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ABSTRACT

The Zagros orogen, formed by the colli-
sion of the Arabian and Eurasian continental 
margins, represents one of the largest and 
richest oil and gas provinces in the world. 
The Zagros fold-thrust belt records collision 
and convergence along the Neotethys suture 
zone. By coupling field observations, sand-
stone modal analysis, U-Pb zircon dating, 
and Hf isotopic data from the Upper Cre-
taceous to Pliocene sedimentary succession 
of the Neyriz region, this paper documents 
several major provenance changes that al-
low us to propose a refined scenario for the 
Zagros orogeny. An ophiolitic  complex 
dated by detrital-zircon U-Pb geochronol-
ogy as ca. 95 Ma provided detritus to Up-
per Cretaceous-Paleocene strata deposited 
along the northeastern margin of the Ara-
bian lower plate (ophiolite provenance). Yet, 
on the southwestern margin of the Eurasian 
upper plate, upper Paleocene-lower Eocene 
strata indicate provenance from Mesozoic 
magmatic rocks yielding zircons dated as ca. 
240 Ma and 170 Ma as well as the recycling 
of clastic rocks. Since the early Miocene, the 
sedimentary basin located on the Arabian 
plate received both ophiolitic detritus and 
magmatic-arc, recycled clastic, and axial-belt 
metamorphic detritus from Eurasia. U-Pb 
ages of detrital zircons reflect polyphase mag-
matism at 170 Ma, 95 Ma, and 40 Ma on the 
Eurasian active margin. Our results indicate 
that progressive accretion, uplift, and exhu-
mation of the Zagros orogen was well under 
way by the beginning of the Miocene in the 
Neyriz region. Literature data from adjacent 

regions suggest that the Arabia/Eurasia col-
lision may have occurred diachronously and 
later in the Kermanshah and Lurestan areas 
to the north.

INTRODUCTION

After collision, sediments may be supplied to 
the suture zone by more external parts of both 
active (upper plate) and passive (lower plate) 
margins, and the sediment sources and transport 
pathways will change through time. Therefore, 
sedimentary rocks deposited along suture zones 
record the erosional evolution of both continen-
tal margins that collided. A thorough provenance 
analysis conducted on these sediments from the 
subduction stage to the initial collision and post-
collision stages can place cogent constraints on 
the history of the nascent orogen (Dickinson, 
1985; Dickinson and Suczek, 1979; Garzanti 
et al., 2007; Zhang et al., 2017; Hu et al., 2016, 
2017; GholamiZadeh et  al., 2017). Sandstone 
modal analysis integrated with geochronology of 
detrital zircons combined with Hf isotopic data 
represents one of the most powerful approaches 
to provenance studies within a chronostrati-
graphic context (e.g., Busby and Azor, 2012; 
Zhang et al., 2017; Koshnaw et al., 2018; Barber 
et al., 2019).

Sediments generated within collision orogens 
are typically characterized by mixed signatures 
derived from erosion and exhumation of differ-
ent tectonically accreted geological domains 
(i.e., magmatic arc, ophiolite, axial-belt meta-
morphic, continental block, and recycled clastic 
provenances of Garzanti et al., 2007). Linking 
diagnostic associations of lithic grains to spe-
cific source-rock assemblages can provide more 
accurate reconstructions of the erosional and 
sedimentary evolution of the orogenic realm.

The powerful method of U-Pb detrital-zircon 
dating not only allows us to further constrain the 

provenance diagnosis (Horton et al., 2008) but 
also helps in assessing the age of major mag-
matic or metamorphic events. Moreover, Hf iso-
tope in zircon represents a useful complemen-
tary tool for obtaining detailed information on 
the evolution of magma generation, crust-mantle 
differentiation processes, and crustal growth his-
tory (Patchett et al., 1981; Vervoort et al., 1999; 
Andersen et al., 2002; Fedo et al., 2003).

The onset of continental collision has been 
defined in various ways in the literature, which 
has caused considerable confusion in the scien-
tific debate. It has been defined as: (1) the final 
disappearance of oceanic lithosphere at one 
point along the plate boundary and emergence 
of the orogenic belt (e.g., Beck et al., 1995; Hu 
et al., 2016, 2017); (2) final closure of all sea-
ways between the two continental margins that 
collided and transition to continental sedimen-
tation (e.g., Rowley, 1996; Alavi, 1994, 2004; 
Aitchison et  al., 2007); and (3) the onset of 
intense shortening and thickening between the 
two continents (e.g., Molnar and Tapponnier, 
1975; Mouthereau et al., 2012). Among these, 
the second definition is inappropriate, because 
marine seaways can persist in the collision zone 
long after collision has occurred, as it is the case 
today for the Taiwan Strait, and the third defini-
tion cannot be objectively and precisely circum-
stantiated. The first definition is conceptually 
clear and apt to be applied in practice, because 
the time of the first contact of the two colliding 
continental margins can be detected and dated 
by the earliest arrival of sediments shed from the 
upper plate and deposited onto the lower plate 
(Hu et al., 2016). Provenance analysis includ-
ing framework petrography, detrital-zircon 
geochronology, and Hf isotope data have long 
been demonstrated to firmly constrain collision 
onset by assessing the first arrival of detritus 
from the upper plate (i.e., Eurasia) to the lower 
plate ( Arabia) (Garzanti et al., 1987; Hu et al., 
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2016; Najman et al., 2017; Zhang et al., 2017; 
Koshnaw et  al., 2018; Garzanti, 2019; Tye 
et al., 2020).

The collision of the Arabian and Eurasian 
continental margins followed the northward 
subduction of Neotethyan oceanic lithosphere 
(e.g., Berberian and King, 1981; Alavi, 2004; 
Agard et al., 2005, 2011). As a result of col-
lision, the Zagros Crush Zone was formed in 
the Cenozoic. In this zone, the sedimentary 
basin formed in the proximal part of the Zagros 
foreland basin recorded a complete early-col-
lisional evolution that has not yet been com-
pletely unraveled (GholamiZadeh et al., 2017). 
Recent studies of foreland basin sediments have 
suggested that the Zagros continental collision 
occurred either around the late Oligocene-early 
Miocene (Homke et  al., 2010; Saura et  al., 
2015; Pirouz et al., 2017; GholamiZadeh et al., 
2017; Barber et al., 2019) or the early Pliocene 
(Zhang et al., 2017). However, Neogene syn-
orogenic deposits are diachronous along and 
across the Main Zagros Thrust (Fakhari et al., 
2008; Khadivi et al., 2010; Pirouz et al., 2017). 
A more thorough study of this basin is needed 
to better constrain the timing of Arabia-Eurasia 
collision onset and the extent of diachronism 
along the Main Zagros Thrust—as recorded by 
the first occurrence of mixed detritus from both 
Eurasia and Arabia on the Arabian plate—and 
to reveal the timing of exhumation of each geo-
logical domain presently exposed at the core 
of the Zagros fold-thrust belt. The sequence of 
diverse major tectonic events that affected the 
Neyriz region is marked by several unconfor-
mities and depositional breaks associated with 
significant changes in sandstone composition 
and thus offers precious clues for unraveling the 
complex evolution of the Zagros orogen.

The aim of this paper is to accurately deter-
mine the provenance of Cenozoic sandstones 
deposited through time in the studied basin 
exposed in the Neyriz region by using sandstone 
modal analysis integrated with U–Pb detri-
tal zircon geochronology and Hf isotope data. 
Our results include the first detrital-zircon ages 
reported from the Neyriz region in full strati-
graphic detail and thus provide a chronological 
framework that refines the previously assessed 
geodynamic configuration, collision timing, and 
sediment provenance.

GEOLOGICAL SETTING

The Zagros orogeny took place in the Ceno-
zoic due to convergence of the Arabian (lower) 
and Eurasian (upper) plates. The Main Zagros 
Thrust, which separates the Sanandaj-Sirjan 
Zone from the Zagros Crush Zone (Ricou, 
1971; Paul et al., 2006; Agard et al., 2005; 2011; 

Mouthereau et al., 2012), is considered to be the 
boundary separating the two continental mar-
gins that collided as indicated by the presence of 
ophiolites, by deformation style, and analysis of 
seismic profiles (Ricou, 1971; Paul et al., 2006; 
Agard et al., 2005, 2011). The NW-SE–trend-
ing Zagros orogen includes the following main 
tectonostratigraphic domains, from NE to SW 
(Berberian and King, 1981): Urumieh-Dokhtar 
Magmatic Arc, Sanandaj-Sirjan Zone, Zagros 
Crush Zone, and Zagros Simply Folded Belt 
(Fig.  1). The principal geological features of 
these diverse domains, which generated detritus 
during their progressive exhumation, are sum-
marized below.

The Urumieh–Dokhtar Magmatic Arc

This continental arc, which represents a topo-
graphic ridge between the Sanandaj-Sirjan Zone 
and Central Iran (Schröder, 1944), was formed 
during Paleogene subduction of Neotethyan 
oceanic lithosphere beneath Eurasia (Shahab-
pour, 2007) (Fig.  1) and chiefly consists of 
Cenozoic magmatic and volcano-sedimentary 
rocks (Berberian et  al., 1982; Emami, 2000; 
Agard et  al. 2011). Most magmatic activity, 
mainly documented by tholeiitic, calc-alkaline, 
and K-rich calc-alkaline extrusive and intrusive 
rocks (Berberian et al., 1982), took place in the 
Eocene (Farhoudi, 1978; Shahabpour, 2005) 
starting around 55 Ma (55–50 Ma: Emami, 
2000; 55–37 Ma: Verdel et al., 2011). The broad 
regional uplift of the Urumieh-Dokhtar Mag-
matic Arc took place by ca. 15–20 Ma (Morley 
et al., 2009; Ballato et al., 2017).

Sanandaj-Sirjan Zone

This zone represents the active margin of 
Eurasia that was characterized by calc-alkaline 
magmatic activity during the Mesozoic (Fig. 1; 
Berberian and King, 1981; Şengör, 1990; Agard 
et al., 2005, 2011; Azizi et al., 2011; Mohajjel 
and Fergusson, 2014) as well as the metamor-
phic core of the Arabia-Eurasia collision zone 
(Hassanzadeh and Wernicke, 2016). Latest 
Triassic calc-alkaline magmatism, which is 
restricted to the Sanandaj-Sirjan Zone, suggests 
that subduction initiated by that time (Agard 
et al. 2011). The emplacement of mainly Jurassic 
calc-alkaline plutons and lavas resulted in meta-
morphism and deformation (Agard et al., 2011; 
Hassanzadeh and Wernicke, 2016). Metamor-
phic rocks display greenschist to amphibolite 
facies locally (Agard et al., 2011) and include 
dolomitic marble, mica schist, quartzite, slate, 
gneiss, and amphibolite (Sheikholeslami, 2002). 
The Sanandaj-Sirjan Zone was eventually thrust 
onto Arabia and the Zagros Crush Zone along the 

Main Zagros Thrust during the early to middle 
Miocene (Gidon et al., 1974; Houshmandzadeh, 
1990). Miocene sediments similar to those in the 
Zagros Crush Zone were deposited close to the 
middle and northwestern parts of the Sanandaj-
Sirjan Zone (Mohajjel and Fergusson, 2014). 
Thermochronologic data suggest that exhuma-
tion took place between the middle Eocene and 
earliest Miocene (Agard et  al., 2011; Homke 
et al., 2010; Barber et al., 2018).

Zagros Crush Zone

This zone, bounded by the Main Zagros 
Thrust to the NE and by the High Zagros Fault 
to the SW, is a tectonic stack of diverse geo-
logical units thrust on top of the Zagros Simply 
Folded Belt (Wells, 1969; Alavi, 1994; Agard 
et  al., 2011; Fig.  1) that includes mélange, 
ophiolites, and Paleozoic rocks exhumed 
along deep basement faults (Agard et al., 2011; 
Mohajjel and Fergusson, 2014). Exposed from 
bottom to top are: (1) Lower Jurassic to Cre-
taceous radiolarites (Pichakun unit: Robin 
et  al., 2010), (2) exotics from Triassic and 
Jurassic platform carbonates (Ricou, 1968; 
1974), (3) ophiolite remnants, and (4) Ceno-
zoic sedimentary rocks. The Neyriz ophiolite 
formed in a supra-subduction forearc zone 
(Shafaii Moghadam and Stern, 2011; Ghol-
amiZadeh et  al., 2017; Monsef et  al., 2018) 
between 95 Ma and 90 Ma (90 ± 15 Ma, Lan-
phere and Pamic, 1983; 92.1 ± 1.7 Ma and 
93.2 ± 2.5 Ma, Babaie et  al., 2006). Multi-
phase ophiolite emplacement onto the Arabian 
plate took place in the Late Cretaceous and 
Eocene (Mohajjel and Fergusson, 2014). The 
Colored Series, which directly underlies the 
Main Zagros Thrust and is adjacent to the ophi-
olite body, consists of red to green mudrocks 
and conglomerates (GholamiZadeh et  al., 
2020) and radiolarite to the south (Haynes 
and McQuillan, 1974). Thermochronologic 
and stratigraphic data suggest the onset of 
deformation in this zone by the early Miocene 
(Fakhari et al., 2008; Gavillot et al., 2010). In 
the Neyriz region, the ultramafic rocks and the 
Colored Series are unconformably overlain 
by the Maastrichtian rudistid limestones of 
the Tarbur Formation or by the Eocene lime-
stones of the Jahrum Formation (Fig. 1; Ricou, 
1968; Haynes and McQuillan, 1974). The Jah-
rum Formation is unconformably overlain by 
the Miocene sedimentary sequence, which is 
overlain in turn by the Bakhtyari Formation, 
which comprises carbonaticlastic mudrocks, 
sandstones, and conglomerates (Ricou, 1968, 
1971; Fig. 2).

The ophiolite body in the Kermanshah region 
contains three units: the Kamyaran and Sahneh 
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ophiolites are Eocene in age (35.7 ± 0.5 Ma: 
Ao et al., 2016), whereas the Harsin ophiolite 
is Cretaceous (79.3 ± 0.9 Ma: Ao et al., 2016). 
The Harsin ophiolite was a continental-oceanic 
transitional complex thrust onto Arabian conti-
nental crust during the Late Cretaceous (Wrobel-
Daveau et al., 2010; Whitechurch et al., 2013; 
Ao et al., 2016). Instead, the Kamyaran-Sahneh 
ophiolites are beheld to be part of a back-arc 
basin formed on the upper Eurasian plate dur-
ing the Eocene (Whitechurch et al., 2013; Ao 
et al., 2016).

Zagros Simply Folded Belt

Exposed in the Zagros fold-thrust belt are the 
Eo-Cambrian to Quaternary sedimentary rocks 
that were originally deposited along the Ara-
bian passive continental margin; these include 
shelf carbonates, evaporites, and subordinate 
clastics that detached from the underlying Ara-
bian basement (James and Wynd, 1965; Motiei, 
1993; Alavi, 2007) (Figs. 1–2). Two phases of 
deformation are recorded in Cenozoic sedi-
ments by growth strata and angular unconfor-

mities (Farahpour and Hessami, 2012; Homke 
et al., 2004; Pirouz et al., 2017; GholamiZadeh 
et al., 2017): one in the Late Cretaceous-early 
Paleocene, as a result of ophiolite emplacement, 
and another from the late Oligocene onwards 
that is related to the Zagros collision. After col-
lision onset, the Arabian continental margin 
underwent considerable shortening and thick-
ening distributed across the continental litho-
sphere ( Hessami  et  al., 2001; Sherkati et  al., 
2005; Molinaro et  al., 2005; Fakhari et  al., 
2008; GholamiZadeh et al., 2017, 2020). The 

Figure 1. Geological map shows 
the study area. (A) The Neyriz 
region is located in the south-
eastern part of the Zagros oro-
gen. The Mesopotamian plain 
and the Persian Gulf are the 
continental and shallow ma-
rine parts of the modern Za-
gros foreland basin (modified 
from Seber et  al., 1997). (B) 
Simplified structural map of 
the study area (after Sabzehei 
et  al., 1993). (C) Distribution 
of geological units in the Ney-
riz region shown in B (after 
Sabzehei et  al., 1993). U-Pb 
ages for rocks in the Neyriz 
region are from Fazlnia et  al. 
(2007; Chahdozadan anortho-
site and granite), Mousivand 
et  al. (2011; Chahghand rhyo-
dacitic flows), Monsef et  al. 
(2018; Neyriz plagiogranite 
and gabbro), and Sarkarine-
jad and Alizadeh (2009; Tutak 
granite); 40Ar/39Ar ages are af-
ter Sarkarinejad and Alizadeh 
(2009; 77 Ma granite-gneiss), 
Sarkarinejad et al. (2009; Quri 
biotite gneiss and amphibo-
lite), and Hassanzadeh (1993; 
Meiduk volcanics). MZT—
Main Zagros Thrust; KF—Ka-
zerun Fault.

