TiO2 (0.14 wt.%) contents. Late-stage diabasic
dikes have nearly constant SiO2 (42.7–45.5 wt.%) and higher TiO2

(1.3–1.4 wt.%) abundances. Darrehanjir igneous rocks have a wide
range of FeO/MgO (~0.1 to ~3.3) (Fig. 9D). The gabbros are character-
ized by low Ti/V similar to calc-alkaline rocks. Diabasic dikes have
higher Ti/V, resembling MORB (Fig. 9C). Gabbroic rocks have low bulk
REE content with La(n)/Yb(n) between 0.3 and 4.4; depletion in
Nb (Nb(n)/La(n) = 0.03–0.5) and Zr and enrichment in Eu and Sr
(Fig. 10B). These characteristics are similar to those of cumulate rocks,
crystallized from a depleted (boninitic-type) melt. Rodingitized dikes
are similar to gabbros except sample DA12–43 with high La(n)/Yb(n)
(60.2) but are also depleted in Nb, similar to calc-alkaline rocks.
Plagiogranitic dike has spoon-shaped REE pattern with depletion in
Nb–Ti and enrichment in large-ion lithophile elements (LILEs). Diabasic
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dikes have calc-alkaline signature with high La(n)/Yb(n) (8.9–9.6), en-
richment in LILEs and depletion in Nb (Nb(n)/La(n) = 0.57) (Fig. 10B).

Fariman lavas can be divided into ultramafic lavas with low SiO2

(39.9–41.5 wt.%) and TiO2 (0.5–0.8 wt.%) but higher Mg# (79.5–82.5)
and mafic lavas with higher SiO2 (44.1–50.8 wt.%), TiO2 (0.8–1.4 wt.%)
and lowerMg# (58.5–68.3). Ultramafic lavas are particularly interesting
and the role of alterationmust be considered. Although these rocks have
high LOI values,we do not think that alterationwas responsible for their
overall composition. Alteration can lead to Mg enrichment but we see
no evidence that this happened for these lavas; for example there are
nomagnesite veins in the rocks. Studies of serpentinized abyssal perido-
tites show that most of these rocks that have suffered CaO (and/or CO2)
gain and MgO loss (Menzies et al., 1993; Snow and Dick, 1995).

In diagrams plotting Na2O+ K2O versus SiO2 and MgO (anhydrous-
basis; modified after LeBas, 2000), the Fariman pillowed and massive
lavas have basaltic characteristics but ultramafic lavas are komatiitic
(Fig. 9A and B). Komatiitic lavas have low FeO/MgO (0.4–0.5) (Fig. 9D)
and arc-like Ti/V (~20–31) (Fig. 9C). Mafic lavas have higher FeO/MgO
(0.8–1.3) and variable Ti/V ratios: low (20.4–24.5) in low-Ti basalts
and high (29.4–36.1) in high-Ti lavas (Fig. 9C and D). Fariman
komatiites have low bulk REE contents, but La(n)/Yb(n) = 1.1–2.8
(Fig. 10). Depletion in Nb is conspicuous (Nb(n)/La(n) ~ 0.6–1). Fariman
pillow lavas are LREE-enriched (La(n)/Yb(n) = 4.5–7.5) with slight Nb
depletion, but enriched LILEs and Th (Fig. 10D). Such HFSE depletion
is characteristic of convergent margin lavas (e.g., Pearce and Peate,
1995). Fariman basaltic lavas have high La(n)/Yb(n) (7.3–11.7) and
LILEs and lack Nb depletion. On this basis we conclude that they are
OIB-like (Fig. 10D).

Mashhad gabbros contain 16.2–17.8 wt.% Al2O3 and 47.9–48.2 wt.%
SiO2. Their low TiO2 content (0.8 wt.%) is similar to arc-related rocks
(Thirlwall et al., 1994). On plots of Na2O + K2O versus SiO2 and MgO
(anhydrous-basis; modified after LeBas, 2000), Mashhad gabbros have
basaltic characteristics but ultramafic lavas are komatiites (Fig. 9A and
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B). Mashhad komatiites have low SiO2 (38.3–41.5 wt.%) and TiO2 (0.4–
0.6 wt.%) contents, but highMg# (77.2–83.1). Their low Ti/V 15.7–21 is
similar to Island-arc tholeiites in Ti vs. V diagram of Shervais (1982)
(Fig. 9C). Mashhad gabbros have elevated La(n)/Yb(n) = 2.3–3.1 and
are slightly depleted in Nb–Ti and enriched in LILEs (Fig. 10F), similar
to calc-alkaline rocks. Ultramafic lavas have low REE contents, but
slightly enriched LREEs compared to HREEs (La(n)/Yb(n) = 0.8–1.8)
and slight depletion inNb (Nb(n)/La(n)= 0.8–1.1) (Fig. 10F), resembling
magmas from a SSZ-modified mantle source.

