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Determining the timing of the initial continental collision is a fundamental step in accurately 
reconstructing the paleogeodynamic evolution of orogenic belts. This process necessitates a 
comprehensive integration of evidence gathered through various analytical techniques, both in 
the field and in the laboratory, to achieve a conclusive understanding. We here use comprehensive 
methods, including sandstone petrography, U-Pb dating, trace element and Hf isotopic compositions 
of the detrital zircon, in the Haji Abad (eastern Zagros Orogen) and the Shamil areas (west of the 
Minab-Zendan Fault) to constrain the timing of the initial collision between Arabia and Eurasia. Zircon 
U-Pb dating in the Haji Abad area reveals that detritus predominantly originates from the Arabia 
Pan-African basement (∼640 − 539 Ma, ƐHf (t): -10 to + 10) at the base of the Upper Oligocene-Lower 
Miocene Razak Formation. This is subsequently replaced up-section by detritus from Cenozoic and 
Mesozoic Eurasia magmatic-arc sources (~ 54 − 10 Ma, ƐHf (t): -2 to + 16; ~110 − 89 Ma, ƐHf (t): -2 to + 20, 
and ~ 175 − 163 Ma, ƐHf (t): -4 to + 10). In contrast, the Shamil area shows that detritus from the Pan-
African Arabia basement remained dominant until the Early Miocene. The minimum age of continental 
collision is characterized by a significant change in provenance, transitioning from detritus sourced 
from the Arabia lower plate to that derived from the Eurasia upper plate. This transition is documented 
from the Late Oligocene in the Neyriz and Haji Abad areas along the Main Zagros Thrust, to the Middle 
Miocene (Langhian) in the Shamil area along the Minab-Zendan Fault.

Keywords  Arabia/ Eurasia collision; provenance analysis, Zagros Orogen, Minab-Zendan Fault, Haji Abad 
and Shamil areas (Iran), Detrital zircon U-Pb dating

Determining the onset of continental collision –defined as the initial contact between opposing continental 
margins and the initiation of continental subduction– presents a crucial challenge in paleogeodynamic 
reconstructions. Addressed this challenge requires an integrative approach that combines various field and 
analytical lines of evidence. One promising approach is provenance analysis of foreland-basin sediments1–7, 
which enables us to reconstruct the tectonic and erosional history of newly formed orogenic structures 
through time. The final disappearance of oceanic lithosphere at one point along the plate boundary, followed 
by the tectonic growth of the orogenic wedge, marks the onset of continental collision2,3. By identifying the 
first arrival of detritus sourced from the upper plate (Eurasia in this case) in the foreland basin situated on 
the lower plate (Arabia in this case), we can robustly constrain a minimum age for the onset of collision2,8–11. 
Such an approach not only helps us to constrain the timing of collision but also provides valuable insights 
into the geodynamic evolution of the orogenic belt during ongoing convergence. In this study, we used a suite 
of provenance techniques, including sandstone petrography, trace-element geochemistry, U-Pb dating, and Hf 
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isotopic composition of detrital zircons. These methods allow us to determine the age distribution of source 
rocks, the characterize magmatic events in the source region, and track their evolution through time.

The Zagros Orogen, part of the Neotethys suture belt, is bounded to the west by the East Anatolian strike-slip 
fault in Turkey and separated to the east by the Minab-Zendan Fault from the Makran subduction domain12. 
The timing of collision onset between the Arabia and Eurasia continental margins remains contentious, with 
various studies proposing different ages based on deformation history13,14, magmatic episodes15–18, stratigraphic 
evolution19–23, and provenance analysis5,9–11,24,25. Based on provenance studies, suggested ages for the onset 
of continental collision range widely from the Early Miocene in the Bitlis suture zone in Turkey26–28 to mid-
Oligocene in Kurdistan Iraq10, Late Miocene-Early Pliocene9, Late Eocene11, or pre-Eocene25 in the Lorestan, 
northwestern Iran; and Pre-Late Oligocene in the Fars region of southeastern Iran5,24 (Fig. 1a). This variability 
raises critical questions: Why have different ages been proposed? What are the limitations of provenance studies? 
Should these findings be reevaluated using tectonostratigraphic data? Was collision time diachronous along the 
Zagros suture20,23,29–30 or did it occur relatively synchronously13?

The uncertainty about the timing of collision onset and its potential diachroneity along the Zagros suture 
zone highlights the need for new data to enhance the robustness of provenance interpretations and age 
determinations across the Zagros orogen. This article aims to address this gap by focusing on the eastern 
termination of the Zagros orogen –a less tectonically deformed and understudied area connected to the Makran 
subduction domain. We have integrated provenance and stratigraphic data from the entire Upper Cretaceous-
Cenozoic succession, with a specific emphasis on the Upper Oligocene-Lower Miocene Razak Formation. 
Previous studies have indicated that this lithostratigraphic unit is crucial for constraining the timing of initial 
continental collision between Arabia and Eurasia4,5.

Geological background
The Zagros Orogen
The Zagros Fold-Thrust Belt (ZFTB) formed as a consequence of the closure of the Neotethys Ocean and 
collision between Arabia and Eurasia plates13. The Neotethys Ocean opened in front of the northeastern 
margin of Gondwana following Permian rifting31–34, which was succeeded by sea-floor spreading during the 
Triassic period. Since the latest Triassic, the subduction of the Arabia plate beneath Eurasia has facilitated the 
convergence of these two plates13,35. This tectonic interaction has given rise to significant geological features, 
including the Urumieh-Dokhtar Magmatic Arc (UDMA) and portions of the Sanandaj-Sirjan Zone (SaSZ). 
Ophiolite obduction in the early Late Cretaceous36–37 was followed in the Cenozoic by continental collision13,38, 
presently propagating eastward toward the Makran domain39–40.

The Main Zagros Thrust separates the Zagros Fold-Thrust Belt (ZFTB) and remnants of the Neotethys from 
the Sanandaj-Sirjan Zone, which is part of the Eurasia margin13,42 (Fig. 1). The ZFTB comprises two geographic 
provinces –Lorestan and Fars– separated by the Dezful Embayment13 (Fig. 1a). This belt contains a 12–13 km 
Eo-Cambrian to Quaternary sedimentary succession accumulated on the northeastern continental margin of 
Arabia and tectonically accreted to the Eurasia upper plate due to Cenozoic continental collision13,43 (Fig. 2). The 
Minab-Zendan Fault, which separates the Zagros orogen from the Makran subduction domain, intersects with 
the northeastward dipping subduction plane at depth and is connected to the Main Zagros Thrust41 (Figs. 1 and 
2). To the south of the Strait of Hormuz lie the Musandam Peninsula, bordered by the Hagab Fault to the west 
and the Dibba Fault to the east (Fig. 1). Farther southeast, the Samail Ophiolite, exposed in the northern Oman 
mountains, was obducted onto the Arabia plate during the early Late Cretaceous (∼95 Ma44–45).