B

C

A
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youngest sedimentary megasequence of the 
Zagros orogen consists of Oligocene to lower 
Miocene carbonates overlain by upward-coars-
ening molassic deposits that are dated as lower 
Miocene to recent and fed by active erosion of 
the southwestern Zagros thrust sheets (Alavi, 
2004; Pirouz et al., 2017). Whereas the age of 
Neogene sediments has been well constrained 
by biostratigraphic, magnetostratigraphic, and 
strontium-isotope methods (Homke et al., 2004; 
Pirouz et  al., 2017; Noormohammadi, 2007; 
Emami, 2008; Afghah and Farhoudi, 2012; 

Khadivi et al., 2012; Pirouz et al., 2017; Ghol-
amiZadeh et al., 2020), Paleogene strata of the 
Neyriz region are still inaccurately dated.

Tectonostratigraphic History of Zagros 
Orogen

Continental rifting and break-up took place 
in the Permian, and seafloor spreading in the 
Neotethys Ocean continued during the Permo-
Triassic (Berberian, 1995; Jackson, 1980). The 
subduction of the Arabian plate beneath Eurasia 

started in the latest Triassic (e.g., Agard et al. 
2011), as documented by calc-alkaline mag-
matic rocks in the Sanandaj-Sirjan Zone. Dif-
ferent scenarios were proposed for the collision 
stage based on diverse pieces of evidence includ-
ing stratigraphic framework, deformation style, 
topographic evolution, exhumation history, and 
plate kinematics (Sepehr and Cosgrove, 2004; 
Homke et  al., 2010; Mouthereau et  al., 2012; 
Khadivi et al., 2012; Pirouz, 2013). Ophiolite 
obduction is generally inferred to have occurred 
in the Late Cretaceous (Ricou, 1971; Saura et al., 

A

B

Figure 2. Lithostratigraphic framework of (A) the 
Fars region (after Beydoun et al., 1992; Petrolink, 
1998; and Sheikholeslami et  al., 2008) and (B) 
the Lurestan region (after Beydoun et  al., 1992; 
Petrolink, 1998; and James and Wynd, 1965). The 
Miocene succession of the Neyriz region (Zagros 
Crush Zone) is equivalent to the Fars Group (Razak, 
Mishan, and Aghajari Formations). Formations in 
the Sanandaj-Sirjan Zone lack formal names. The 
red dots indicate the positions of zircon samples. 
Ages of strata are based on: (1) Homke et  al. 
(2004); (2) Emami (2008); and (3) Pirouz et  al. 
(2017). Metamorphic and magmatic events are 
based on: (4) Mouthereau et al. (2012); (5) and (9) 
Sarkarinejad and Alizadeh (2009); (6) Baharifar 
et  al. (2004); (7) Sarkarinejad et  al. (2009); (8) 
Zhang et al. (2018); (10) Houshmandzadeh (1990); 
and (11) Sheikholeslami et al. (2008). Constraints 
on orogenic phases are based on Khadivi et  al. 
(2012) and Mouthereau et al. (2012).
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2011; Farahpour and Hessami, 2012), and colli-
sion ages as early as the Cretaceous have been 
proposed (Koop and Stoneley, 1982; Beydoun 
et al., 1992; Alavi, 1994, 2004; Sepehr and Cos-
grove, 2004). Most studies, however, suggested 
Eocene to Oligocene ages (Hempton, 1987; 
Yilmaz, 1993: in southeast Turkey), early Mio-
cene (Allen et al., 2004; Robertson et al., 2006) 
(Okay et al., 2010; Cavazza et al., 2018: in south-
east Turkey), or even late Miocene- Pliocene 
ages (Axen et al., 2001; McQuarrie et al., 2003). 
Thermochronologic studies indicated that rock 
units in the Sanandaj-Sirjan Zone were uplifted 
and exhumed repeatedly during Jurassic-Early 
Cretaceous, Paleocene-Eocene, and late Oli-
gocene times (Khadivi et  al., 2012). The NE 
continental margin of Arabia was subjected to 
multiple episodes of deformation during the 
Cenozoic. The ophiolite obduction caused the 
formation of growth strata and a major angular 
unconformity on top of Upper Cretaceous sedi-
ments (Ricou, 1971; Saura et al., 2011; Farah-
pour and Hessami, 2012). Another regional 
unconformity developed during the Oligocene 
due to underthrusting of the Arabian margin 
(Mouthereau et al., 2012). During the early Mio-
cene, the Sanandaj-Sirjan Zone units were thrust 
by the Main Zagros Thrust onto the Arabian 
margin, and thickening of the Zagros orogeny 
began (Mouthereau et al., 2012). Growth strata 
formed in the late Miocene-Pleistocene during 
a phase of fold tightening (Khadivi et al., 2012; 
Mouthereau et al., 2012).

The N-S–trending Kazerun Fault system split 
Zagros Simply Folded Belt into western (Lures-
tan) and eastern (Fars) regions with a climax of 
tectonic activity in the mid-Cretaceous (Figs. 1 
and 2) (Sepehr and Cosgrove, 2004). The Sac-
hun, Tarbur (Upper Cretaceous-Paleocene), and 
Jahrum (Paleocene-middle Eocene) Formations 
are limited to the Fars region. Instead, the thick 
clastic sediments of the Amiran and Kashkan 
Formations and limestone and dolomites of the 
Taleh-Zang and Shahbazan Formations devel-
oped during this time in the Lurestan region 
(Fig. 2). The base of the Sachun Formation is 
dated as Maastrichtian (James and Wynd, 1965; 
Sabzehei et  al., 1993; Afghah and Farhoudi, 
2012), whereas deposition of the Amirian For-
mation started in the Campanian (Saura et al., 
2011). A late Eocene regional unconformity 
occurring in both regions separates the Asmari 
Formation (Oligo-Miocene) from the underlying 
Jahrum and Shahbazan Formations in the Fars 
and Lurestan regions, respectively. The Fars 
Group (Razak, Gachsaran, Mishan, and Agha-
jari Formations) and Bakhtyari Formation are a 
coarsening-upward sequence of lower Miocene-
Pleistocene age. The base of the clastic Razak 
Formation is dated as 21.5 Ma in the Fars region, 

and the base of the Gachsaran Formation, which 
is equivalent to the Razak Formation, is dated as 
15.5 Ma in the Lorestan region based on magne-
tostratigraphic data (Homke et al., 2009; Saura 
et al., 2011; Pirouz, 2018).

SAMPLES AND METHODS

To unravel the collisional evolution of the 
Zagros orogen, clastic sediments interbedded in 
the entire Upper Cretaceous to Pliocene succes-
sion of the Zagros Crush Zone were sampled for 
modal analysis. We selected two stratigraphic 
sections (Arabu and Kuh-e Dehagh) to study 
Upper Cretaceous-Paleocene strata, one section 
of Paleocene-Eocene strata in the Sanandaj-Sir-
jan Zone (Dareh Moshkan), and three sections 
(Kuh-e Asaki, Horgan, and Rowshan Kuh) of 
Miocene-Pliocene sediments (Fig. 1; Table 1). 
Twelve sandstone samples were collected from 
Upper Cretaceous-Paleocene strata, nine from 
upper Paleocene-lower Eocene strata, nine from 
lower Miocene strata, 18 from middle to upper 
Miocene strata, and 23 from upper Miocene to 
lower Pliocene strata (Fig. 1; Table 1). No sam-
ple of Oligocene age could be collected because 
of the sedimentary gap between the Jahrum For-
mation and overlying Miocene strata.

A total of 300 grains per thin section were 
counted using the Gazzi-Dickinson point-
counting method (Table 1; Ingersoll et al., 1984; 
Zuffa, 1985). We used the QFL plot with compo-
sitional fields defined in Garzanti (2016, 2019) 
to classify the sandstones studied and present the 
point-counting results (Fig. 3) and gave specific 
attention to lithic grains, which are the most 
reliable indicators of source rocks, following 
the classification of Garzanti and Vezzoli (2003).

For U-Pb dating and Hf isotope analysis of 
detrital zircons, one sandstone sample was 
selected above each unconformity and/or main 
change in sedimentary or petrographic facies 
(Table 1, Fig. 3). One sample each was consid-
ered for upper Paleocene, lower Eocene, lower 
Miocene, upper Miocene, and lower Pliocene 
strata (Figs. 1–2; Table 2). Zircon grains were 
hand-picked, mounted in epoxy resin, and pol-
ished. U-Pb dating was conducted by laser abla-
tion-inductively coupled plasma-mass spectrom-
etry (LA-ICP-MS) at the State Key Laboratory 
of Mineral Deposits Research, Nanjing Univer-
sity, China (instrument characteristics described 
in Jackson et al., 2004). The core of zircon grains 
was analyzed with a 24 kv potential difference 
and 32-micron beam diameter. The 207Pb/206Pb 
and 206Pb/238U ratios were calculated with the 
GLITTER program (ARC National Key Centre 
for Geochemical Evolution and Metallogeny 
of Continents, Macquarie University, Austra-
lia). The age of zircon grains, determined using 

Isoplot 4.0, was based on 206Pb/238U ages for 
grains younger than 1000 Ma and on 207Pb/206Pb 
ages for grains older than 1000 Ma. The com-
plete data set is provided in the Supplemental 
Material1.

The Hf isotopic analyses of zircon grains were 
performed with a Thermo Scientific Neptune 
Plus multicollector-inductively coupled plasma-
mass spectrometer (MC-ICP-MS) coupled to a 
New Wave UP193 solid-state, laser-ablation sys-
tem with a 10 Hz laser repetition rate at the State 
Key Laboratory for Mineral Deposits Research, 
Nanjing University. A 44-μm-wide spot diam-
eter was placed within the zircon crystal adjacent 
to the dated spots. An average 176Hf/177Hf ratio 
of 0.282505 ± 24 (2SD) was obtained using the 
Mud Tank Standard according to the method of 
Griffin et al. (2002).

CENOZOIC STRATIGRAPHY OF THE 
ZAGROS CRUSH ZONE

Upper Cretaceous-Paleocene Strata

The Maastrichtian-Paleocene Sachun For-
mation (Fig.  2) consists of marly limestone, 
sandstone, conglomerate, and red and green 
marls interbedded with gypsum up to ∼200 m 
thick in the Arabu section (SE of Neyriz, Iran; 
Fig.  1). The Sachun Formation was deposited 
either unconformably onto Cretaceous Orbito-
lina limestones in the Sanandaj-Sirjan Zone or 
onto the Tarbur Formation in the Neyriz region, 
where the  transgressive contact is marked by 
green marly limestone and lumachelle layers 
that sharply overlie a monomictic carbonati-
clastic conglomerate. The upper transition to the 
Jahrum Formation is documented by the gradual 
replacement of carbonaticlastic/cherticlastic 
sandstone and red conglomerate or gypsum by 
carbonates. Marly limestones of the lower Sac-
hun Formation are ascribed to the Maastrichtian 
based on foraminiferal biostratigraphy (e.g., 
Loftusia sp., Omphalocyclus macroporous, Glo-
botruncana sp., Hedbergella sp. (Sabzehei et al., 
1993; Afghah and Farhoudi, 2012). The clastic 
upper Sachun Formation lacks fossils, and the 
age of the overlying Jahrum Formation is late 
Paleocene (Ricou, 1976; Sabzehei et al., 1993; 
Noormohammadi, 2007). Conglomerate clasts 
are mostly limestone, radiolarite, red and green 
chert, and serpentinite, which indicates prov-
enance from ophiolitic allochthons exposed after 

1Supplemental Material. Table S1: Detrital zircon 
U-Th-Pb age and Th/U ratio result from Cenozoic 
sandstones of Zagros Orogeny. Please visit https://
doi.org/10.1130/GSAB.S.16869109 to access the 
supplemental material, and contact editing@geosociety 
.org with any questions.
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emplacement onto Arabia (Lanphere and Pamic, 
1983; Alavi, 1994). Radiolarite and chert clasts 
are particularly abundant in the Kermanshah 
(Braud, 1987) and Neyriz regions. In the Kuh-e 

Dehagh, the Paleocene sequence consists of red 
conglomerate alternating with marly limestone 
and mudrocks (Red Beds; Fig. 1). Cherticlastic 
conglomerate represents the dominant lithol-

ogy of the lower part, whereas the upper part 
is sharply overlain by lower Eocene Alveolina 
limestones.

Paleocene-Eocene Strata

The upper Paleocene to middle Eocene Jah-
rum Formation is ∼300 m thick in the Neyriz 
region (Fig.  2), where it consists of medium- 
to thick-bedded, cream-colored Alveolina and 
Nummulitic limestones (Ricou, 1976; Sabzehei 
et al., 1993). The lower boundary with the Sac-
hun Formation is transitional, whereas the upper 
boundary with Miocene clastic sediments is dis-
conformable. The transgressive shallow-marine 
carbonates of the Jahrum Formation lack ter-
rigenous layers in the Zagros Crush Zone, but a 
transgressive terrigenous to limestone sequence 
that correlates with the upper Sachun Forma-
tion and lower Jahrum Formation occurs in the 
Sanandaj-Sirjan Zone (Fig. 2). This unit, which 
has no formal name, unconformably overlies the 
Orbitolina limestone and reaches into the early 
Eocene in the Dareh Moshkan section (Fig. 1; 
GholamiZadeh et al., 2020).

