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Abstract  
Received:  

21 August 2025 

Magmatic activity of varying ages along the Zagros Orogenic Belt reflects the transition 

from the Neo-Tethyan oceanic subduction to continental collision. Within the Pushtashan 

ophiolite of northeastern Iraq, two compositionally and temporally distinct basaltic units 

have been identified: older and younger basalts. The younger basalt occurs as dyke, that 

intrude the older basalts and are notably different from the older units in both age and 

tectonic setting. We present here new zircon U-Pb radiometric data with Hf isotopic data for 

the younger basalt. The U–Pb results yield a crystallization age of 74 ± 1 Ma. Initial εHf 

values show a range from -1 to +10, with an average of +5, indicating a magma source of 

juvenile mantle material with notable assimilation of older continental crust. When 

integrated with published U–Pb ages from other magmatic rocks across the Zagros Orogenic 

Belt, our results constrain a series of younger magmatic pulses formed during alternating 

extensional and compressional phases of the accretionary orogen. We propose that the 74 

Ma Pushtashan basaltic dyke, along with coeval magmatic events in the Zagros Orogenic 

Belt, record tectonic switching between advancing and retreating subduction processes, 

which governed the alternating geodynamic regimes along the Neo-Tethyan margin. 
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1. Introduction  

Ophiolites are fragments of oceanic crust and upper mantle preserved in orogenic belts (Coleman, 

1977). They develop at divergent plate environments and are emplaced at convergent plate boundaries 

(Furnes and Dilek 2017).  The association of rock assemblages in ophiolites from ultramafic to felsic 

(Furnes et al., 2020) has been used as a tool to understand the ophiolite formation processes within 

mid-oceanic ridges, subduction zones, back-arc basins and continental growth mechanisms during 

plate collisions (Dilek and Robinson, 2003). Ophiolites are broadly divided into subduction-related 

and subduction-unrelated types based on various combinations of immobile elements (Pearce, 2014; 

Furnes and Dilek, 2017; Furnes et al., 2020). However, besides the general classifications, it is 

important to date the tectono-magmatic events related to ophiolites for a better understanding of the 

processes involved in their formation, emplacement, later magmatism and broader tectonic evolution.

 The Zagros Orogenic Belt (ZOB) represents an example of an area hosting numerous ophiolites 

(Fig. 1). The initial collision of the Arabian and Eurasian plates started in the Tertiary (Agard et al., 
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2011), resulting in the closure of the Neo-Tethyan Ocean in the Late Cretaceous and the formation of 

ZOB, which is interpreted as an accretionary complex (Agard et al., 2011; Ghasemi and Talbot, 2006). 

The ophiolites along the ZOB are disconnected allochthons and define the boundary between the 

Arabian and Eurasian plates. The ophiolites of Iraq were emplaced in the Mesozoic and Cenozoic 

ages. Mesozoic ones include the Mawat, Penjwen, Bulfat, Pushtashan, and Hasanbag ophiolites (Ali et 

al., 2012; Mohammad et al., 2017; Al Humadi et al., 2019; Ismail et al., 2017, 2020), wheras the 

Cenozoic ophiolitic assemblages are smaller and less well-preserved and occur as mélange-like 

incomplete fragments within the Walash-Naopurdan Group, including the Rayat and Qandil 

complexes (Arai et al., 2006).  

The Pushtashan ophiolite (PO) is a part of the Neo-Tethyan oceanic crust exposed in the Iraqi 

Zagros Suture Zone (IZSZ), about 130 km north of Sulaimani city, NE Iraq (Fig. 2). Many of these 

above-mentioned ophiolites preserve post-emplacement magmatic events whose tectonic setting and 

geodynamic implications remain poorly understood. In this study, we report single-grain laser-ablation 

U–Pb zircon ages and zircon Hf isotopic data of a basaltic dyke from the crustal section of the PO. 

These results allow us to assess the age and source characteristics of the dyke and to discuss their 

implications for the tectono-magmatic evolution of the PO and other ophiolites across the Zagros 

Orogenic Belt. 

