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Zircon xenocrysts in Late Cretaceous magmatic rocks in the Kermanshah 
Ophiolite: link to Iran continental crust supports the subduction initiation model
H.S. Moghadama,b,c, Q.L. Lic, R.J. Sternd, W.L. Griffinb and S.Y. O’Reillyb

aSchool of Earth Sciences, Damghan University, Damghan Iran; bCcfs and Gemoc Arc National Key Centre, Macquarie University, Sydney, New 
South Wales Australia; cInstitute of Geology and Geophysics, Chinese Academy of Sciences, Beijing, People Rebublic’s of china, China; 
dGeosciences Department, University of Texas at Dallas, Richardson, Tx USA

ABSTRACT
Geochronological and geochemical data show that Late Cretaceous Zagros ophiolites were gen-
erated by forearc seafloor spreading during a subduction initiation event along the southwestern 
margin of Iran. These ophiolites define a ~ 3000 km long belt passing from Cyprus to Turkey, Syria, 
Iran, the UAE, and Oman. Ten samples of plagiogranites, amphibole gabbros and diorites of the 
Kermanshah ophiolite yield U-Pb zircon magmatic ages indicating ophiolite formation at 98 to 
96 Ma. Some Kermanshah rocks also contain abundant zircon xenocrysts with age peaks (in order 
of decreasing size): Triassic (~247 Ma), mid-Paleoproterozoic (~2150 Ma), Late Paleoproterozoic 
(~1850 Ma), Late Ediacaran (~560 Ma), Early Cretaceous (~140 Ma), and Tonian (~850 Ma). Similar 
age peaks are seen in magmatic and detrital rocks of Iranian crust to the north. The xenocrysts have 
εHf(t) values from +6.3 to – 21.6, corresponding to depleted mantle Hf model ages (TDM) of 0.6 to 
3.6 Ga. The xenocryst age peaks are similar to those of zircons in Iranian continental crust. The 
occurrence of zircon xenocrysts in the Kermanshah ophiolite suggests that this formed adjacent to 
the Iranian continent, as expected for Late Cretaceous subduction initiation.
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1. Introduction

Ophiolites are key indicators of plate tectonics, but it is 
often uncertain where they formed relative to the crust 
that they are emplaced upon. Some ophiolites are 
thought to form far out in an ocean basin (allochtho-
nous) and other ophiolites may have formed very near to 
where they are emplaced (para-autochthonous) (e.g. 
Searle and Malpas 1980; Whetten et al. 1980; Savelieva 
et al. 1997). Further controversy swirls around increasing 
interpretations that most ophiolites form as upper-plate 
responses to subduction initiation (e.g. Stern et al. 2012; 
Stern and Gerya 2018), especially supra-subduction zone 
(SSZ) ophiolites. The Bitlis-Zagros ophiolites of Turkey 
and Iran, part of the most extensive and best-studied 
SSZ-type Neotethyan ophiolite belt in the world, are 
increasingly accepted to have formed in response to 
a Late Cretaceous SI event on the southern margin of 
Eurasia (Moghadam and Stern 2011). A key test of this 
hypothesis is demonstrating that these ophiolites 
formed near the older continental crust of Turkey and 
Iran. This paper reports the first evidence for zircon 
xenocrysts in plutonic rocks of an excellent example of 
Zagros ophiolites, the Kermanshah ophiolite of NW Iran. 

The first zircon U-Pb ages for the magmatic rocks from 
the Kermanshah ophiolites were reported by Ao et al. 
(2016) and Nouri et al. (2016).

The philosophy of this study is that because SI ophio-
lites that form by a passive margin or transform margin 
collapse adjacent to continents are para-autochthonous 
(e.g. Stern and Bloomer 1992), they might be expected 
to contain zircon xenocrysts that reflect those in the 
nearby continental crust. If they do not – or if they 
contain zircon xenocrysts with a different age spectrum – 
then the SI interpretation is weakened. If they do, then 
the SI interpretation is supported. This study uses the 
excellent Late Cretaceous ophiolite near Kermanshah in 
SW Iran for this purpose. Our results show that the 
Kermanshah ophiolite formed next to Iranian continen-
tal crust and is para-autochthonous, supporting the SI 
model for the origin of Late Cretaceous Bitlis-Zagros 
ophiolites.