RESULTS

Miocene-Pliocene Strata

The Miocene Fars Group, comprising the 
Razak, Mishan, and Aghajari Formations 
(Fig. 2), is a ∼1000-m-thick, shallowing-upward 
sequence that was deposited in shallow marine 
to deltaic and fluvial environments (Pirouz et al., 
2017). Miocene strata lie unconformably on 
the Jahrum Formation and at the base contain 

TABLE 1. SUMMARY OF POINT-COUNTING RESULTS

Sample Q F Lv Lc Ls Lh Lm Lu L Total

Upper Aghajari Formation (Late Miocene-Pliocene)
N-3 69 48 91 147 7 24 6 3 278 395
N-4 35 4 93 88 6 90 1 6 284 323
N-18 72 17 81 151 12 11 14 - 269 358
N-20 11 4 49 210 30 9 - 1 299 314
N-21 41 12 64 178 8 1 1 8 260 313
N-30 3 4 46 177 54 12 7 - 296 303
N-31 13 4 70 189 11 12 3 3 288 305
N-32 7 - 44 233 9 7 - 6 299 306
N-45 58 21 32 123 14 6 47 3 225 304
N-46 101 11 66 82 - 8 36 - 192 304
N-47 19 18 94 119 4 12 26 10 265 302
N-184 60 29 32 112 11 5 45 3 208 300
N-190 114 11 71 79 - 10 38 - 198 309
N-193 13 2 38 232 15 4 1 3 293 303
N-195 141 44 41 12 2 8 68 1 132 300
N-198 89 34 83 58 6 4 45 3 199 314
N-205 66 27 28 122 12 7 50 - 219 307
N-212 107 16 71 79 - 3 37 - 190 305
N-214 32 20 94 123 4 12 21 11 265 312
N-175 14 - 44 233 9 7 - 6 299 306
N-171 75 31 8 138 17 19 15 23 220 302
N-177 26 6 91 171 4 12 7 - 285 303
N-224 15 - 78 198 9 7 - 6 298 306

Lower Aghajari Formation (Middle to Late Miocene)
N-200 100 40 106 28 2 - 30 1 167 306
N-202 107 29 126 32 1 - 10 - 169 302
N-194 11 15 190 75 5 - 10 8 288 312
N-180 53 31 106 61 2 2 59 1 231 306
N-183 90 34 127 35 - 20 4 186 307
N-58 65 9 115 88 9 11 13 2 238 306
N-35 88 30 79 58 5 3 46 3 194 307
N-37 106 31 106 28 2 2 38 1 177 305
N-283 66 8 119 92 9 12 14 1 247 314
N-300 16 17 190 75 3 - 14 8 290 321
N-317 65 35 93 71 2 2 55 5 228 319
N-7 51 6 133 98 12 11 12 3 269 310
N-42 107 34 127 35 - 9 - 171 309
N-10 45 18 143 102 6 5 13 2 271 334
N-172 137 15 93 56 4 95 3 6 257 313
N-174 55 9 125 99 12 14 9 3 262 306
N-176 43 26 121 102 7 7 14 - 251 313
N-374 84 7 115 94 6 23 3 5 246 312

Mishan Formation (Early Miocene)
N-303 54 26 103 54 - - 173 - 330 392
N-316 7 16 81 75 5 - 110 3 274 312
N-197 9 24 99 69 - - 135 - 303 333
N-178 14 20 76 72 4 - 112 3 267 319
N-34 143 45 38 15 2 7 69 5 136 309
N-373 150 59 12 35 - 24 57 3 131 311

Dareh Moshkan (Late Paleocene–Eocene)
N-268 115 12 48 116 2 - 16 - 182 312
N-271 129 10 60 97 4 10 4 - 175 316
N-275 8 - 20 180 110 - - - 310 318
N-269 105 7 51 131 3 1 14 - 200 317
N-270 129 20 78 101 1 9 2 - 191 342
N-272 56 12 45 123 50 5 8 - 231 300
N-273 60 11 58 141 18 7 18 - 242 319
N-274 128 10 38 112 32 12 21 - 215 354
N-276 30 17 49 157 41 4 10 - 261 311

Sachun Formation (Late Cretaceous–Paleocene)
N-410 28 6 46 140 4 79 - 12 281 315
N-412 28 11 39 137 6 77 1 8 268 307
N-413 30 5 76 83 3 83 - 9 254 304
N-414 49 3 50 102 5 90 - 5 252 304
N-415 54 3 47 102 5 85 - 11 250 307

Red Beds (Late Cretaceous–Paleocene)
N-461 36 1 49 - 8 172 - 42 271 308
N-463 67 1 36 0 2 159 - 36 233 301
N-464 27 9 45 21 6 110 - 88 270 306
N-465 9 3 1 66 1 63 - 165 296 308
N-466 21 - - 10 - 186 - 83 279 303
N-468 31 2 1 5 - 196 - 70 272 304
N-469 17 - 21 35 3 160 - 79 298 315

 Notes: Q—quartz; F—feldspar; L—lithic fragments (Lv—volcanic; Lc—carbonate; Ls—siltstone and shale; 
Lh—chert; Lm—metasedimentary; Lu—ultramafic). Dareh Moshkan is an informal unit.

Figure 3. Point counting results are dis-
played on the QFL (Garzanti, 2016, 2019), 
Lm-(Lv + Lu)-Ls, and Ls-Lv-Lu ternary 
diagrams. (A) Upper Cretaceous-Paleocene 
sandstone (Sachun Formation) contains 
chert (H), carbonate, and serpentinite (Se) 
grains. (B) Upper Paleocene-lower Eocene 
sandstone (Dareh Moshkan) contains car-
bonate (C), siltstone (Si), and volcanic (V) 
grains. (C) Lower Miocene sandstone (Mis-
han Formation) contains metamorphic (M), 
volcanic, and carbonate grains. (D) Up-
per Miocene sandstone (Lower Aghajari 
Formation) contains volcanic, carbonate, 
metamorphic, and chert grains. (E) Lower 
Pliocene sandstone (Upper Aghajari Forma-
tion) contains carbonate, chert, and volcanic 
grains. Q—quartz; F—feldspar; L—lithic 
fragments (Lv—volcanic; Lc—carbonate; 
Ls—siltstone and shale; Lh—chert; Lm—
metasedimentary; Lu—ultramafic).
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a distinct limestone interval including varied 
early Miocene (Aquitanian-Burdigalian) fossils 
(Neoalveolina melo curdica, Taberina malabar-
ica, Taberina sp., Archaias sp., Operculina sp., 
Amphistegina sp., Miogypsina sp., Meandrop-
sina sp.; Fig. 1) (GholamiZadeh et al., 2017). 
The age of this horizon, at the base of the Mishan 
Formation, is estimated to be 19.8 Ma based on 
magnetostratigraphy in the Rowshan Kuh sec-
tion (Fig. 1; Pirouz et al., 2017). In the Row-
shan Kuh, Kuh-e Asaki, and Horgan sections, 
the overlying Mishan and Aghajari Formations 
consist of a regressive, shallow marine green 
and red conglomerate, sandstone, and mudrock 
(Fig. 1). The base of the Aghajari Formation is 
dated as 13.9 Ma based on magnetostratigraphic 
data (Emami, 2008). Conglomerate clasts 
include limestone, radiolarite, volcaniclastics, 
and serpentinite. Finally, Miocene sediments 
are erosionally truncated by the continental con-
glomerates of the Bakhtyari Formation (Fig. 2), 
the base of which is dated as 5.5 Ma based on 
magnetostratigraphic data (Homke et al., 2004).

5.1. Upper Cretaceous-Paleocene 
Sandstones (Zagros Crush Zone)

Petrography
Most lithic grains in sandstone samples from 

the Sachun Formation are radiolarite (Lh), car-
bonate (Lc), volcanic (Lv), or serpentinite (Lu) 
(Fig. 3A and Table 1). Carbonate and radiolarite 
rock fragments are most abundant in very coarse 
sandstones, whereas quartz is most abundant in 
very fine sandstones. Siltstone, sandstone, and 
micritic limestone rock fragments are rare. All 
samples plot in the quartzo-lithic and litho-
quartzose fields (average composition Q51F1L48) 
(Fig. 3A) on the QFL diagram (Garzanti, 2016, 
2019) and closer to the Ls pole on the Lm-
(Lv + Lu)-Ls and Ls-Lv-Lu diagrams (Fig. 3A). 
Chert lithics are particularly abundant.

Zircon U-Pb Ages and Hf Isotopes
Mostly subangular and euhedral zircon grains 

from a gray, coarse sandstone from the upper 
Sachun Formation (sample N-410; ca. 57 Ma) 
(Fig. 2; Table 2) yielded a unimodal U-Pb age 

distribution with a main cluster at 110–93 Ma 
(Albian-Turonian; peak at ca. 101 Ma). The 
youngest grain was dated as 75.8 + 2.3/–3 Ma 
at the 95% confidence level (assuming absolute 
input errors of 1σ) (Fig. 4A and Table 3). All 
zircon grains yielded positive εHf(t) values that 
ranged between +3.54 and +19.58 (average 
+15.68) for zircon yielding ages between ca. 
110 Ma and 93 Ma (Fig. 4A).

5.2. Paleocene-Lower Eocene Sandstones 
(Sanandaj-Sirjan Zone)

Petrography
Coarse sandstones and conglomerates in the 

Sanandaj-Sirjan Zone, equivalent in age to the 
Sachun and Jahrum Formations of the Zagros 
Crush Zone (Fig. 2), contain a lithic population 
including carbonate, siltstone, sandstone, and 
a few felsic volcanic and strongly altered tuff 
grains (Table 1). Finer-grained sandstones contain 
more monocrystalline quartz with semi-undulose 
or straight extinction and locally embayed tex-
ture revealing volcanic origin, polycrystalline 
quartz, slate to phyllite metasedimentary lithics, 
and volcanic lithics ranging from tuff and felsic 
to intermediate types. Volcanic lithics invariably 
predominate over metamorphic lithics, and ultra-
mafic lithics are lacking (Fig. 3B). The occurrence 
of Cretaceous planktonic foraminifers and Paleo-
cene nummulitids in these sandstones indicates 
the erosion of Cretaceous pelagic and Paleocene 
shallow water carbonates (GholamiZadeh et al., 
2020). Samples mostly plot in the quartzo-lithic 
field of the QFL diagram (average composition 
Q29F3L68; Fig. 3B) and close to the Ls pole in the 
Lm-(Lv + Lu)-Ls and Ls-Lv-Lu diagrams.

Zircon U-Pb Ages and Hf Isotopes
Zircon grains from sample N-271 (ca. 

54 Ma), collected from a thin bed of lower 
Eocene gray sandstone (Fig. 2; Table 2), are 
largely sub-rounded to rounded and subordi-
nately euhedral with common inclusions and 
zoning or oxide rims. The age spectrum dis-
plays two main clusters, one Jurassic (184–
147 Ma; peak is ca. 166 Ma) and the other 
Triassic (254–234 Ma; peak is ca. 243 Ma) 

(Fig. 4B; Table 3). The youngest grain is dated 
as 145.5 + 2.7/–3.6 Ma at the 95% confidence 
level (assuming absolute input errors of 1σ), 
i.e., considerably older than the depositional 
age. The εHf(t) values of zircon grains range 
from positive to negative (from −19.93 to 
+13.53, average of −2.36 for Jurassic zircons, 
and from −13.73 to +19.72, average of +1.13 
for Triassic zircons) (Fig. 4B).

5.3. Miocene to Pliocene Sandstones

Petrography
Above a 10-m-thick horizon of marl and fos-

siliferous limestone dated as Aquitanian-Bur-
digalian (GholamiZadeh et al., 2017), the first 
Miocene sandstone displays tidal facies and is 
rich in commonly chloritized biotite. Metamor-
phic lithics are more abundant than in underly-
ing units (Fig. 3C; Table 1) and include slate, 
phyllite, and schist (up to rank Lmp4 accord-
ing to the classification of Garzanti and Vezzoli 
(2003). Both cellular serpentinite and serpentine 
schist lithics have rather uniform distribution 
throughout the Miocene to Pliocene; they are 
only somewhat less abundant in lower Miocene 
sandstones (Table 1). Volcanic lithics ranging 
from basalt to rhyodacite occur in lower Mio-
cene sandstones—where felsic types are less 
abundant than in Paleocene-Eocene samples 
(Figs.  3B–3D)—and increase progressively 
up-section and become dominant in upper Mio-
cene sandstones (Fig.  3D). Carbonate lithics, 
which reach maximum abundance in the lower 
Pliocene (Fig.  3E), may contain planktonic 
foraminifers, nummulitids, milliolids, or other 
bioclasts ranging in age from Late Cretaceous 
to the Eocene-Oligocene (GholamiZadeh et al., 
2017, 2020).

Neogene sandstones are all quartzo-lithic 
(average composition Q22F5L73) (Figs. 3C–3E) 
but vary from metamorphiclastic in the lower 
Miocene (Fig. 3C) to volcaniclastic in the middle 
to upper Miocene (Fig. 3D) and finally carbon-
aticlastic in the uppermost Miocene to Pliocene 
(Fig. 3E). This compositional trend compares 
well with observations made in the Lurestan 
region (Etemad-Saeed et al., 2020).

TABLE 2. SUMMARY OF U-Pb DETRITAL ZIRCON AGES OBTAINED FOR SANDSTONES SAMPLED IN THE NEYRIZ REGION

Sample N lat.
(m)

E long.
(m)

Stratigraphic unit Stratigraphic 
age

Formation
(reported age)

Number of 
concordant 

ages

Maximum 
depositional age

(Ma)

N-315 3289489.8 215803.11 Bakhtiyari Formation Early Pliocene 5.5 Ma (1) n = 135 35.75 ± 1.5
N-313 3293108.38 217342.85 Aghajari Formation Late Miocene 13.9 Ma (2) n = 159 31.583 ± 1.2
N-314 3294267.94 214851.61 Mishan Formation Early Miocene 19.8 Ma (3) n = 144 32.375 ± 1.2
N-271 3261230.1 235327.32 Dareh Moshkan Early Eocene ca. 54 Ma (*) n = 143 145.5 ± 2.7
N-410 3216092.23 259655.51 Sachun Formation Late Paleocene ca. 57 Ma (**) n = 52 75.833 ± 2.3

Data sources: (1) Homke et al., 2004; (2) Emami, 2008; (3) Pirouz et al., 2017; (*) after Gholami Zadeh et al., 2020; (**) after Noormohammadi, 2007, and Afghah and 
Farhoudi, 2012. Dareh Moshkan is an informal unit. The maximum depositional ages of these sedimentary units were determined using the youngest age from detrital 
zircon analysis.
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U-Pb Zircon Ages from the Lower Miocene 
Mishan Formation

Most zircon grains extracted from a lower 
Miocene, light gray, fine sandstone near the 
base of the Mishan Formation in the Rowshan 
Kuh section (sample N-314, estimated age is 
19.8 Ma; Pirouz et  al., 2017) are subrounded 
to rounded with an opaque surface. Their U-Pb 
age spectrum is trimodal; there are clusters in 
the Eocene (52–32 Ma, peak at ca. 42 Ma), mid-
Cretaceous (111–95 Ma, peak at ca. 103 Ma), 
and mid-Jurassic (175–167 Ma, peak at ca. 
166 Ma) (Table  3). The age of the youngest 
grain is 32.4 + 1.2/2 Ma at the 95% confidence 
level (assuming absolute input errors of 1σ) 
(Fig. 4C).

U-Pb Zircon Ages from the Upper Miocene 
Aghajari Formation

Zircon grains extracted from a purple, fine- to 
medium-grained sandstone in the lowermost part 
of a unit equivalent to the Aghajari Formation 
(sample N-313, dated as ca. 13.9 Ma; Emami, 
2008) are mostly small, subrounded crystals that 
show zoning. The trimodal U-Pb age spectrum 
includes major mid-Paleogene (56–31 Ma, peak 
at ca. 50 Ma) and mid-Cretaceous clusters (102–
92 Ma, peak at ca. 96 Ma) and a more subdued 
Early-Middle Jurassic cluster (184–166 Ma, 
peak at ca. 175 Ma) (Fig. 4D; Table 3).

The age of the youngest grain is 31.6 + 
1.2/–1.4 Ma (Rupelian) at the 95% confidence 
level (assuming absolute input errors of 1σ).

A

B

C

D

E

Figure 4. U-Pb age spectra and Hf isotopic signatures of detrital zircons in (A) upper Paleo-
cene, (B) lower Eocene, (C) lower Miocene, (D) upper Miocene, and (E) lower Pliocene sand-
stones from the Zagros orogen in the Neyriz region (sample ages are provided in Table 2); 
n—number of concordant ages. Hf isotopic data from zircons with highly discordant ages 
are not included.
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U-Pb Zircon Ages from the Lower Pliocene 
Bakhtyari Formation

Zircons grains in a yellowish-gray, coarse- 
to medium-grained sandstone from the low-
ermost Bakhtyari Formation (sample N-315, 
dated as slightly younger than 5.5 Ma; Homke 
et al., 2004) are mostly large and sub-angular 
with a thick, oxidized rim. The trimodal age 
spectrum includes Eocene (55–35 Ma, peak 
at ca. 47 Ma), mid-Cretaceous (101–86 Ma, 
peak at ca. 92 Ma), and Early-Middle Juras-
sic clusters (180–166 Ma, peak at ca. 174 Ma) 
(Fig.  4E; Table  3). The age of the youngest 
grain is 35.75 + 1.5/–1.6 Ma (Priabonian) at the 
95% confidence level (assuming absolute input 
errors of 1σ).

Hf Isotopes
Neogene sandstones contain magmatic zir-

cons of Eocene-early Oligocene age with values 
ranging from −2.12 to +11.92 (average +5.56) 
and other Cretaceous and Jurassic zircons as 
well (Figs. 4C−4E).