Magmatism and metamorphism in southeastern Iran
Igneous rocks are widespread to the northeast of the Main Zagros suture, both in the Urumieh-Dokhtar 
Magmatic Arc and the Sanandaj-Sirjan Zone, which primarily comprises metamorphosed Paleozoic-Mesozoic 
magmatic-arc and sedimentary rocks46–47 (Fig.  2). Notable magmatic events in the Sanandaj-Sirjan Zone 
occurred around 560 Ma (Ediacaran-Cambrian), 330 Ma (Carboniferous), 240 Ma (Triassic), 170 Ma (Middle 
Jurassic), and 40  Ma (Eocene13,16,48–52). Mesozoic calc-alkaline magmatism was closely associated with the 
subduction of Arabia beneath Eurasia13,16,50,51,53−55.

The Urumieh-Dokhtar Magmatic Arc, developed to the northeast of the Sanandaj-Sirjan Zone, resulting 
from ongoing subduction of Arabia beneath Eurasia (Fig. 1, Jebal-e Barez in Fig. 2), primarily consists of calc-
alkaline to tholeiitic rocks that formed between 55 and 25 Ma (Eocene-Oligocene)15–16,51,62–63. Magmatic activity 
terminated earlier in the northwest (∼22 Ma; Early Miocene) compared to the southeast(∼15 − 6 Ma; Middle-
Late Miocene)16.

Permian to Cretaceous sedimentary rocks experienced metamorphism ranging from greenschist-facies 
to amphibolite-facies during the Jurassic-Cretaceous13,47,56–58. These rocks are exposed from the Haji Abad-
Esfandagheh (Dowlat-Abad) ophiolitic belt in the northwest to the Upper Jurassic-Lower Cretaceous Bajgan 
ophiolite-bearing complex in the Makran domain58 (Fig.  2). The Haji Abad-Esfandagheh region recorded 
greenschist-facies metamorphism at ∼130 − 125 Ma57, blueschist-facies metamorphism at various intervals 
between 95 − 85 Ma47, 106 − 93 Ma, 85 − 80 Ma59, 85 − 68 Ma57, and even during the Oligocene60. Meta-intrusive 
rocks in the Bajgan Complex yielded protolith ages of ∼161 − 114 Ma58. Metapelites with a youngest zircon age 
of ~ 224 Ma (Triassic61) underwent greenschist-facies metamorphism at ~ 100 − 90 Ma58.

Foreland-basin stratigraphy
In the eastern segment of the Zagros Fold-Thrust Belt, the first sedimentary unit deposited in front of the Neyriz 
ophiolite after the Late Cretaceous obduction is the Maastrichtian-Paleocene Suchun Formation. This formation 
comprises sandstone, gypsy marl, and shallow-marine sandy limestone. The unit overlying the Tarbur Limestone 
transitions to the Jahrum Limestone43,64–68, which becomes thinner, more evaporitic, and devoid of siliciclastic 
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detritus away from the obducted Neyriz ophiolite43,53 (Fig. 3). The Suchun Formation distally grades into the 
deep-marine marls and marly limestones of the Pabdeh Formation toward the southeast (Fig. 3). This latter unit 
overlies pelagic marls of the Gurpi Formation, close to the Mianb-Zendan Fault67 (Fig. 3). The Jahrum Limestone 
is extensively distributed across the eastern Zagros, having been deposited during an early-middle Eocene sea-
level rise69. It is unconformably overlain by interbedded red mudrocks and sandstones of the Razak Formation 

Fig. 1.  Location map of the study area. (a) The outlined rectangle highlights the study area. (b) Haji Abad area, 
near the Main Zagros Thrust and far from the Neyriz obducted ophiolite, and Shamil area close to the Minab-
Zendan Fault at the terminus of the Arabia- Eurasia suture (modified47). (c) A cross-section from the UDMA 
to the Persian Gulf, as illustrated in Fig. 1b (modified47). The map was modified by GholamiZadeh, P. using 
CorelDraw x8 v.16 software (http://www.coreldraw.com/en/product/coreldraw).
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along the Main Zagros Thrust. This regional unconformity, which spans from the late Eocene to Oligocene, 
may be attributed to flexural uplift of a fore-bulge23,54 associated with fold deformation and exposure of the 
underlying succession69–70. The Razak Formation is overlain by the marly limestones of the basal Guri Member 
of the Mishan Formation71–72. The Guri limestone transitions into shallow-marine marl and sandstone of the 
upper Mishan Formation, which is in turn overlain by red mudrocks and sandstones of the Aghajari Formation. 

Fig. 2.  Geological map of the eastern Zagros Fold-Thrust Belt (modified124). The Minab-Zendan dextral thrust 
fault delineates the Zagros collisional domain from the Makran subduction domain. The Main Zagros Thrust 
separates Zagros Fold-Thrust Belt (Arabia lower plate) from the Sanandaj-Sirjan metamorphic belt (Eurasia 
upper plate). Radiometric ages provided include: (1) 188 Ma, (2) 318 Ma, and (3) 546 Ma (U-Pb dating of 
metamorphic rocks57); (4) 186 Ma and (5) 174 Ma (U-Pb dating of ophiolites57); (6) 117 Ma, (7) 102 − 87 Ma, 
(8) 126 − 95 Ma, (9) 109 − 89 Ma, (10) 102 − 82 Ma, (11), and (12) 85 − 80 Ma (Ar-Ar dating of blueschists47,59); 
(13) 91 Ma, (14) 87 and 90 Ma (U-Pb dating of dacite and plagiogranite, respectively85); (15) 175 Ma, (16) 
77 Ma, (17) 31 − 29 Ma (18) 45 Ma, and (19) 20 − 18 Ma, (U-Pb dating of igneous rocks16); (20) 476 Ma (K-
Ar dating of clinopyroxenite125); (21) 137 Ma, (22) 119 Ma, and (23) 156 Ma (U-Pb dating of metavolcanic 
rocks59); (24) 91 Ma, (25) 100 Ma, and (26) 94 Ma (Ar-Ar dating of greenschists59). The map was modified by 
GholamiZadeh, P. using CorelDraw x8 v.16 software (http://www.coreldraw.com/en/product/coreldraw).
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Ultimately, the Zagros foreland basin was filled with conglomerates of the Pliocene Bakhtyari Formation64,73 
(Fig. 3).