2. Geological Background  

2.1. Geology of the Iraqi Zagros Suture Zone 

 

Fig. 1. Distribution of Tethyan ophiolites in the Zagros Orogenic Belt (modified from Dilek et al., 

2003). Tectonic units are modified from Alavi (1994). The locations of ophiolites, the Outer and Inner 

Zagros belts, and the Main Zagros Thrust (MZT) are indicated 

The ZOB represents the middle section of the Alpine-Himalayan Belt (Fig. 1), which extends for 

10000 km from northwestern Africa in the west, through the European Alps, the Balkan Peninsula, the 

eastern Mediterranean region, in Zagros (Iraq-Iran) and Oman, in the west Indian Ocean to the 

Tibetan-Himalaya in the east and Indochina Peninsula in the southeast (Furnes et al., 2020). The ZOB 

consists of four parallel tectonic units, arranged from northeast to southwest: the Urumieh–Dokhtar 

magmatic arc, the Sanandaj–Sirjan unit, the imbricate unit and the Zagros fold-thrust belt (Alavi, 
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1994). The fold-thrust belt and the Sanandaj-Sirjan unit are also known as the inner and outer Zagros 

belts, respectively, which are divided by the Main Zagros Thrust (MZT) (Moghadam and Stern, 2011).  

 

Fig 2. Regional tectonic map of the Kurdistan region, NE Iraq, showing the major tectonic 

subdivisions modified from Fouad (2015) 

Subdivision of the Zagros inner and outer belts (Moghadam and Stern, 2011) considers the 

ophiolites along the IZSZ as part of the Zagros outer belt. Aswad (2016) suggested that the IZSZ 

comprises two allochthonous blocks, the upper and lower blocks formed during the Neo-Tethyan 

ocean subduction. The obduction of the oceanic lithosphere onto the Arabian Plate occurred during the 

late Cretaceous and Neogene ages (Jassim and Goff, 2006). Tectonically, three units are recognised 

within the IZSZ: the Qulqula-Khwakurk, Panjwen-Walash, and Shalair units (Fig. 2) (Budy and 

Jassim, 1987; Jassim and Goff, 2006). The Qulqula-Khwakurk unit comprises limestone and 

radiolarian chert. The Penjwen-Walash unit consists of two distinct thrust sheets: the upper allochthon 

is the Cretaceous Gimo-Qandil group, the lower one is the Cenozoic Naupordan-Walash group 

(Aswad et al., 2016). The upper allochthon is the ophiolite-bearing terrane. The Shalir unit is part of 

the Sanandaj-Sirjan domain and comprises a metamorphic basement of pre-Cretaceous ages (Sengör, 

1984) (Fig. 2). 

2.2. Geology of the Pushtashan ophiolite 

The PO is the remnant of the Neo-Tethys oceanic crust exposed within the IZSZ in northeastern 

Iraq (Kurdistan region), consisting of volcanic rocks intruded by plutonic rocks. The volcanic rocks 

make up the upper part of the PO comprising pillowed basalts and andesites, and are overlain by 

sedimentary rocks. Quartz veins occur within the basaltic and andesitic rocks (Ismail et al., 2017) (Fig. 

3). Tectonic contacts separate the PO assemblages, and a thrust fault occurs between the volcanic 

rocks and the Cretaceous Qandil Group. Plutonic rocks represent the middle part of the ophiolite and 
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are composed of norites and gabbros with associated felsic dykes as well as a mantle section of 

serpentinized peridotites. 

 

Fig. 3. Geological map of the Pushtashan ophiolite modified after (Ismail et al., 2017) 

 The felsic rocks are granodiorites and trondhjemites, granodiorites have been dated to 96 ± 2 Ma 

(Ismail et al., 2017). The gabbros and norites intrude the volcanic rock as sills  (Buday and Jassim, 

1987). A pegmatitic gabbro dyke is also present, and felsic intrusions occur in the upper and lower 

parts of the ophiolite (Ismail et al., 2017). Partly serpentinized peridotites occur in the lower part of the 

ophiolite.     

3. The Sample and Research Methods 

A basaltic dyke is exposed within PO and located at coordinates of (N 36º.439', E 45º.001'), dark 

grey in color, fine-grained to aphanitic texture in hand specimen. The dyke intrudes volcanic basalts 

and andesites as an irregular, fragmented, consisting of plagioclase and pyroxene, and accessory 

minerals like ilmenite, chlorite, and magnetite. Fine-grained plagioclase is a common mineral showing 

sub-ophitic texture, weak lamellae and is partly altered to sericite and calcite (Fig. 4). The dyke was 

selected for zircon U-Pb and Lu-Hf analysis, and sample N26 was previously analysed for 

geochemistry by Ismail et al. (2017). The zirconium content is 298 ppm, and the dyke is 

geochemically classified as alkali basalt (Ismail et al., 2017). 

