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The Penjween ophiolite complex represents a remnant of the Neotethys oceanic crust that was preserved in the

Zagros Suture Zone of NE Iraq. The complex is composed of dunite, harzburgite, and pyroxenite at the bottom,

gabbro in the middle, and diorite at the top. Minor peraluminous granitiod intrusions of different types were

identified in the complex. These granitoids are classified into trondhjemite and pegmatitic granite. Zircon grains

from these intrusions show different ages and geochemistry, pointing at differences in their genesis and compo-

sition of the parent melts. The trondhjemite has an age of ~90Ma giving the minimum age of the ultramafic sec-

tion. This indicates that the mafic rocks were underlain by a source capable of yielding silica-saturated sodic

granitoids. The pegmatitic granitewith high potassium content, has aU\\Pb zircon age of ~46Ma, suggesting der-

ivation from a non-mafic source melt at a younger age. The (U\\Th)/(He\\Pb) double dating on zircons from the

trondhjemite and pegmatitic granite intrusions indicate a comparable exhumation age of ~23 Ma. These results

suggest that two episodes of magmatism occurred prior to the final closure of the Neotethys. In the Late Creta-

ceous event, melting of amafic source formed trondhjemites, whereas in themiddle Eocene event, possiblymelt-

ing of the associated sedimentary rocks with the downgoing Neothethys oceanic slab formed pegmatitic granite.

The similar exhumation time of the two genetically different granitoids suggests that the Penjween ophiolite

complex was exhumed by the beginning of Miocene, potentially as a consequence of the Arabian-Eurasian

plate collision.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

The Zagros orogenic belt represents the central part of theAlpine-Hi-

malayan orogenic system. It is a ~2000 km long belt that extends from

the East Anatolian Fault in southeastern Turkey and continues through

northeastern Iraq to the Makran Subduction Zone in southern Iran

(Alavi, 1994; Dercourt et al., 1986; Falcon, 1974) (Fig. 1). The Zagros

orogenic belt formed by three major tectonic events: Early to Late Cre-

taceous subduction of the Neotethyan oceanic plate beneath the Eur-

asian continental plate, emplacement of the Late Cretaceous

Neotethyan ophiolites on the Arabian continental passive margin, and

the Cenozoic collision of the Arabian and Eurasian continental plates

(Alavi, 1994; Agard et al., 2005; Al Humadi et al., 2019; Shafaii

Moghadam et al., 2019; Mohajjel and Ferguson, 2014; Shafaii

Moghadam and Stern, 2015). As a young continental convergence

zone, the Zagros orogenic belt provides an opportunity to assess the tec-

tonic cycle processes of subduction, obduction, and continental colli-

sion. The Zagros orogenic belt in the study area illustrates an

intermediate phase between the preliminary obduction stages that is

preserved along the Makran–Oman transect and the late stage collision

that observed in southeastern Turkey (Agard et al., 2005; Shafaii

Moghadam et al., 2014; Fergusson et al., 2016). The rock record in the

Iraqi Zagros segment preserves phases of subduction and collision in as-

sociation with the extensive Cenozoic magmatism in the Zagros Suture

Zone (ZSZ; Jassim and Goff, 2006). The Iraqi ophiolite complexes along

the ZSZ are distributed discontinuously,marking the boundary between

the Arabian and the Eurasian continental plates. These ophiolite com-

plexes represent remnants of the southern Neotethyan oceanic crust

that was obducted in two major tectonic events during the Late Creta-

ceous and the Paleogene, by a series of collisions of intra-oceanic arc-

trench systems with the Arabian continental margin (Ismail et al.,
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2014; Ali et al., 2016, 2019). The Mawat, Penjween, Pushtashan,

Hasanbag, and Kata-Rash complexes (Fig. 2) have been identified as

Mesozoic ophiolites (Ali et al., 2012, 2016, 2019; Abdulla, 2015; Al

Humadi et al., 2019). Mélange-like assemblages such as the Rayat,

Qalander, and Bulfat complexes have been identified as Cenozoic

ophiolites and were preserved as incomplete fragments in association

with the Paleogene Walash-Naopurdan groups (Arai et al., 2006;

Ismail et al., 2009, 2010, 2014; Ali et al., 2019).

The objective of this study is to determine the geochemical and pet-

rological characteristics as well as, the timing of generation and exhu-

mation of the Penjween ophiolite complex to unravel the subduction

and subsequent collision history of the ZSZ in Iraq. In addition to the

whole-rock geochemistry of the granitoid intrusions in the Penjween

ophiolite complex, the (U\\Th)/(He\\Pb) age and trace elements con-

tent of their zircons will also be presented.

2. Geologic background

Many researchers have studied the tectonic history of the Zagros

orogenic belt in Iraq, including the ZSZ, fold-thrust belt, and foreland

basin (Buday and Jassim, 1987; Al-Kadhimi et al., 1996; Numan, 1997;

Jassim and Goff, 2006; Al-Qayim et al., 2012; Lawa et al., 2013; Ali et

al., 2014, 2019; Koshnaw et al., 2017, 2018, 2019). The geology and tec-

tonics of Iraq is subdivided into threemajor zones: (1) the Zagros Suture

Zone in the northeastern extremity of Iraq, (2) the Unstable Shelf,

encompassing the northern and east-central part of Iraq, and (3) the

Stable Shelf that includes the central and western parts of Iraq (Buday

and Jassim, 1987). The principal tectonic units in Iraq generally trend

NW-SE, parallel to the Zagros structures of Iraq and Iran and E-W, par-

allel the Tauride structures of SE Turkey. Development of the Zagros Su-

ture and Unstable Shelf zones was affected by the Cenozoic collision,

whereas the Stable Shelf was influenced by the tectonic history of the

Arabian craton. The ZSZ was subdivided by Jassim and Goff (2006)

into three zones: the Qulqula-Khwakurk Zone, the Penjween-Walash

Zone, and the Shalair Zone (Fig. 2).

The Qulqula-Khwakurk Zone comprises mostly the sedimentary

units of southernNeotethys thatwere folded and sutured to the Arabian

plate during the Late Cretaceous (Jassim and Goff, 2006). The sedimen-

tary units from this zone mainly consist of the Triassic Avroman lime-

stone, the Triassic–Cretaceous Qulqula deep marine radiolarian chert,

mudstone, and limestone that are succeeded by the Albian-Cenomanian

conglomerate. Basaltic flows and dykes occur in these sequences, yet no

absolute ages and geologic descriptions are available on them. The

Penjween-Walash Zone extends along the Iraq-Iran border and includes

the main Neotethys ophiolites (Fig. 2). This zone contains three alloch-

thonous thrust sheets: Naopurdan at the bottom,Walash in themiddle,

and Gimo-Qandil at the top. Both theWalash and the Naopurdan thrust

sheets contain Paleogene ophiolite rocks (Ismail et al., 2014). The

Walash and Naopurdan sheets are structurally overlain by the Creta-

ceous Gimo-Qandil sheet. TheGimo-Qandil sheet containsmafic and ul-

tramafic massifs, representing dismembered Late Cretaceous ophiolites

of the Penjween, Mawat, and Pushtashan complexes (Fig. 2).