Ophiolite complexes in the eastern Zagros
The study are features several ophiolite remnants, including the Neyriz, Haji Abad-Esfandagheh, and Rudan-
Sorkhband complexes in Iran, as well as the Samail ophiolite in Oman (Fig. 1). Both Neyriz and Samail ophiolites 
were obducted onto the Arabia plate during the early Late Cretaceous13,36,44. Zircon U-Pb dating of igneous 
rocks associated with the Neyriz ophiolite suggests that it was emplaced at 100 − 93 Ma in a fore-arc setting74–76. 
Similarly, the Samail ophiolite of 96 − 94  Ma exhibits its formation in a supra-subduction setting45,77–79. The 
Haji Abad-Esfandagheh (Dowlat-Abad) ophiolitic belt is exposed along the Main Zagros Thrust, north of 
Haji Abad town. This belt comprises various ophiolitic bodies (Figs. 1 and 2) that have thrust together with 
associated mélanges and Paleozoic metamorphic rocks onto Eocene-Oligocene turbidities within the Sanandaj-
Sirjan Zone47,80. Two distinct groups of ophiolite bodies have been identified. The first group consists of Jurassic 
Soghan-Abdasht and Sikhoran bodies dated as 174–186 Ma57,81, and are embedded within Paleozoic-Mesozoic 
rocks and overlain by Jurassic-Cretaceous strata60 (Fig. 2). They are considered to have formed in either back-
arc82,83 or rift57,84 settings. In contrast, the second group comprises Cretaceous Haji Abad, Sheikh-Ali, Dehsheikh, 
Ab-Bid bodies, which are exposed near the Main Zagros Thrust, dated at 87–91 Ma and have originated in a fore-
arc setting84–85(Fig. 2). A MORB-supra subduction origin has been indicated for the Ab-Bid ultramafic complex, 
which is associated with Cretaceous radiolarite86. Additionally, several ophiolitic complexes are present in the 
Makran domain (Fig. 2). The Sorkband ophiolite exposed to the east of the Minab-Zendan Fault is considered to 
have formed in a MORB-supra subduction setting during the Cretaceous18,87. Meta-ophiolitic rocks within the 
Bajgan Complex were dated as 116 − 114 Ma58.

Samples and methods
To constrain the timing of continental collision in the eastern Zagros Fold-Thrust Belt, We focused on three 
main areas: (i) the Neyriz area, serving as a reference for ophiolite obduction (Rowshan Kuh section); (ii) the 
Haji Abad area (west of the Kuh-e Gahkum anticline) at the structural terminus of the Zagros Crush Zone; and 
(iii) the Shamil area (east of the Kuh-e Khosh anticline), being closest to the Minab-Zendan Fault (detailed 
location information can be found in Supplementary Table S1, Figs. 1 and 2). Our investigation included new 
biostratigraphic and provenance studies on Upper Cretaceous to Pliocene strata in both the Haji Abad and 

Fig. 3.  Stratigraphic framework for the eastern Zagros Fold-Thrust Belt (based on own data and Piryaei et 
al.67–68. It highlights the differences in Upper Cretaceous-Paleocene facies as well as the Late Eocene-Oligocene 
hiatus across the eastern Zagros Fold-Thrust Belt. Red dots indicate stratigraphic positions of samples used for 
U-Pb zircon dating.
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Shamil areas (Fig. 3), whereas the provenance study for the Neyriz area is detailed in GholamiZadeh et al.4,5. 
We specifically sampled from the Upper Cretaceous sediments, where the initial arrival of ophiolite detritus has 
been previously documented69.

•	 During our field surveys in the Haji Abad and Shamil areas, we collected a total of 25 medium-grained sand-
stone samples for petrographic analysis, six limestone samples for biostratigraphic analysis, and nine sam-
ples for rare-earth-element (REE) analysis, and combined U-Pb and Hf isotopic analyses of detrital zircons. 
These samples were systematically collected from continuous stratigraphic sections, both below and above 
unconformities and facies discontinuities. For petrographic analysis, 300 grains were point-counted by the 
Gazzi-Dickinson’s method88–89 (Supplementary Table S2), with a specific focus on identifying lithic grain 
types90–92. Sandstone classification followed after Garzanti’s methodology93,94.

•	 Heavy minerals were separated using traditional washing techniques, and ~ 120 zircon grains were randomly 
hand-picked from each sample and mounted in epoxy resin. Cathodoluminescence images were used to ac-
curately position the laser spot, ensuring that rims and inclusions were avoided. U-Pb and REE analyses were 
conducted simultaneously using the ESI New Wave NWR 193UC (TwoVol2) laser ablation system connected 
to an Agilent 8900 ICP–QQQ in the Beijing Quick-Thermo Science & Technology Co., Ltd, China. The op-
erational parameters included a 25-µm-diameter beam, ∼4 J/cm2 fluence, and a 5 Hz repetition rate. Zircon 
U-Pb and REE data were processed by Iolite data reduction software95 (https://iolite.xyz), while histograms of 
U-Pb zircon ages were generated using Density plotter 8.596 (https://www.ucl.ac.uk/~ucfbpve/densityplotter) 
(Supplementary Table S3-4).

•	 For combined U-Pb and Hf isotopic analysis of detrital zircons, we selected four samples that spanned the Up-
per Cretaceous-Pliocene stratigraphic range. These analyses were preformed using a Neptune (Plus) MC-ICP-
MS (Thermo Fisher Scientific, USA), equipped with an Analyte G2 193 nm ArF excimer laser ablation system 
at the Institute of Geology and Geophysics, Chinese Academy of Sciences in Beijing, China. The operational 
conditions included a 65-µm spot size, 5 J/cm2 fluence, and a 6 Hz repetition rate. Data correction was carried 
out during and after analysis following established protocols97–100 (Supplementary Table S5).

Results
Stratigraphy
Upper cretaceous-Lower Eocene strata  In the Haji Abad area, the Upper Cretaceous-Paleocene interval is 
represented by the ∼80 m-thick Sachun Formation. This unit, overlying the Maastrichtian Tarbur Formation 
and followed by the Jahrum Limestone (Fig.  4-a, ), consists of gypsiferous limestone, dolomite, marl, marly 
limestone, and peloidal grainstone (Figs. 3 and 4-a and b) lacking siliciclastic detritus and age-diagnostic fossils 
(Fig. 4-c). In the Neyriz area, the Sachun Formation reaches a thickness of ~ 200 m and contains clasts of radi-
olarite and serpentinite.
In the Shamil area (Kuh-e Khosh), the Upper Cretaceous-Lower Eocene interval is 1400 m-thick and consists of 
gray pelagic marls interbedded with thin layers of marly limestones of the Gurpi and Pabdeh formations (Fig. 4-
d, e). The Santonian to Maastrichtian Gurpi Formation67 is unconformably overlain by the Middle Paleocene 
(Selandian) to Eocene Pabdeh Formation, which consists of marly limestone, limestone, and marl101. The Gurpi 
Formation includes abundant planktonic foraminifera in the lower part and ∼2 m of slumped conglomerate with 
boulders of basalt, diabase, and rhyolitic tuffs near the top (Fig. 4-d, e). Previously reported blocks of ultramafic 
rocks67,102 were not observed during our study.