PROVENANCE INTERPRETATION

Upper Cretaceous-Paleocene Sandstones 
(Zagros Crush Zone)

The composition of Upper Cretaceous-Paleo-
cene sandstones suggests provenance from the 
ophiolite sequence exposed in the Neyriz region 
(Sabzehei et  al., 1993; GholamiZadeh et  al., 
2017) (Fig.  3A). The petrography of equiva-
lent sandstones exposed in the Kermanshah 
region (Amiran Formation) indicates a similar 
provenance (Braud, 1987; Homke et al., 2010). 
Sedimentary detritus, including carbonate, chert, 
as well as siltstone, sandstone, and shale grains, 
was supplied from the sedimentary cover of the 
ophiolite and from oceanic to outer continental 
margin succession accreted below the ophiolite 
allochthon (Garzanti et al., 2000, 2002).

The age of the Neyriz ophiolite, the most 
likely source of ultramafic and mafic volcanic 
detritus, was assessed by 40Ar/39Ar dating of 
plagiogranite as between 94.9 Ma and 83.6 Ma 
(Lanphere and Pamic, 1983) or between 93.2 Ma 
and 92.1 Ma (Babaie et al., 2003; 2006). More 
recent and precise U-Pb zircon dating of plagio-
granite indicated crystallization ages between 
100.1 Ma and 93.4 Ma (Monsef et  al., 2018; 
Fig.  1). Detrital zircons yielded εHf(t) values 
similar to those of the coeval Sema’il ophiolite 
exposed in the Northern Oman Mountains (∼+3 
to +20; Haase et al., 2015), which indicates deri-
vation from the depleted mantle. Although ophi-
olite sequences have a low zircon fertility, the 
U-Pb age of detrital zircons from Upper Creta-
ceous-Paleocene strata is similar to U-Pb zircon 

ages in the Neyriz ophiolite (Monsef et al., 2018) 
(Fig. 5A). Detrital zircons also display positive 
εHf(t) values that are indicative of a depleted 
mantle source (Fig. 4). We conclude that zircon 
grains contained in Upper Cretaceous-Paleo-
cene strata were mostly derived from the Neyriz 
ophiolite.

Paleocene-Lower Eocene Sandstones 
(Sanandaj-Sirjan Zone)

The petrography of lower Paleogene Sanan-
daj-Sirjan Zone sandstones is fully consistent 
with provenance from rock assemblages exposed 
today along the Sanandaj-Sirjan Zone (Fig. 1C; 
Sabzehei et  al., 1993). These include Triassic 
reefal limestones and Jurassic rhyodacitic flows, 
basaltic lavas, mudrocks, and limestones meta-
morphosed to greenschist facies in the Chahgaz 
area (Mousivand et al., 2012). The lack of ultra-
mafic detritus and the presence of felsic to inter-
mediate volcanic and metasedimentary lithic 
grains indicate provenance exclusively from the 
Eurasian upper plate; this is in contrast to the 
ophiolite provenance of partly coeval sandstones 
in the Zagros Crush Zone (Fig. 3B).

Geochronological and geochemical detri-
tal zircon data corroborate such a provenance 
diagnosis. The two main Triassic and Jurassic 
age clusters (Fig. 4B) correspond well with the 
age of igneous and metamorphic rocks found 
along the Eurasian continental margin (Fig. 2) 
(Zhang et al., 2018), including the Tutak granite 
(180 Ma; Sarkarinejad et al., 2009), the Chah-
dozadan anorthosite and granite (170.5 Ma 
and 164 Ma, respectively; Fazlnia et al., 2007), 
and the Chahghand rhyodacitic flows (174 Ma; 
Mousivand et al., 2011; Fig. 1). Such extensive 
Middle Jurassic calc-alkaline activity resulted 
from the subduction of Neotethyan oceanic 
lithosphere (Sheikholeslami et al., 2008; Sarkar-
inejad et  al., 2009; Esna-Ashari et  al., 2016; 
Zhang et al., 2018) and documents the mature 
stage of arc magmatism in the Sanandaj-Sirjan 
Zone (Esna-Ashari et  al., 2016). Instead, the 
older U-Pb zircon-age cluster at 254–234 Ma 
(Fig.  4B, Table  3) corresponds to the Lower 
and Middle Triassic age of felsic to intermedi-
ate tuffs and alkaline lavas exposed within the 
Sanandaj-Sirjan Zone in the Surmaq and Eqlid 
areas to the northwest of Neyriz (Taraz, 1972; 
Alric and Virlogeux, 1977; Houshmandzadeh, 
1990) and emplaced during rifting and initial 
opening of the Nain-Baft Ocean (Ghasemi and 
Talbot, 2006; Ghazi and Moazzen, 2015). Fur-
ther clues are provided by the Hf isotope finger-
print of Middle Jurassic detrital zircons. These 
yielded εHf(t) values comparable to those of the 
Middle Jurassic volcanic rocks in the Sanandaj-
Sirjan Zone (from +5 to −3; Chiu et al., 2017; 

Fig. 5B), which suggests a mixed signal from 
depleted mantle sources and crustal components 
reworked during initial subduction of Neotethys. 
The much wider spread of εHf(t) values (from 
−13.73 to +19.72) displayed by Triassic detrital 
zircons indicates magma contamination by older 
crustal material (Smith et al., 1987).

Miocene to Pliocene Sandstones

The trimodal U-Pb age spectra of zircon grains 
in Neogene sandstones indicate mixed prov-
enance from both upper plate and lower plate 
sources, which include ophiolitic allochthons 
emplaced onto Arabia and volcanic rocks of the 
Urumieh-Dokhtar Magmatic Arc emplaced onto 
Asia (Verdel et al., 2011).

The 111–95 Ma U-Pb age cluster found in the 
lower Miocene Mishan Formation is the same as 
that described from Upper Cretaceous-Paleocene 
sandstones of ophiolite provenance, whereas 
the 175–167 Ma U-Pb age cluster, which cor-
responds in age to that of Sanandaj-Sirjan Zone 
magmatic rocks, is the same as that character-
izing the Paleocene-lower Eocene sandstones 
of the Sanandaj-Sirjan Zone (Figs.  4B–4C). 
Younger zircon grains yield U-Pb ages from 
52 Ma to 32 Ma, and εHf(t) values from −2.1 to 
+11.9 (Figs. 4C–4E) are related to the Eocene 
climax of magmatic activity in Iran (Fig. 5B) 
(Horton et al., 2008; Chiu et al., 2013; Agard 
et  al., 2011; Verdel et  al., 2011; Whitechurch 
et al., 2013). Their appearance in Miocene sand-
stones indicates that Eocene volcanic detritus 
generated on the Eurasian upper plate fed a Mio-
cene sedimentary basin onto the Arabian lower 
plate, which proves that the Arabia-Eurasia col-
lision was well underway (Fig. 5; Horton et al., 
2008). Sedimentary detritus dominated by chert 
and carbonate grains increased notably in the 
lower Pliocene Bakhtyari Formation, but the 
impact on zircon age distributions was limited 
because sedimentary strata contain only a few 
zircon grains, and pure carbonates and cherts 
contain none (Fig. 3E). The increase of zircon 
grains yielding Paleozoic or older ages (Fig. 4E) 
indicates the erosion and recycling of Paleozoic 
strata. Provenance data suggest that the drainage 
system had expanded progressively to include 
more distant source areas during this stage of 
accelerated exhumation in the Zagros orogen 
(Khadivi et al., 2012; Etemad-Saeed et al., 2020).

Modern sands of the Karun River originating 
from the Zagros orogen consist of carbonate, 
chert, mudrock, arc volcanic, and obducted ophi-
olite lithic grains (Garzanti et al., 2016), which 
is similar to the composition of Miocene to Plio-
cene sandstones and indicates that  geodynamic 
conditions have not changed markedly from the 
Miocene onwards.
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Ophiolite Provenance through Time

The Neyriz ophiolite was formed in a supra-
subduction, fore-arc setting (Shafaii Moghadam 
and Stern, 2011; GholamiZadeh et  al., 2017; 
Monsef et al., 2018). U-Pb ages of zircon grains 
contained in upper Paleocene sandstones from 
the Zagros Crush Zone (Fig. 4A) coincide with 
U-Pb ages of zircon crystals in the Neyriz ophi-
olite (Fig. 5A; Monsef et al., 2018). This cor-
roborates previously obtained sandstone petrog-
raphy and detrital Cr-spinel geochemistry data 
(GholamiZadeh et al., 2017) and confirms that 
these sediments originated from erosion of, and 
were deposited in front of, an accretionary prism 
capped by an ophiolite allochthon (ophiolite 
provenance) (Figs. 3A, 4A, and 5A). The posi-
tive εHf(t) values of zircon grains, which suggest 
a juvenile depleted mantle source (Fig. 4A), are 
in accordance with εHf(t) values of zircon in the 
Kermanshah (Ao et al., 2016) and Oman ophiol-
ites (Haase et al., 2015), as well as with values of 
detrital zircon in the coeval Kashkan Formation 
of Lurestan (Fig. 5C; Zhang et al., 2017).

The Upper Cretaceous-Paleocene sandstones 
of the Sachun Formation, exposed to the south 

of the Neyriz ophiolite (Fig. 1), display S-SW–
directed paleocurrent directions (Homke et al., 
2009) and petrographic and U-Pb zircon ages 
(average is ca. 101 Ma) that attest to ophiolite 
provenance (Figs. 3A, 4A, and 5A). In contrast, 
sandstones deposited in the Paleocene-Eocene 
sedimentary basin located in the southwest-
ern part of the Sanandaj-Sirjan Zone to the 
north of the Neyriz ophiolite on the Eurasian 
upper plate (Figs. 1–2) lack ophiolite detritus 
(Figs. 3B and 4B).

It is noteworthy that the zircon age spectra 
from the Amiran and Kashkan Formations of the 
Lurestan region are the same (Zhang et al., 2017; 
Figs. 5C–5D); both peak at ca. 95 Ma and have 
positive Hf isotope values pointing at the Ker-
manshah ophiolite as the main source (Zhang 
et al., 2017) (Fig. 5F). The Triassic (ca. 240 Ma) 
and fewer Jurassic (ca. 170 Ma) detrital zircons 
have similar Hf isotope values (Zhang et al., 2017; 
Fig. 5F). These sandstones are rich in chert with 
a minor amount of serpentinite clasts, which con-
firms provenance from the ophiolite sequence.

The Harsin ophiolite/arc, which represents 
the remnant of a Cretaceous continent-ocean 
transition, was emplaced onto the Arabian 

plate during the Late Cretaceous (Braud, 1987; 
Wrobel-Daveau et al., 2010; Whitechurch et al., 
2013; Ao et al., 2016). The Amiran Formation 
has received detritus generated from erosion of 
the Harsin ophiolite/arc since the Campanian 
(Homke et al., 2009; Saura et al., 2011), whereas 
the Sachun Formation has been fed by erosion 
of the Neyriz ophiolite since the Maastrichtian 
(James and Wynd, 1965; Motiei, 1993; Afghah 
and Farhoudi, 2012).

Serpentinite grains and mid-Cretaceous zir-
con grains decrease but are still present in Mio-
cene strata, which indicates dilution of ophio-
lite-derived detritus. Since the Miocene, the 
percentage of zircon grains yielding ages com-
patible with ophiolite provenance remains con-
stant, whereas older zircon ages decrease, which 
suggests that the older part of the magmatic arc 
was being eroded away (Table 3).

Upper Plate Provenance through Time

Low-rank metasedimentary lithic grains (slate 
to phyllite) first appear in the upper Paleocene-
Eocene sediments of the Sanandaj-Sirjan Zone 
(Fig. 6), whereas higher-rank metasedimentary 

Figure 5. New U-Pb age data 
are integrated with literature 
data. (A) U-Pb age frequency 
diagram for the Neyriz ophio-
lite (ca. 95 Ma; Monsef et  al., 
2018). (B) U-Pb age frequency 
diagram shows the main mag-
matic events in the Sanandaj-
Sirjan Zone at ca. 40 Ma and 
ca. 170 Ma (data after Zhang 
et  al., 2018). (C, D, E) U-Pb 
detrital zircon data from the 
Lurestan province (after Zhang 
et al., 2017; Barber et al., 2019). 
(F) Hf isotopic data from zir-
cons of the Lurestan region. 
The pale purple area shows 
the zircons of the Amiran and 
Kashkan Formations. The pale 
green and red areas display 
samples from the Miocene 
onward.
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grains (slate to schist) first appear in the Mio-
cene sediments of the Zagros Crush Zone (Ghol-
amiZadeh et al., 2017; Fig. 6). The zircon-age 
cluster at ca. 170 Ma is most likely related to the 
mid-Cimmerian, metamorphic-magmatic event 
(Houshmandzadeh, 1990; Sarkarinejad and 
Alizadeh. 2009; Zhang et al., 2018) (Figs. 5A 
and 6). The exposure of the metamorphic-mag-
matic units in the upper plate can be associated 
with the exhumation of these rocks in an accre-
tionary prism during the Cretaceous (Figs. 4B 
and 6) (Sarkarinejad and Alizadeh, 2009; Khad-
ivi et al., 2012; Mouthereau et al., 2012).

The youngest zircon cluster (50–30 Ma) 
occurring in magmatic rocks of the Urumieh-
Dokhtar Magmatic Arc (Zhang et  al., 2018) 
appears for the first time in the Lower Mio-
cene sediments of the Zagros Crush Zone 
(Figs. 4C, 5B, and 5E) as well as in the Lower 
Gachsaran Formation of the Lurestan province 
(Zhang et al., 2017; Fig. 5E). The provenance 
changes observed in lower Miocene sandstones 
reflect renewed uplift and exhumation of met-
amorphic and magmatic rocks of the upper 
plate during the late Oligocene-early Mio-
cene, as documented by thermochronologic 
studies (Fig. 6; Homke et al., 2010; Khadivi 

et al., 2012; Mouthereau et al., 2012; Barber 
et al., 2018).

Volcanic detritus increased at the expense 
of metamorphic detritus in the upper Miocene 
Aghajari Formation (Table 3; Figs. 4D and 5E) 
and also in the Lurestan region (Etemad-Saeed 
et al., 2020), which indicates rapid exhumation 
and erosion of Eocene volcanic rocks at that time 
(Gavillot et al., 2010; Koshnaw et al., 2017; Bar-
ber et al., 2018). The Hf isotopic data (Fig. 4) 
indicate that magma originated from a depleted 
mantle with less contamination of crustal rocks 
than would occur for Jurassic magmatism 
(Fig. 4). The marked change in lithic popula-
tions from the Miocene to the Pliocene (Fig. 6) 
may reflect a paleodrainage change in response 
to folding, uplift, and exhumation of different 
parts of the Zagros orogen (Khadivi et al., 2012; 
Etemad-Saeed et al., 2020).

TIMING OF CONTINENTAL 
COLLISION

Petrographic data and zircon age spectra indi-
cate that, during Cretaceous to early Paleogene 
time, detritus deposited on the Eurasian active 
margin (Sanandaj-Sirjan Zone) was entirely 

derived from Eurasia, whereas detritus depos-
ited on the distal Arabian margin (Zagros Crush 
Zone) was entirely derived from Arabia and 
largely generated from ophiolite allochthons 
emplaced onto Arabia in the mid-Cretaceous 
(Figs. 7A–7B). In contrast, the Neogene sedi-
mentary basin that formed on Arabia received 
detritus from both Eurasian and Arabian sources, 
which indicates that the two continents were con-
nected to each other (Fig. 7C). Collision had thus 
taken place well before, and detritus from the 
upper plate of the collision zone (Eurasia) could 
thus be transported by rivers to the lower plate 
(Arabia) (Table 3; Figs. 6 and 7C–7D). Accord-
ing to earlier studies (Ricou, 1974), the narrow, 
shallow trough that separated Arabia—with the 
Neyriz ophiolite on top—and the Sanandaj-Sir-
jan Zone closed in the late Oligocene, and sedi-
ments derived from the Sanandaj-Sirjan Zone 
started to reach Arabia in the Miocene (Fig. 7C).

Observations from other mountain belts 
including the Alps, Taiwan, and the Himalaya 
(e.g., Byrne et al., 2011; Malusà et al., 2011; Hu 
et al., 2016) demonstrate that the disappearance 
of an intervening seaway may occur several mil-
lion years after the initial contact of the two con-
tinental margins that collided.