2. Regional geology

Late Cretaceous ophiolites can be traced for more than 
3000 km along the SW margin of Eurasia, from Cyprus 
(Troodos) through SE Turkey, NW Syria, NE Iraq, SW Iran, 
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NE UAE and northern Oman. Recent geochemical and 
geochronological studies of these ophiolites show 
a temporal evolution in the volcanic sequence from mid- 
ocean ridge basalt (MORB)-like tholeiitic magmas to arc 
tholeiites, calc-alkaline and boninitic suites; OIB-like 
suites are also found (e.g. (Ishikawa et al. 2002; 
Moghadam and Stern 2011, 2015; Dilek and Furnes 
2014; Monsef et al. 2014, 2019)). Geochronological and 
geochemical data indicate that Bitlis-Zagros-Oman 
ophiolites formed in a forearc spreading system during 
~8 Myr between ca 100 and 92 Ma (Warren et al. 2005; 
Rioux et al. 2013, 2016; Dilek and Furnes 2014; Monsef 
et al. 2018; Furnes et al. 2020), as expected for SI-related 
ophiolites (Stern et al. 2012).

Late Cretaceous Zagros ophiolites in southwestern 
Iran lie along the main Zagros Thrust (MZT, Figure 1A) 
and include, from NW to SE: Kermanshah, Neyriz and 
Haji-Abad ophiolites. Zagros ophiolites have mantle 

and crustal sequences with SSZ-type geochemical sig-
natures, i.e. depletion in Nb-Ta and enrichment in large- 
ion lithophile elements and light rare earth elements in 
magmatic rocks and high Cr# (100 Cr/Cr+Al) in mantle 
peridotite spinels (Moghadam and Stern 2011). Zagros 
ophiolites and other Late Cretaceous ophiolites along 
the Bitlis-Zagros suture zone including the Oman and 
Mediterranean ophiolites are suggested to have formed 
during subduction initiation in a forearc setting 
(Moghadam and Stern 2011, 2015; Dilek and Furnes 
2014; Monsef et al. 2018). Recent zircon U-Pb ages 
show that the Zagros forearc magmatism occurred dur-
ing 105 to 94 Ma (Middle-Late Cretaceous) (Moghadam 
et al. 2021b).

The Kermanshah ophiolite encompasses 
~2400 km2. It is thrust over a thick Permian-Triassic 
sequence of pelagic limestones (Bisotun limestones), 
radiolarites, ocean Island basalt (OIB), enriched mid- 

Figure 1. (A) geological map of Iran showing late cretaceous ophiolites and phanerozoic-late neoproterozoic magmatic and 
sedimentary rocks which could be the source of zircon xenocrysts in kermanshah ophiolitic rocks. (b) simplified map showing the 
distribution of late cretaceous forearc ophiolites and palaeogene oceanic rocks (walash- naopurdan-kamyran series) along the Iran- 
Iraq border (modified after (Ali et al. 2013)). (c) geological map of late cretaceous ophiolites, palaeogene magmatic and sedimentary 
sequences and triassic-cretaceous passive margin sedimentary rocks in the kermanshah region.
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ocean-ridge basalts (E-MORB-like), and minor felsic 
intrusive and extrusive rocks that are geochronologi-
cally and geochemically similar to Triassic (ca 230 Ma) 
alkaline igneous rocks of the Hawasina Nappes of 
Oman (Chauvet et al. 2011; Saccani et al. 2013) 
(Figures 1B). Uplift of the Kermanshah ophiolite 
occurred before or during Maastrichtian-Palaeocene 
time, as evidenced by ophiolitic clasts in the 
Maastrichtian-Palaeocene Amiran Conglomerate 
Formation of the Zagros Fold-Thrust Belt. Formation 
of the Permo-Triassic sedimentary sequence was 
related to Gondwana rifting and opening of 
Neotethys. Following rifting, the SW margin of Iran 
was a passive margin until Late Cretaceous subduc-
tion initiation (Wrobel-Daveau et al. 2010; Azizi and 
Stern 2019). The Kermanshah ophiolite has a mostly 
faulted contact with Triassic chlorite-epidote schists, 
greywackes, and metavolcanic rocks of the Sanandaj- 
Sirjan zone (Agard et al. 2005). The ophiolite is also in 
contact with Jurassic Hamadan phyllites and sand-
stones (Braud and Bellon 1974). In some places, the 
contact between the Kermanshah ophiolite and 
Sanandaj-Sirjan zone rocks is covered by Palaeogene 
volcanic-sedimentary rocks of the Walash-Naopurdan- 
Kamyaran unit (Figure 1B).