Fig. 1. Regional tectonic map of the Middle East, including the NW Zagros belt in the Kurdistan region of Iraq (modified from Koshnaw et al., 2017).
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Fig. 2. Regional geologic map of the northeastern Iraq and northwestern Iran showing the major tectonic subdivisions, major rocks units, and locations of the Zagros ophiolitic terranes

(Al-Kadhimi et al., 1996; Koshnaw et al., 2017; Ali et al., 2019).

Fig. 3. Simplified geologic map of the Penjween ophiolite complex and the surrounding areas showing the pegmatitic granite and trondhjemite intrusions (modified from Jassim and Goff,

2006).
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Structurally, the Shalair Zone is the highest thrust sheet within the lraqi

segment of the Zagros orogenic belt (Fig. 2). The Shalair Zone is consid-

ered as a part of the Sanandaj-Sirjan Zone (Jassim and Goff, 2006). The

rocks of this zone are mainly metamorphosed Upper Permian rocks

that are overlain by the Jurassic and Lower Cretaceous fore-arc meta-

sediments and the Upper Cretaceous calc- alkaline andesitic rocks

(Kata Rash unit) with imbricated slices of the Upper Triassic deep

water carbonate rocks (Jassim and Goff, 2006).

The Penjween ophiolite complex (POC), within the Penjween-

Walash Zone, is ~16 km long and ~5 kmwide that trendsNW-SE parallel

to the regional structures and continues into the Iranian Zagros segment

(Fig. 3). The POC is bounded byphyllite and calc-schist of the Cretaceous

metamorphosed Gimo group to the east and by the Cenozoic clastic Red

Bed Series to the west (Fig. 3; Jassim and Goff, 2006). The POC was

thrusted onto the Red Bed Series deposits during the Miocene-Pliocene

(Al Hassan and Hubbard, 1985; Buday and Jassim, 1987; Jassim and

Goff, 2006). The POC is thrusted over by themetamorphosed Late Creta-

ceous volcano-sedimentary units of the Penjween group. The POC is

composed of dunite, harzburgite and pyroxenite at the bottom, to gab-

bro and diorite at the top. These three rock units are separated by

thrusts (Jassim and Goff, 2006; Al-Qayim et al., 2012; Ali et al., 2019).

Dunite rocks occur either as small massive lenses or as envelopes sur-

rounding chromitite ore bodies. The contact between the dunite lenses

and their host peridotite is sharp, whereas the dunite envelopes around

the chromitites grade outward into harzburgite. Harzburgite is themost

abundant rock in the Penjween ultramafic body which consists of

forsteritic olivine and Mg-rich orthopyroxene and minor chromite;

these minerals underwent different degrees of alteration. Pyroxenite

occurs as two types: (1) as small bodies, usually near the contact of pe-

ridotite and gabbro, and (2) as dykes cuttingmafic and ultramafic rocks.

Volcanic rocks of this complex are exposed over a width of ~20 km,

oriented northwest-southeast (Buday and Jassim, 1987). They consist

of basalts, basaltic tuffs and andesite. Minor felsic intrusions comprise

<0.5% of the Penjween ophiolite sequence. These were intruded into

the mantle rocks in several locations.

3. Petrography of the Penjweeen granitoid intrusions

White-colored trondhjemite and pegmatitic granite were found at

eleven localities in the upper part of the mantle section of the POC.

The thickness of the trondhjemite bodies ranges between 1 and 3 m.

The pegmatitic granite bodies are larger, and extend up to 50 m across

(Fig. 4A and B). Sharp contacts were observed between the

trondhjemite and the host peridotites, whereas an amphibolite body

separates the pegmatitic granite from its host peridotite rocks. Petro-

graphic studieswere conducted on 22 thin sections from these granitoid

intrusions (trondhjemite and pegmatitic granite). The trondhjemite is a

leucocratic rock that consists predominantly of quartz, plagioclase and

lesser orthoclase (Fig. 4C); they have hypidiomorphic granular texture

with a medium grain size (0.3–1 mm) and are classified as tonalite-

trondhjemite. They also show a schistosic texture as alternation of

fine-grained and medium-grained aggregates. Apatite, rutile, monazite

and zircon grains form tiny accessory minerals. Plagioclases are

subhedralwith amedium-grain size of (0.5–1mm)and are partly trans-

formed to epidote. Quartz is generally anhedral and rarely displays re-

crystallization textures. The rocks are variably altered, containing

different secondary minerals such as epidote and chlorite. Primary bio-

tite is commonly replaced by chlorite. Most of the original pyroxene is

replaced by amphibole. These modifications suggest that the

trondhjemite rocks were either affected by hydrothermal alteration

(Spooner and Fyfe, 1973; Lecuyer et al., 1990) or experienced weak

greenschist facies metamorphism (Coleman and Donato, 1979).

Fig. 4. Field views of the studied granitoid bodies that intruded into themantle peridotites of the Penjween ophiolite complex. (a) Pegmatitic granite intrusion. (b) Trondhjemite intrusion.

(c) Photomicrograph showing hypidiomorphic granular texture with medium-grained quartz and plagioclase minerals (0.3–1 mm). (d) Photomicrograph showing porphyritic texture

between K-feldspars, quartz and rare plagioclase in the pegmatitic granite intrusions.
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The pegmatitic granite intrusions consist mainly of K-feldspars,

quartz and rare plagioclase. The feldspars are mostly orthoclase,

forming very large crystals and occasionally showingperthite twins. Ad-

ditionally, these feldspars are characterized by a porphyritic texture

with euhedral to subhedral orthoclase phenocrysts surrounded by

groundmass of fine-grained plagioclase, quartz, and biotite. Features

such as bending of orthoclase cleavage and twin planes, and undulose

extinction indicate mild deformation after crystallization. The feldspars

are slightly kaolinized. The quartz grains are well-developed crystal

withwavy extinction, but smaller in size relative to the feldspars. Aggre-

gates offine-grained feldspar that aremixedwith less quartzwere likely

produced as a result of stress effect, causing cataclastic deformation.

Quartz veinlets within the cleavage planes of the deformed feldspars

were likely produced by shearing. The shearing is also observed by the

presence of oriented thin streaks of muscovite bundles that traverses

the rock. Tourmaline, zircon, monazite and ilmenite occur as accessory

minerals.

Table 1

Major, trace and rare earth elements concentrations of the Penjween granitoid intrusions.