Figure 6. Close correspondence is shown between new provenance data and magmatic and metamorphic events in the Sanandaj-Sirjan 
Zone, which represents the Mesozoic active margin of Eurasia.
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Development of a lower Miocene to Plio-
cene, coarse-grained, shallowing-upward 
sequence (Fakhari et  al., 2008; Homke et  al., 
2010; Pirouz, 2013); the early Miocene age of 
the youngest marine limestone (Mishan Forma-
tion) in the Rowhan Kuh near the Main Zagros 
Thrust (Fig.  1; GholamiZadeh et  al., 2020); 
and provenance studies (GholamiZadeh et al., 
2017; Zhang et al., 2017; Barber et al., 2019) 
support that the Arabian-Eurasia collision was 
underway by the Oligocene/Miocene bound-
ary. The angular unconformity separating upper 
Eocene and lower Miocene strata in the Row-
shan Kuh (Fig. 1) may testify to a major change 
in plate motion that initiated the Zagros orogeny 
(Agard et al., 2005, 2011; GholamiZadeh et al., 
2017; 2020). This unconformity developed as 
a result of underthrusting of the Arabian mar-
gin (Mouthereau et al., 2012). Decreasing arc 
magmatism and plate convergence rates (Agard 
et al., 2011), widespread deformation and flex-
ural subsidence of the Arabian foreland (Agard 
et al., 2005, 2011; Mouthereau et al., 2012; Pir-
ouz et al., 2017), and the exhumation of the Main 
Zagros Thrust (Homke et  al., 2010; Khadivi 
et al., 2012) are the markers for the final colli-
sion of the Arabian and Eurasian plates.

However, various dates have been deter-
mined for collision onset of the Kermanshah 
and Lurestan regions (Zhang et al., 2017: late 
Miocene-Pliocene; Barber et  al., 2019: late 
Oligocene), Kurdistan region of Iraq (Koshnaw 
et  al., 2018: Mid-Oligocene), and southeast-
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Figure 7. Schematic tectonic model for the 
Zagros orogeny is based on sandstone modal 
analysis and U-Pb detrital zircon dating, 
which envisages pre-Miocene collision onset 
in the region studied (modified from Ghol-
amiZadeh et  al., 2017). (A) Upper Creta-
ceous-Paleocene sandstones of the Zagros 
Crush Zone display ophiolite provenance. 
(B) Upper Paleocene-Eocene sandstones 
deposited in the southwestern part of the 
Sanandaj-Sirjan Zone record provenance 
from the Mesozoic magmatic rocks of the 
Eurasian active margin. (C) and (D) Mio-
cene to Pliocene sediments document mixed 
magmatic, ophiolite, recycled clastic, and 
axial-belt metamorphic provenance from 
both Arabian and Eurasia plates. CIMC—
Central Iran Micro-Continent; HZF—High 
Zagros Fault; MZT—Main Zagros Thrust; 
SaSZ—Sanandaj-Sirjan Zone; ZCZ—
Zagros Crush Zone; UDMA—Urumieh-
Dokhtar Magmatic Arc; ZSFB—Zagros 
Simply Folded Belt.
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ern Turkey (Okay et al., 2010; Cavazza et al., 
2018: early Miocene). Therefore, because our 
data only provide a younger constraint to the 
timing of collision onset, the Arabia-Eurasia 
collision may have initiated even well before 
the Miocene and was probably diachronous, as 
discussed below.

Based on zircon-age data, Zhang et  al. 
(2017) and Barber et al. (2019) have suggested 

that detritus from Eurasia (Sanandaj-Sirjan 
Zone) may have reached the Lurestan and Ker-
manshah regions of the Arabian margin in the 
Miocene (Fars Group; Figs.  5C–5E). Some 
characterizations of the Lurestan and Fars 
regions lead to a different response to the con-
vergence process (Figs. 2 and 8A). It has been 
suggested that flexural rigidity was higher in 
the Fars region than in the Lurestan region as 

indicated by slower subsidence in the foreland 
basin, lower bulge elevation, and long wave-
length of the folds in the Fars region (Fig. 8) 
(Mouthereau et al., 2012; Pirouz, 2013). The 
wetter conditions and higher elevation of the 
mountain belt caused a higher accommodation 
space to form with a higher sediment supply in 
the Luretsan than in the Fars region during the 
Paleocene-Miocene (Figs. 8B–8C). The clastic 
red beds of the Kashkan Formation of Eocene 
age in the Lurestan region are equivalent to the 
Jahrum limestone formation in the Fars region, 
which indicates a higher transport capacity 
of the currents to move the clastic sediments 
toward the basin in the Lurestan (Fig. 2). How-
ever, the drier conditions and lower elevation 
of the mountain belt caused a basin to form 
with a lower accommodation space and lower 
sediment supply in the Fars region (Fig. 8C). 
Also, the position of the Mesopotamian over-
filled basin in front of the Lurestan region, and 
the Persian Gulf underfilled basin in the front 
of the Fars region, indicates that the foredeep 
sedimentary facies could be diachronous lat-
erally and vertically (Fig. 1; Pirouz, 2013). In 
both the Lurestan and Neyriz regions, detritus 
was transported from the upper plate to the 
lower plate beginning in the Miocene (Figs. 5E 
and 8E). Based on magnetostratigraphic con-
straints, the base of the Razak Formation is 
dated as 21.5 Ma near the Main Zagros Thrust, 
whereas the base of the Gachsaran Formation is 
dated as 15.5 Ma (Pirouz, 2018). This indicates 
that detritus from Eurasia reached the Arabian 
foreland at ca. 6 Ma earlier in the Fars region 
than in Lurestan.

CONCLUSIONS

Framework petrographic analysis of Upper 
Cretaceous to Pliocene sandstones of the Neyriz 
region, coupled with U-Pb dating and Hf isoto-
pic data on detrital zircons, sheds new light on 
the evolution of the Zagros orogen and provides 
a younger age constraint on Arabia/Eurasia col-
lision onset in the region studied. The principal 
results of our provenance study show that:

(1) Upper Cretaceous-Paleocene sandstones 
of the Zagros Crush Zone (Sachun Formation 
deposited onto Arabia) indicate ophiolite prov-
enance, which testifies to erosion of an oceanic 
allochthon emplaced onto Arabia in the mid-
Cretaceous. Detritus deposited onto Arabia was 
entirely derived from Arabia;

(2) upper Paleocene-Eocene sandstones 
deposited in the southwestern part of the Sanan-
daj-Sirjan Zone document provenance largely 
from Mesozoic magmatic rocks emplaced along 
the Eurasian active margin. Detritus deposited 
onto Eurasia was entirely derived from Eurasia;
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Figure 8. Paleogeographic sketch maps envisage collision along the Zagros orogen. (A) 
Comparison between western (Lurestan region) and eastern (Fars region) parts of Zagros 
orogeny. These data were integrated from Homke et al. (2010); Mouthereau et al. (2012); 
Khadivi et al. (2012); and Pirouz (2013). (B) The Paleocene-Eocene in the Lurestan region. 
(C) The Paleocene-Eocene in the Fars region. (D) Earlier collision in the Lurestan and Ker-
manshah regions. (E) Later collision in the Fars and Neyriz regions (modified from Barrier 
et al., 2014). SaSZ—Sanandaj-Sirjan Zone; ZCZ—Zagros Crush Zone; SCB—South Cas-
pian Basin; KO—Kermanshah ophiolite; NO—Neyriz ophiolite; Am.F—Amiran Forma-
tion; Sa.F—Sachun Formation; Ra.F—Razak Formation; As.f—Asmari Formation.
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(3) lower Miocene to Pliocene sediments of 
the Zagros Crush Zone document mixed mag-
matic, ophiolite, recycled clastic, and axial belt 
metamorphic provenance, which indicates prov-
enance from the nascent Zagros orogen.  Detritus 
deposited onto Arabia was derived from both 
Arabia and Eurasia; and

(4) detrital zircons in the sedimentary suc-
cessions studied yielded, overall, Triassic and 
Jurassic ages related to the main magmatic 
events documented in the Sanandaj-Sirjan Zone, 
mid-Cretaceous ages diagnostic of ophiolitic 
complexes, and Eocene ages that reflect the cli-
max of magmatic activity in Iran. Triassic and 
Jurassic zircons characterize the upper Paleo-
cene-Eocene sandstones of the Sanandaj-Sirjan 
Zone, mid-Cretaceous zircons characterize 
Upper Cretaceous-Paleocene sandstones of the 
Zagros Crush Zone, and Eocene zircons as well 
as all other older populations are found mixed in 
Neogene sediments of the Zagros Crush Zone, 
which also contains Paleozoic and older zircons 
recycled from the sedimentary succession of the 
Zagros fold belt.

All of this evidence indicates that collision 
of the lower plate Arabian continental margin 
and the upper plate Eurasian continental margin 
was well underway by the end of the Oligocene. 
Our data cannot place an older age constraint 
on collision onset, which may have occurred 
earlier in the Neyriz region, which we studied, 
than in the Lurestan and Kermanshah regions 
to the north.

This study highlights how provenance  analysis 
of pre-collisional to post-collisional sedimen-
tary successions provides fundamental informa-
tion for identifying and constraining the age of 
the major structural events that contributed to 
orogenic growth. The recognition and accurate 
definition of such a sequence of tectonic events 
is critical in hydrocarbon exploration because it 
helps in reconstructing the maturation history, 
location of traps, and definition of hydrocarbon 
fluxes in space and time.

ACKNOWLEDGMENTS

This study was financially sustained by the Tethys 
Major Project funded by the National Natural Science 
Foundation of China (91755209). We are grateful to 
the Geological Survey of Iran (GSI) for field support. 
We greatly appreciated the assistance provided by 
R. Guo, J. Jiang, and L. Wei with U-Pb zircon dating 
and Hf isotopic analysis. This manuscript benefitted 
from comments and suggestions by Aral Okay and 
another reviewer and from discussions with Fuyuan 
Wu and Gaoyuan Sun. There is no conflict of interest 
to declare.

REFERENCES CITED

Afghah, M., and Farhoudi, G., 2012, Boundary between 
Upper Cretaceous and Lower Paleocene in the Za-

gros Mountain Ranges of Southwestern Iran: Acta 
Geologica Sinica, v. 86, no. 2, p. 325–338, https://doi 
.org/10.1111/ j.1755-6724.2012.00663.x.

Agard, P., Omrani, J., Jolivet, L., and Mouthereau, F., 2005, 
Convergence history across Zagros (Iran): Constraints 
from collisional and earlier deformation: International 
Journal of Earth Sciences, v. 94, p. 401–419, https://doi 
.org/10.1007/s00531-005-0481-4.

Agard, P., Omrani, J., Jolivet, L., Whitechurch, H., Vrielynck, 
B., Spakman, W., Monie, P., Meyer, B., and Wortel, R., 
2011, Zagros orogeny: A subduction-dominated pro-
cess: Geological Magazine, v. 148, p. 692–725, https://
doi .org/10.1017/S001675681100046X.

Aitchison, J.C., McDermid, I.R.C., Ali, J.R., Davis, A.M., 
and Zyabrev, S.V., 2007, Shoshonites in southern Tibet 
record Late Jurassic rifting of a Tethyan Intraoceanic 
Island Arc: The Journal of Geology, v. 115, p. 197–213, 
https://doi .org/10.1086/510642.

Alavi, M., 1994, Tectonics of the Zagros orogenic belt of 
Iran: New data and interpretations: Tectonophys-
ics, v. 229, p. 211–238, https://doi .org/10.1016/0040-
1951(94)90030-2.

Alavi, M., 2004, Regional stratigraphy of the Zagros fold-
thrust belt of Iran and its proforeland evolution: Ameri-
can Journal of Science, v. 304, p. 1–20, https://doi 
.org/10.2475/ajs.304.1.1.

Alavi, M., 2007, Structures of the Zagros Fold-Thrust Belt 
in Iran: American Journal of Science, v. 307, p. 1064–
1095, https://doi .org/10.2475/09.2007.02.

Allen, M., Jackson, J.A., and Walker, R., 2004, Late Ce-
nozoic reorganization of the Arabia– Eurasia colli-
sion and the comparison of short-term and long-term 
deformation rates: Tectonics, v. 23, https://doi 
.org/10.1029/2003TC001530.

Alric, G., and Virlogeux, D., 1977, Petrographie et geochi-
mie des roches metamorphiques et magmatiques de la 
region de Deh Bid-Bawanat, chaine de Sanandaj Sirjan, 
Iran [Ph.D. thesis]: Grenoble, France, Universite Scien-
tifique et Medicale de Grenoble, 316 p.

Andersen, T., Griffin, W.L., and Pearson, N.J., 2002, Crustal 
evolution in the SW part of the Baltic Shield: The Hf 
isotope evidence: Journal of Petrology, v. 43, p. 1725–
1747, https://doi .org/10.1093/petrology/43.9.1725.

Ao, S.J., Xiao, W.J., Khalatbari Jafari, M., Talebian, M., Chen, 
L., Wan, B., Ji, W.Q., and Zhang, Z.Y., 2016, U–Pb zir-
con ages, field geology and geochemistry of the Kerman-
shah ophiolite (Iran): From continental rifting at 79 Ma 
to oceanic core complex at ca. 36 Ma in the southern 
Neo-Tethys: Gondwana Research, v. 31, p. 305–318, 
https://doi .org/10.1016/ j.gr.2015.01.014.

Axen, G., Lam, P.S., Grove, M., Stockli, D.F., and Has-
sanzadeh, J., 2001, Exhumation of the west-cen-
tral Alborz Mountains, Iran, Caspian subsidence, 
and collision-related tectonics: Geology, v. 29, 
no. 6, p. 559–562, https://doi .org/10.1130/0091-
7613(2001)029<0559:EOTWCA>2.0.CO;2.

Azizi, H., Tanaka, T., Asahara, Y., Chung, S.L., and Zarrink-
oub, M.H., 2011, Discrimination of the age and tectonic 
setting for magmatic rocks along the Zagros thrust zone, 
northwest Iran, using the zircon U–Pb age and Sr–Nd 
isotopes: Journal of Geodynamics, v. 52, p. 304–320, 
https://doi .org/10.1016/ j.jog.2011.03.001.

Babaie, H.A., Babaei, A., Ghazi, A., Duncan, R., Mahoney, 
J., and Has-sanipak, A.A., 2003, A new Ar-Ar age, iso-
topic, and geochemical data for basalts in the Neyriz 
ophiolite, Iran: Eos (Transactions, American Geophysi-
cal Union), v. 84, no. 12899.

Babaie, H.A., Babaei, A., Ghazi, A.M., and Arvin, M., 2006, 
Geochemical, 40Ar/39Ar age, and isotopic data for 
crustal rocks of the Neyriz ophiolite, Iran: Canadian 
Journal of Earth Sciences, v. 43, p. 57–70, https://doi 
.org/10.1139/e05-111.

Baharifar, A., Moinevaziri, H., Bellon, H., and Piqué, A., 
2004, The crystalline complexes of Hamadan (Sanan-
daj–Sirjan zone, western Iran): Metasedimentary 
Mesozoic sequences affected by Late Cretaceous tecto-
no-metamorphic and plutonic events: Comptes Rendus 
Geoscience, v. 336, no. 16, p. 1443–1452, https://doi 
.org/10.1016/ j.crte.2004.09.014.

Ballato, P., et al., 2017, Tectono-sedimentary evolution of 
the northern Iranian Plateau: Insights from middle-
late Miocene foreland-basin deposits: Basin Re-

search, v. 29, p. 417–446, https://doi .org/10.1111/
bre.12180.

Barber, D., Stockli, D.F., Horton, B.K., and Koshnaw, R.I., 
2018, Cenozoic exhumation and foreland basin evolu-
tion of the Zagros orogen during the Arabia-Eurasia 
collision, western Iran: Tectonics, v. 37, p. 4396–4420, 
https://doi .org/10.1029/2018TC005328.