The Late Cretaceous Kermanshah ophiolite com-
prises mantle peridotites, flaser gabbros, coarse- 
grained (olivine-bearing) gabbros, diorites and amphi-
bole gabbros, minor tonalites and trondhjemites (‘pla-
giogranites’), pillowed and massive lavas and 
overlying sediments (Fig. S1). Cumulate gabbros also 
occur as ~5–10 m magmatic pockets intruding mantle 
peridotites. Mantle peridotites include harzburgite, 
depleted lherzolite and pervasively impregnated harz-
burgite. The crustal sequence contains both fine- to 
coarse-grained cumulate amphibole gabbros-diorites 
and highly deformed ultramafic (wehrlite to lherzo-
lite)-gabbroic rocks. Plagiogranites are injected into 
crustal gabbros and diorites and within the serpenti-
nized mantle peridotites.

Volcanic rocks comprise basaltic lava flows and pillow 
basalts, capped by and/or interlayered with Turonian- 
Maastrichtian (93–65 Ma) pelagic limestones. These volca-
nic rocks, along with intrusive rocks such as gabbros and 
diorites, have both arc-tholeiitic and calc-alkaline geo-
chemical signatures, attesting to their formation in a SSZ- 
related setting (Moghadam and Stern 2011). The ophiolite 
is covered and/or intruded by Cenozoic volcano- 
sedimentary rocks, basaltic to andesitic lavas and 
granitoids.

3. Field geology and sample descriptions

Kermanshah plagiogranites occur south of Sahneh, 
mostly near the Siah-Chogha village, but also occur east 
of Harsin and in Gamasyab (Figure 1). Plagiogranites 
mostly occur as 10->20 m pockets with melano-gabbros, 
both in contact with serpentinized peridotites. In addition, 
foliated leucogabbros, melanogabbros and lherzolites 
occur at the contact with plagiogranites in Sahneh. All of 
these rocks are in faulted contact with Bisotun limestones 
and Kermanshah radiolarites to the west, but to the east 
plagiogranites are covered by Pleistocene alluvium. 
Rootless plagiogranites mixed with other rocks as 
a tectonic melange also occur around the Gamasyab 
river. Plagiogranites are fine to coarse-grained and con-
tain variably altered (clay minerals and sericite) plagio-
clase phenocrysts (Figure 2). Anhedral quartz occurs 
between plagioclases. Alkali-feldspar (orthoclase) occu-
pies less than 10%. Chloritized hornblendes are also com-
mon in these rocks. Other secondary minerals include 
chlorite, epidote and calcite.

Our analysed plagiogranites (three samples) contain 
SiO2 = 60.5–71.9 wt.%, K2O = 0.07–0.24 and Na2O = 1.6– 
5.7 wt.% (Table S1). Compositionally, they have dioritic to 
tonalitic-granitic compositions. In a chondrite-normalized 
diagram, they have flat REE patterns with La(n)/Yb(n)~1.3, 
with slight depletion or enrichment in Eu (Figure 3). These 
rocks also show depletion in Nb, Ta and Ti and enrichment 
in large ion lithophile elements. Except for depletion in Ti 
due to the fractionation of Ti-rich oxides, the trace ele-
ments patterns of plagiogranites are similar to tholeiitic 
basalts from the Kermanshah ophiolites (Figure 3).