Rock type Trondhjemite Pegmatitic granite

Sample no. Pnj3 Pnj9 Pnj10 Pnj11 AA2 pnj6 PnjBB2

Major oxide (wt%)

SiO2 68.81 68.84 71.01 66.05 75.02 74.7 73.5

TiO2 0.16 0.14 0.09 0.14 0.06 0.04 0.05

Al2O3 18.44 17.99 18.4 19.69 13.47 14.2 13.72

FeOtot 0.5 0.98 0.45 1.56 1.55 1.12 1.42

MnO 0.01 0.02 0.01 0.02 0.01 0.01 0.01

MgO 0.23 1.03 0.21 1.01 0.15 0.14 0.12

CaO 1.71 2.44 1.33 2.87 0.18 0.42 0.22

Na2O 8.98 7.88 8.03 8.17 3.01 3.73 4.31

K2O 0.02 0.13 0.12 0.14 6.39 4.87 5.94

P2O5 0.02 0.03 0.02 0.08 0.05 0.05 0.05

LOI 0.35 0.2 0.19 0.58 0.48 0.75 0.65

Total 99.23 99.68 99.86 100.31 100.37 100.03 99.99

Trace elements (ppm)

Ba 28.5 46.8 68.8 249 102 184 137

Co 2 2 1 5 0.8 1 1

Cr 12 10 11 10 10 10 10

Cs 0.07 0.02 0.03 0.05 2.1 3.2 1.9

Cu 5 18 6 32 5.8 7.3 6.8

Ga 16.6 13.8 17.8 15.7 20.1 18.5 23.5

Hf 1.9 1.1 1.2 1.6 0.3 0.6 0.4

Mo 1 1 1 1 1.5 1 1

Nb 11.89 13.6 3.8 7.8 16.8 27.2 19.7

Ni 2 3 2 4 2.4 2 2

Pb 2 2 2 2 9.7 6.4 7.5

Rb 1.1 1.8 1.6 1.1 123 110 137

Sr 121.4 144 116 312 28 65 58

Sn 1 5 1 1 5 1 1

Ta 1.6 2.2 1 1.3 1.3 1.5 1.1

Th 4.22 3.4 3.84 6.7 0.8 2.4 1.4

U 1.15 0.21 0.55 0.45 0.8 1.02 0.9

V 6 5 5 11 5 5 5

W 1 3 1 6 1 1 1

Y 11.6 4.7 3.3 8.5 5.7 14 9.4

Zn 2 3 2 5 3 2 2

Zr 68 53 49 66 33 41 38

Rare earth elements (ppm)

La 21.4 25.4 30.1 43.2 2.3 6.5 4.6

Ce 35.7 41.1 37.7 56.7 3.4 13 9.8

Pr 3.2 3.99 3.05 6.3 0.33 1.44 0.86

Nd 11 13.1 10.7 22.6 1.4 4.2 2.2

Sm 1.95 2.02 1.37 2.9 0.29 0.67 0.58

Eu 0.21 0.32 0.15 0.39 0.13 0.23 0.19

Gd 1.28 1.2 0.77 1.37 0.47 0.86 0.75

Tb 0.22 0.13 0.11 0.19 0.11 0.23 0.18

Dy 1.43 0.63 0.66 1.33 0.73 1.9 1.57

Ho 0.29 0.14 0.15 0.25 0.19 0.42 0.35

Er 0.89 0.38 0.52 0.9 0.54 1.3 1.2

Tm 0.12 0.06 0.08 0.13 0.08 0.18 0.17

Yb 0.94 0.41 0.53 0.98 0.68 1.22 1.12

Lu 0.16 0.08 0.09 0.15 0.08 0.19 0.17

Fig. 5. (A) A/CNK- A/NK plot (Shand, 1943) showing peraluminous composition for the

Penjween granitoids (red rectangular for trondhjemite and blue triangle for pegmatite

granite). (B) Triplot classification diagram of feldapars (O'Connor, 1965) for the

Penjween granitoid intrusions: Group-I, trondhjemite as red rectangular, and Group-II

(granite) as blue triangle. (C) K2O versus SiO2 plot (after Peccerillo and Taylor, 1976) for

the Penjween granitoids; red rectangles for trondhjemite and blue triangles for

pegmatitic granite. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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4. Methods

4.1. Whole-rock analysis

The bulk rock major oxides, trace and rare earth elements analysis

for 7 samples of the felsic dykeswere conducted at AcmeAnalytical Lab-

oratories Ltd. (Acme) in Vancouver, Canada. The samples were

pulverised in a mild steel swing mill and after the LiBO2 fusion and

HNO3 dilution, the major elements, Cr, and Sc were analyzed by induc-

tively coupled plasma-emission spectrometry (ICP-OES). The other

trace and rare earth elements were analyzed by inductively coupled

plasma-mass spectrometry (ICP-MS). The analytical accuracy and preci-

sion were monitored by analyzing the rock reference materials SO-18,

SO-19, DS-10, and OREAS45EA. Analytical accuracy has indicated by

the relative difference between measured and recommended values,

which was better by 2% for themajor oxide and 10% for all the other el-

ements (Supplementary Table 1).

4.2. U\\Pb, (U\\Th)/He age and trace element analyses for zircon

For zircon U\\Pb analysis, the separated zircon grains fromgranitoid

sampleswere put on a double-sided tapemount in order to preserve the

grains for later analyses. The grainswere unpolished to allowdepth pro-

filing and recognition of core versus rim growth (Marsh and Stockli,

2015; Soto-Kerans et al., 2020). The analyses on the zircon grains

were conducted at the University of Texas geo- and thermo-chronome-

try laboratory. The zircon grains were analyzed by the laser ablation in-

ductively coupled plasmamass spectrometry (LA-ICP-MS) using Photon

Fig. 6. (A) Primitive mantle-normalized rare earth elements distribution of the Penjween pegmatitic granite (blue triangle) and trondhjemite intrusions (red rectangular); normalization

data from McDonough and Sun (1995); (B) N-MORB normalized trace elements distribution of the Penjween pegmatitic granite (blue triangles) and trondhjemite intrusion (red

rectangles); normalization data from Sun and McDonough (1989). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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Machine Analyte G.2 with a Helex sample cell and Thermo Element2

ICP-MS. The reference standard GJ1 (Jackson et al., 2004) was used to

constrain the fractionation correction of the unknown grains. The re-

ported core ages represent 206Pb/238U for zircon ages younger than

850 Ma with a discordance of <10%, determined by 206Pb/238U versus
207Pb/235U ages, and 207Pb/206U ages for zircon ages older than 850 Ma

with a discordance of <30%, determined by 206Pb/238U versus
207Pb/206U (Gehrels et al., 2008; Gehrels, 2011). All ages involve 2σ an-

alytical uncertainty. The rawdatawere reduced by using Iolite™ plug-in

on theWavemetrics Igor Pro™ platformandVizualAge™ data reduction

scheme (Paton et al., 2011; Petrus and Kamber, 2012).