Barber, D., Stockli, D.F., and Galster, F., 2019, The Proto-Za-
gros Foreland Basin in Lorestan, Western Iran—Insights 
from multi-mineral detrital geo-thermochronometric 
and trace-elemental provenance analysis: Geochem-
istry, Geophysics, Geosystems, v. 20, p. 2657–2680, 
https://doi .org/10.1029/2019GC008185.

Barrier, E., Vrielynck, B., Brunet, M., Robertson, A., Sos-
son, M., Zanchi, A., Brouillet, J., and Kaveh, F., 2014, 
Paleotectonic Reconstruction of the Central Tethyan 
Realm. Tectono-Sedimentary-Palinspastic Maps from 
Late Permian to Pliocene: Vienna, Austria, European 
Geophysical Union General Assembly, p. 1–21.

Beck, R.A., Burbank, D.W., Sercombe, W.J., Riley, G.W., 
Barndt, J.K., Berry, J.R., Afzal, J., Khan, A.M., Jur-
gen, H., Metje, J., Cheema, A., Shafique, N.A., Law-
rence, R.D., and Khan, M.A., 1995, Stratigraphic 
evidence for an early collision between northwest 
India and Asia: Nature, v. 373, p. 55–58, https://doi 
.org/10.1038/373055a0.

Berberian, M., 1995, Master “blind” thrust faults hidden under 
the Zagros folds: Active basement tectonics and surface 
morphotectonics: Tectonophysics, v. 241, p. 193–224, 
https://doi .org/10.1016/0040-1951(94)00185-C.

Berberian, M., and King, G.C.P., 1981, Towards a paleo-
geography and tectonic evolution of Iran: Canadian 
Journal of Earth Sciences, v. 18, p. 210–265, https://
doi .org/10.1139/e81-019.

Berberian, F., Muir, I.D., Pankhurst, R.J., and Berberian, M., 
1982, Late Cretaceous and early Miocene Andean-type 
plutonic activity in northern Makran and Central Iran, 
in Black, K.S., Paterson, D.M., and Cramp, A., eds., 
Sedimentary Processes in the Intertidal Zone: Geologi-
cal Society, London, Memoir 139, p. 605–614.

Beydoun, Z.R., Hughes Clarke, M.W., and Stoneley, R., 
1992, Petroleum in the Zagros basin: A late Tertiary 
foreland basin overprinted onto the outer edge of a vast 
hydrocarbon-rich Paleozoic-Mesozoic passive margin 
shelf, in Macqueen, R.W., and Leckie, D.A., eds., Fore-
land Basins and Fold Belts: Tulsa, Oklahoma, USA, 
American Association of Petroleum Geologists Mem-
oir, p. 309–339, https://doi .org/10.1306/M55563C12.

Braud, J., 1987, La suture du Zagros au niveau de Ker-
manshah (Kurdistan Iranien): Reconstitution paléo-
géographique, évolution géodynamique, magmatique 
et structural [Ph.D. thesis]: Orsay, France, Université 
Paris-Sud, 489 p.

Busby, C., and Azor, A., 2012, Tectonics of Sedimentary 
Basins: Recent Advances (1st edition): Hoboken, New 
Jersey, USA, Wiley & Sons, 656 p.

Byrne, T., Chan, Y.C., Rau, R.J., Lu, C.Y., Lee, Y.H., and 
Wang, Y.J., 2011, The arc–continent collision in 
Taiwan, in Brown, D., and Ryan, P.D., eds., Arc-
Continent Collision: Berlin-Heidelberg, Germany, 
Springer, p. 213–245, https://doi .org/10.1007/978-3-
540-88558-0_8.

Cavazza, W., Catto, S., Zattin, M., Okay, A., and Rein-
ers, P., 2018, Thermochronology of the Miocene 
Arabia-Eurasia collision zone of southeastern Turkey: 
Geosphere, v. 14, no. 5, p. 2277–2293, https://doi 
.org/10.1130/GES01637.1.

Chiu, H.Y., Chung, S.L., Zarrinkoub, M.H., Mohammadi, 
S.S., Khatib, M.M., and Iizuka, Y., 2013, Zircon U–Pb 
age constraints from Iran on the magmatic evolution 
related to Neotethyan subduction and Zagros orogeny: 
Lithos, v. 162–163, p. 70–87, https://doi .org/10.1016/ 
j.lithos.2013.01.006.

Chiu, H.Y., Chung, S.L., Zarrinkoub, M.H., Melkonyan, R., 
Pang, K.N., Lee, H.Y., Wang, K.L., Mohammadi, S.S., 
and Khatib, M.M., 2017, Zircon Hf isotopic constraints 
on magmatic and tectonic evolution in Iran: Implica-
tions for crustal growth in the Tethyan orogenic belt: 
Journal of Asian Earth Sciences, v. 145, p. 652–669, 
https://doi .org/10.1016/ j.jseaes.2017.06.011.

Dickinson, W., 1985, Interpreting provenance relations from 
detrital modes of sandstones, in Zuifa, G.G., eds., 

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35950.1/5460278/b35950.pdf
by Nanjing University user
on 13 November 2021

https://doi.org/10.1111/j.1755-6724.2012.00663.x
https://doi.org/10.1111/j.1755-6724.2012.00663.x
https://doi.org/10.1007/s00531-005-0481-4
https://doi.org/10.1007/s00531-005-0481-4
https://doi.org/10.1017/S001675681100046X
https://doi.org/10.1017/S001675681100046X
https://doi.org/10.1086/510642
https://doi.org/10.1016/0040-1951(94)90030-2
https://doi.org/10.1016/0040-1951(94)90030-2
https://doi.org/10.2475/ajs.304.1.1
https://doi.org/10.2475/ajs.304.1.1
https://doi.org/10.2475/09.2007.02
https://doi.org/10.1029/2003TC001530
https://doi.org/10.1029/2003TC001530
https://doi.org/10.1093/petrology/43.9.1725
https://doi.org/10.1016/j.gr.2015.01.014
https://doi.org/10.1130/0091-7613(2001)029<0559:EOTWCA>2.0.CO;2
https://doi.org/10.1130/0091-7613(2001)029<0559:EOTWCA>2.0.CO;2
https://doi.org/10.1016/j.jog.2011.03.001
https://doi.org/10.1139/e05-111
https://doi.org/10.1139/e05-111
https://doi.org/10.1016/j.crte.2004.09.014
https://doi.org/10.1016/j.crte.2004.09.014
https://doi.org/10.1111/bre.12180
https://doi.org/10.1111/bre.12180
https://doi.org/10.1029/2018TC005328
https://doi.org/10.1029/2019GC008185
https://doi.org/10.1038/373055a0
https://doi.org/10.1038/373055a0
https://doi.org/10.1016/0040-1951(94)00185-C
https://doi.org/10.1139/e81-019
https://doi.org/10.1139/e81-019
https://doi.org/10.1306/M55563C12
https://doi.org/10.1007/978-3-540-88558-0_8
https://doi.org/10.1007/978-3-540-88558-0_8
https://doi.org/10.1130/GES01637.1
https://doi.org/10.1130/GES01637.1
https://doi.org/10.1016/j.lithos.2013.01.006
https://doi.org/10.1016/j.lithos.2013.01.006
https://doi.org/10.1016/j.jseaes.2017.06.011


GholamiZadeh et al.

16 Geological Society of America Bulletin, v. 130, no. XX/XX

Provenance of Arenites: Dordrecht, The Netherlands, 
Reidel, p. 333–361, https://doi .org/10.1007/978-94-
017-2809-6_15.

Dickinson, W.R., and Suczek, C., 1979, Plate tectonics 
and sandstone composition: American Association 
of   Petroleum Geologists Bulletin, v. 63, p. 2164–
2182.

Emami, H., 2008, Foreland propagation folding and structure 
of the Mountain Front Flexure in the Pusht-e Kuh arc 
(NW Zagros, Iran) [Ph.D. thesis]: Barcelona, Spain, 
University of Barcelona, 118 p.

Emami, M.H., 2000, Magmatism in Iran [in Persian]: Tehran, 
Geological Survey of Iran, 608 p.

Esna-Ashari, A., Tiepolo, M., and Hassanzadeh, J., 2016, 
On the occurrence and implications of Jurassic primary 
continental boninite-like melts in the Zagros Orogen: 
Lithos, v. 258–259, p. 37–57, https://doi .org/10.1016/ 
j.lithos.2016.04.017.

Etemad-Saeed, N., Najafi, M., and Verges, J., 2020, Prove-
nance evolution of Oligocene–Pliocene foreland depos-
its in the Dezful embayment to constrain Central Zagros 
exhumation history: Journal of the Geological Soci-
ety, v. 177, no. 4, p. 799–817, https://doi .org/10.1144/
jgs2019-206.

Fakhari, M.D., Axen, G.J., Horton, B.K., Hassanzadeh, J., 
and Amini, A., 2008, Revised age of proximal de-
posits in the Zagros foreland basin and implications 
for Cenozoic evolution of the High Zagros: Tectono-
physics, v. 451, p. 170–185, https://doi .org/10.1016/ 
j.tecto.2007.11.064.

Farahpour, M.M., and Hessami, K., 2012, Cretaceous se-
quence of deformation in the SE Zagros fold-thrust belt: 
Journal of the Geological Society, v. 169, p. 733–743, 
https://doi .org/10.1144/jgs2012-042.

Farhoudi, G., 1978, A comparison of Zagros geology to is-
land arcs: The Journal of Geology, v. 86, p. 323–334, 
https://doi .org/10.1086/649694.

Fazlnia, A.N., Moradian, A., Rezaei, K., Moazzen, M., and 
Alipour, S., 2007, Synchronous activity of anorthosi-
tic and S-type granitic magmas in the Chah Dozdan 
batholith, Neyriz, Iran: Evidence of zircon SHRIMP 
and monazite CHIME dating: Journal of Sciences: Is-
lamic Republic of Iran, v. 18, p. 221–237.

Fedo, C.M., Sircombe, K.N., and Rainbird, R.H., 2003, 
Detrital zircon analysis of the sedimentary record: Re-
views in Mineralogy and Geochemistry, v. 53, p. 277–
303, https://doi .org/10.2113/0530277.

Garzanti, E., 2016, From static to dynamic provenance 
analysis—Sedimentary petrology upgraded: Sedimen-
tary Geology, v. 336, p. 3–13, https://doi .org/10.1016/ 
j.sedgeo.2015.07.010.

Garzanti, E., 2019, Petrographic classification of sand and 
sandstone: Earth-Science Reviews, v. 192, p. 545–563, 
https://doi .org/10.1016/ j.earscirev.2018.12.014.

Garzanti, E., Baud, A., and Mascle, G., 1987, Sedimentary 
record of the northward flight of India and its collision 
with Eurasia (Ladakh Himalaya, India): Geodinamica 
Acta, v. 1, p. 297–312, https://doi .org/10.1080/098531
11.1987.11105147.

Garzanti, E., Andò, S., and Scutellà, M., 2000, Actual-
istic ophiolite provenance: The Cyprus Case: The 
Journal of Geology, v. 108, p. 199–218, https://doi 
.org/10.1086/314391.

Garzanti, E., Vezzoli, G., and Andò, S., 2002, Mod-
ern sand from obducted ophiolite belts (Sultanate 
of Oman and United Arab Emirates): The Journal 
of Geology, v. 110, no. 4, p. 371–391, https://doi 
.org/10.1086/340440.

Garzanti, E., and Vezzoli, G., 2003, A classification of meta-
morphic grains in sands based on their composition and 
grade: Journal of Sedimentary Research, v. 73, p. 830–
837, https://doi .org/10.1306/012203730830.

Garzanti, E., Doglioni, C., Vezzoli, G., and Ando, S., 2007, 
Orogenic belts and orogenic sediment provenance: 
The Journal of Geology, v. 115, p. 315–334, https://doi 
.org/10.1086/512755.

Garzanti, E., Al-Juboury, A.I., Zoleikhaei, Y., Vermeesch, P., 
Jotheri, J., Akkoca, D.B., Allen, M., Andò, S., Limonta, 
M., Padoan, M., Resentini, A., Rittner, M., and Vez-
zoli, G., 2016, The Euphrates-Tigris-Karun River sys-
tem: Provenance, recycling and dispersal of quartz-poor 
foreland-basin sediments in arid climate: Earth-Science 

Reviews, v. 162, p. 107–128, https://doi .org/10.1016/ 
j.earscirev.2016.09.009.

Gavillot, Y., Axen, G.J., Stockli, D.F., Horton, B.K., and 
Fakhari, M.D., 2010, Timing of thrust activity in the 
High Zagros fold-thrust belt, Iran, from (U-Th)/He ther-
mochronometry: Tectonics, v. 29, no. TC4025, https://
doi .org/10.1029/2009TC002484.

Ghasemi, A., and Talbot, C.J., 2006, A new tectonic sce-
nario for the Sanandaj–Sirjan Zone (Iran): Journal of 
Asian Earth Sciences, v. 26, p. 683–693, https://doi 
.org/10.1016/ j.jseaes.2005.01.003.

Ghazi, J.M., and Moazzen, M., 2015, Geodynamic evolu-
tion of the Sanandaj-Sirjan Zone, Zagros Orogen, Iran: 
Turkish Journal of Earth Sciences, v. 24, p. 513–528, 
https://doi .org/10.3906/yer-1404-12.

GholamiZadeh, P., Adabi, M.H., Hisada, K.I., Hosseini-Bar-
zi, M., Sadeghi, A., and Ghassemi, M.R., 2017, Revised 
version of the Cenozoic collision along the Zagros 
Orogen, insights from Cr spinel and modal analyses: 
Scientific Reports, v. 7, no. 10828, p. 1–7, https://doi 
.org/10.1038/s41598-01711042-1.

GholamiZadeh, P., Adabi, M.H., Ghassemi, M.R., Sadeghi, 
A., and Eshraghi, S.A., 2020, Mélange development 
in the Neyriz region of Zagros orogen, Iran: Record 
of convergence and collision in the Neotethyan realm: 
Basin Research, v. 32, p. 1626–1652, https://doi 
.org/10.1111/bre.12445.

Gidon, M., Berthier, F., Billiaul, T.J.P., Halbronn, 
B., and Maurizot, P., 1974, Sur les caractères et 
l’ampleur du coulissement de la “Main Fault” dans 
la region de Borudjerd-Dorud (Zagros oriental, 
Iran): Comptes rendus de l’Académie des Scienc-
es, v. 278, p. 701–704.

Griffin, W.L., Wang, X., Jackson, S.E., Pearson, N.J., 
O’Reilly, S.Y., Xu, X., and Zhou, X., 2002, Zircon 
chemistry and magma mixing, SE China: In-situ 
analysis of Hf isotopes, Tonglu and Pingtan igne-
ous complexes: Lithos, v. 61, p. 237–269, https://doi 
.org/10.1016/S0024-4937(02)00082-8.

Haase, K.M., Freund, S., Koepke, J., Huff, F., and Erdmann, 
M., 2015, Melts of sediments in the mantle wedge of 
the Oman ophiolite: Geology, v. 43, no. 4, p. 275–278, 
https://doi .org/10.1130/G36451.1.

Hassanzadeh, J., 1993, Metallogenic and tectonomagmatic 
events in the SE sector of the Cenozoic active continen-
tal margin of Central Iran [Ph.D. thesis]: Los Angeles, 
California, USA, University of California, 201 p.

Hassanzadeh, J., and Wernicke, B.P., 2016, The Neotethyan 
Sanandaj-Sirjan zone of Iran as an archetype for passive 
margin-arc transitions: Tectonics, v. 35, no. 3, p. 586–
621, https://doi .org/10.1002/2015TC003926.

Haynes, S.J., and McQuillan, H., 1974, Evolution of the 
Zagros suture zone, southern Iran: Geological Soci-
ety of America Bulletin, v. 85, p. 739–744, https://doi 
.org/10.1130/0016-7606(1974)85<739:EOTZSZ>2.0
.CO;2.

Hempton, M.R., 1987, Constraints on Arabian plate mo-
tion and extensional history of the Red Sea: Tec-
tonics, v. 6, p. 687–705, https://doi .org/10.1029/
TC006i006p00687.