4. Analytical procedures

In this paper, we present U-Pb ages and Lu-Hf isotopic 
analyses of zircons from 7 Kermanshah ophiolite samples 
which contain mostly xenocrystic zircons. We used ages 
for four other plagiogranite samples with only magmatic 
zircons presented in another paper that deals with age 
and trace element-isotope geochemistry of all Zagros 
ophiolites including Kermanshah and Neyriz (Moghadam 
et al. 2021b) to emphasize Zagros ophiolite crystallization 
ages and the formation of oceanic forearc crust (Fig. S2). 
We used two methods for separating zircons to avoid 
laboratory contamination. These include conventional 
crushing, sieving, heavy liquids and handpicking and an 
innovative technique based on Selfrag, which uses high- 
voltage electric discharges to disaggregate rocks without 
any risk of contamination. Prior to U-Pb analysis, all zircons 
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were imaged by Cathodoluminescence (CL) to examine 
their internal structure. CL images were obtained using 
a Scanning Electron Microscopes at CCFS, Macquarie 
University (Australia) and at the Institute of Geology and 
Geophysics, Chinese Academy of Sciences (IGG-CAS, 
Beijing).

Zircon U-Pb dating was carried out using both 
Cameca IMS-1280/HR Secondary Ion Mass 
Spectrometry (SIMS) at IGG-CAS and Laser Ablation 
Inductively Coupled Plasma-Mass Spectrometry (LA-ICP- 
MS) at CCFS. Zircons were further analysed for Lu-Hf 
isotopes using a laser ablation microprobe attached to 
a multicollector-inductively coupled plasma-mass spec-
trometer at IGG-CAS. Detailed analytical methods are 
given in Supplementary Document A.

5. Results

We carried out zircon U-Pb geochronology on four pla-
giogranites (samples KR14-32B, KR14-27, KR14-33A and 
KR14-33B), one amphibole gabbro (sample KR14-29B), 
one diorite (sample KR14-28B) and one highly deformed 
(mylonitic) gabbro, all from the Kermanshah ophiolite 
crustal sequence. We tried to separate zircons from sev-
eral mylonitic gabbros, but only one sample contained 
a few (n = 3) grains with ages of ca 0.5 to 2.5 Ga, which 
we have ignored for purposes of calculating magmatic 

ages. Plagiogranites analysed by Moghadam et al. 
(2021b) contain only Late Cretaceous magmatic zircons 
with 99.5 to 96 Ma ages: 96.1 ± 0.2 Ma (sample KR14- 
30B), 97.8 ± 0.9 Ma (sample KR14-30), 98.1 ± 0.2 Ma 
(sample KR19-29) and 99.5 ± 0.2 Ma (sample KR14-28A) 
(Fig. S2). These are slightly older but overlap with zircon 
(95.0 ± 2.4 Ma) and baddeleyite (94.6 ± 2.7 Ma) ages 
reported by Nouri et al. (2016). These also agree with 
microfossil ages obtained from pelagic sediments inter-
calated with Kermanshah pillow lavas and are compar-
able with zircon U-Pb ages of other Zagros ophiolites 
such as Neyriz. These ages indicate when Zagros ophio-
lites formed (Moghadam and Stern 2011; Monsef et al. 
2018). Some samples (e.g. plagiogranites KR14-32B and 
KR14-27) contain both old zircon xenocrysts and a few 
Late Cretaceous zircons.

Zircons handpicked from the Kermanshah ophiolitic 
rocks vary in shape from euhedral (elongated to equant) 
to rounded, and in some cases have convolute or oscil-
latory zoning or are unzoned (Fig. S3). Most old zircons 
(>2 Ga) are unzoned or show convolute zonation, and 
some are rounded. Some xenocryst zircons show rims 
(Fig. S3A), but these are too thin for U-Pb analysis. 
Energy Dispersive Spectroscopy (EDS-SEM) analyses 
reveal that some inherited zircons host mineral inclu-
sions such as apatite, feldspar, quartz and titano- 
magnetite; no high-pressure minerals were detected.