3.1. U-Pb Geochronology of Zircon 

The zircon separation process was carried out at the University of Turku, following a sequence of 

crushing and grinding, panning, heavy liquid separation, magnetic separation, and finally, hand-

picking.  

The grains were mounted on double-sided tape, glued with epoxy, and polished. The specific 

spots selected for analysis were based on Back Scattered Electron (BSE) images. This was performed 

using a JEOL JSM-7100F FE-SEM Schottky, equipped with an Oxford Instruments energy dispersive 

spectrometer (EDS) X-max (80 mm2). These procedures were conducted at the Finnish Geosciences 

Research Laboratory within the Geological Survey of Finland in Espoo. 

The U-Pb zircon dating was carried out using a Nu AttoM single collector ICP-MS at the Geological 

Survey of Finland, Espoo, following a similar approach to that described by Kara et al. (2018). 
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Ablation conditions were: beam diameter: 25μm, pulse frequency: 5Hz, beam energy density: 2J/cm2. 

A single U-Pb measurement included a short pre-ablation, 15s of on-mass background measurement, 

followed by 30s of ablation with a stationary beam. Zircon standards GJ-1 (609 ± 1 Ma; Belousova et 

al., 2006), Plešovice (PL; 337 ± 0.4 Ma; Sláma et al., 2007), and the in-house standard A382 (1877 ± 2 

Ma; Huhma et al., 2012) were analyzed at the beginning and end of each session, and periodically 

throughout. Raw data were corrected for background, laser-induced fractionation, mass discrimination, 

and ion counter drift, and calibrated against concordant reference zircons using GLITTER (Van 

Achterbergh et al., 2001). 

 

Fig. 4. a) Field photograph from the PO, showing the basaltic rock. b and c) Photomicrograph of the 

basaltic rock, of PPL and XPL, aphanitic texture of fine-grained pyroxene, plagioclase and Iron oxides 

Subsequent data reduction, including common Pb correction and error propagation, was 

performed with an in-house Excel sheet. Reported uncertainties include within-run analytical errors 

(SD) combined with standard reproducibility (SE). To reduce elemental fractionation, the ablation pit 

depth-to-diameter ratio was minimized, and homogeneous time segments were matched to 

corresponding intervals in the reference zircon. Final U–Pb data plots and age calculations were 

generated using Isoplot/Ex 4.15 (Ludwig, 2003). 

3.2. Hf Isotope Analysis of Zircon 

Lu–Hf isotope analyses were carried out at the Geological Survey of Finland, Espoo, using a Nu 

Plasma HR multicollector ICP-MS, following procedures similar to those described by Heinonen et al. 

(2010), with the exception that a Photon Machine Analyte G2 laser microprobe was employed. Sample 

ablation was performed in He gas (flow rates of 0.4 and 0.1 L/min) within a HelEx ablation cell 

(Müller et al., 2009). All analyses were conducted in static ablation mode with a beam diameter of 50 

μm, a pulse frequency of 5 Hz, and an energy density of 2.8 J/cm². 

Before each ablation, a 30-second on-mass background measurement was recorded. The MC-

ICP-MS was fitted with nine Faraday detectors and amplifiers equipped with 10¹¹ Ω resistors. During 

ablation, data were collected in static mode for isotopes ¹⁷³Yb, ¹⁷⁵Lu, ¹⁷⁶Hf–Yb–Lu, ¹⁷⁷Hf, ¹⁷⁸Hf, and 

¹⁷⁹Hf. For zircons with typical Hf concentrations, total Hf signal intensities ranged from 1.0 to 2.0 V. 
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Isotopic data were acquired using Nu Plasma time-resolved analysis software, and final isotopic ratios 

were calculated offline using an in-house Excel spreadsheet. 

 The raw data were filtered at 2s and corrected for mass discrimination using the exponential law. 