Following the U\\Pb analysis, a second spot of 20 μm diameter was

chosen on the zircon grains for trace-element geochemical analysis by

LA-ICP-MS. Masses analyzed include Si29, Ti49, Y89, Ba137, La139, Ce140,

Pr141, Nd145, Sm147, Eu153, Gd157, Tb159, Dy163, Ho165, Er166, Tm169,

Yb172, Lu175, Hf178, Ta181, Th232, and U238. Glass NIST612 was used as a

primary reference material and Si29 as internal standard.

For the purpose of zircon (U\\Th)/(He\\Pb) double dating, after

completion of theU\\Pb and trace-elemental analyses, the zircon grains

were manually picked from the tape mount and packed in a platinum

(Pt) pocket for thermochronometric analysis, following procedures

outlined by Wolfe and Stockli (2010). The packed zircon grains were

laser heated for 10min at ~1300 °C to degas them. The released gas im-

paled with 3He tracer and measured by quadrupole noble gas mass

spectrometer. Later the zircon grains unwrapped from the Pt pocket,

spiked with 230Th, 235U, 149Sm and REE tracer and put in pressurized di-

gestion vessels with HF-HNO3 mixture and 6 N HCL, each at different

stage. Then, the spiked solution was run through Thermo Element2

ICP-MS to measure the concentration of the parent nuclides and

contrasted against a gravimetric 1 ppb U–Th–Sm–REE normal solution

(Wolfe and Stockli, 2010). The presented zircon helium ages in this

study are alpha ejection corrected (Farley et al., 1996) with standard

procedure uncertainty of ~8% and 2σ, depending on the used Fish Can-

yon Tuff standard (Reiners et al., 2002). More details on these methods

of zircon U\\Pb, (U\\Th)/He, and trace element analysis are described

in Barber et al. (2019).

5. Results

5.1. Geochemistry of the Penjween granitoid intrusions

Seven granitoid samples from the Penjween ophiolite complexwere

analyzed (Table 1). All samples are peraluminous with A/CNK ratio of

1.31–1.91 (Fig. 5A) and variably high in Al2O3 (13. 47–19.69 wt%) and

Table 2

Trace elements concentration of zircon grains in the trondhjemite and pegmatittic granite intrusions from the Penjween ophiolite complex.

Sample ID Ti Hf Th U Tb Ta Y Nb Th/U Eu/Eu⁎ Yb/Gd U/Yb

Trace elements in zircons from pegmatitic granite (ppm)

AA2-1 2.38 13560 113 1150 3.15 0.22 769 1.02 0.098 0.542 69.692 2.538

AA2-2 1.94 13390 111 1030 2.45 0.3 567 1.39 0.107 0.475 65.235 3.228

AA2-3 1.3 14040 126 1220 3.13 0.19 860 0.95 0.103 0.932 82.193 2.359

AA2-6 5 12540 1470 7010 12.48 3.73 2570 11.26 0.209 0.598 39.409 6.176

AA2-8 0.7 10970 65.7 699 1.45 0.44 383 0.98 0.093 0.821 71.028 3.065

AA2-9 2.1 13730 329 1600 2.63 0.85 576 2.58 0.205 0.629 41.093 6.083

AA2-10 2.8 13420 610 4400 9.3 1.75 2100 3.6 0.138 0.499 44.559 5.116

AA2-11 3.1 12970 267 1690 4.15 0.55 920 1.33 0.158 0.491 52.289 3.894

AA2-12 0.6 11590 104 750 2.61 0.335 625 0.97 0.138 0.254 66.274 2.218

PNJ6-1 0.93 11760 1010 6110 13.04 1.69 2940 4.6 0.165 0.788 37.551 5.534

PNJ6-3 0.6 15010 359 3840 7.05 1.15 1704 3.09 0.093 0.56 51.18 5.21

Trace elements in zircons from trondhjemite (ppm)

PNJ10-2 6.3 11330 305 778 22 6.98 3750 18.7 0.392 0.417 19.512 0.648

PNJ10-3 0.9 13720 187 1500 15.9 5.67 3820 16.1 0.124 0.265 53.869 0.828

PNJ10-4 4 12540 60 1020 14 3.32 3400 10.4 0.058 0.217 59.169 0.596

PNJ10-5 4.6 7300 70 178 5.89 1 1260 4.96 0.393 0.36 46.204 0.281

PNJ10-6 3.5 12660 97 527 10.2 2.29 2170 7.02 0.184 0.054 51.628 0.474

PNJ11-1 2.95 6910 128.5 397 13.06 1.83 2195 5.9 0.323 0.435 23.414 0.459

Table 3

Rare earth elements concentration for zircon grains from the trondhjemite and pegmatitic granite intrusions of the Penjween ophiolite complex.

Sample ID La Ce Pr Nd Sm Eu Gd Dy Ho Er Tm Yb Lu

Rare earth elements in zircons from pegmatite granite (ppm)

AA2-1 0.0015 1.92 0.0099 0.063 0.47 0.31 6.5 55.9 25.1 141 40.7 453 92.2

AA2-2 0.046 1.87 0.0221 0.21 0.55 0.255 4.89 43.4 18.9 99 28.8 319 61.8

AA2-3 0.002 1.78 0.0111 0.124 0.48 0.53 6.29 60.4 27.2 155 44.9 517 106

AA2-6 0.071 12.93 0.116 1.08 2.62 1.7 28.8 201 83.9 434 111.6 1135 200

AA2-8 0.0054 1.53 0.0069 0.128 0.19 0.21 3.21 26.9 12.09 68.4 20.1 228 41.5

AA2-9 0.015 2.8 0.02 0.38 0.62 0.41 6.4 45.4 18.4 99 26 263 50.7

AA2-10 0.048 5 0.062 0.49 1.68 0.93 19.3 157 66 361 90 860 172

AA2-11 0.0034 2.57 0.0115 0.081 0.9 0.44 8.3 72 29.4 163 42.8 434 89

AA2-12 0.004 1.91 0.0024 0.155 0.41 0.12 5.1 43.2 19.7 110 30.1 338 69

PNJ6-1 0.57 19.6 0.45 1.83 3.04 2.44 29.4 210 90.4 465 113.8 1104 221

PNJ6-3 0.002 4.16 0.0105 0.36 1.1 0.73 14.4 121.8 53 284 73.9 737 151

Rare earth elements in zircons from trondhjemite (ppm)