Figure 2. Thin-section microphotographs showing the mineralogical composition of kermanshah ophiolite plagiogranites. abbrevia-
tion; q = quartz and plag = plagioclase. chloritized amphiboles are in the centre and left of a and b. left photos are cross-polarized 
light, whereas right photos are plane-polarized light.
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SIMS and LA-ICP-MS analyses of zircons from pla-
giogranites, diorites and amphibole gabbros yield 
old U-Pb ages (in addition to 6 grains with Late 
Cretaceous ages of 104 to 96 Ma; see Tables S2 to 
S3) interpreted as xenocrysts: Early Cretaceous (135– 
123 Ma, 5 grains), Jurassic-Early Triassic (250–155 Ma, 
16 grains), Permian (290–255 Ma, 8 grains), 
Carboniferous-Devonian (421–312 Ma, 5 grains), 
Cadomian (625–526 Ma, 7 grains), Cryogenian- 
Tonian (929–652 Ma, 8 grains), Mesoproterozoic 
(1.5–1 Ga, 3 grains), Paleoproterozoic (2.5–1.6 Ga, 
29 grains) and Meso-Archaean (~3 Ga, 1 grain). In 
a Kernel density estimation (KDE) plot (Figure 4A, 
drawn by ‘isoplot R’, (Vermeesch 2018)), zircon xeno-
crysts show main peaks at 141 (Early Cretaceous), 
247 (Early Triassic), 557 (Ediacaran), 847 
(Cryogenian), 1749 and 2147 Ma (Middle to Late 
Paleoproterozoic) (Figure 2A).

Zircon xenocrysts from Kermanshah ophiolite mag-
matic rocks show εHf(t) values from +6.3 to – 21.6 
(Figure 4B), corresponding to depleted mantle Hf 
model ages (TDM) of 0.6 to 3.6 Ga (Table S3). There is 
no systematic correlation between ages and Hf isotope 
values. Mesozoic zircons (Early Cretaceous to Triassic) 
have εHf(t) of +6.3 to – 20.5, whereas Palaeozoic zircons 
have εHf(t) of +5.7 to – 11.9. Cadomian zircons have 
εHf(t) of +1.5 to – 14.6 and Meso- to Paleoproterozoic 
zircons have εHf(t) of +5.6 to – 21.6.

6. Discussion

This section discusses possible mechanisms for concen-
trating zircon xenocrysts in the Kermanshah ophiolite. 
We further discuss the significance of these xenocrysts 
for understanding the formation of Zagros forearc 
ophiolites.

Figure 3. Chondrite-normalized REE patterns (chondritic abundances from (mcdonough and sun 1995)) and primitive-mantle and 
n-morb-normalized multi-element patterns (n-morb and primary mantle concentrations from (mcdonough and sun 1995)) for 
kermanshah plagiogranites. geochemical data for kermanshah gabbros and lavas are from (moghadam et al. 2021b).
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6-1. Significance of zircon xenocrysts

Zircon xenocrysts are also reported from some other 
ophiolites from Iran, e.g. Torbat-e-Heydarieh ophiolite 
in NE Iran (Figure 1A) which contains zircons as old as 
1.1 to 1.5 Ga (Moghadam et al. 2020b) and mafic rocks 
from the Fanuj-Maskutan ophiolites (Makran, S Iran) with 
515 Ma zircon xenocrysts (Sepidbar et al. 2020). Zircons 
from most Kermanshah ophiolite magmatic rocks yield 
Late Cretaceous ages, ranging from 100 to 96 Ma (Fig. 
S2), which are interpreted as crystallization ages 
(Moghadam et al. 2021b). These are consistent with 
microfossil ages of sediments overlying this ophiolite 
(Moghadam and Stern 2011) and with ages of other 
ophiolites along the Main Zagros Thrust (MZT), including 
the Neyriz ophiolite with zircon U-Pb ages of 100.1 ± 2.3 
to 93.4 ± 1.3 Ma (Monsef et al. 2018). These ages are also 
similar to those of other ophiolites along the Bitlis- 
Zagros suture zone; e.g. zircon U-Pb ages of 94–90 Ma 
for Troodos plagiogranites (Maffione et al. 2017); 96– 
95 Ma for Samail (Oman) ophiolite gabbros and plagio-
granites (Warren et al. 2005; Rioux et al. 2013, 2016) and 
92–91 Ma for Kizildag plagiogranites (Dilek and Thy 
2009). These Late Cretaceous ages of magmatic zircons 
are interpreted to date the time of crystallization and to 
constrain the timing of subduction initiation along the 
Eurasian margin, which seems to have started in the 

Kermanshah-Neyriz region and propagated E and 
W. Pre-Late Cretaceous zircon ages are considered to 
be inherited. Samples KR14-28B and KR14-27 also con-
tain a few Late Cretaceous magmatic zircons in addition 
to xenocrysts.