Hessami, K., Koyi, H., Talbot, C.J., Tabasi, H., and Shaba-
nian, E., 2001, Progressive unconformities within an 
evolving foreland fold-thrust belt, Zagros Mountains, 
in Aplin, A.C., Fleet, A.J., and MacQuaker, J.H.S., 
eds., Muds and Mudstones: Physical and Fluid-Flow 
Properties: Geological Society, London, Memoir 
158, p. 969–981.

Homke, S., Verges, J., Graces, M., Emami, H., and Karpuz, 
R., 2004, Magnetostratigraphy of Miocene–Pliocene 
Zagros foreland deposits in the front of the Push-e 
Kush Arc, (Lurestan Province, Iran): Earth and Plan-
etary Science Letters, v. 225, p. 397–410, https://doi 
.org/10.1016/ j.epsl.2004.07.002.

Homke, S., Verges, J., Serra-Kiel, J., Bernaola, G., Sharp, 
I., Garces, M., Montero-Verdu, I., Karpuz, R., and 
Goodarzi, M.H., 2009, Late Cretaceous–Paleocene 
formation of the proto-Zagros foreland basin, Lures-
tan Province, SW Iran: Geological Society of America 
Bulletin, v. 121, p. 963–978, https://doi .org/10.1130/
B26035.1.

Homke, S., Vergés, J., van der Beek, P., Fernández, M., 
Saura, E., Barbero, L., Badics, B., and Labrin, E., 

2010, Insights in the exhumation history of the NW 
Zagros from bedrock and detrital apatite fission-track 
analysis: Evidence for a long-lived orogeny: Basin 
Research, v. 22, p. 659–680, https://doi .org/10.1111/ 
j.1365-2117.2009.00431.x.

Horton, B.K., Hassanzadeh, J., Stockli, D.F., Axen, G.J., 
Gillis, R.J., Guest, B., Amini, A., Fakhari, M.D., Za-
manzadeh, S.M., and Grove, M., 2008, Detrital zircon 
provenance of Neoproterozoic to Cenozoic deposits in 
Iran: Implications for chronostratigraphy and collision-
al tectonics: Tectonophysics, v. 451, p. 97–122, https://
doi .org/10.1016/ j.tecto.2007.11.063.

Hu, X., Garzanti, E., Wang, J., Huang, W., An, W., and 
Webb, A., 2016, The timing of India-Asia collision 
onset—Facts, theories, controversies: Earth-Science 
Reviews, v. 160, p. 264–299, https://doi .org/10.1016/ 
j.earscirev.2016.07.014.

Hu, X., JianGang, W., Wei, A., Garzanti, E., and Juan, L., 
2017, Constraining the timing of the India-Asia con-
tinental collision by the sedimentary record: Science 
China Earth Sciences, v. 60, p. 603–625, https://doi 
.org/10.1007/s11430-016-9003-6.

Houshmandzadeh, A., 1990, Explanatory text of the Eqlid 
quadrangle map: Geological Survey of Iran, G10, scale 
1:250,000, 158 p. text.

Ingersoll, R.V., Bullard, T.F., Ford, R.L., Grimm, J.P., 
Pickle, J.D., and Sares, S.W., 1984, The effect of grain 
size on detrital modes: A test of the Gazzi Dickinson 
point-counting method: Journal of Sedimentary Petrol-
ogy, v. 54, p. 103–116.

Jackson, J.A., 1980, Reactivation of basement faults and crust-
al shortening in orogenic belts: Nature, v. 283, p. 343–
346, https://doi .org/10.1038/283343a0.

Jackson, S.E., Pearson, N.J., Griffin, W.L., and Belouso-
va, E.A., 2004, The application of laser ablation-
inductively coupled plasma-mass spectrometry to 
in situ U–Pb zircon geochronology: Chemical Ge-
ology, v. 211, p. 47–69, https://doi .org/10.1016/ 
j.chemgeo.2004.06.017.

James, G.A., and Wynd, J.G., 1965, Stratigraphic nomen-
clature of Iranian oil consortium agreement area: 
American Association of Petroleum Geologists Bul-
letin, v. 49, p. 2182–2245.

Khadivi, S., Mouthereau, F., Larrasoaña, J.C., Vergés, J., 
Lacombe, O., Khademi, E., Beamud, E., Melinte-
Dobrinescu, M., and Suc, J.P., 2010, Magnetochronol-
ogy of synorogenic Miocene foreland sediments in the 
Fars arc of the Zagros Folded Belt (SW Iran): Basin 
Research, v. 22, p. 918–932, https://doi .org/10.1111/ 
j.1365-2117.2009.00446.x.

Khadivi, S., Mouthereau, F., Barbarand, J., Adatte, T., and 
Lacombe, O., 2012, Constraints on paleodrainage evo-
lution induced by uplift and exhumation on the south-
ern flank of the Zagros–Iranian Plateau: Journal of the 
Geological Society, v. 169, p. 83–97, no. 1, https://doi 
.org/10.1144/0016-76492011-031.

Koop, W., and Stoneley, R., 1982, Subsidence history of the 
middle East Zagros basin: Permian to Recent: Philo-
sophical Transactions of the Royal Society of Lon-
don, v. 305, p. 149–168.

Koshnaw, R.I., Horton, B.K., Stockli, D.F., Barber, D.E., 
Tamar-Agha, M.Y., and Kendall, J.J., 2017, Neogene 
shortening and exhumation of the Zagros fold-thrust 
belt and foreland basin in the Kurdistan region of north-
ern Iraq: Tectonophysics, v. 694, p. 332–355, https://
doi .org/10.1016/ j.tecto.2016.11.016.

Koshnaw, R.I., Stockli, D.F., and Schlunegger, F., 2018, 
Timing of the Arabia-Eurasia continental colli-
sion—Evidence from detrital zircon U-Pb geochro-
nology of the Red Bed Series strata of the northwest 
Zagros hinterland, Kurdistan region of Iraq: Geol-
ogy, v. 47, p. 47–50.

Lanphere, M.A., and Pamic, J., 1983, 40Ar/39Ar ages 
and tectonic setting of ophiolite from the Neyriz 
area, southeast Zagros Range, Iran: Tectonophys-
ics, v. 96, p. 245–256, https://doi .org/10.1016/0040-
1951(83)90220-2.

Malusà, M.G., Faccenna, C., Garzanti, E., and Polino, R., 
2011, Divergence in subduction zones and exhumation 
of high-pressure rocks (Eocene Western Alps): Earth 
and Planetary Science Letters, v. 310, p. 21–32, https://
doi .org/10.1016/ j.epsl.2011.08.002.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35950.1/5460278/b35950.pdf
by Nanjing University user
on 13 November 2021

https://doi.org/10.1007/978-94-017-2809-6_15
https://doi.org/10.1007/978-94-017-2809-6_15
https://doi.org/10.1016/j.lithos.2016.04.017
https://doi.org/10.1016/j.lithos.2016.04.017
https://doi.org/10.1144/jgs2019-206
https://doi.org/10.1144/jgs2019-206
https://doi.org/10.1016/j.tecto.2007.11.064
https://doi.org/10.1016/j.tecto.2007.11.064
https://doi.org/10.1144/jgs2012-042
https://doi.org/10.1086/649694
https://doi.org/10.2113/0530277
https://doi.org/10.1016/j.sedgeo.2015.07.010
https://doi.org/10.1016/j.sedgeo.2015.07.010
https://doi.org/10.1016/j.earscirev.2018.12.014
https://doi.org/10.1080/09853111.1987.11105147
https://doi.org/10.1080/09853111.1987.11105147
https://doi.org/10.1086/314391
https://doi.org/10.1086/314391
https://doi.org/10.1086/340440
https://doi.org/10.1086/340440
https://doi.org/10.1306/012203730830
https://doi.org/10.1086/512755
https://doi.org/10.1086/512755
https://doi.org/10.1016/j.earscirev.2016.09.009
https://doi.org/10.1016/j.earscirev.2016.09.009
https://doi.org/10.1029/2009TC002484
https://doi.org/10.1029/2009TC002484
https://doi.org/10.1016/j.jseaes.2005.01.003
https://doi.org/10.1016/j.jseaes.2005.01.003
https://doi.org/10.3906/yer-1404-12
https://doi.org/10.1038/s41598-01711042-1
https://doi.org/10.1038/s41598-01711042-1
https://doi.org/10.1111/bre.12445
https://doi.org/10.1111/bre.12445
https://doi.org/10.1016/S0024-4937(02)00082-8
https://doi.org/10.1016/S0024-4937(02)00082-8
https://doi.org/10.1130/G36451.1
https://doi.org/10.1002/2015TC003926
https://doi.org/10.1130/0016-7606(1974)85<739:EOTZSZ>2.0.CO;2
https://doi.org/10.1130/0016-7606(1974)85<739:EOTZSZ>2.0.CO;2
https://doi.org/10.1130/0016-7606(1974)85<739:EOTZSZ>2.0.CO;2
https://doi.org/10.1029/TC006i006p00687
https://doi.org/10.1029/TC006i006p00687
https://doi.org/10.1016/j.epsl.2004.07.002
https://doi.org/10.1016/j.epsl.2004.07.002
https://doi.org/10.1130/B26035.1
https://doi.org/10.1130/B26035.1
https://doi.org/10.1111/j.1365-2117.2009.00431.x
https://doi.org/10.1111/j.1365-2117.2009.00431.x
https://doi.org/10.1016/j.tecto.2007.11.063
https://doi.org/10.1016/j.tecto.2007.11.063
https://doi.org/10.1016/j.earscirev.2016.07.014
https://doi.org/10.1016/j.earscirev.2016.07.014
https://doi.org/10.1007/s11430-016-9003-6
https://doi.org/10.1007/s11430-016-9003-6
https://doi.org/10.1038/283343a0
https://doi.org/10.1016/j.chemgeo.2004.06.017
https://doi.org/10.1016/j.chemgeo.2004.06.017
https://doi.org/10.1111/j.1365-2117.2009.00446.x
https://doi.org/10.1111/j.1365-2117.2009.00446.x
https://doi.org/10.1144/0016-76492011-031
https://doi.org/10.1144/0016-76492011-031
https://doi.org/10.1016/j.tecto.2016.11.016
https://doi.org/10.1016/j.tecto.2016.11.016
https://doi.org/10.1016/0040-1951(83)90220-2
https://doi.org/10.1016/0040-1951(83)90220-2
https://doi.org/10.1016/j.epsl.2011.08.002
https://doi.org/10.1016/j.epsl.2011.08.002


Arabia-Eurasia collision in the Neyriz region

 Geological Society of America Bulletin, v. 130, no. XX/XX 17

McQuarrie, N., Stock, J.M., Verdel, C., and Wernicke, 
B.P., 2003, Cenozoic evolution of Neotethys and 
implications for the causes of plate motions: Geo-
physical Research Letters, v. 30, p. 20, https://doi 
.org/10.1029/2003GL017992.

Mohajjel, M., and Fergusson, C.L., 2014, Jurassic to Ceno-
zoic tectonics of the Zagros orogen in northwestern 
Iran: International Geology Review, v. 56, p. 263–287, 
https://doi .org/10.1080/00206814.2013.853919.

Molinaro, M., Leturmy, P., Guezou, J.C., Frizon De 
Lamotte, D., and Eshraghi, S.A., 2005, The structure 
and kinematics of the southeastern Zagros fold-
thrust belt, Iran: From thin-skinned to thick-skinned 
tectonics: Tectonics, v. 24, no. TC3007, https://doi 
.org/10.1029/2004TC001633.

Molnar, P., and Tapponnier, P., 1975, Cenozoic tectonics of 
Asia: Effects of a continental collision: Features of recent 
continental tectonics in Asia can be interpreted as results 
of the India-Eurasia collision: Science, v. 189, p. 419–
426, https://doi .org/10.1126/science.189.4201.419.

Monsef, I., Monsef, R., Mata, J., Zhang, Z., Pirouz, M., 
Rezaeian, M., Esmaeili, R., and Xiao, W., 2018, 
Evidence for an early-MORB to fore-arc evolution 
within the Zagros suture zone: Constraints from 
zircon U-Pb geochronology and geochemistry of 
the Neyriz ophiolite (south Iran): Gondwana Re-
search, v. 62, p. 287–305, https://doi .org/10.1016/ 
j.gr.2018.03.002.

Morley, C.K., Kongwung, B., Julapour, A.A., Abdolghafou-
rian, M., Hajian, M., Waples, D., et al., 2009, Struc-
tural development of a major late Cenozoic basin and 
transpressional belt in central Iran: The Central Basin 
in the Qom-Saveh area: Geosphere, v. 5, p. 325–362, 
https://doi .org/10.1130/GES00223.1.

Motiei, H., 1993, Stratigraphy of Zagros: Internal Report 
[in Persian]: Tehran, Iran, Geological Survey of Iran, 
572 p.

Mousivand, F., Rastad, E., Meffre, S., Peter, J.M., Solomon, 
M., and Zaw, K., 2011, U-Pb geochronology and Pb 
isotope characteristics of the Chahgaz volcanogenic 
massive sulphide deposit, southern Iran: International 
Geology Review, v. 53, p. 1239–1262, https://doi 
.org/10.1080/00206811003783364.

Mousivand, F., Rastad, E., Meffre, S., Peter, J.M., Mohajjel, 
M., Khin Zaw, K., and Emami, H.M., 2012, Age and 
tectonic setting of the Bavanat Cu–Zn–Ag Besshi-type 
volcanogenic massive sulfide deposit, southern Iran: 
Mineralium Deposita, v. 47, p. 911–931, https://doi 
.org/10.1007/s00126-012-0407-6.

Mouthereau, F., Lacombe, O., and Verges, J., 2012, Building 
the Zagros collisional orogen: Timing, strain distribu-
tion and the dynamics of Arabia/Eurasia plate conver-
gence: Tectonophysics, v. 532, p. 27–60, https://doi 
.org/10.1016/ j.tecto.2012.01.022.

Najman, Y., Jenks, D., Godin, L., Boudagher-Fadel, M., Mil-
lar, I., Garzanti, E., Horstwood, M., and Bracciali, L., 
2017, The Tethyan Himalayan detrital record shows 
that India–Asia terminal collision occurred by 54 Ma 
in the Western Himalaya: Earth and Planetary Science 
Letters, v. 459, p. 301–310, https://doi .org/10.1016/ 
j.epsl.2016.11.036.

Noormohammadi, Z., 2007, Biosratigraphy of the Jahrum 
Formation (Type section) at the Tang-e Ab area in 
southeast of Shiraz [M.S. thesis]: Isfahan, Iran, Uni-
versity of Isfahan, 123 p.

Okay, A.I., Zattin, M., and Cavazza, W., 2010, Apatite fis-
sion-track data for the Miocene Arabia-Eurasia colli-
sion: Geology, v. 38, p. 35–38, https://doi .org/10.1130/
G30234.1.

Patchett, P.J., Kouvo, O., Hedge, C.E., and Tatsumoto, M., 
1981, Evolution of continental crust and mantle hetero-
geneity: Evidence from Hf isotopes: Contributions to 
Mineralogy and Petrology, v. 778, p. 279–297.

Paul, A., Kaviani, A., Hatzfeld, D., Vergne, J.R.M., 
and Mokhtari, M., 2006, Seismological evidence 
for crustal-scale thrusting in the Zagros moun-
tain belt (Iran): Geophysical Journal Internation-
al, v. 166, p. 227–237, https://doi .org/10.1111/ 
j.1365-246X.2006.02920.x.

Petrolink, G., 1998, Exploration and production fea-
tures of United Arab Emirates and Iran: GeoAra-
bia, v. 3, p. 427–455.

Pirouz, M., 2013, Geometry and sedimentary records of tec-
tonics in the Neogene Zagros foreland basin [Ph.D. 
thesis]: Geneva, Switzerland, University of Geneva, 
156 p.

Pirouz, M., 2018, Post-collisional deposits in the Za-
gros foreland basin: Implications for diachronous 
underthrusting: International Journal of Earth Sci-
ences, v. 107, p. 1603–1621, https://doi .org/10.1007/
s00531-017-1561-y.