6. Sr–Nd–Pb isotopes

Nd–Sr–Pb isotopic ratios of Aghadarband–Mashhad magmatic rocks
are given in Supplementary File 5. The initial 87Sr/86Sr of these rocks
varies between 0.70359 and 0.71011. Such high and variable 87Sr/86Sr
of magmatic rocks could reflect alteration and interaction of the rocks
with seawater or contamination by continental crust. Their initial εNd
values are also variable, between 3.0 and 12.1, and can be divided into
high (εNd N 10.3) and low values (εNd b 5.4) (Supplementary File 5).
These large ranges indicate different sources for the genesis of the
melts or contamination by continental crust. On the 87Sr/86Sr vs. εNd
diagram, Darrehanjir–Mashhad ophiolitic rocks plot away from Indian
and Pacific MORB fields, due to high 87Sr/86Sr (Fig. 11A), but otherwise
have εNd values in the range of age-corrected Pacific and IndianMORBs.

Pb isotopes also show a wide range. Age-corrected 206Pb/204Pb and
208Pb/204Pb vary between 16.9 and 20.4 and 37.2 and 38.76 respectively
(Supplementary File 5). Most samples have elevated 207Pb/204Pb
relative to the Northern Hemisphere Reference Line (Hart, 1984)
(Fig. 11B), ranging from 15.36 to 15.76 except two samples (Darrehanjir
gabbro and Fariman pillow lava) that have lower 207Pb/204Pb.
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Aghadarband–Mashhad magmatic rocks also plot above the Northern
Hemisphere Reference Line on 208Pb/204Pb–206Pb/204Pb diagrams
(Fig. 11C), The highest 207Pb/204Pb and 208Pb/204Pb values indicate the in-
volvement of subducted terrigenous sediments in the source. The
plagiogranitic dike has very high 207Pb/204Pb and 206Pb/204Pb (Fig. 11B),
perhaps due to contamination by continental crust. Komatiites have var-
iable Sr and Nd isotopes but similar Pb isotopic values. The Darrehanjir–
Mashhad magmatic rocks have both high εNd and low εNd for given
low 206Pb/204Pb, except plagiogranitic dike with high 206Pb/204Pb
(Fig. 11D).
7. U–Pb dating and zircon O–Hf isotopes

7.1. U–Pb zircon ages

We tried to date three samples from Darrehanjir including gabbro
(DA12–22), ferrodiorite (DA12–19) and a plagiogranitic dike (DA12–
8) that intrudes host gabbros. Gabbroic samples (DA12–22) did not
have enough zircons and no meaningful age was obtained.

Zircons from sample DA12–8 (plagiogranitic dike) have broken-
anhedral shapes. Most are fine-grained (N50 μm long). In CL images,
most grains are weakly zoned. Core and rim structures are absent.
A total of 21 spot analyses were carried out on this sample (Supple-
mentary File 6). The zircons have high U (2181–7446 ppm) and Th
(108–1034 ppm) contents, resulting in low Th/U (0.04–0.15). Common
Pb contents are low, with f206 (the proportion of common 206Pb in total
measured 206Pb) b 1.0% except for spots 1 and 6. 206Pb/238U ages range
from ~192 to 393 Ma (Supplementary File 6). On an inverse U–Pb
concordia diagram (207Pb/206Pb vs. 238U/206Pb; Fig. 12 A and B), most
analyses are concordant within analytical errors. The younger discor-
dant ages may reflect metamorphism and Pb loss. The best analyses
have weighted mean age of 380.6 ± 3.7 Ma (MSWD = 0.45)
(Fig. 12 B), interpreted as reflecting the time of zircon crystallization.

Zircons from sample DA12–19 (ferrodiorite) are transparent to
semi-transparent, 50 to 120 μm long. In CL images, zircons are charac-
terized by broad and/or magmatic concentric zoning. Sixteen analyses
were conducted on zircons from this sample. The zircons havemoderate
(147–562 ppm) to high (830–3981) U and Th (45–990) contents with
Th/U ratios between 0.15 and 1.2 (Supplementary File 6). Common
lead is variable with f206 ranging from 0.03 and 1.6. The common
206Pb/238U and 207Pb/206Pb define a concordia to discordia on the in-
verse (Tera–Wasserburg) U–Pb concordia plot (Fig. 12C) with an inter-
cept age of 382.9 ± 3.7 (MSWD = 1.7). This is interpreted as the best
age of ferrodiorite crystallization.
7.2. In situ zircon O–Hf isotopes

In situO isotopicmeasurementswere conducted on fourteen zircons
from the plagiogranitic dike (Supplementary File 7). The measured
δ18Ozircon values are variably low, from 1.8‰ to 6.6‰. Low values of
δ18Ozircon could be due to the hydrothermal alteration of plagiogranitic
sample (Li et al., 2013), or reflect magmas generated by melting
hydrothermally-altered crust (Moani and Valley, 2001). The δ18Ozircon

values higher than 5‰ are likely magmatic values as they are similar
to igneous zircons fromMid-Atlantic and Southwest IndianRidge gabbros
and plagiogranites (5.3 ± 0.8‰; Cavosie et al., 2009 and 5.2 ± 0.5‰;
Grimes et al., 2011) and from Western Alps ophiolitic albitites and
gabbros (5.4 ± 0.4‰; Li et al., 2013). The ferrodiorite sample has
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δ18Ozircon values ranging from 3.7‰ to 6.5‰ (Supplementary File 7) with
a mean δ18Ozircon value of 4.6 ± 0.3‰ (except low and high values of 3.7
and 6.5‰) (Fig. 13B).