The mass discrimination factor for Hf was determined assuming 179Hf/177Hf=0.7325 (Patchett and 

Tatsumoto, 1981). The Yb interference correction is crucial for precise and accurate 176Hf/177Hf 

obtained by laser ablation analysis (e.g., Kemp et al., 2009a, 2009b). In the present study, the effect of 

the Yb correction has been evaluated on an in-house standard (LV11, Heinonen et al, 2010) with 

Yb/Hf ratios similar to many of the studied zircons. A range of Yb isotope ratios is reported in the 

literature (e.g., Vervoort et al., 2004), and we have used the 176Yb/173Yb value of 0.7961 from Chu et 

al (2002) for the correction of the 176Yb interference on 176Hf. The 176Lu/175Lu value of 0.02656 has 

also been used for the correction of the 176Lu interference on 176Hf (Scherer et al, 2001; Vervoort et al, 

2004). 

A value for the decay constant of 176Lu of 1.867×10-11 a-1 has been used in all calculations 

(Söderlund et al., 2004; Scherer et al., 2001). For the calculation of εHf values, we use present-day 

chondritic 176Hf/177Hf=0.282785 and 176Lu/177Hf=0.0336 (Bouvier et al., 2008). The reference zircon 

GJ-1 was run as an unknown at frequent intervals. Multiple LA-MC-ICP-MS analyses, using the same 

instrumental parameters, of the reference zircon GJ-1 during the course of the present study yielded a 
176Hf/177Hf of 0.28194±10 (2s, n=35, which is within error to results obtained by solution MC-ICP-MS 

analyses for GJ1 (0.281998±7, Gerdes and Zeh 2006; 0.282000±5, Morel et al., 2008). The average 
176Hf/177Hf value of LV11 was 0.28274±11 (2s, n=39, which is within error with the results obtained 

by solution MC-ICP-MS analyses by Heinonen et al. (2010): 0.28283 ± 3. 

4. Results 

4.1. U-Pb Data 

The zircons are typically subhedral or broken grains, but euhedral grains also exist. The grains are 

50–170µm in length and 20–100µm in width. A few grains occasionally show internal zoning. Black 

spots of plagioclase and white spots of unidentified Th-U-rich phase mineral inclusions are observed 

in the BSE-images (Fig. 5). In all, 37 spots on 34 grains were analysed. The largest population consists 

of 24 analyses, which yields a concordia age of 73.77 ± 0.61 Ma (2σ, MSWD = 0.036; Fig. 6a, b and 

c) and an almost identical weighted average 206Pb/238U age of 73.80 ± 0.61 Ma (2σ, MSWD = 1.19). 

These are hereafter referred to as 74 ± 1 Ma. Six analyses (purple colour) plot on the concordia curve 

and form a continuous decreasing range of 206Pb/238U ages from 70 to 48Ma (Fig. 6a; Table 1). 

Seven analyses (red colour) were omitted from the age calculations due to high discordancy (Fig. 6a).  

4.2. Hf isotope Analysis 

Seventeen analyses of Hf were conducted on seventeen zircon grains (Table 2). Calculating the 

initial εHf values, the 74 Ma age was used. The analysis showed initial 176Hf/177Hf values between 

0.28270 and 0.28303, corresponding to initial εHf values between -1.2 and +10.1 with an average 

value of +5.1 (Fig. 7). The zircons show 176Lu/177Hf values between 0.001 and 0.007 and 176Yb/177Hf 

values between 0.025 and 0.239. 

5. Discussion 

5.1. Age and Source of the ZOB Magmatism 

Twenty-four analyses yield a concordia age of 74 ± 1 Ma, verified by the almost identical 

weighted average 206Pb/238U age. This is interpreted to be the crystallization age of the basaltic dyke. 



Iraqi Geological Journal Al Humadi et al. 2026, 59 (59), 68-83 

 

74 

 

The interpretation is supported by the sub- to euhedral zircon morphology, growth zoning and high 

Th/U ratios of the zircons (average 1.51) (Table 2), suggesting that the zircons have a magmatic origin 

(Kirkland et al., 2015). Moreover, the BSE-images display that the zircons are characterized by black 

spots of plagioclase, unidentified minerals and bright spots of Th- U- rich phases (Fig. 5) similar to 

those of the magmatic zircons in the gabbro from the Mawat ophiolite (Al Humadi et al., 2019). 