The εHf(t) values for Late Cretaceous zircons range 
from +8.7 to +26 (Table S4), suggesting that the magmas 
that formed these were derived from depleted mantle 
sources (Moghadam et al. 2021b). In contrast, zircon 
xenocrysts have both positive and negative εHf(t). Most 
inherited zircons (41 of 61) have negative εHf(t) 
(Figure 4B), suggesting that their parental magmas are 
recycled from old continental crust. The age and Hf- 
isotope signatures of Kermanshah zircon xenocrysts are 
in the range of zircons from magmatic and sedimentary 
rocks of Iranian continental crust (4C-D).

6-2. Source of zircon xenocrysts

Magmatic rocks from other ophiolites around the world 
contain inherited zircons (e.g. Peltonen et al. 2003; 
Whattam et al. 2006; Smyth et al. 2007; Rojas- 
Agramonte et al. 2016a; Torró et al. 2018; Proenza et al. 
2018a; Lian et al. 2020). Three main mechanisms have 
been suggested for incorporating old zircons in ophio-
lite magmas: (a) from subduction zones, (b) from old 

figure 4. kernel density estimation (kde) plot for zircon xenocrysts in kermanshah ophiolite magmatic rocks (a) and their hf isotopic 
composition vs zircon u/pb age (b). the composition of magmatic zircons from kermanshah plagiogranites are from moghadam et al., 
in press. for comparison we also show the age (c) and hf isotopic composition (d) of the magmatic and sedimentary rocks from the 
Iranian plateau (data from (moghadam et al. 2020a, 2021a)). 176lu/177hf values of 0.011 for upper continental crust is from (Griffin et al. 
2004).
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sub-continental lithospheric mantle (SCLM), and (c) from 
assimilation of continental crust and/or upper crust sedi-
ments. Mechanism (a) may occur in mature magmatic 
arcs to produce arc magmas, mostly in rocks with radio-
genic Pb and Sr and non-radiogenic Hf isotopic compo-
sitions. Mechanism (b) could provide zircons with 
positive εHf(t) values from refertilized mantle. 
Mechanism (c) is likely where magmas interact with 
upper continental crust and sediments and could form 
zircons with variable εHf(t) values. These possibilities are 
explored further below.

Old zircon xenocrysts may have been introduced into 
the shallow mantle wedge by subducting detrital sedi-
ments deposited on the seafloor near the trench and/or 
by subduction erosion of forearc continental crust 
(Yamamoto et al. 2013b; Rojas-Agramonte et al. 2016b). 
Most evidence for such recycling relies on the isotopic 
composition of convergent margin lava. Zircon, because 
of its exceptional physical and chemical strength is the 
most notable possible exception (Harley et al. 2007; 
Bindeman and Melnik 2016). The best evidence that 
zircons can be recycled through subduction zones is 
the presence of xenocrystic zircons in some intra- 
oceanic arc basalts (Rojas-Agramonte et al. 2016a).

The first possibility is that the inherited zircons were 
transported into the mantle beneath the Kermanshah 
forearc as detrital grains in sediments on top of the 
subducting Neotethyan oceanic slab and hence to the 
region of melt generation by diapirs (e.g. Marschall and 
Schumacher 2012; Spandler and Pirard 2013; Rojas- 
Agramonte et al. 2016b; Proenza et al. 2018b), ultimately 
to be incorporated into ophiolite magmas. This interpre-
tation is supported by Sr-Nd-Pb isotope results for the 
Kermanshah ophiolite which emphasized the role of 
subducted sediments in magmagenesis (Moghadam 
et al. 2021b). However, zircons recycled through subduc-
tion would have to reside in the hot mantle wedge 
without significant resetting of their U-Pb ages before 
being entrained into magmatic rocks (Stern et al. 2010). 
Although, empirical evidence shows that zircon can stay 
in the shallow upper mantle for extended periods of 
time (even >1 Ga) (Rojas-Agramonte et al. 2021), but 
considering how subducted components are trans-
ported up into the mantle wedge and the likelihood of 
zircon dissolution or resetting, it seems unlikely that 
xenocrysts could be transported and recycled into the 
shallow oceanic mantle without resetting. There are 
other, similar explanations including, recycling of older 
crustal materials from the deep mantle introduced by 
previous subduction processes, and zircon entrapment 
by a mantle plume (Yang et al. 2015). The best evidence 
for this assumption is the presence of zircon xenocrysts 
in ophiolitic peridotites and chromitites (Yamamoto 