Plagiogranite zircons have fairly homogeneous initial 176Hf/177Hf
with an average of 0.282960 ± 0.000037. Their εHf(t) varies
from +11.7 to +19 (Supplementary File 7; Fig. 13A); with mean
value of +14.9. The ferrodiorite zircons have 176Hf/177Hf between
0.0282869 and 0.282977 with mean value of 0.282922 ± 0.000020
(Supplementary File 7). The measured 176Hf/177Hf values correspond
to εHf(t) = +12 to +15.8 (mean εHf(t) = +13.8) (Fig. 13A).

Similar U–Pb zircon ages, δ18O, and εHf support the interpretation
that ferrodiorite and plagiogranite are comagmatic.
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8. Discussion

Below we consider the implications of our new data for under-
standing three aspects of the Darrehanjir–Mashhad mafic–ultramafic
complex: 1) Implications of age constraints for understanding
petrogenesis; 2) similarity to other Paleozoic ophiolites in Asia;
and 3) tectonic implications.
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Fig. 13. A — U–Pb age vs. εHf for zircons from the Aghdarband plagiogranitic dike and
ferrodiorite. Histograms show the zircon Hf model ages (B) and δ18Ozircon (C) for the
plagiogranitic dike and ferrodiorite.
8.1. Implications of age constraints for understanding petrogenesis

The ~100 Ma difference between our new Devonian ages for
Darrehanjir plagiogranite and ferrodiorite and established Permian ra-
diometric and biostratigraphic ages for other rocks of the Darrehanjir–
Mashhad mafic–ultramafic complex compels the conclusion that this
is not a single ophiolite but composite igneous complex with compo-
nents that formed ~100 Ma apart, in Devonian and Permian times.
This provides new understanding of the rocks of this complex,
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explaining for example the puzzling co-existence of undepleted
lherzolites and komatiitic lavas, which are very high-degree melts.

8.1.1. Devonian mantle-crustal remnants (Darrehanjir complex)
A variety of observations about the Darrehanjir lherzolite, including

low Cr# spinels and highNa2O and TiO2 contents of these clinopyroxenes
suggest that these peridotites are relatively undepleted. Igneous rocks of
Devonian and Permian episodes have different geochemical signatures.
Devonian SSZ-type magmatism may reflect subduction initiation within
the Paleo-Tethyswith formationof boninitic to calc-alkaline-like gabbros;
diorites and plagiogranites and/or related to arc volcanism at the foot of
southern margin of Eurasia. Our data show that the Darrehanjir gabbros
are depleted in HFSEs and bulk REE, resembling boninites. Gabbro
clinopyroxenes have low TiO2 contents resembling those of arc tholeiites
(Fig. 6).

The difference in the trace element composition of the mantle
sources of the Darrehanjir–Mashhad ophiolitic samples can be exam-
ined using Th/Yb vs. Nb/Y and Nb/Y and Zr/Y diagrams (Fig. 14A and
B). For comparison we also plotted data from other Iranian Paleozoic
ophiolites (Fig. 1). The data used for comparison are: 1) the Rasht
Middle Carboniferous eclogites (with basaltic protolith) and gabbros
(with SSZ signature) (Zanchetta et al., 2009) and 2) Devonian to Perm-
ian metagabbro and metabasalt of the Jandagh–Anarak ophiolite with
SSZ geochemical affinity and minor MORB-type lavas (Buchs et al.,
2013). Metabasites in the Jandagh–Anarak ophiolites define six petro-
genetic groups including: 1) N-MORB like basalts; 2) E-MORB like
rocks; 3) BABB-like lavas; 4) calc-alkaline-type rocks; 5) OIB-type ba-
salts, considered as remnants of intraplate oceanic volcanism and
6) boninites (Bagheri and Stampfli, 2008; Buchs et al., 2013). Th/Yb
and Nb/Yb are good tracers of mantle source composition because
these ratios are largely independent of the extent of partial melting
and crystal fractionation. Th can also be considered as a tracer of
subducted marine sediments or contamination by continental crust
(Plank and Langmuir, 1998). Therefore Nb/Yb represents the degree of
mantle enrichment and/or depletion whereas Th/Yb reflects sediments
contribution (Pearce and Peate, 1995). Nb/Y varies similar to Nb/Yb and
reflects mantle enrichment whereas Zr/Y is sensitive to SSZmagmatism
as Y and other HREEs are depleted in arc lavas. Of course the Zr/Y ratio is
strongly affected when zircon forms and fractionates. Most Darrehanjir
rocks have high Th/Yb for a given Nb/Yb, plotting above the mantle
array, indicating addition of melt/fluids from subducted sediments or
continental crust contamination (Fig. 14A).