PNJ10-2 0.134 26.3 0.199 3.52 8.5 3.12 61.5 317 124.5 578 132.4 1200 245

PNJ10-3 0.022 5.36 0.046 0.6 2.59 0.81 33.6 270 120.3 689 175 1810 376

PNJ10-4 12 8 0.5 2.3 3.08 0.67 28.9 238 109 624 162 1710 354

PNJ10-5 0.064 4.49 0.05 0.58 1.59 0.55 13.7 94 41.8 234 59.6 633 140

PNJ10-6 0.125 2.77 0.075 0.81 2.9 0.14 21.5 168 72 414 106 1110 232

PNJ11-1 0.011 10.17 0.183 3.26 5.94 2.11 36.9 165.6 67.2 342 85.9 864 171.2
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Na2O (3.01–8.98wt%) contents. Themajority of samples ≤ 0.75wt% LOI,

indicating lowdegree of alteration. Based on the geochemical character-

istics, the granitoids can be subdivided into two groups. Samples from

group I have low SiO2 contents of 66–71 wt%, whereas those from

group II have high SiO2 contents of 73.5–75wt%. According to the triplot

classification diagrams of feldspars (O'Connor, 1965), group I classifies

as trondhjemite and group II as granite (Fig. 5B). The group-I

trondhjemites have high Sr (116–312 ppm) and low Y (3.3–11.6 ppm)

contents, with a high Sr/Y ratio of 10.46–36.7. Additionally, the primi-

tive mantle-normalized group-I trondhjemites display fractionated

REE patterns showing a negative slope for the LREE (La to Gd) and a

flat trend for the HREE (Tb to Lu) (Fig. 6A) with negative Eu anomalies

(Eu/Eu⁎ = 0.38–0.52). The group-II granites contain low Sr (28–65

ppm) and Y (5.7–14 ppm) and have less fractionated REE patterns

showing a negative slope for LREE and a flat trend for HREE with low

LREE values andno clear Eu anomalies. Group-I trondhjemites are richer

in LREE (LaN/YbN = 15.38–41.94 and LaN/SmN = 6.9–13.82) than the

group-II granites (LaN/YbN = 2.28–3.59 and LaN/SmN = 4.99–6.1). The

primitive mantle-normalized spider diagrams for trace elements,

group-I trondhjemites have distinct humps for Th, La, and Nd and

troughs for Rb, K, P and Ti (Fig. 6B). In contrast, group-II granites show

a general negative pattern with distinct humps for Cs, K and Pb and

troughs for Th, Ce and Ti.

5.2. Trace elements in zircon

The behavior and distribution of trace elements in the zircon grains

are of great importance in identification of their genetic origin (Hoskin

and Schaltegger, 2003; Whitehouse and Platt, 2003). The integration

of trace elements into the magmatic zircon grains is controlled by pres-

sure, temperature, and composition of the parent melts as well as the

diffusivity of the trace elements in the crystal and melts (Reiners et al.,

2005; Rubatto and Hermann, 2007). The trace elements content in zir-

con from the granitoid of the POC provide the absolute level of each el-

ement and their variation between the group-I trondhjemites and

group-II pegmatitic granite (Table 2). Zircon grains from the granitoid

intrusions have high Th/U ratios of 0.1–0.4, indicating amagmatic origin

for both types of zircons (Hoskin and Schaltegger, 2003). The highest

combined content of U and Th occurs in the zircon grains from the peg-

matitic granite (8480 ppm), whereas the lowest content of 248 ppm is

in the trondhjemite. The highest Hf value of 1.5 wt% is found in the zir-

con grains of the pegmatitic granite; whereas the lowest value of 0.69

wt% is in the zircon grains of the trondhjemite. The lowest average con-

centrations of Y value of 1247 ppmwas found in the zircon grains of the

pegmatitic granite, whereas the highest average value of 2766 ppmwas

in the zircon grains of the trondhjemites. The Hf/Y ratio in the zircon

grains from the trondhjemites and pegmatitic granite is ≤4 and >10, re-

spectively. The Ti content of 3.7 ppm in the zircon grainswhich is highly

sensitive to the formation temperature (Fu et al., 2008), ranges between

<1 and 9.8 ppm. The average Ti content of 3.7 ppm is high in the zircon

grains of trondhjemite. The Sr content in zircon grains is ~11 ppm. Zir-

con grains from the pegmatitic granite and trondhjemite samples ex-

hibit limited variation in the concentrations of Nb and Ta. The Nb/Ta

ratio of zircon grains varies from 2.22 to 5 with an average of 3.2.

These elements generally behave incompatibly in the granitic melts

and become concentrated in the residual liquid (Linnen et al., 2014).

5.3. REEs in Zircon

The rare earth element (REE) content in the analyzed zircon grains

show significant differences between the two studied groups (group-I

trondhjemites and group-II pegmatitic granite) (Table 3). The total con-

centrations of REEs in the zircon grains from the trondhjemite samples

(1223–3483 ppm) are significantly higher than those from the pegma-

titic granite samples (513–2261 ppm). The chondrite-normalized REE

patterns of zircon grains from the pegmatitic granite and trondhjemite

samples show similar positive slope with distinct positive Ce anomalies

and slight negative Eu anomalies (Fig. 7A, B); the negative Eu anomaly is

more distinct in in the zircon grains from trondhjemites (Fig. 7B). The

positive Ce-anomaly of zircon grains is interpreted as amagmatic signa-

ture that resulted from the preferential incorporation of Ce4+ into the

structure of zircon crystals (e.g. Hanchar andWestrenen, 2007), imply-

ing oxidizing conditions during zircon crystallization (Hinton and

Upton, 1991). In spite of the variation in the REE contents in the zircon

grains, the chondrite-normalized REE patterns (Sun and McDonough,

1989), from both trondhjemite and pegmatitic granite are similar with

approximately parallel trends (Fig. 7).

5.4. Ti-in-zircon thermometer

The concentration of Ti in zircon has been shown to be a function of

the crystallization temperature and the activities of SiO2 and TiO2 in the

parent melt (Watson et al., 2006; Ferry and Watson, 2007; Fu et al.,

2008). In general, the Ti concentration in zircon appears to decrease

from mafic to felsic rocks, which translates to decrease of Ti-in-zircon

temperatures (Fu et al., 2008). Most zircons grains from the granitoid

samples contain <7 ppm Ti (Table 3). Apparent temperatures for zircon

crystallization were calculated using the Ti-in-zircon thermometer

(Watson et al., 2006). The average apparent Ti-in-zircon temperatures

are 599.25 and 651.4 °C for pegmatitic granites and trondhjemites re-

spectively, indicating zircon grains derivation from a relatively cold gra-

nitic magma (Miller et al., 2003).

0.01

0.1

1

10

100

1000

10000

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

0.001

0.01

0.1

1

10

100

1000

10000

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

A

B

S
am
p
le
/C
h
o
n
d
ri
te

S
am
p
le
/C
h
o
n
d
ri
te

Fig. 7.Chondrite-normalizedREEpatterns forpegmatitic granite (A) and trondhjemite (B).

9S.A. Ismail et al. / Lithos 376–377 (2020) 105714



Table 4

U\\Pb zircon dating data of the trondhjemite and pegmatitic granite rocks from the Penjween ophiolite complex.