et al. 2013a; McGowan et al. 2015; Griffin et al. 2016; 
Lian et al. 2020). The other alternative is transport via 
aborted thermo-chemical diapirs which can be incorpo-
rated into the shallow mantle (ca 50 km deep; (Blanco- 
Quintero et al. 2011; Rojas-Agramonte et al. 2016b; 
Proenza et al. 2018b). This mechanism is similar to 
mechanism (a), i.e. sediment subduction into the mantle 
wedge, as described above. Such diapirs can include 
partially molten hydrated peridotite, dry solid mantle 
rocks, and subducted oceanic crust and sediments 
(Gorczyk et al. 2007a; Blanco-Quintero et al. 2011), 
which may include zircon-bearing detrital sediments. 
Ascent of these plumes from >100 km depth brings 
asthenosphere and lithospheric mantle and subducted 
crustal materials to shallow mantle depths, where it 
could contribute to arc magmatism (Gorczyk et al. 
2007b).

The second possibility for Kermanshah old zircons is 
that these are inherited from Iranian sub-continental 
lithospheric mantle (SCLM), similar to the proposed 
mechanism for incorporating inherited zircons in 
Arabian-Nubian Shield mafic rocks (Stern et al. 2010). 
About one-third of the zircon xenocrysts from the 
Kermanshah ophiolites (20 of 61 grains) have positive 
εHf(t) values (Table S4), typical of zircon that crystallized 
from melts derived from a juvenile SSZ-related source. 
These zircons could originally have crystallized within 
ancient SCLM. Isotopic and trace element ratios such as 
Nb/Yb show that some Kermanshah ophiolite magmatic 
rocks were derived from an enriched mantle source, i.e. 
possibly ancient SCLM and this could have also provided 
the old zircons.

The third possibility is that zircon xenocrysts are pro-
ducts of magmatic assimilation of Iranian continental 
crust and sediments. Xenocrysts show a pattern of ages 
and Hf-isotopic compositions that broadly resembles 
zircons in older magmatic and sedimentary rocks of 
Iran to the N and NE. Jurassic to Early Cretaceous mag-
matic rocks are abundant in the Sanandaj-Sirjan zone 
and are interpreted to have formed during rifting of 
Iranian continental lithosphere with significant contam-
ination by upper crust and sediments (Azizi and Stern 
2019). This process can produce magmatic rocks with 
variable Hf-isotope compositions, similar to those found 
as xenocrysts in Kermanshah rocks. Triassic, Permian to 
Carboniferous and Devonian rocks are rare in the 
Sanandaj-Sirjan zone but there are granitic rocks in the 
region with these ages (e.g. Honarmand et al. 2017; 
Moghadam et al. 2020a), which could have supplied 
zircon xenocrysts in the Kermanshah rocks. 
Sedimentary successions as well as metamorphic rocks 
with pelitic to psammitic protoliths such as Triassic and 
Jurassic schists, phyllites, greywackes and sandstones 
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from the Sanandaj-Sirjan zone can also considered as the 
source for Triassic, Permian to Carboniferous detrital 
zircons. The abundance of detrital zircons in clastic sedi-
ments can vary tremendously, depending on the ‘ferti-
lity’ of unroofed bed rocks (Malusà et al. 2016). 
Cadomian and older zircons can be supplied from 
Cadomian magmatic and sedimentary rocks which are 
widespread in Iranian crust to the north (Moghadam 
et al. 2021a). We prefer the third explanation because 
this is most consistent with the observation that xeno-
crysts are especially common in Kermanshah felsic rocks.

Our data suggest that zircon xenocrysts were sup-
plied from Iranian passive margin sediments (Figure 5). 
The common occurrence of Mesozoic, Palaeozoic and 
Cadomian rocks containing Early Cretaceous to 
Paleoproterozoic zircon from the Iranian continental 

margin, with similar age peaks in the KDE plot 
(Figure 4C) and identical εHf(t) values (Figure 4D) sup-
ports the interpretation that zircon xenocrysts survived 
partial melting of Iranian continental margin sediments 
during mafic igneous activity associated with subduc-
tion initiation to form the Zagros ophiolites. It is espe-
cially noteworthy that no pre-Ediacaran crust is known in 
Iran, so older xenocrysts must be recycled from sedimen-
tary rocks. This interpretation is supported by the obser-
vation that old xenocrysts (>2 Ga) are well-rounded, 
suggesting mechanical abrasion during sedimentary 
transport.