8.1.2. Permian arc-related rocks (Fariman–Mashhad complex)
In contrast to Devonian igneous rocks, Permian magmatism was

compositionally variable; changing from the Nb-depleted, SSZ-related
Mashhad and Fariman komatiites to calc-alkaline Mashhad gabbros.
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Clinopyroxene from the Permian Fariman–Mashhad SSZ-type lavas re-
sembles those of back-arc basin basalts and MORBs, while lava spinels
look like those of island-arc tholeiites (Fig. 7). Fariman pillowed and
massive lavas also have compositions that are transitional between
calc-alkaline and E-MORB-type rocks (pillow lavas) and OIB-like (mas-
sive lavas) lavas. Permian komatiites are different than any other arc-
related lava and it is hard to convincingly assign these to a tectonic
setting. Clinopyroxenes from the Fariman OIB-type lavas have very
high TiO2 contents (Fig. 6). The combination of komatiitic lava and OIB
suggests the role of a mantle plume. As these lavas are interbedded
with pelagic and turbiditic sediments, they clearly formed in a subma-
rine environment. Intra-arc splitting and magmatism and/or continen-
tal back-arc magmatism are also considered for the genesis of the
Permian, geochemically diverse lavas associated with pelagic/terrige-
nous sediment deposition (Zanchetta et al., 2013).

Fariman Permian lavas have Th/Yb that plot within the enriched
MORB mantle array, suggesting a slightly enriched mantle source and
little subduction influence, similar to what might be produced by
a mantle plume (Fig. 14A). Mashhad igneous rocks plot between
Darrehanjir high Th/Nb rocks and Fariman low Th/Nb rocks. For
comparison, most magmatic rocks from the Jandagh–Anarak, Rasht,
Mashhad and Aghdarband ophiolites appear to be subduction-related.
OIB-like lavas are common in the Darrehanjir–Mashhad and Jandagh–
Anarak ophiolites, but the Jandagh–Anarak lavas are represented by
higher Nb/Y ratio, representing plume array (Fig. 14B).

8.1.3. Origin of komatiites
Phanerozoic komatiitic lavas are very unusual and could only be

generated by extensive melting of a peridotite source. We expect that
extremely depleted harzburgite and dunite would remain as residue,
and for this reason the Darrehanjir–Mashhad Permian komatiites can-
not have been generated by melting of undepleted Darrehanjir perido-
tites. Given the geochronological constraints, it makesmuchmore sense
that these melts and residues were produced by two distinct magmatic
episodes, a Devonian episode involving modest mantle melting leaving
lherzolite residue followed 100Ma later by a Permian episode of unusu-
ally intense mantle melting to generate komatiites.

We note strong affinities of Permian Fariman–Mashhad komatiites
and basalts with other Permian plume-related igneous sequences in
Asia. The Permian was a time when repeated mantle plumes impacted
Asia, including Tarim (~270–280 Ma; Zhang et al., 2010, 2011; Yu
et al., 2011), Emeishan (~260 Ma; He et al., 2007) and the ~250 Ma
Siberian Traps (Reichow et al., 2009). We note with interest that the
Permian LIP that is closest in age to Mashhad–Fariman (281–287 Ma)
is Tarim (270–280 Ma), which is also located nearest to Iran. The
komatiites and basalts of Fariman–Mashhad could be another manifes-
tation of Permian mantle unrest. In the Karakoram region, along the
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southernmargin of Eurasia, high-Mgkomatiitic and basaltic pillow lavas
without spinifex texture are also present within Permian–Triassic
argillitic-carbonated sediments (Rao and Rai, 2007) and are geochemical-
ly and geodynamically similar to Mashhad–Fariman komatiites. Panjal
Traps of northern India (289 Ma) may also part of this Late Permian
“plume-related” group, although komatiites are not found (Shellnutt
et al., 2014).

Different origins are suggested for generating komatiitic magmas
including 1) partial melting of dry peridotites (e.g., Arndt et al., 1998)
and 2)wet and shallowmelting of hot, depleted peridotites in theman-
tle wedge above a subduction zone (e.g., Grove and Parman, 2004). The
second type of komatiitic lavas is geochemically related to boninites.
The high Mg# of the Mashhad–Fariman komatiitic rocks and the high
melt temperature required for the generation of this type of magma
suggest Permian mantle plume activity in the region.