Table 1. U–Pb zircon data for basaltic sample 
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The zircon Lu-Hf analysis can be used to define the basaltic magma origin source, using the 
176Hf/177Hf ratios to calculate the initial ƐHf value, which is a responsive indicator of whether the 

magma origin forms from an older (negative ƐHf value) or juvenile (positive ƐHf value) source (e.g., 

Kinny and Maas, 2003).  

 

Fig. 5. Back Scattered Electron image of selected zircons. Dark inclusions are plagioclase and the 

bright ones are unidentified Th-U mineral. Red solid circles are U-Pb spots (25μm) with 206Pb/238U 

age. Black dashed circles are the Lu-Hf spots (50μm) with initial εHf (t) values 

Zircon grains retain the original 176Hf/177Hf ratios due to their very low Lu/Hf ratios, offering a 

complete record of the Hf isotope compositions of parent magmas during zircon crystallization (e.g., 

Vervoort and Kemp, 2009). The zircons from the studied sample show a positive average initial ƐHf 

value of + 5.1 at 74 Ma, with the highest value of +10.1 and the lowest value of -1.2 (Table 2; Fig. 6).  

Table 2. Table of the zircon Lu–Hf isotope analytical data for the basalt sample. 

 

These data suggest that the magma was primarily derived from a juvenile source, with a minor 

contribution from older crustal material. The older granodioritic dykes in the PO display higher initial 

εHf values, averaging +13.9 (Ismail et al., 2017), indicating that their felsic magmas evolved with 

little contamination from ancient continental crust. The contrasting Hf-isotope signature between the 

older granodioritic dyke and younger basaltic dyke can be attributed to i) increasing crustal recycling 

with time, ii) increasing crustal thickness, iii) contrasting tectonic setting or, more likely, a 

combination of all these (Zhuet al., 2021; Belousovaet al., 2010). The zircon ƐHf values of the PO 

basaltic dyke are similar to those of the gabbro in the Mawat ophiolite (Al Humadi et al., 2019) and 

Sample 176Hf/177Hf 2s 178Hf/177Hf 2s 176Lu/177Hf 2s 176Yb/177Hf 2s 176Hf/177Hf  i 2s eHf* 2s Time (Ga)

N26-29 0.282726 0.000054 1.467117 0.000052 0.00384 0.00008 0.1002 0.0023 0.282721 0.000054 -0.6 1.9 0.074

N26-34 0.282833 0.000047 1.467185 0.000029 0.00564 0.00018 0.1594 0.0055 0.282825 0.000047 3.1 1.7 0.074

N26-36 0.282953 0.000029 1.467135 0.000027 0.00437 0.00005 0.1218 0.0014 0.282947 0.000029 7.4 1.0 0.074

N26-38 0.282941 0.000027 1.467178 0.000026 0.00114 0.00002 0.0250 0.0004 0.282939 0.000027 7.1 1.0 0.074

N26-43 0.283011 0.000042 1.467213 0.000033 0.00419 0.00019 0.1223 0.0058 0.283005 0.000042 9.4 1.5 0.074

N26-41 0.283010 0.000028 1.467174 0.000029 0.00703 0.00007 0.1954 0.0019 0.283000 0.000028 9.3 1.0 0.074

N26-45 0.282915 0.000038 1.467186 0.000033 0.00789 0.00005 0.2398 0.0017 0.282904 0.000038 5.9 1.4 0.074

N26-47 0.282908 0.000043 1.467189 0.000030 0.00780 0.00009 0.2235 0.0027 0.282897 0.000043 5.6 1.5 0.074

N26-1 0.283033 0.000031 1.467153 0.000028 0.00639 0.00005 0.1788 0.0015 0.283024 0.000031 10.1 1.1 0.074

N26-14 0.282886 0.000040 1.467140 0.000035 0.00759 0.00019 0.2115 0.0052 0.282875 0.000040 4.9 1.4 0.074

N26-16 0.282879 0.000049 1.467160 0.000033 0.00675 0.00018 0.1847 0.0057 0.282869 0.000049 4.6 1.7 0.074

N26-17 0.282752 0.000042 1.467149 0.000037 0.00379 0.00010 0.1035 0.0033 0.282747 0.000042 0.3 1.5 0.074

N26-21c 0.282887 0.000034 1.467270 0.000036 0.00195 0.00005 0.0501 0.0015 0.282885 0.000034 5.2 1.2 0.074