Upper Oligocene-Lower Miocene Razak Formation  In the Haj Abad and Neyriz areas, the 200-m-thick Razak 
Formation unconformably overlies the Early to Middle Eocene Jahrum Formation and is overlain by the Lower 
Miocene (Burdigalian) Guri Member of the Mishan Formation (Figs. 3 and 4-f). The Razak Formation mainly 
consists of red mudrock and sandstone, with intercalated gypsiferous sandy limestone and mainly matrix-sup-
ported conglomerate featuring well-rounded clasts with medium to high sphericity (Fig. 4-f-j). Quartz and lime-
stone rock fragments are common in the basal part of the unit, whereas radiolarite, serpentinite, and igneous 
rock fragments become more prevalent toward the top. A limestone interval at the base of the Razak Formation 
in the Haji Abad area contains Oligocene microfossils (Eulepidina dilatata, Archaias sp., Neorotalia sp., Austro-
trillina, sp., Quinqueloculina sp.) that were not found in the Neyriz and Shamil areas.

In contrast, the 50-m-thick Razak Formation in the Shamil area consists of alternating yellowish-gray sandstone 
and red mudrock overlying the Eocene Jahrum Formation (Fig. 4-f, h). The clasts are predominantly quartz, with 
carbonate grains commonly containing reworked Paleocene-Early Oligocene foraminifera (Nummulites fichteli, 
N. vascus, N. intermedius, Amphistegina sp., Neoalveolina sp.).

Lower-Middle Miocene Mishan Formation  The Mishan Formation consists of green and gray marl with sandy 
limestone and sandstone layers overlain by the lower Serravallian (?) Aghajari Formation (Fig.  5-a, b). The 
cream-colored reefal limestone of the basal Guri Member (Fig. 5-a) –Early Miocene (Burdigalian) in age based 
on the foraminifera Elphidium sp., Neoalveolina melo-curdica, Taberina malabarica, Operculina sp., Miogypsina 
sp., and Meandropsina sp. − is replaced up-section by green marls with thin interbedded limestone, suggesting 
deposition in open shallow-marine environments (Fig. 5-a). The thickness of the Mishan Formation increases 
from 300 m in the Neyriz area to 1100 m in the Haji Abad area, and reaching up to ~ 2500 m in the Shamil area.

Middle-Upper Miocene Aghajari Formation  The unfossiliferous Aghajari Formation lies above the Langhian 
strata of the Mishan Formation101 and is unconformably overlain by the Bakhtyari Formation. This formation 
primarily consists of red mudrock and sandstone, with thickening from ~ 400 m in the Neyriz area to ∼2000 m 
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in the Haji Abad area and up to ∼3900 m in the Shamil area (Fig. 5-b, c). The geometry of sandstone and con-
glomerate beds transitions from tabular at the base to lenticular at the top, indicating a fluvial depositional 
environment (Fig. 5-c, d).

Upper Miocene-Pliocene Bakhtyari Formation  The Bakhtyari Formation exhibits a thickness that increases 
from ~ 300 m in the Neyriz area to < 1000 m in the Haji Abad area and up to 3900 m in the Shamil area. This 
formation is characterized by well-cemented, moderately sorted, sheet-like pebbly to cobbly conglomerates, 
which predominantly contain clasts derived from Cretaceous carbonate, radiolarian chert, and volcanic rocks. 
The evidence suggests that deposition occurred in alluvial fan to fluvial settings (Fig. 5-e-f).

Fig. 4.  Upper Cretaceous to Miocene stratigraphy: (a, b) The Upper Cretaceous-Paleocene Sachun Formation 
is overlain by the Eocene Jahrum Formation in the Haji Abad area. (c) A Peloidal bioclastic grainstone from 
the Sachun Fm. notable for its lack of siliciclastic detritus. (d, e) The Upper Cretaceous-Paleocene Gurpi and 
Pabdeh formations, which are capped by the Eocene Jahrum Limestone in the Shamil area. Arrows in (d) and 
(e) highlight a 2-m-thick red-purple slumped conglomerate near top of Gurpi Formation. The Razak Fm. 
is limited between the Jahrum Fm. and Guri Member in the Haji Abad area (f) and Shamil area (h). (g) A 
gypsum layer in the Razak Fm. (Haji Abad area). (i) Alternating yellowish-gray sandstone and red mudrock of 
the Razak Fm. in the Shamil area. (j) Radiolarite, and limestone pebbles in conglomerate of Razak Fm. in the 
Haji Abad area. Abbreviations as in Fig. 6.
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Sandstone petrography and U-Pb zircon ages
Upper Cretaceous Gurpi Formation  The studied fine to coarse and poorly-sorted sandstones are litho-quart-
zose. Most quartz grains display straight extinction and embayments. The lithic grains are predominantly de-
rived from felsic volcanic rocks, including rhyolite, rhyolitic tuff, metarhyolite, with minor chert, and limestone 
(Fig. 6a). Both plagioclase and K-feldspar exhibit only slight weathering. Most zircons yielded ages older than 
the Mesozoic, with a major peak at ∼520 Ma (Cambrian) and a cluster around 793 Ma (Fig. 7b).

Upper Oligocene-Lower Miocene Razak Formation  In the Haji Abad area, the red quartzo-lithic sandstones 
primarily consist of serpentinite104, with subordinate amounts of radiolarite and carbonate grains (Fig.  6b). 
Conversely, in the Shamil area, litho-quartzose sandstones contain carbonate grains (limestone, silty limestone, 

Fig. 5.  Mio-Pliocene stratigraphy: (a) The Guri Limestone Member transitions up-section into marl and marly 
limestone of the Mishan Fm. in the Shamil area. (b) The green marls of Mishan Fm. passing up-section to red 
mudrock and sandstone of Aghajari Fm. in the Haji Abad area. (c) Channelized conglomerate embedded in red 
floodplain mudrock in the Aghajari Fm., Haji Abad area. (d) Alternating red mudrock, fluvial sandstone, and 
conglomerate in the Aghajari Fm., Haji Abad area. (e) Massive to thick-bedded conglomerates in the Bakhtyari 
Fm., Shamil area. (f) Dominant limestone pebbles in the Bakhtyari conglomerate. Abbreviations as in Fig. 6.
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marl), broken nummulites, and chert (Fig. 6b). Authigenic minerals include calcite, dolomite, gypsum, and iron 
oxides.