Samples concentrations

(ppm)

Ratios Age

U Th U/Th Pb206/

Pb204
Pb207/

Pb206
2 s Pb207/

U235

2 s Pb 206/

U238

2 s Rho Concordance Pb 208/

Th232

2 s Pb207/

Pb206
2 s Pb207/

U235

2 s Pb206/

U238

2 s Pb208/

Th232

2 s Pb206/U238 2 s

AA2

AA2_1 817 103.7 8.23 66 0.0471 0.0022 0.0461 0.0021 0.00706 0.00024 0.37563 105.4 0.00236 0.00018 73 88 45.7 2 45.4 1.5 47.7 3.6 141.643 4.815

AA2_2 574 55.6 10.38 11 0.0475 0.0017 0.047 0.0018 0.00705 0.00016 0.39699 106 0.00226 0.00028 83 71 46.6 1.7 45.3 1 45.6 5.7 141.844 3.219

AA2_3 745 112 6.7 84 0.0474 0.0024 0.0447 0.0023 0.00716 0.00018 0.29031 96.7 0.00222 0.00024 90 100 44.4 2.2 46 1.2 44.8 4.8 139.665 3.511

AA2_4 1600 154 10.44 129 0.0515 0.0018 0.0522 0.0018 0.00701 0.00022 0.2952 95.1 0.00363 0.00031 275 80 51.7 1.7 45 1.4 73.2 6.3 142.653 4.477

AA2_5 779 89.9 8.83 60 0.0667 0.0063 0.0691 0.0081 0.00716 0.00021 0.59813 99.4 0.00608 0.00089 730 170 65.7 6.8 46 1.4 122 18 139.665 4.096

AA2_6 3227 538 5.86 240 0.0489 0.0013 0.0524 0.0015 0.00811 0.00016 0.48343 86 0.00286 0.00015 142 56 52.1 1.5 52.1 1 57.6 2.9 123.305 2.433

AA2_7 1380 195 7.93 98 0.0791 0.0036 0.0855 0.0046 0.00765 0.00012 0.43464 94.46 0.00862 0.00079 1153 96 83 4.3 49.14 0.77 173 16 130.719 2.050

AA2_8 446 40.2 11.33 40 0.0469 0.0023 0.049 0.0025 0.00755 0.00029 0.47188 93 0.00312 0.00035 77 92 48.5 2.4 48.5 1.8 62.9 7 132.450 5.087

AA2_9 933 90.5 10.48 49 0.0461 0.0011 0.0457 0.0011 0.007086 0.000092 0.10247 112 0.00206 0.00014 25 46 45.5 1.1 45.51 0.59 41.7 2.8 141.123 1.832

AA2_10 660 64 9.4 90 0.0534 0.0039 0.0449 0.0033 0.00716 0.0004 0.40878 86.6 0.00311 0.00077 340 160 44.6 3.2 46 2.5 63 15 139.665 7.803

AA2_11 1146 130.8 8.52 47 0.0464 0.0011 0.0463 0.0011 0.00724 0.0001 0.31984 102 0.00217 0.00014 38 47 45.9 1.1 46.48 0.65 43.9 2.7 138.122 1.908

AA2_12 681 89.4 7.73 150 0.048 0.0018 0.0468 0.0017 0.0072 0.00013 0.2505 97 0.00235 0.00026 103 76 46.4 1.6 46.25 0.81 47.5 5.2 138.889 2.508

PNJ6

PNJ6_1 3476 545 6.48 260 0.04653 0.00067 0.04629 0.00068 0.007163 0.000078 0.33186 110 0.002172 0.000061 32 29 46 0.67 46.01 0.5 43.9 1.200 139.606 1.52

PNJ6_2 2100 197 11.11 131 0.0457 0.00092 0.03737 0.00073 0.007195 0.000095 0.17114 115 0.00223 0.00014 -4 39 37.24 0.72 46.21 0.61 45.1 2.900 138.985 1.84

PNJ6_3 3970 743 5.89 220 0.04758 0.00064 0.04809 0.00067 0.007173 0.000075 0.38271 124 0.002097 0.000073 83 28 47.75 0.65 46.07 0.48 42.3 1.500 139.412 1.46

PNJ6_4 3960 463 8.33 290 0.0438 0.0011 0.0432 0.0013 0.00711 0.00018 0.5103 114 0.00286 0.00013 −87 45 43 1.2 45.7 1.2 57.8 2.700 140.647 3.56

PNJ10

PNJ10_1 688 347.9 1.96 77 0.0499 0.0016 0.0935 0.0032 0.01388 0.00027 0.51513 86 0.00485 0.00023 184 65 90.7 3 88.9 1.7 97.9 4.6 72.04611 1.401473

PNJ10_2 1019 114 9.34 101 0.04737 0.00086 0.0923 0.0017 0.01412 0.00015 0.25032 93 0.00409 0.00019 71 37 89.6 1.6 90.41 0.97 82.5 3.8 70.82153 0.752353

PNJ10_3 972 102.3 9.81 87 0.0495 0.0013 0.0954 0.0019 0.01433 0.00023 0.16984 137 0.00433 0.00031 166 56 92.5 1.8 91.7 1.4 87.3 6.2 69.78367 1.120045

PNJ10_4 110.2 38.9 3.03 12.6 0.0474 0.0027 0.0938 0.0051 0.01429 0.00024 0.15654 111.4 0.00526 0.0005 90 110 90.6 4.7 91.5 1.5 106 10 69.97901 1.175295

PNJ10_5 349 27.1 12.94 42 0.0491 0.0013 0.0953 0.0029 0.01411 0.00026 0.50399 92 0.00411 0.00046 145 54 92.3 2.7 90.3 1.6 82.8 9.2 70.87172 1.305928

PNJ11

PNJ11_1 1320 167.8 7.2 159 0.0524 0.0019 0.1013 0.0048 0.01398 0.00051 0.66477 117 0.00471 0.00019 279 75 97.7 4.4 89.5 3.2 95 3.7 71.53076 2.609491
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5.5. (U\\Th)/(He\\Pb) double dating for zircon

Four granitoid samples were chosen for (U\\Th)/(He\\Pb) double

dating, two from group-I trondhjemite rocks (PNJ-10 and PNJ-11) and

two from group-II pegmatitic granite rocks (AA2 and PNJ-6). The zir-

con U\\Pb analysis yielded early Late Cretaceous age for group-I

trondhjemite rocks (90.74 ± 0.56 Ma (n = 5) for sample PNJ-10,

and 89.5 ± 3.2 Ma (n = 1) for sample PNJ-11), and the middle Eocene

age for group-II pegmatitic granite rocks (46.86 ± 0.26 Ma (n = 9) for

sample AA2, and 45.9 ± 0.7 Ma (n = 3) for sample PNJ6) (Table 4;

Fig. 8). These crystallization ages indicate that the POC underwent dif-

ferent magmatic events at two different times. To reveal the exhuma-

tion ages of these genetically different intrusions, four zircon grains

from each of PNJ-10 and AA2 samples were selected for (U\\Th)/He

analysis. The age results showed 21.8 ± 4.9 Ma and 23.5 ± 3.4 Ma

for PNJ-10 and AA2 samples, respectively (Table 5). These two analo-

gous exhumation ages from both intrusions that have different

crystallization ages suggest that the POC exhumed during the latest

Oligocene-earliest Miocene time.