N26-26 0.282981 0.000035 1.467188 0.000044 0.00552 0.00007 0.1574 0.0020 0.282973 0.000035 8.3 1.2 0.074

N26-13b 0.282861 0.000027 1.467232 0.000026 0.00209 0.00009 0.0517 0.0023 0.282858 0.000027 4.3 1.0 0.074

N26-11 0.282847 0.000028 1.467266 0.000034 0.00255 0.00006 0.0684 0.0022 0.282843 0.000028 3.7 1.0 0.074

N26-3b 0.282708 0.000038 1.467176 0.000038 0.00362 0.00008 0.0980 0.0023 0.282703 0.000038 -1.2 1.3 0.074

avearge 5.1
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the gabbro in the Kermanshah ophiolite (Ao et al., 2016). Moreover, these mafic rocks also share a 

similar geochemical composition with the studied sample, showing alkaline and Mid-Ocean Rich 

Basalt (MORB) to back-arc basin (BAB) signature (Ao et al., 2016; Ismail et al., 2017; Al Humadi et 

al., 2019). In contrast, the older basalts, gabbros and norites of the PO show sub-alkaline compositions 

and a volcanic arc signature (Ismail et al., 2017). 

 

Fig. 6. U–Pb Concordia and 206Pb/ 238U weighted average diagrams of zircons from sample N26. a) 

Ages of zircons from basaltic sample N26 using a Nu AttoM single collector ICP-MS. The six 

analyses (purple colour) plot on a concordia curve showing a continuous decreasing range of 
206Pb/238U ages from 70 to 48 Ma. The seven analyses (red colour) were omitted from the age 

calculations due to high discordancy. b) Concordia age of zircons from basaltic sample N26. c) 

Weighted average 206Pb/ 238U of zircons from sample N26 

 

Fig. 7. εHf vs age diagram for the analyses from this study. Data from Pushtashan ophiolite 

(granodiorite), NE Iraq (Ismail et al., 2017), Mawat ophiolite (gabbro, Al Humadi et al., 2019) and 

Kermanshah ophiolite (rodingitized gabbro), NW Iran (Ao et al., 2016), are shown for comparison. 

CHUR = chondritic uniform reservoir (Bouvier et al., 2008); DM = Depleted Mantle (Griffin et al., 

2000) 
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The magmatism along the ZOB was active from the Early Jurassic to Late Eocene ages (Monsef 

et al., 2018) and, in particular, the Late Cretaceous-Cenozoic magmatic rocks are widespread in the 

ZOB region. The magmatic event of the Late Cretaceous, bracketed between 95 Ma and 90 Ma is 

consistent with significant regional extension resulting from the initiation of subduction of the Neo-

Tethyan ocean beneath the Iranian microcontinent (Kazemi et al., 2019). We suggest that the older 

arc-type basalts, gabbros and norites of the PO (Ismail et al., 2017) are also related to this event. 

Younger magmatic rocks are found within Neo-Tethyan ophiolites, and rocks after 90 Ma are 

interpreted to post-date the ophiolite emplacement. These include the 81 Ma MORB-type gabbro 

within the Mawat ophiolite about 70 km southeast of the PO, which is suggested to have developed in 

an extensional regime above a suprasubduction environment (Al Humadi et al., 2019). 

Ali (2017) reported the 39 Ma gabbro from the Bulfat (aka Sardasht) ophiolite, which likewise 

shows MORB-type signature and is suggested to reflect arc rifting. Recently, a trondhjemite intrusion 

and plagiogranite from the Bulfat ophiolite were dated to 63.7 Ma and 50.6 Ma, respectively 

(Mohammad et al., 2023; Ao et al., 2020). Of these, the trondhjemite is suggested to have formed 

within an extensional regime in arc or back-arc related environment (Mohammad et al., 2023). 

Additionally, the Penjwen ophiolite has a 46 Ma trondhjemite (Ismail et al., 2020). There are two 

distinct ages of gabbros in the Kermanshah ophiolite, NW Iran. The older one (Harisn) is 79.3 Ma, 

while the younger one (Sahneh-Kamyaran) is 35.7 Ma in age (Ao et al., 2016). These both show 

MORB-like signature and are attributed to reflect continental rifting (Ao et al., 2016). The Kamyaran 

region and its western part (Taa-Baysaran) with the Oskul magmatic rocks in the Songor-Benah 

plutonic belt, are parts of a dismembered suprasubduction zone ophiolite of Miocene or later ages 

(Azizi et al. 2011). A gabbro and basalt from the Kamyaran region yield ages of 36.75 Ma and 54.6 

Ma, respectively, which, in contrast, were formed in an island arc environment (Azizi et al. 2011). 