At the base of the Haji Abad section and in the Shamil area, zircon ages cluster at ~ 545 Ma, with a subordinate 
cluster at ~ 707  Ma (Fig.  7b). The youngest grain is dated at 87 + 3/-7  Ma (2σ), significantly older than the 

Fig. 6.  Sandstone petrography (compositional fields after93,94): (a) Upper Cretaceous Gurpi Fm. (b) Upper 
Oligocene-Lower Miocene Razak Fm. (c) Lower-Middle Miocene Mishan Fm. (d) Middle-upper Miocene 
Aghajari Fm. (e) Upper Miocene-Pliocene Bakhtyari Fm.
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depositional age. Samples collected up-section in the Haji Abad area display additional clusters around 10 Ma, 
35 Ma, 93 Ma, 163 Ma, and 445 Ma (Fig. 7a), with the youngest grain dated at 31.3 + 0.7/-0.7 Ma (2σ).

Lower-Middle Miocene Mishan Formation  The studied quartzo-lithic to litho-quartzose sandstones are mod-
erately well-sorted. These sandstones are coarser in the Haji Abad area compared to those in the Shamil area 
(Fig. 6c). Volcanic and carbonate rock fragments, more prevalent in the Shamil area, are associated with slate, 

Fig. 7.  The U-Pb age spectra of detrital zircon from the eastern Zagros Fold-Thrust Belt: (a) Haji Abad area. 
(b) Shamil area; (c) data compiled from previous studies.
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schist, and metasedimentary lithic grains. Muscovite and biotite are also found in greater abundance in the 
Shamil area.

In the Haji Abad section, zircon ages cluster around 44 Ma, 99 Ma, 189 Ma, 570 Ma and 852 Ma (Fig. 7a), with 
the youngest grain dated at 17 + 2/-2 Ma (2σ). In contrast, zircon ages in the Shamil area cluster around 430 Ma, 
572 Ma, and 754 Ma (Fig. 7b), with the youngest grain dated at 54 + 3/- Ma (2σ).

Middle-Upper Miocene Aghajari Formation  The studied quartzo-lithic to feldspatho-quartzo-lithic sand-
stones mostly contain carbonate and volcanic lithic grains. The altered mafic to intermediate volcanic lithics, 
metamorphic lithics, feldspars, epidote, and tremolite are more prevalent in the Shamil area compared to the 
Haji Abad area (Fig. 6d). In contrast, carbonate and quartz grains are more abundant in the Haji Abad area, par-
ticularly at the top of the unit. Zircon ages cluster around 48 Ma, 89 Ma, 100 Ma, and 560 Ma in the Haji Abad 
section (Fig. 7a) and around 17 Ma, 45 Ma, 79 Ma, and 175 Ma in the Shamil area (Fig. 7b).

Upper Miocene-Pliocene Bakhtyari Formation  The studied feldspatho-quartzo-lithic sandstones consist of 
sub-angular to sub-rounded chert, carbonate, sandy limestone, and minor microlithic volcanic lithic grains 
(Fig. 6e). These sandstones are coarser and richer in limestone lithics in the Haji Abad area. Zircon ages cluster 
around 110 Ma, 175 Ma, 242 Ma, and 535 Ma in the Haji Abad section, and around 15 Ma, 30 Ma, 45 Ma, 82 Ma, 
100 Ma, and 150 Ma in the Shamil area (Fig. 7).

Trace elements and hafnium isotopes in detrital zircon
The trace element distribution in detrital zircon primarily falls within the continental-arc field of the Log10(Nb/
Yb)-Log10(U/Yb) diagram105 for all age groups (Fig. 8; Supplementary Table S4). Only five grains of disparate 
ages plot in the depleted mantle field, and a few Cretaceous zircons suggest a connection to MORB-type 
magmatism (Fig. 8).

Hafnium values (Hf) of zircon grains older than 400 Ma show a wide range from + 11 to -10 (Fig. 8e), whereas 
zircons younger than 200 Ma display more positive values ranging from + 15 to -3 (Fig. 8e; Supplementary Table 
S5).

Provenance analysis
Cenozoic strata in the Haji Abad area
The Upper Cretaceous-Paleocene Sachun Formation in the Haji Abad area documents a shallow-marine 
evaporitic environment with minor silisiclastic detritus. The oldest strata containing detritus likely originated 
from the Eurasia upper plate in the upper Oligocene-Lower Miocene Razak Formation. The composition of 
Oligo-Miocene to Pliocene sandstones reveals three major groups of source rocks (Fig. 6): (1) serpentinite and 
radiolarite from an ophiolite complex; (2) Cretaceous to Oligocene platform carbonates; (3) volcanic rocks 
ranging from basalt to rhyolite. Sedimentary and volcanic detritus increases at the expense of ophiolitic detritus 
in the overlying Mishan and Bakhtyari formations, carbonate detritus becoming dominant at the top of the 
succession (Fig. 6). The U-Pb age spectra of detrital zircon remain relatively consistent from the Upper Oligocene 
to Pliocene strata, reflecting Pan-African to Eocene magmatic events (Fig. 7) as will describe as follows:

Zircons aged at 44 − 35 Ma, with positive ƐHf values, indicate a source from the igneous rocks of the Urumieh-
Dokhtar Magmatic Arc51 (Figs.  7 and 8). Zircon grains dated 78 − 67  Ma, with ƐHf from + 5 to + 15, likely 
originated from the Sanandaj-Sirjan or southeastern Urumieh-Dokhtar Arc sources51 (Fig. 8). A few zircons with 
110 − 100 Ma age and ƐHf between − 2 and + 3 (Fig. 8) suggest a provenance linked to continental magmatic rocks 
in the Sanandaj-Sirjan Zone80 (Fig. 8). Reported values for zircons in the Neyriz ophiolite5,24,76 (100 − 93 Ma, 
ƐHf from + 10 to + 20) are underrepresented in our findings (Fig. 8), whereas zircons dated at 92 − 87 Ma point 
to provenance from the Sheikh Ali and DehSheikh ophiolites exposed to the northeast of the Main Zagros 
Thrust57,85. Jurassic zircons with 163 − 145 Ma ages and ƐHf values from + 7 to + 10 correlate with those found 
in the Upper Jurassic ophiolite-bearing Bajgan Complex58 (Figs. 2, 7a and 8) or in the Haji Abad-Esfandagheh 
ophiolitic belt. Furthermore, Jurassic zircons aged 182 − 175 Ma with ƐHf values from − 5 to + 5 (Fig. 8), suggest 
contamination of mantle-derived magma with crustal materials in a continental-arc setting, particularly within 
the Sanandaj-Sirjan Zone in the Haji Abad area5,51,57,80 (Figs. 2 and 7c). A few Triassic zircons aged at 240 Ma 
and ƐHf values from − 5 to + 5, may be associated with igneous rocks formed during rifting of northeastern 
Gondwana,106–107 which are exposed in the Surmaq and Eqlid areas of the Sanandaj-Sirjan Zone. Finally, zircons 
dated at 560 − 540 Ma appear to have been largely recycled from Paleozoic or Mesozoic strata rather than being 
directly sourced from the sparsely exposed Ediacaran-Cambrian basement in the Sanandaj-Sirjan Zone52. They 
may also have originated from Arabia basement rocks entrained in salt domes, particularly at the base of the 
Upper Oligocene-Lower Miocene Razak Formation108. Overall, these zircon age patterns suggest that detritus in 
the Upper Oligocene-Lower Miocene Razak Formation was chiefly supplied by the Eurasia upper plate.