6. Discussion

6.1. Significance of zircon trace elements of the Penjween granitoid

intrusions

Trace elements concentrations in zircon grains of the pegmatitic

granite samples show enrichment in U, Th and Hf, and depletion in

highfield strength elements (e.g. Ti, Nb, and Ta) relative to their concen-

tration in the zircon grains from the trondhjemite samples. Such varia-

tion in composition reflects differences in the origin of the graniticmelts

of the zircon grains. Richness in U and Th and depletion in high field

strength elements indicative of S-Type granite, otherwise reflects

I-type granite (Wang et al., 2012). In this study, the obvious positive

Ce-anomalies, steep MREE-HREE patterns with high (Lu/Gd)N ratios of

Fig. 8. U\\Pb concordia diagrams of zircons from the pegmatitic granite intrusion (sample AA2), and the trondhjemite intrusion (sample PNJ-10) of the Penjween ophiolite complex.

Table 5

Zircon (U\\Th)/(He\\Pb) double dating data of the trondhjemite and pegmatitic granite rocks from the Penjween ophiolite complex.

Sample Rock type Mineral ~U-pb

Age

Exhumation

Age, Ma

Err.,

Ma

U

(ppm)

Th

(ppm)

147Sm

(ppm)

[U]e Th/U He

(nmol/g)

mass

(ug)

Ft ESR

AA2-1 Pegmatite

granite

Zircon 47.0 20.3 1.63 1269.4 107.9 13.1 1294.3 0.09 99.1 2.45 0.70 36.78 Avg:

23.47795

StD:

3.44288

AA2-2 Pegmatite

granite

Zircon 47.0 22.7 1.81 706.5 73.6 0.8 723.4 0.10 62.8 2.75 0.71 38.47

AA2-3 Pegmatite

granite

Zircon 47.0 22.5 1.80 420.8 64.0 2.6 435.5 0.15 37.0 2.40 0.70 37.15

AA2-4 Pegmatite

granite

Zircon 47.0 28.4 2.27 821.5 106.6 0.4 846.0 0.13 98.8 5.75 0.76 48.14

PNJ10-1 Trondhjemite Zircon 90.0 15.5 1.24 123.0 29.7 0.9 129.9 0.24 8.6 7.92 0.79 55.68 Avg:

21.83051

StD:

4.90312

PNJ10-2 Trondhjemite Zircon 90.0 20.6 1.65 144.3 41.0 1.0 153.7 0.28 12.5 2.82 0.73 42.20

PNJ10-3 Trondhjemite Zircon 90.0 24.7 1.97 523.9 68.9 1.0 539.7 0.13 55.7 5.33 0.78 51.20

PNJ10-4 Trondhjemite Zircon 90.0 26.6 2.13 764.3 29.9 1.5 771.2 0.04 84.8 5.07 0.77 48.64

UTFCT2-1010 Standard Zircon 25.7 2.06 175.7 94.4 1.5 197.4 0.54 22.0 9.61 0.80 60.26

UTFCT2-1011 Standard Zircon 26.5 2.12 236.6 108.5 3.0 261.6 0.46 30.2 10.20 0.81 61.11
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88 in zircons from pegmatitic granites to 71 in zircons from

trondhjemites (Table 3; Fig. 7) confirm the igneous origin of both

types (e.g., Belousova et al., 2002; Hoskin and Schaltegger, 2003). The

total REE content and Eu-anomaly (Average Eu/Eu⁎ = 0.29) of the

trondhjemite zircons suggest that these zircons were crystallized from

mafic melts (Hoskin and Schaltegger, 2003; Grimes et al., 2009). There-

fore, a possible source of the zircons from the Penjween granitoid intru-

sions could be either from a mantle-related source, or a subducted

oceanic slab, or from both. For the pegmatitic granites, the trace ele-

ments in zircon show a positive Ce-anomaly, steep MREE-HREE with a

negative Eu-anomaly (Average Eu/Eu⁎ = 0.59; Fig. 7). Published data

reveals that igneous zircon grains derived from oceanic crustal rocks

commonly show the same signatures (Grimes et al., 2009). The negative

Eu-anomalies are due to the fact that plagioclase fractionation con-

sumes Eu from the magma prior to or during zircon crystallization

(Grimes et al., 2007). Accordingly, a reasonable source for the zircons

in pegmatitic granite with the negative Eu-anomaly could be a

subducted oceanic slab.

6.2. Origin of the Penjween granitoid intrusions

The whole-rock geochemistry of the Penjween granitoid intrusions

show peraluminous characteristic indicated from the A/CNK ratio of

≥1.0 (Fig. 5A). Based on both geological and geochemical evidences

(major, trace and REE), the granitoids display two different geochemical

features (Fig. 5B), reflecting different magma generation events during

the evolution of the POC. The trondhjemite rocks show some character-

istics of adakites, with high SiO2 (>66wt%), Al2O3 (>18wt%), and Na2O

(>8 wt%) contents, and high Sr/Y ratios of 10.46–36.7. Additionally,

they are enriched in LREE and LILE, and have very low K2O content of

≤0.14 wt%. Based on SiO2 and K2O relations (Peccerillo and Taylor,

1976), these trondhjemite intrusions were likely generated from basal-

tic tholeiite (Fig. 5C). The trondhjemite age of ~90 Ma gives the mini-

mum age of the ultramafic section of the POC. In other words, it

indicates that ~90 Ma ago, the ultramafic section of the Penjween

ophiolite complexwas already underlain by a source capable of yielding

silica-saturated sodic granitoids. Two origins of such sodic granitoids are

possible (1) a plagiogranite sensu stricto that was crystallized from late

melt fractions of mafic magmas, particularly MORB (e.g. Coleman and

Peterman, 1975; Floyd et al., 1998), and (2) melting of mafic rocks in

a subduction channel at high pressure with amphibole as the main re-

sidual mineral (Li and Li, 2003). Given that the trondhjemites are in-

truded into upper mantle section of the POC, they are probably

subduction-type granites. This type is common in ophiolite sequences

and resembles typical adakites.

The Eocene pegmatitic granite rocks are different in their geochem-

ical properties. They display high K2O content (average 5.73 wt%) and

relatively lowNa contents (average 3.68wt%). The lowNa contents sug-

gest that the pegmatitic granite was formed at relatively low pressure

(Patiño Douce and Harris, 1998). The relationship between SiO2 and

K2O, indicates that these rocks crystalized were from a high-K calc alka-

line to shoshonitic magma (Peccerillo and Taylor, 1976; Fig. 5C). These

geochemical data along with zircon U\\Pb age of ~46 Ma suggest that

the pegmatitic granite intrusionwas not only generated from a younger

melting event, but also was derived from a different non-mafic source.