The N-MORB-type basalts from the Oskul area have an age of 36.36 Ma and show characteristics 

of a back-arc basin environment (Azizi et al., 2011). Additionally, several igneous rocks with ages of 

~ 40 Ma have been identified in the ZOB region. Granite and granodiorite rocks dated between 40 Ma 

and 39 Ma were documented within the uppermost section of the Sanandaj-Sirjan zone (Zhang et al., 

2018). Cenozoic magmatism of ~ 50 Ma age is also prevalent in the northeastern ZOB (Dilek et al., 

2010). In all, the zircon U-Pb ages indicate several magmatic episodes at 95-90 Ma, 81-74 Ma, 63-50 

Ma, and 46-36 Ma, which reflect emplacement to post-emplacement magmatism related to the ZOB 

ophiolites. Moreover, each magmatic pulse has distinct geochemical signatures corresponding to the 

current tectonic environment. The above-mentioned ophiolites and localities are shown in Fig. 2, and 

the age data are compiled in Fig. 8. 

5.2. Tectonic Framework 

The collision of continental plates and their convergence play a significant role in the extensive 

magmatism found along the Alpine-Himalayan Orogenic Belt. This region is marked by magmatic 

rocks reflecting the events that evolved from the initiation of the subduction to the collision of the 

Neo-Tethyan Ocean, particularly along the ZOB. Dating the magmatic rocks linked to extensional and 

contractional episodes improves our understanding of the temporal framework of tectonic evolution of 

the ZOB during the Neo-Tethyan ocean subduction (Ismail et al., 2017; Ali et al., 2017; Ao et al., 

2016, 2020; Al Humadi et al., 2019; Mohammad et al., 2023). The primary magmatic events of the 

Late Cretaceous ages of 95 Ma to 90 Ma mark the initiation of the subduction of the Neo-Tethyan 

Ocean beneath the Eurasian plate (Ali et al. 2012; Ismail et al. 2017; Al Humadi et al. 2019; 

Moghadam et al. 2021). This period is characterized by ongoing subduction influenced by an 

extensional or transtensional regime within a suprasubduction zone setting environment (Stern, 2004). 

Arc-related magmatism and supra-subduction zone ophiolite formation are the dominant features of 
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this stage (Omrani et al., 2008; Ali et al., 2012); this association likely indicates an extensional regime 

during the initiation of subduction (Agard et al., 2018).  

 

Fig. 8. Diagram illustrating the timing of the magmatic events in the ZOB. (1) (Ismailet al. 2020), (2) 

(Al Humadi et al. 2019), (3) (Mohammad et al., 2023), (4) (Ao et al., 2020), (5) (Ali, 2017), (6) 

(Ismail et al., 2017), (This study). (7) (Ao et al., 2016). (8) (Azizi et al., 2011). (9) The closure of the 

Neo-Tethys and the Arabia–Eurasia collision at ~35 Ma (Agard et al., 2005 and 2007). Crustal 

shortening and development of the Zagros fold-thrust belt occurred through the ages of 25-10 Ma 

(Mouthereau et al., 2012). During the ages of 10- 0 Ma, the Zagros evolved into a mature collisional 

zone (Allen et al., 2004) 

The 74Ma basaltic dyke of this study, together with extensional magmatic events associated with 

the 81 Ma Mawat (Al Humadi et al., 2019) and 79Ma Kermanshah (Ao et al., 2016) ophiolites, likely 

reflects the continued rollback of the Neo-Tethyan slab. This tectonic process may have facilitated the 

back-arc extension and the formation of mafic to intermediate volcanic rocks (Agard et al., 2005). This 

is interpreted as a continuation of back-arc spreading or crustal thinning (Ali et al., 2019). The tectonic 

events occurring between 63.7Ma and 54.6 Ma are characterized by crustal thickening and arc-related 

subduction (Mouthereau et al., 2012). This period corresponds to the initial collision between the 

Arabian and Eurasian plates (Mohammad et al., 2014) and is characterized by the development of 

thrust fault systems and the deformation of ophiolites (Agard et al., 2011). 