Upper Cretaceous-Cenozoic strata in the Shamil area
Provenance of detritus in the Shamil area (Figs. 6 and 7) presents a distinct contrast to other areas, where the 
Upper Cretaceous sandstones are characterized by an abundance of felsic volcanic and recrystallized carbonate 
rock fragments, while ophiolitic detritus is notably absent.

U-Pb age-spectra of detrital zircon reveal a unimodal Ediacaran-Cambrian peak (545 − 520 Ma) in the Upper 
Cretaceous to Oligo-Miocene strata (Fig. 6). The zircon grains found in the conglomerate horizon intercalated 
with Upper Cretaceous pelagic limestones of the Gurpi Formation, are predominantly angular, indicating a 
first-cycle provenance rather than recycling. Ediacaran-Cambrian zircons characterize the Cambrian Lalun and 
Devonian Zakeen formations in the Zagros domain (Kuh-e Faraghan109) (Figs. 2 and 7c), as well as rhyolitic 

Scientific Reports |         (2025) 15:6023 11| https://doi.org/10.1038/s41598-025-90186-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


rocks in the Cambrian Hormuz series (560 − 485 Ma110) (Fig. 7c) and Oman basement rocks111. Zircon grains 
dated at ∼572 Ma (Ediacaran) and ∼425 (Silurian) have been identified in the Lower-Middle Miocene Mishan 
Formation. These finding suggest that the Ediacaran zircons likely originated from Arabia, while the Silurian 
zircons may have come from metamorphosed Eurasia-margin rocks related to the rifting of Paleotethys52,112. 

Fig. 8.  (a-d) The trace element analysis of detrital zircon from Upper Cretaceous-Pliocene strata in the eastern 
Zagros Fold-Thrust Belt (Nb/Yb vs. U/Yb discrimination diagram after105). (e) The hafnium isotope signatures 
of these detrital zircons in eastern Zagros Fold-Thrust Belt. Depleted mantle field after126.
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The appearance of recycled Silurian zircons, associated with biotite and muscovite in the Lower-Middle Miocene 
Mishan Formation, marks the first evidence of detritus being shed from the Eurasia upper plate in this area.

The signature of Eurasia upper plate sources becomes dominant in the Middle-Upper Miocene Aghajari 
sandstones, including Cenozoic (54 − 15 Ma), Cretaceous (120 − 70 Ma), and Jurassic (170 − 150 Ma) zircon-age 
clusters (Fig. 7b). These zircons are inferred to have been derived from the Urumieh-Dokhtar Magmatic Arc51, 
ophiolites and/or continental-arc and island-arc igneous rocks of the Sanandaj-Sirjan Zone, and magmatic rocks 
of the Sanandaj-Sirjan Zone, respectively5,51 (Fig. 7c).

Exhumation of ophiolite complexes and other supra-subduction-zone rocks
Ultramafic and mafic rocks found in ophiolite complexes typically lack zircon, which is generally present only in 
specific igneous differentiates such as plagiogranites. However, by combining zircon ages, Cr-spinel frequency, 
and lithic grain assemblages, we can effectively trace the exhumation of ophiolite bodies and associated rocks 
through time and space. Two types of supra-subduction sources can be distinguished based on our data (Figs. 7 
and 8):

1) obducted Neyriz and Samail ophiolites. Detrital zircons yielding ages 110 − 93 Ma with ƐHf values from 
+ 7 to + 20 found in Upper Cretaceous-Paleocene sandstones of the Neyriz area5 (Fig. 7), may have originated 
from the Neyriz ophiolite (100 − 93 Ma75–76). In contrast, ophiolitic detritus is conspicuously absent in the Upper 
Cretaceous-Paleocene strata exposed in the Shamil area (Figs. 7 and 8);

(2) other supra-subduction-zone magmatic rocks. Detrital zircons yielding 92 − 87 Ma ages with ƐHf values 
from + 7 to + 15 suggest a derivation from magmatic sources associated with ophiolite-bearing complexes 
found in the Haji Abad area, which is exposed close to the Main Zagros Thrust85 (Figs. 2 and 8). For instance, 
Plagiogranites and dacites dated at 91 − 87 Ma, have been identified near the Dehsheikh ophiolitic complex85 
(Fig. 2). Additionally, older Late Jurassic zircons, dating at 160 − 145 Ma with ƐHf values from + 7 to + 10, have 
been documented in both Haji Abad and Shamil areas (Figs. 7 and 8). These zircon ages correspond with the 
meta-ophiolitic bodies found in the Bajgan subduction complex (161 to 114 Ma59) (Fig. 2). A few detrital zircons 
dated at ~ 186 − 174 Ma, may have been originated from meta-intrusive rocks of the Haji Abad-Esfandagheh 
ophiolitic belt57,84, which were accreted to the Eurasia margin and are exposed northeast of the Main Zagros 
Thrust. Jurassic-Cretaceous sedimentary and igneous rock cover, and underling by ophiolite bearing Eo-
Oligocene turbidites, indicates that these ophiolitic rocks were formed or emplaced along the active margin of 
Eurasia47,60.

The first evidence of ophiolitic detritus in the Zagros sedimentary succession is found in the form of 
serpentinite and Cr-spinel grains within the Maastrichtian-Paleocene Sachun Formation in the Neyriz area, as 
well as in the Upper Oligocene-Lower Miocene Razak Formation in both Haji Abad and Shamil areas (Fig. 6b). 
Zircon grains in the Razak Formation exhibit ƐHf values of < 15, contrasting with ƐHf values > 15 for Upper 
Cretaceous-Paleocene sediments5 inferred to originate from the Neyriz ophiolite (Fig.  8-e). This distinction 
suggests that the ophiolite bodies exhumed during the Oligocene-Early Miocene were seemingly different in 
origin and setting compared to those exhumed earlier during the Late Cretaceous-Paleocene.

Cenozoic evolution of the eastern Zagros Fold-Thrust Belt
The Haji Abad and Shamil areas in the eastern Zagros Fold-Thrust Belt recorded different responses to Cretaceous 
ophiolite emplacement and tectonic events. The Haji Abad area has been affected by the Main Zagros Thrust to 
the northeast, whereas the Shamil area mainly reflected tectonic stresses related to Oman during the Paleogene, 
and Minab-Zendan Fault activity during the Neogene (Figs. 9 and 10).