The highly potassic character of the pegmatitic granite indicates a low

temperature melting event that involves incongruent breakdown of

micas, pointing most likely to a sedimentary source at depth.

6.3. Timing of generation and exhumation of the Penjween ophiolite

complex

The aforementioned results and interpretations indicate that the

POC was intruded first by the early Late Cretaceous (~90 Ma ago)

trondhjemite dykes and later by the middle Eocene (~46 Ma ago) peg-

matitic granite dykes. Both sets of the granitic rocks show similar zircon

(U\\Th)/He exhumation ages of the latest Oligocene to earliestMiocene

(~23 Ma). The trondhjemite rocks (~90 Ma) are interpreted as subduc-

tion-type granites that were formed in the lower crust, and the pegma-

titic granite rocks (~46 Ma) with high potassic character were formed

from a sedimentary rock-rich source at shallower depth. This synthesis

suggests that after generation of the ultramafic section of the POC in the

early Late Cretaceous, the POC underwent further magmatism in the

middle Eocene probably due to melting of sedimentary rocks from the

downgoing Neotethyan oceanic slab. Such tectonic history led to pres-

ence of two genetically different granitoid bodieswithin the POC. Subse-

quently during the latest Oligocene-earliestMiocene time (~23Ma), the

POC was exhumed as a consequence of the Arabian-Eurasian continen-

tal collision during Oligocene (Agard et al., 2005; Pirouz et al., 2017;

Koshnaw et al., 2018).

6.4. Geodynamic evolution of the Arabia-Eurasia collision zone in the NW

Zagros

The geodynamic evolution of the Zagros Suture Zone is complex due

tomultiple phases of tectonic deformation events throughout its history

such as subduction, obduction, arc-continent collision and continent-

continent collision. The Zagros orogenic belt was formed as a result of

the closure of the Neotethys ocean between the Arabian and Eurasian

plates (Alavi, 1994; Talbot and Alavi, 1996; Stampfli and Borel, 2002;

Shafaii Moghadam and Stern, 2015). The POC, along with the other

ophiolitic terranes in the Kurdistan region of Iraq, are allochthonous

sheets that were derived from the Neotethys oceanic crust and

emplaced onto of the Arabian plate margin (Jassim and Goff, 2006; Ali

et al., 2014, 2019; Ismail et al., 2014, 2017). The Penjween granitoid in-

trusions show different origins at different times, but with similar time

of exhumation. These new informations can be integratedwith the pre-

viously published data to enhance the tectonic evolution model of the

Arabian-Eurasian convergent margin in the NW Zagros orogenic belt.

During the late Tithonian-early Cretaceous, the Neotethys ocean

commenced to spread and an oceanic-oceanic subduction zone initiated

(Hallam, 1976; Agard et al., 2005; Saccani et al., 2013, 2017; Stern and

Gerya, 2018). The formation of this subduction zone was accompanied

by the extension-induced arcs (intra-oceanic arcs). These arc complexes

(basaltic andesites and andesites) are represented by the 106–92 Ma

old Hasanbag ophiolitic arc in NE Iraq (Ali et al., 2012), the Urumieh

Dokhtar arc in Iran (Shafaii Moghadam and Stern, 2011), and the

Cenomanian Yuksekova complexes in the SE Turkey (Ural et al., 2015).

The new results from this study suggest that the POCwas formed during

the early Late Cretaceous (~90 Ma) or earlier and is related to the other

Cretaceous ophiolite assemblages in theMiddle East. This interpretation

is in agreementwith the previously reportedU\\Pb zircon age of 93.8±

0.7 Ma for plagiogranite rocks from the Penjween area (Abdulla, 2015).

During the Late Cretaceous, ophiolitic intra-oceanic arcs collided with

the Arabian continental passive margin (Saccani et al., 2013 and refer-

ences therein). This collision resulted in the obduction of the Neotethys

oceanic crust onto the northeastern margin of the Arabian Plate (Alavi,

1994; Mohaijel et al., 2003; Agard et al., 2005; Saura et al., 2011; Ali

et al., 2012; Shafaii Moghadam and Stern, 2015; Barber et al., 2019).

During the middle Eocene (~46 Ma) granitoids intruded into the

POC, likely generated from the remnant of the downgoing Neotethyan

oceanic slab below the obducted ophiolitic rocks. In the POC, there are

evidences suggesting that the subducted Arabian continental plate

was partially melted as indicated from the peraluminous potassic gra-

nitic magma (shoshonite).

After the closure of theNeotethys ocean, the POCwas emplaced onto

theWalash-Naopurdan groups during the latest Oligocene-earliestMio-

cene, as evidenced from the zircon (U\\Th)/He exhumation age of ~23

Ma, likely by out-of-sequence thrusting (Ali et al., 2014). Based on apa-

tite fission track (AFT) analysis on samples from the basement outcrop

in the Misho mountains, NW Iran and NE of the study area, a corre-

sponding exhumation age of ~21–22 Ma has also been reported
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(Behyari et al., 2017). According to the nature of the POC lower contact,

the Walash-Naopurdan thrust sheets are missing in Penjween area

(Figs. 2, 3), but they are exposed in the Mawat area and thrusted onto

the Red Bed Series deposits. Such relationship implies that the

Walash-Naopurdan thrust sheets are either completely covered by the

POC or they were absent at that locality during the ophiolite complex

obduction. In case of being thrusted and covered by the POC, the

Walash-Naopurdan thrust sheets must have been thrusted on the Red

Bed Series prior to or coevalwith the ~23Ma event of the POC thrusting.

7. Conclusions

1. New zircon U\\Pb ages of granitoid intrusions from the northwest-

ern Zagros Penjween ophiolite complex in the suture zone of Ara-

bia-Eurasia point at two phases of felsic magmatism. These phases

include the intra-oceanic subduction in the early Late Cretaceous

(~90 Ma) and the involvement of buried sedimentary rocks that

was associated with the down going slab in the middle Eocene

magmatism (~46Ma). Based on the zircon (U\\Th)/(He\\Pb) double

dating, these two genetically dissimilar rock bodies were both ex-

humed at comparable time during the latest Oligocene–earliest Mio-

cene (~23 Ma), possibly due to the collision of the Arabian and

Eurasian continental plates.

2. The trondhjemites age of ~90Ma gives theminimumage of the ultra-

mafic section of the Penjwen ophiolite complex and indicates that

~90 Ma ago the ultramafic rocks were already underlain by a source

capable of yielding silica-saturated sodic granitoids.

3. The Eocene pegmatitic granite (~46Ma) is different in its geochemi-

cal characteristics compared to the late Cretaceous trondhjemite

(~90 Ma). The Eocene rocks are potassic pegmatitic granites; as

such, they represent not only a younger melting event, but also der-

ivation fromadifferent non-mafic source. The highly potassic charac-

ter of pegmatitic granite suggests low temperature melting,

involving incongruent breakdown of micas, pointing at a sedimen-

tary source at depth.

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.lithos.2020.105714.
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