The abundance of xenocrystic zircons in plagiogra-
nites and other felsic rocks of the Kermanshah ophiolite 
indicates the importance of understanding how these 
magmas formed. Scenarios proposed for forming 

Figure 5. Schematic model explains the SI along the Iranian continental margin during late cretaceous which is presumed to be the 
fundamental mechanism for the concentration of the zircon xenocrysts in the kermanshah ophiolite.
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ophiolitic plagiogranites include low-pressure fractional 
crystallization of hydrated basaltic melt (Amri et al. 1996) 
and late-stage products of silicate liquid immiscibility 
(Dixon and Rutherford 1979). Fluid-induced anatexis of 
mafic rocks, e.g. hornblende gabbros and/or amphibo-
lites (Pedersen and Malpas 1984), in the roof zone of an 
axial magma chamber, is another mechanism for the 
formation of plagiogranites (Rollinson 2009). However, 
the lack of amphibolites in association with plagiogra-
nites rule out anatexis of these rocks to produce 
Kermanshah plagiogranites. On the other hand, the 
absence of field evidence, as well as trace element pat-
terns of plagiogranites and gabbros don’t support wet 
anatexis of gabbros to generate the Kermnanshah plagi-
ogranites. The plagiogranitic melts produced by hydrous 
partial melting of gabbros would have very low REE and 
TiO2, because the compositionally refractory gabbroic 
rocks are depleted in REE and TiO2 (e.g. Koepke et al. 
2007).

The rare-earth and trace element patterns of plagio-
granites are similar and broadly parallel to the 
Kermanshah lavas with Island-arc tholeiitic composi-
tions. Therefore, fractional crystallization of the arc tho-
leiitic basaltic melts is possible to produce the 
Kermanshah plagiogranites. Assuming a density of 
hydrous basaltic (near MORB-like) melts in upper mantle 
of ~ 2.38 g-cm–3 (Bajgain et al. 2015) and the density of 
zircons as ~4.7 gcm−3 (Guo et al. 2020), it is difficult to 
understand how old zircons can be retained in a final 
fractionated melt and/or within melts from anatexis of 
hydrous gabbros. Therefore, our results suggest another 
related mechanism: coupled assimilation and fractional 
crystallization (AFC) involving mafic magmas intruding 
passive continental margin sediments.

Considering all these assumptions, we prefer to 
explain the presence of xenocrystic zircons in 
Kermanshah ophiolitic plagiogranites as due to the 
assimilation of Iranian continental crust and overlying 
sediments during subduction initiation of Neotethys, 
which fixes this at the margin of Iran during the Late 
Cretaceous, ~100-95 Ma (Figure 3).

7. Conclusions

Zircon xenocrysts from some plagiogranites in the 99– 
96 Ma Kermanshah ophiolite of SW Iran have U-Pb 
ages of Early Cretaceous (135–123 Ma), Jurassic- 
Triassic (250–155 Ma), Permian (290–255 Ma), 
Carboniferous-Devonian (421–312 Ma), Cadomian 
(625–526 Ma), Cryogenian-Tonian (929–652 Ma), 
Mesoproterozoic (1.5–1 Ga), Paleoproterozoic (2.5– 
1.6 Ga) and Meso-Archaean (~3 Ga). These zircon xeno-
crysts have εHf(t) values between +6.3 and – 21.6, 

corresponding to depleted mantle Hf model ages 
(TDM) of 0.6 to 3.6 Ga. The age and Hf-isotope composi-
tions of the zircon xenocrysts suggest their derivation 
from older magmatic and sedimentary rocks of the 
Iranian continental crust. The participation and assim-
ilation of Iranian continental crust and sediments in 
Late Cretaceous ophiolites is best explained as 
a result of magmatism associated with subduction 
initiation beneath Iran along the SW Iran continental 
margin.
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