Late Cretaceous-Early Paleocene  Detrital zircons yielding 110 − 93 Ma ages with ƐHf values from + 7 to + 20 in 
the Upper Cretaceous-Paleocene Sachun Formation exposed in the Neyriz area5 (Fig. 7) may have been derived 
from the Neyriz ophiolite (100 − 93 Ma75–76). The Sachun Formation, ~ 300 m-thick, was deposited in a shal-
low-marine environment and contains ophiolitic detritus66. In the Haji Abad area –far away from Neyriz– this 
formation with only ~ 80 m-thick lacks interbedded siliciclastic detritus, indicating a transition to an evaporitic 
marginal sea (Figs. 3 and 10a). The coeval deep-marine Gurpi Formation, ~ 1500 m-thick in the Shamil area67, 
predominantly yields Ediacaran-Early Cambrian zircon ages clustering around 520 Ma. These zircons may have 
originated from xenoliths within the Hormuz salt, exposed at the surface along major faults during a time of 
high convergence rates (~ 2 cm/year47). A thrust-fault system similar as the major Hagab thrust to the west of 
Musandam may have been active to the east of the Shamil area at that time (Fig. 10a).

Late Paleocene-Middle Eocene  No clastic detritus was supplied to the Arabia plate at this time. The top of 
the Jahrum Formation near the Shamil area dated as Bartonian113 (Late Eocene), becomes shallower and old-
er (middle Eocene, Lutetian) toward the northwest (Neyriz area). The unconformity at the top of the Jahrum 
Formation (Fig. 3) may have formed during a marine regression associated with the closure of the Neotethys 
Ocean36. However, a narrow seaway remained open between the Arabia and Eurasia continental masses during 
this time (Fig. 10b).

Oligocene-Early Miocene  The upper Oligocene-Lower Miocene Razak Formation contains two distinct groups 
of detrital components: quartz, carbonate, chert, siltstone, and felsic volcanic lithic grains originated most prob-
ably from the Hormuz rhyolitic series (520–540 Ma: Figures 6 and 7, and 9), whereas serpentinite, radiolarite, 
carbonate, and mafic to intermediate volcanic lithic grains were shed from ophiolitic sequences and Jurassic-Eo-
cene volcanic rocks of the Eurasia upper plate (35, 92, 172 Ma: Figures 6, 7 and 9). The first group of detrital com-
ponents, of Arabia lower plate provenance is primarily found at the base of the Razak Formation in the Neyriz 
and Haji Abad areas and throughout the unit in the Shamil area. The second group of components is dominant 
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in most of the Razak Formation exposed in the Neyriz and Haji Abad areas. The regional differences in prove-
nance may be attributed to a variety of factors, including age, exposed lithologies, erosion and subsidence rates, 
paleo-drainage systems, and the irregular shape of the Arabia margin (Figs. 3 and 9). The higher erosion rate 
at the base of Razak Formation in the Neyriz compared to Shamil suggest more intense erosion on paleo-highs 

Fig. 9.  Integration of stratigraphic, petrographic, and detrital zircon ages from the eastern Zagros Fold-Thrust 
Belt (see Fig. 3 for regional distribution of rock units). Lithofacies become progressively younger and thicker 
from northwest to southeast along the Zagros Suture Zone. Sandstone petrography and zircon ages highlight 
changes in provenance both up-section and along the Main Zagros Thrust.
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associated with obducted terranes (Figs. 3, 9 and 10c). The initial subduction of the Arabia continental margin 
beneath the Sanandaj-Sirjan Zone38,114 (Fig. 10c) led to strong compressive stresses. This led to the emplacement 
and exhumation of supra-subduction-zone ophiolites and magmatic rocks during the Late Eocene-Oligocene13 
(Fig. 10c), and uplift of the Arabia and Eurasia margins along the Main Zagros Thrust13,54,115. At this time, the 
Neotethys seaway still remained partially open to the west of the Shamil area and Minab-Zendan Fault, which is 
linked to the Main Zagros Thrust41 (Fig. 10c).

Fig. 10.  Paleogeographic and tectonic reconstructions of Upper Cretaceous-Cenozoic Zagros Fold-Thrust Belt 
(lithofacies and isopach maps modified from Motiei69). See text for full explanation.
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Early- middle Miocene  Both Neyriz and Haji Abad areas, along the Main Zagros Thrust, continued to receive 
detrital zircons dated at ~ 15 Ma, 54 − 40 Ma, 102 − 90 Ma, and 175 − 170 from the Eurasia upper plate during 
this time (Fig. 9). However, the Shamil area not only received detritus from the Eurasia upper plate for the first 
time but also exhibited different sources compared to Neyriz and Haji Abad. It has received mostly zircons dated 
as ~ 572 Ma from the Arabia basement, plus Silurian zircons with ages clustering around 425 Ma that were recy-
cled from older metamorphosed siltstone and sandstones (Figs. 7, 9 and 10d). The differing signatures from the 
Eurasia upper plate in the Haji Abad and Shamil areas may reflect different distribution of source-rock litholo-
gies, different paleo-dispersal patterns, activity along the Minab-Zendan fault system, or diachronous collisional 
processes. At this time, sedimentary facies and stratal thickness display a distinct change due to Minab-Zendan 
Fault activity since the Burdigalian (Early Miocene) (Figs. 9 and 10d), when this area was characterized by deep-
er marine environments documented by pelagic foraminifera116. This abrupt transition is likely attributable to 
the flexural response of the Arabia plate to loading of the ophiolite and Makran accretionary prism to the east 
of the Minab-Zendan Fault115,117. At this time, both the collided Arabia and Eurasia margins experienced uplift 
to the east of Shamil.

Middle Miocene-Pliocene  Detrital zircons from Miocene (~ 17  Ma), Eocene (~ 45 − 33  Ma), Cretaceous 
(~ 79 Ma), and Jurassic (~ 135 Ma) igneous rocks of the Eurasia upper plate continued to be deposited in the 
Aghajari Formation extended from the Neyriz and Haji Abad areas to the Shamil area (Figs. 7, 9 and 10e). In the 
Shamil area, the appearance a younger cluster of detrital zircons dated as ~ 17 − 15 Ma reflects the erosion of the 
younger part of the southeastern Urumieh-Dokhtar Magmatic Arc16,51. (Figures 7 and 9). The base of the Agha-
jari Formation has been magnetostratigraphically dated at 13.9 Ma in Neyriz23 and biostratigraphically identi-
fied as Serravalian in the Shamil area103,116,118. The combined thickness of the Aghajari and Bakhtyari formations 
increases up to ~ 10,000 m indicating ongoing activity of the Minab-Zendan Fault (Fig. 10e).