8.1.4. Isotopic signature of the Darrehanjir–Mashhad ophiolites
As the hydrothermal alteration of oceanic crust raises the 87Sr/86Sr of

the altered oceanic rocks (e.g., McCulloch et al., 1981; Godard et al.,
2006), the high 87Sr/86Sr ratios of the Darrehanjir–Mashhad rocks are
not thought to be magmatic Sr isotope compositions. In contrast, Nd is
relatively immobile in fluids unless the water/rock ratio reaches N105

during alteration (Faure and Mensing, 2004) so the 143Nd/144Nd ratios
of the studied rocks probably were not influenced by seawater alter-
ation. U and Pb mobility during hydrothermal alteration can influence
the Pb isotopic composition of the affected rocks (Faure and Mensing,
2004); specifically U addition during alteration could increase 206Pb/
204Pb with time. Because Th is immobile during alteration and also
because of low abundance of 235U, 207Pb/204Pb and 208Pb/204Pb ratios
of the igneous rocks should reflect those of their mantle source (Hauff
et al., 2003; Liu et al., 2013). Therefore it seems that Pb and Nd isotope
values of our rock samples reflect source characteristics and not alter-
ation. The Nd and Pb isotopic signature of the Darrehanjir–Mashhad
magmatic rocks is unlikely to reflect subducted sediments or continen-
tal crust contamination into a depleted mantle source. To infer the sed-
imentmelt contribution to a depletedmantle source of theDarrehanjir–
Mashhad magmatic rocks, we used Th/Nd vs. 143Nd/144Nd modeled by
Liu et al. (2013) (Fig. 14C). Th and Nd are immobile in fluids released
from subducted oceanic crust and overlying sediments but are mobile
in sediment melts (Johnson and Plank, 1999; Liu et al., 2013). Although
the samples are dispersed in this diagram, some data define a linear
trend between mantle wedge (depleted Indian MORB mantle) and
sediment (least radiogenic Pb Izu–Bonin sediments; Plank et al., 2007)
end members (Fig. 14C). The Mashhad and Fariman komatiites have
high 143Nd/144Nd suggesting a highly depleted mantle source without
subducted sediment contributions.

As the δ18Ozircon values are relatively insensitive to magmatic differ-
entiation (Valley, 2003; Valley et al., 2005), but quite sensitive to alter-
ation (Li et al., 2013), the low δ18Ozircon values for ferrodiorite (δ18Ozircon

~ 4.6 ± 0.3‰) zircons indicate crystallization from magmas in
equilibrium with depleted mantle. In contrast, the variable δ18Ozircon

of plagiogranite zircons (2.6 to 6.6‰) suggests contributions from
hydrothermally altered materials such as amphibolites. Furthermore,
the highly positive and similar εHf(t) = +14.9 (for plagiogranite)
and +13.8 (for ferrodiorite), further indicate both derivation of
magma from depleted mantle and that ferrodiorite and plagiogranite
are broadly co-genetic. We further infer from variably low δ18Ozircon

that both ferrodiorite and plagiogranite magmagenesis may have in-
volved hydrothermally altered rocks.

8.2. Comparison with other Asian Paleozoic ophiolites

The Central Asian Orogenic Belt (CAOB) is one of the largest
accretionary orogeny belt in the world, characterized by long-lived ac-
cretionary orogenesis and containing many Paleozoic ophiolite slices
(e.g., Windley et al., 2007; Maruyama et al., 2010). The Paleo-Tethys
belt that the Devonian–Permian Darrehanjir–Mashhad complex be-
longs represents another Paleozoic ocean basin that may be related to
the CAOB. Below we summarize the ophiolites and related rocks of
this SW branch of Paleo-Tethys.

The Tavric (Caucasus)–Kura (Turkey) mélange along the southern
boundary of the Scythian domain contains turbidites with exotic blocks
of Carboniferous–Permian pelagic limestones (e.g., Sengor et al., 1988;
Zonenshain et al., 1990; Ustaomer and Robertson, 1993), suggesting
Paleo-Tethys extended as far west as Turkey.

The Transcaucasian massif, situated between the Great Caucasus to
the north and the Lesser Caucasus to the south (Zakariadze et al.,
2007), contains traces of Early Paleozoic metamorphosed ophiolitic
rocks including sheeted dikes and pillow lavas (Gamkrelidze et al.,
1999; Rolland et al., 2011). A tectonic mélange zone, to the north of
the Sevan–Akera Suture including allochthonous slices of middle
Paleozoic rocks (serpentinites, amphibolites, phyllites, granites and
high-silica volcanic rocks) was affected by early Variscan metamor-
phism based on Ar–Ar dating (330–336 Ma; Zakariadze et al., 2007;
Treloar et al., 2009). These rocks may reflect an accretionary prism
with slices of oceanic lithosphere and continental arc-related volcano-
sedimentary units at the foot of the Eurasian margin. These units are
similar to Ocean Plate Stratigraphy (OPS) of Kusky et al. (2013) with
later exhumation of HP metamorphic rocks and post-accretion granitic
magmatism.