Thus, this period records the transition from extensional to contractional tectonic regime (Agard 

et al., 2005). It was followed by extensional episodes in the overriding plate leading to crustal thinning 

(Moghadam et al., 2020) and younger magmatic activity between 46Ma and 36Ma. The extension was 

likely triggered by slab break-off (Omrani et al., 2008. The following magmatic events are linked to 

the collision and overthrusting of the Arabian and Eurasian continents at 37Ma (40Ar/39Ar muscovite, 

Mohammad et al., 2014). This crustal shortening partially overlaps with slab break-off-related 
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extensional magmatism and highlights the complex interplay of contraction and extension during the 

early collision. 

5.3. Tectonic Switching Model 

In general, E-MORB-type magmatism can be attributed to an extensional tectonic regime, 

whereas arc-type magmatism can be related to either extension or contraction (e.g., Xia and Li, 2019). 

However, the episodic nature of the magmatism could be linked to the changing tectonic regime, i.e., 

changes between crustal shortening (contraction) and crustal thinning (extension) (e.g., Wei et al., 

2023). Therefore, to understand the magmatic evolution along the ZOB and at convergent plate 

margins in general, it is crucial to analyse the movement of the overriding plate relative to the 

subducting plate. This movement further leads to advancing and retreating subduction systems, each 

exhibiting distinct plate kinematics and magmatic features (Collins, 2002a; Cawood et al., 2009). This 

tectonic model, referred to as tectonic switching, explains the alternating pattern of long periods of 

extension followed by shorter (~10 Ma) episodes of contraction. 

This cycle is driven by the retreat and advance of the subduction hinge, a process influenced by 

the arrival of buoyant oceanic plateaus at the trench (Collins, 2002a, 2002b). This model has been 

used to describe the evolution of both modern (e.g., Hermansson et al., 2008) accretionary orogens. 

Following the model and interpretation by Moghadam and Stern (2011) that many extensional events 

were associated with the Late Cretaceous subduction initiation and then reactivated by slab roll-back 

during the Eocene, we suggest the tectonic switching model best explains the tectonic evolution of the 

ZOB from the Late Cretaceous to Cenozoic. This model would explain that the subduction polarity of 

the Neo-Tethyan ocean continues to move N-NE beneath the Iranian microcontinent, as well as the 

magmatic flare-ups and time-related changes in the tectono-magmatic setting. We suggest that the 

high magmatic fluxes during the Late Cretaceous (95-74 Ma) and Eocene (45-35 Ma) represent an 

extensional episode, and that the magmatism interval during the Early Paleogene to Early Eocene (63-

54 Ma) represents a contractional episode(s). Moreover, magmatism of the Late Cretaceous to Eocene 

ages in the ZOB in Iran is linked to the opening of a back-arc basin during an extension environment 

(Alavi, 1994).  

Between ~ 35 Ma and 25 Ma, the tectonic settings in the ZOB shifted to a contractional regime, 

marking the Arabian and Eurasian plates collision (Allen et al., 2004; Agard et al., 2005; Omrani et 

al., 2008).   

6. Conclusions  

A younger magmatic event (basaltic dyke) is identified in the Pushtashan ophiolite, part of the 

Neo-Tethyan Ocean crust. The U-Pb zircon dating yields an age of 74 ± 1 Ma. The average initial εHf 

value at 74 Ma is +5.1. The Hf isotope compositions of the parental magma during zircon 

crystallization suggest that it originated from a predominantly juvenile source, with minor contribution 

from an older crust. Based on our findings and comparison with other published chronological data, 

we suggest that the major magmatic events within the Zagros Orogenic Belt are closely linked to 

extensional and compression episodes that occurred during the subduction of the Neo-Tethyan Ocean. 

Four distinct magmatic age groups are identified: ~95–90 Ma, 81–74 Ma, 63–54 Ma, and 46–36 Ma. 

These are most likely associated with alternating phases of advancing and retreating subduction, 

suggesting the occurrence of tectonic switching processes within the Neo-Tethyan subduction system. 

This provides a coherent framework for understanding the magmatic and tectonic evolution of the 

Zagros Orogenic Belt from the Late Cretaceous to the Cenozoic 
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