Collision timing in the eastern Zagros Fold-Thrust Belt
The onset of continental subduction was initially characterized by erosional exhumation and crustal shortening 
in the lower and upper plates29. This shortening facilitated the formation of a flexural fore-bulge and an erosional 
unconformity on the passive margin. As continental collision progressed, the orogenic wedge between the 
two plates was uplifted, leading to sediment shedding into the lower plate foreland basin. The first arrival of 
detritus from the upper plate to the lower plate provides a robust minimum age for oceanic closure, the onset 
of continental subduction, and the formation of a syn-collisional foreland basin, as indicated by provenance 
studies2,8,119. Thus, the time span from the age of the erosional surface to the oldest depositional age of receiving 
detritus from the upper plate reflects a progressive collision.

In the eastern Zagros Fold-Thrust Belt, the regional unconformity at the top of the Jahrum Formation likely 
represents erosion associated with fore-bulge development23,53,68–69 (Fig. 3). The age of the top of the Jahrum 
Formation varies from the Middle Eocene in the northwest (Neyriz region) to the Late Eocene to the southeast 
(Shamil area) (Fig. 3). The Middle-Late Eocene period aligns with the initial shortening and collision timing 
recorded in the Eurasia upper plate13,114.

Changes of zircon-age spectra in space and time provide further evidence (Fig. 9). At the base of the Razak 
Formation, exposed in the Neyriz and Haji Abad areas, detrital zircons dated at 540–560 Ma, indicative of Arabia 
provenance, are predominant. They are replaced up-section by zircons with ages clustering around 175 − 163 Ma, 
110 − 88 Ma, 54 − 35 Ma, 17 − 5 Ma, all derived from the Eurasia upper plate120 (Figs. 7 and 9). Instead, detrital 
zircons yielding latest Neoproterozoic ages (~ 545 Ma) remain dominant in the Shamil area. Not only provenance 
but also strata thickness and depositional environments changed within the Razak Formation (Fig. 10c), from 
chiefly braided river and fan delta in the Neyriz and Haji Abad areas to costal-evaporitic and marginal sea setting 
in the Shamil area, resulting in a much thinner unit (∼50 m vs. ∼200 m) (Figs. 9 and 10). The base of the Razak 
Formation is dated at 21.4  Ma in the Neyriz area23, while the underlying unconformity capping the Eocene 
Jahrum Formation corresponds to a more extended time gap in the Neyriz and Shamil areas compared to Haji 
Abad (Fig. 3). This ‘provenance revolution’ is particularly evident in the Upper Oligocene/Lower Miocene Razak 
Formation exposed in the Neyriz area to the northwest of the Haji Abad area close to the Main Zagros Thrust, 
and in the lower Langhian strata of the Mishan Formation in the Shamil area to the east of the Minab-Zendan 
Fault (Fig. 9). The predominant Pan-African zircon sources in the Shamil area during the Late Oligocene-Early 
Miocene may be attributed to the elevated and buoyant eastern Arabia margin, which facilitated the transport of 
orogenic deposits through an axial drainage system along the Main Zagros Thrust into the trench basin between 
the Zagros and Makran domains.

The Langhian Mishan Formation reaches a maximum thickness of ∼2500 m near the Minab-Zendan Fault, 
suggesting significant fault activity during this time (Fig.  10d). The Middle Miocene unconformity, well-
documented by seismic surveys across the Persian Gulf and Strait of Hormuz102,121–122, as well as west of the 
Musandam Peninsula123, truncates underlying Cretaceous to lower Miocene sedimentary units, including the 
Burdigalian Guri Member102. Recent study has suggested that this unconformity may be older (Early Miocene) 
in these regions and is overlain by the Guri Member of Mishan Formation68.

Consequently, the onset of continent-continent collision is constrained to pre-Late Oligocene in Neyriz and 
Haji Abad areas and pre-Middle Miocene in the Shamil area. Provenance changes through time and space in 
the eastern Zagros Fold-Thrust Belt, when integrated with facies changes and isopach maps reveal the regional 
differences in the geological history, source area evolution, and paleo-dispersal patterns.
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Conclusions
The stratigraphic, sedimentological, and provenance analysis of Upper Cretaceous to Pliocene strata exposed in 
the eastern Zagros Fold-Thrust Belt led to the following key findings:

•	 The obduction of Cretaceous ophiolite onto the northeastern margin of Arabia was not a uniform process; 
rather, it occurred through the movement of individual thrust sheets. The Haji Abad and Shamil areas did not 
receive detritus from these obducted ophiolites during the Late Cretaceous.

•	 In the latest Cretaceous, the exhumation of the Arabia Pan-African basement occurred within deep-marine 
environments of the Arabia continental shelf. This process was driven by fault-induced salt-dome diapirism, 
as evidenced by ∼520-Ma-old zircons in the Gurpi Formation.

•	 The sandstones of the Razak Formation reveal changes in provenance and depositional facies over time and 
space. The base of the Razak Formation in the Neyriz, Haji Abad, and Shamil areas received detritus only from 
Arabia, indicated by a dominance of late Neoproterozoic zircons (540 Ma and older).

•	 In the Haji Abad area, detritus from the Eurasia upper plate was first documented in the upper part of the 
Razak Formation, as shown by abundant zircon grains with ages raging from Miocene (15 − 10 Ma) to Eo-
cene (54 − 35  Ma), Cretaceous (110 − 89  Ma), and Jurassic (175 − 163  Ma). Zircons dated at 91 − 87  Ma, 
160 − 145 Ma, and 161 − 114 Ma suggest a provenance linked to magmatic arcs and ophiolite complexes.

•	 In contrast, the Shamil area along the Minab-Zendan Fault did not recorded any detritus from the Eurasia 
upper plate until the deposition of the early Middle Miocene (Langhian) Mishan Formation, which here un-
conformably overlies Cretaceous to Lower Miocene strata and reaches maximum thickness.

•	 Our findings reveal that the Arabia- Eurasia collision was already underway by the Late Oligocene in the 
northwestern regions (Neyriz and Haji Abad areas along the Main Zagros Thrust) and became more pro-
nounced by the Middle Miocene (Langhian) in the southeastern (Shamil area along the Minab-Zendan Fault).

•	 Lateral variations in sediment composition may reflect not only heterochrony in the geology of the source 
area but also variations in the collisional process, changes in paleo-dispersal patterns and a progressive east-
ward shift through time.

Our results advocate for more detailed investigations into ophiolite emplacement along the Main Zagros Thrust, 
as well as integrated studies of stratigraphy, structural geology, and provenance on a broader scale.

Data availability
Location of samples for zircon analyses and the datasets generated during this study are provided in Supplemen-
tary Table S1-5. Point-counting results plotted on diagrams in Fig. 6 are provided in Supplementary Table S2, 
U-Pb and REE data on detrital zircon can be found in Supplementary Tables S3 and S4, while Hf isotopic data 
are available in Supplementary Table S5. Further inquiries, please contact the corresponding author.
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