The Turkman zone in Turkmenistan (Boulin, 1980, 1988) is marked
by Early Paleozoic to Late Devonian deep oceanic sediments and
ophiolites (Fig. 15). North–northwest of the Aghdarband region, in
Kizilkaya and Tuar regions of Turkmenistan, there are outcrops of oce-
anic crust including 200 m thick cherty slates and 100 m thick pyroxe-
nite, gabbro diabase and pillow lava intercalated with Early to Middle
Carboniferous radiolarites (Mirsakhanov, 1989). The mafic rocks are
low-TiO2 basalts to basaltic andesites considered to have formed in a
SSZ environment such as a back-arc basin (Garzanti and Gaetani, 2002).
Permian rocks of the Tuarkyr complex (northwest of Aghdarband) are
represented by continental and shallow marine volcaniclastic rocks
with interbedded pyroclastic deposits, interpreted to represent a conti-
nental magmatic arc (Garzanti and Gaetani, 2002). This is consistent
with that described in the Permian volcano-sedimentary sequence of
the Aghdarband region by Zanchetta et al. (2013).

Early Paleozoic to Late Devonian rock units in Afghanistan include
flysch of Cambrian–Ordovician to Silurian age (Boulin, 1988) that may
reflect pulses of Paleo-Tethys propagation. Devonian pelagic sediments
associated with gabbro, serpentinite and volcanic rocks are common
along the Herat–Akbaytal Fault (Boulin, 1988), which also marks a Pa-
leozoic suture. The Lower Carboniferous volcano-sedimentary rocks as-
sociated with calc-alkaline lavas and shallow-marine, fossil-bearing
limestones in northeast Afghanistan (in western Hindu Kush and
Badakhshan regions; Boulin, 1988) may reflect this phase of active con-
tinental margin magmatism.

The Tibetan plateau also preserves Paleo-Tethys oceanic remnants
and subsequent amalgamation between the Laurasia andGondwana su-
percontinents since the Paleozoic (Sengor and Natalin, 1996; Zhai et al.,
2013). Recent observations from eclogites (with MORB protolith; Yang
et al., 2009) and U–Pb dating of OIB-type gabbros (Dai et al., 2011)
define a Devonian to Carboniferous–Permian suture zone (North
Gangdese suture zone; Yang et al., 2009). Further to the east, pillow
lavas fromnorth–northeast Tadjikistan have pelagic limestones interca-
lated with Famennian–Tournaisian (ca. 360 Ma) ages and show a trace
of back-arc oceanic crust (Jiang et al., 1992). Subduction of Paleo-Tethys
lithosphere in this region started from middle Paleozoic time, mainly
during the Devonian (Sengor and Natalin, 1996; Schwab et al., 2004).

Although the subduction polarity of oceanic crust within
the CAOB is controversial, an important feature is a dominant
northward subduction polarity of numerous Neoproterozoic–
Paleozoic subduction zones surrounding the Laurasian continental
blocks (Safonova and Maruyama, 2014; Safonova and Santosh, 2014;
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Xiao et al., 2012). The Late Carboniferous–Early Permian calc-alkaline
intrusions and volcanism in the Mediterranean and Caucasus regions
also reflect northward subduction of Paleo-Tethys beneath Eurasia
(Stampfli and Borel, 2002; Rolland et al., 2011). High temperature-low
pressure metamorphic rocks in southern Georgia with Ar–Ar age of
303 Ma (Carboniferous, Rolland et al., 2011) and high-pressure rocks
in northern Iran (Shanderman Complex in the Rasht ophiolite;
Omrani et al., 2013) with an Ar–Ar age of 330 Ma (Zanchetta et al.,
2009) are interpreted as Paleo-Tethys subduction channels.

Although northward subduction dominated the CAOB, local oppo-
site subduction polarities related to collision of microcontinental blocks
were also common. Southward subduction beneath the North Tianshan
arc (SE Kazakhstan, within CAOB) was responsible for generating ca.
343 Ma SSZ-type plagiogranites and ca. 302 Ma E-MORB (and OIB-
like) gabbros (Li et al., 2014). The Carboniferous Kunlun arc in the
northern Pamirs and northwestern Tibet along with magmatism in
Tadjikistan is related to north-facing subduction (Schwab et al., 2004).
Debates about CAOB subduction polarities continue but this does not
change the conclusion of mostly northward subduction in the CAOB
(Safonova and Maruyama, 2014).

The fertile lherzolites and pyroxenites at Darrehanjir suggest a rem-
nant of oceanic lithosphere, but Devonian magmatic rocks may reflect
arc magmatism along the southern margin of Eurasia and/or at an
intra-oceanic infant arc. TheMid-Paleozoic to EarlyMesozoic ophiolites,
accretionary complexes and forearc sequences could indicate a long-
lived subduction system (Domeier and Torsvik, 2014). We suggest
that the fertile peridotites and Darrehanjir Devonian SSZ-typemagmat-
ic rocks probably reflect incipient forearc lithosphere, generated along
the southern margin of Eurasia in Early Devonian time and then
offscraped with arc-related Permian magmatic rocks in an accretionary
complex.

8.3. Tectonic implications

The most prominent pulse of Iranian ophiolite formation during
Early to Middle Paleozoic time coincided with episodes of rifting along
the northern margin of Gondwana and the northward drift of these
fragments (Fig. 16). Despite different interpretations for the formation
and emplacement of the Permian oceanic fragments in northeast
(Mashhad, Fariman and Darrehanjir) and central (Jandagh–Anarak)
Iran, we believe that these also represent Paleo-Tethys oceanic litho-
sphere. The Iranian geologic record suggests that Paleo-Tethys started
to open as early as Ordovician time (Stampfli, 1978; Stampfli et al.,
1991) with subduction beginning by 380Ma (Fig. 15). Subduction initi-
ation along the southern margin of Eurasia may have been diachronous
as Turkmenistan and Caucasus ophiolites represent Carboniferous SSZ-
type oceanic crust. Zanchetta et al. (2013) concluded that Paleozoic
volcano-sedimentary units around Fariman and Darrehanjir were
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deposited during Permian time. This included siliciclastic turbidites de-
rived from the erosion of a magmatic arc and its basement,
interfingered with carbonates and basaltic lava flows with calc-alkaline
and transitional (alkaline) affinities. In this view, the Fariman–
Darrehanjir igneous rocks developed as remnants of a magmatic arc at
the southern margin of Eurasia, above the north-dipping Paleo-Tethys
subduction zone, with Fariman and Darrehanjir complexes originating
via spreading in an intra-arc or incipient back-arc basin along the south-
ern margin of the Turan domain (Zanchetta et al., 2013), which was an
active margin since at least Carboniferous time (Zanchetta et al., 2013).
According to our new field, geochemical, and U–Pb age data, the occur-
rence of peridotites with dunite screens and clinopyroxenitic dikes
with mineralogy and geochemistry similar to those in abyssal perido-
tites associated with Devonian boninitic to calc-alkaline gabbros/
plagiogranites supports an interpretation of formation in a marginal
basin or subduction–initiation forearc. Intra-oceanic subduction initia-
tion in Early/Late Devonian time also occurred about the same time as
formation of Nakhlak boninites in the Jandagh–Anarak ophiolites of
central Iran (Bagheri and Stampfli, 2008). The volcaniclastic sediments
could have been fed from the Silk Road continental magmatic arc.
On the other hand, our new U–Pb zircon data demonstrate a pulse of
SSZ-type oceanic crust formation during Early Late Devonian time
(Fig. 16). In this scenario, Permian magmatism and associated terrige-
nous/pelagic sediments could representmagmatism and sedimentation
in a subduction-related basin at the foot of the Eurasia margin, re-
sembling an accretionary orogenwith fragmented, Devonian oceanic
crust and then subsequent Permian magmatism. In this scenario, the
Permian–Triassic closure of the Paleo-Tethys built an accretionary
wedge, incorporating Devonian SSZ-type oceanic lithosphere. Accre-
tionary orogens develop at sites of oceanic lithosphere subduction
OIB-like lavas from
Jandagh-Anarak

Gondwana Hunic terranes

subduction initiation
early arc volcanism

Gondwana Hunic terranes

SSZ and MORB-like lavas
intercalated with turbiditic sediments

NESW

Rheic Ocean

Gondwana

arc volcanism

Paleotethys
Early MORB

Rift volcanism

Asiatic Hunic terranes

A

B

C

volcanism
arc

Fig. 16. Schematic model for the formation and evolution of Iranian Paleozoic ophiolites
(modified after Shafaii Moghadam and Stern, 2014). A) Continental rifting and opening
of the Paleo-Tethys Ocean in Late Ordovician to Silurian time. B) Subduction initiation in
Middle to Late Devonian and formation of boninites and gabbros from the Nakhlak and
Darrehanjir ophiolites. C) Formation of intra-oceanic and continental margin arc
volcanism and then arc unroofing in Carboniferous to Permian time with occurrence of
arc-like and MORB-like lavas in Fariman–Darrehanjir ophiolites.
and are characterized by time-integrated tectonic elements including
accretionarywedges, oceanic crust (ophiolite), andmaterials offscraped
from the subducting slab, including OIB and komatiitic lavas alongwith
pelagic sediments (Kusky et al., 2013). The amalgamation of these rock
units occurred at different times and was accompanied by granitic
magmatism (Safonova et al., 2011). Final collision between Cimmeria
and Eurasia is generally thought to have occurred in Triassic time, but
Late Triassic–Early Jurassic time is also considered for Paleo-Tethys
closure followed by Middle Jurassic post-collisional rifting and
deposition of Kashafrud Formation (Robert et al., 2014).

Granitic–granodioritic intrusions into the Mashhad–Torbat-e-Jam
ophiolites yield U–Pb zircon ages of 215±4 and 217±4Ma (Karimpour
et al., 2010) and 199.8 ± 3.7 and 217 ± 4 Ma (Mirnejad et al., 2013;
Zanchetta et al., 2013). We take these Late Triassic ages to approximate
when these plutons intruded the already-obducted ophiolites. This
interpretation is supported by the fact that cobbles of these granites
are found in the basal conglomerate of the Middle Jurassic Kashafrud
Formation near Mashhad (Shafaii Moghadam and Stern, 2014).

The presence of early S-type granites with metamorphic enclaves,
geochemical signatures as well as Sr–Nd isotopes (Karimpour et al.,
2010; Mirnejad et al., 2013; and our unpublished data) shows that the
Mashhad granitoids have post-collisional characteristics, produced
from re-melting of continental crust. According to paleogeographic re-
constructions proposed by Angiolini et al. (2007) and Muttoni et al.
(2009), Iranian Cimmeria rifted away from Gondwana at the end of
Lower Permian time and collided with southern Eurasia in the Late
Triassic. Others argue that northward subduction of Paleo-Tethys
oceanic lithosphere began along the southern Eurasia margin in Mid- to
Late Paleozoic time (e.g., Alavi, 1991; Ruttner, 1993; Metcalfe, 2006;
Zanchi et al., 2009) Fig. 17 at least in Turkey, Caucasus, Iran and
Afghanistan.

On the other hand, the direction of duplexing of accreting Ocean
Plate Stratigraphyunits is also another factor for understanding the sub-
duction polarity within old accretionary orogens (e.g., Maruyama et al.,
2010; Safonova and Maruyama, 2014). Although the orientation of the
structureswithin theKopet–Daghbelt is related to theAlpine reactivation
of the Paleozoic basement structures (Robert et al., 2014), most thrust
faults involving basement show a northward polarity for subduction.

Late Paleozoic and Early Triassic subduction-related magmatic
records in the southern Turan block can be correlated to similar ones
in the West Kunlun (Xiao et al., 2005). It seems that Alai–Tarim blocks
were micro-continents separating the main Paleo-Asian Ocean and its
branches, the Turkestan or South Tienshan and Junggar–Balkash oceans
(Windley et al., 2007) located to the north (present-day coordinates),
from the southern Paleo-Tethys Ocean branch to the south (Xiao et al.,
2005, 2013).

9. Conclusions

Considering all field, geochemical, isotopic as well as U–Pb zircon
age data on the Paleozoic Mashhad–Darrehanjir ophiolites lets us
conclude that:

1. Darrehanjir–Mashhad mafic–ultramafic complex is not a single
ophiolite but a composite igneous complex composed of Permian
pillow lavas and pelagic sediments in fault contact with a small out-
crop of Devonian intrusive and ultramafic rocks around Darrehanjir.

2. Our new SIMS U–Pb zircon dating results demonstrate that
Darrehanjir ophiolite gabbroic rocks and their fractionated products
(plagiogranitic dike) crystallized synchronously at ~380–382 Ma.
The crystallization age of Darrehanjir gabbros differs from theMash-
had gabbroswith ages of ~282–288Ma. These new ages confirm that
Darrehanjir plutonic rocks are ~100 Ma older than published Ar–Ar
and biostratigraphic ages for gabbros and radiolarites intercalated
with komatiitic and basaltic lavas near Mashhad and Fariman.
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3. Darrehanjir peridotites contain low Cr# spinel, similar to that in
MORB-type peridotites. These mantle rocks contain clinopyroxenes
with elevated Al2O3, Na2O and TiO2 contents, suggesting that these
are residual after low degrees of partial melting.

4. Devonian Darrehanjir gabbros and Permian Mashhad sequences
both have boninitic and calc-alkaline signatures respectively. Late
basaltic dikes crosscutting Darrehanjir Devonian gabbros show
calc-alkaline affinities. Ultramafic (komatiitic) and mafic pillowed
lavas from the Permian Mashhad and Fariman ophiolites are deplet-
ed in Nb whereas massive lava flows are OIB-like.

5. Our geochemical data further indicate Devonian subduction-related
magmatism fromadepletedmantle influenced by subduction inputs.

6. In situ zircon Hf as well as whole rock Sr–Nd–Pb isotopes also indi-
cate that gabbroic and plagiogranitic rocks formed from melts of
depleted mantle that was either affected by subducted sediments
or was contaminated by continental crust.

7. The Devonian rocks have SSZ characteristics and may reflect early
pulses of subduction within Paleo-Tethys near the Eurasia margin,
whereas Permian basalts and komatiites may reflect the role of a
mantle plume.

8. Our newdating results and compilation of the Ar–Ar and stratigraph-
ic ages from literature suggest that Paleo-Tethys was opened at least
for ~200 Ma as shown by pulses of oceanic magmatism in Devonian
and Permian time.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gr.2014.06.009.
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