Pirouz, M., Avouac, J.P., Hassanzadeh, J., Kirschvink, J.L., 
and Bahroudi, A., 2017, Early Neogene foreland of the 
Zagros, implications for the initial closure of the Neo-
Tethys and kinematics of crustal shortening: Earth and 
Planetary Science Letters, v. 477, p. 168–182, https://
doi .org/10.1016/ j.epsl.2017.07.046.

Ricou, L.E., 1968, Sur la mise en place au Crétacé supérieur 
d’importantes nappes a radiolarites et ophiolites dans 
les monts Zagros (Iran): Comptes rendus de l’Académie 
des Sciences, v. 267, p. 2272–2275.

Ricou, L.E., 1971, Le croissant ophiolitique péri-arabe, une 
ceinture de nappes mise en place au crétacé supérieur: 
Revue de Géographie Physique et de Géologie Dy-
namique, v. 13, p. 327–350.

Ricou, L.E., 1974, L’évolution géologique de la région de 
Neyriz (Zagros iranien) et l’évolution structurale des 
Zagrides [Ph.D. thesis]: Orsay, France, Université 
d’Orsay, 321 p.

Ricou, L.E., 1976, Evolution structurale des Zagrides. La 
région clef de Neyriz (Zagros Iranien): Mémoires de la 
Société Géologique de France, v. 55, 140 p.

Robertson, A.H.F., Ustaömer, T., Parlak, O., Ünlügenç, 
U.C., Tasli, K., and Inan, N., 2006, The Berit transect 
of the Tauride thrust belt, S Turkey: Late Cretaceous–
Early Cenozoic accretionary/ collisional processes 
related to closure of the Southern Neotethys: Journal 
of Asian Earth Sciences, v. 27, p. 108–145, https://
doi .org/10.1016/ j.jseaes.2005.02.004.

Robin, C., Gorican, S., Gullocheau, F., Razin, P., Dromart, 
G., and Mosaffa, H., 2010, Mesozoic deepwater car-
bonate deposits from the southern Tethyan passive 
margin in Iran (Pichakun nappes, Neyriz area): Biostra-
tigraphy, facies sedimentology and sequence stratigra-
phy, in Leturmy, P., and Robin, C., eds., Tectonic and 
Stratigraphic Evolution of Zagros and Makran during 
the Mesozoic-Cenozoic: Geological Society, London, 
Special Publication 330, p. 179–210.

Rowley, D.B., 1996, Age of initiation of collision between 
India and Asia: A review of stratigraphic data: Earth 
and Planetary Science Letters, v. 145, p. 1–13, https://
doi .org/10.1016/S0012-821X(96)00201-4.

Sabzehei, M., Roshan Ravan, J., Amini, B., and Eshraghi, 
S.A., Alai Mahabadi, S., and Seraj, M., 1993, Geologi-
cal map of the Neyriz quadrangle: Geological Survey 
of Iran, scale 1: 250,000, sheet H-11.

Sarkarinejad, K., and Alizadeh, A., 2009, Dynamic model 
for exhumation of the Tutak gneiss dome within a 
bivergent wedge in the Zagros Thrust System of Iran: 
Journal of Geodynamics, v. 47, p. 201–209, https://doi 
.org/10.1016/ j.jog.2008.09.003.

Sarkarinejad, K., Godin, L., and Faghih, A., 2009, Kinematic 
vorticity flow analysis and 40Ar/39Ar geochronology re-
lated to inclined extrusion of the HP-LT metamorphic 
rocks along the Zagros accretionary prism, Iran: Jour-
nal of Structural Geology, v. 31, p. 691–706, https://doi 
.org/10.1016/ j.jsg.2009.04.003.

Saura, E., Vergés, J., Homke, S., Blanc, E., Serra-Kiel, J., 
Bernaola, G., Casciello, E., Fernández, M., Romaire, 
I., Casini, G., Embry, J.C., Sharp, I., and Hunt, D.W., 
2011, Basin architecture and growth folding of the NW 
Zagros early foreland basin during the Late Cretaceous 
and early Tertiary: Journal of the Geological Soci-
ety, v. 168, p. 235–250, https://doi .org/10.1144/0016-
76492010-092.

Saura, E., Garcia-Castellanos, D., Casciello, E., Parravano, V., 
Urruela, A., and Vergés, J., 2015, Modeling the flexural 
evolution of the Amiran and Mesopotamian foreland 
basins of NW Zagros (Iran-Iraq): Tectonics, v. 34, no. 
3, p. 377–395, https://doi .org/10.1002/2014TC003660.

Schröder, J.W., 1944, Essai sur la structure de l’Iran: Eclogae 
Geologicae Helvetiae, v. 37, 37–81 p.

Seber, D., Vallve, M., Sandvol, E., Steer, D., and Baraz-
angi, M., 1997, Middle East tectonics: Applications 

of geographic information systems (GIS): GSA To-
day, v. 7, p. 1–6.

Şengör, A.M.C., 1990, A new model for the late Palaeozoic–
Mesozoic tectonic evolution of Iran and implications 
for Oman, in Robertson, A.H.F., Searle, M.P., and Ries, 
A.C., eds., The Geology and Tectonics of the Oman 
Region: Geological Society, London, Special Publica-
tion 49, p. 797–831.

Sepehr, M., and Cosgrove, J.W., 2004, Structural frame-
work of the Zagros Fold-Thrust Belt, Iran: Marine 
and Petroleum Geology, v. 21, p. 829–843, https://doi 
.org/10.1016/ j.marpetgeo.2003.07.006.

Shafaii Moghadam, H., and Stern, R.J., 2011, Geo-
dynamic evolution of Upper Cretaceous Zagros 
ophiolites: Formation of oceanic lithosphere above 
a nascent subduction zone: Geological Maga-
zine, v. 148, p. 762–801, https://doi .org/10.1017/
S0016756811000410.

Shahabpour, J., 2005, Tectonic evolution of the orogenic belt 
in the region located between Kerman and Neyriz: Jour-
nal of Asian Earth Sciences, v. 24, p. 405–417, https://
doi .org/10.1016/ j.jseaes.2003.11.007.

Shahabpour, J., 2007, Island-arc affinity of the Central 
Iranian volcanic belt: Journal of Asian Earth Sci-
ences, v. 30, p. 652–665, https://doi .org/10.1016/ 
j.jseaes.2007.02.004.

Sheikholeslami, M.R., 2002, Evolution structurale et méta-
morphique de la marge sud de la microplaque de l’Iran 
central: les complexes métamorphiques de la région de 
Neyriz (Zone de Sanandaj- Sirjan) [Ph.D. thesis]: Brest, 
France, Université de Brest, 194 p.

Sheikholeslami, M.R., Pique, A., Mobayen, P., Sabzehei, 
M., Bellon, H., and Emami, M.H., 2008, Tectono-
metamorphic evolution of the Neyriz metamorphic 
complex, Quri-Kor-e-Sefid area (Sanandaj-Sir-
jan Zone, SW Iran): Journal of Asian Earth Sci-
ences, v. 31, p. 504–521, https://doi .org/10.1016/ 
j.jseaes.2007.07.004.

Sherkati, S., Molinaro, M., Frizon De Lamotte, D., and 
Letouzey, J., 2005, Detachment folding in the Central 
and Eastern Zagros fold-belt (Iran): Salt mobility, mul-
tiple detachments and late basement control: Journal 
of Structural Geology, v. 27, p. 1680–1696, https://doi 
.org/10.1016/ j.jsg.2005.05.010.

Smith, P.E., Tatsumoto, M., and Farquhar, R.M., 1987, 
Zircon Lu-Hf systematics and the evolution of the 
Archean crust in the southern Superior Province, 
Canada: Contributions to Mineralogy and Petrol-
ogy, v. 97, p. 93–104, https://doi .org/10.1007/
BF00375217.

Taraz, H., 1972, Géologie de la Région de Surmaq-Deh-Bid 
(Central Iran) [Ph.D. thesis]: Orsay, France, Université 
de Paris-Sud, 148 p.

Tye, A.R., Niemi, N.A., Safarov, R.T., Kadirov, F.A., and 
Babayev, G.R., 2020, Sedimentary response to a col-
lision orogeny recorded in detrital zircon provenance 
of Greater Caucasus foreland basin sediments: Basin 
Research, https://doi .org/10.1111/bre.12499.

Verdel, C., Wernicke, B.P., Hassanzadeh, J., and Guest, 
B., 2011, A Paleogene extensional arc flare-up in 
Iran: Tectonics, v. 30, https://doi .org/10.1029/2010 
TC002809.

Vervoort, J.D., Patchett, P.J., Blichert-Toft, J., and Albarede, 
F., 1999, Relationships between Lu-Hf and Sm-Nd iso-
topic systems in the global sedimentary system: Earth 
and Planetary Science Letters, v. 168, p. 79–99, https://
doi .org/10.1016/S0012-821X(99)00047-3.

Wells, A.J., 1969, The Crush Zone of the Iranian Zagros 
Mountains, and its implications: Geological Maga-
zine, v. 106, p. 385–394, https://doi .org/10.1017/
S0016756800058787.

Whitechurch, H., Omrani, J., Agard, P., Humbert, F., Mon-
tigny, R., and Jolivet, L., 2013, Evidence for Paleocene-
Eocene evolution of the foot of the Eurasian margin 
(Kermanshah ophiolite, SW Iran) from back-arc to arc: 
Implications for regional geodynamics and obduction: 
Lithos, v. 182–183, p. 11–32, https://doi .org/10.1016/ 
j.lithos.2013.07.017.

Wrobel-Daveau, J.C., Ringenbach, J.C., Tavakoli, S., Ruiz, 
G.M.H., Masse, P., and Lamotte, D.F., 2010, Evidence 
for mantle exhumation along the Arabian margin in the 
Zagros (Kermanshah area, Iran): Arabian Journal of 

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35950.1/5460278/b35950.pdf
by Nanjing University user
on 13 November 2021

https://doi.org/10.1029/2003GL017992
https://doi.org/10.1029/2003GL017992
https://doi.org/10.1080/00206814.2013.853919
https://doi.org/10.1029/2004TC001633
https://doi.org/10.1029/2004TC001633
https://doi.org/10.1126/science.189.4201.419
https://doi.org/10.1016/j.gr.2018.03.002
https://doi.org/10.1016/j.gr.2018.03.002
https://doi.org/10.1130/GES00223.1
https://doi.org/10.1080/00206811003783364
https://doi.org/10.1080/00206811003783364
https://doi.org/10.1007/s00126-012-0407-6
https://doi.org/10.1007/s00126-012-0407-6
https://doi.org/10.1016/j.tecto.2012.01.022
https://doi.org/10.1016/j.tecto.2012.01.022
https://doi.org/10.1016/j.epsl.2016.11.036
https://doi.org/10.1016/j.epsl.2016.11.036
https://doi.org/10.1130/G30234.1
https://doi.org/10.1130/G30234.1
https://doi.org/10.1111/j.1365-246X.2006.02920.x
https://doi.org/10.1111/j.1365-246X.2006.02920.x
https://doi.org/10.1007/s00531-017-1561-y
https://doi.org/10.1007/s00531-017-1561-y
https://doi.org/10.1016/j.epsl.2017.07.046
https://doi.org/10.1016/j.epsl.2017.07.046
https://doi.org/10.1016/j.jseaes.2005.02.004
https://doi.org/10.1016/j.jseaes.2005.02.004
https://doi.org/10.1016/S0012-821X(96)00201-4
https://doi.org/10.1016/S0012-821X(96)00201-4
https://doi.org/10.1016/j.jog.2008.09.003
https://doi.org/10.1016/j.jog.2008.09.003
https://doi.org/10.1016/j.jsg.2009.04.003
https://doi.org/10.1016/j.jsg.2009.04.003
https://doi.org/10.1144/0016-76492010-092
https://doi.org/10.1144/0016-76492010-092
https://doi.org/10.1002/2014TC003660
https://doi.org/10.1016/j.marpetgeo.2003.07.006
https://doi.org/10.1016/j.marpetgeo.2003.07.006
https://doi.org/10.1017/S0016756811000410
https://doi.org/10.1017/S0016756811000410
https://doi.org/10.1016/j.jseaes.2003.11.007
https://doi.org/10.1016/j.jseaes.2003.11.007
https://doi.org/10.1016/j.jseaes.2007.02.004
https://doi.org/10.1016/j.jseaes.2007.02.004
https://doi.org/10.1016/j.jseaes.2007.07.004
https://doi.org/10.1016/j.jseaes.2007.07.004
https://doi.org/10.1016/j.jsg.2005.05.010
https://doi.org/10.1016/j.jsg.2005.05.010
https://doi.org/10.1007/BF00375217
https://doi.org/10.1007/BF00375217
https://doi.org/10.1111/bre.12499
https://doi.org/10.1029/2010TC002809
https://doi.org/10.1029/2010TC002809
https://doi.org/10.1016/S0012-821X(99)00047-3
https://doi.org/10.1016/S0012-821X(99)00047-3
https://doi.org/10.1017/S0016756800058787
https://doi.org/10.1017/S0016756800058787
https://doi.org/10.1016/j.lithos.2013.07.017
https://doi.org/10.1016/j.lithos.2013.07.017


GholamiZadeh et al.

18 Geological Society of America Bulletin, v. 130, no. XX/XX

Geosciences, v. 3, p. 499–513, https://doi .org/10.1007/
s12517-010-0209-z.

Yilmaz, Y., 1993, New evidence and model on the evolution 
of the southeast Anatolian orogen: Geological Society 
of America Bulletin, v. 105, p. 251–271, https://doi 
.org/10.1130/0016-7606(1993)105<0251:NEAMOT
>2.3.CO;2.

Zhang, Z.Y., Xiao, W.J., Majidifard, M.R., Zhu, R.X., Wan, 
B., Ao, S.J., Chen, L., Rezaeian, M., and Esmaeili, R., 
2017, Detrital zircon provenance analysis in the Za-
gros Orogen, SW Iran: Implications for the amalgama-
tion history of the Neo-Tethys: International Journal 

of Earth Sciences, v. 106, p. 1223–1238, https://doi 
.org/10.1007/s00531-016-1314-3.

Zhang, Z.Y., Xiao, W.J., Ji, W., Majidifard, M.R., Rezaeian, 
M., Talebian, M., Xiang, D., Chen, L., Wan, B., Ao, S., 
and Esmaeili, R., 2018, Geochemistry, zircon U-Pb and 
Hf isotope for granitoids, NW Sanandaj-Sirjan zone, 
Iran: Implications for Mesozoic-Cenozoic episodic 
magmatism during Neo-Tethyan lithospheric subduc-
tion: Gondwana Research, v. 62, p. 227–245, https://
doi .org/10.1016/ j.gr.2018.04.002.

Zuffa, G., 1985, Optical analyses of arenites: Influence of 
methodology on compositional results, in Zuffa, G.G. 

eds., Provenance of arenites: NATO Advanced Study In-
stitute, v. 148, p. 165–189, https://doi .org/10.1007/978-
94-017-2809-6_8.

Science Editor: Rob Strachan
Associate Editor: Erdin Bozhurt

Manuscript Received 25 October 2020
Revised Manuscript Received 16 July 2021
Manuscript Accepted 1 September 2021

Printed in the USA

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35950.1/5460278/b35950.pdf
by Nanjing University user
on 13 November 2021

https://doi.org/10.1007/s12517-010-0209-z
https://doi.org/10.1007/s12517-010-0209-z
https://doi.org/10.1130/0016-7606(1993)105<0251:NEAMOT>2.3.CO;2
https://doi.org/10.1130/0016-7606(1993)105<0251:NEAMOT>2.3.CO;2
https://doi.org/10.1130/0016-7606(1993)105<0251:NEAMOT>2.3.CO;2
https://doi.org/10.1007/s00531-016-1314-3
https://doi.org/10.1007/s00531-016-1314-3
https://doi.org/10.1016/j.gr.2018.04.002
https://doi.org/10.1016/j.gr.2018.04.002
https://doi.org/10.1007/978-94-017-2809-6_8
https://doi.org/10.1007/978-94-017-2809-6_8

	Constraining the timing of Arabia-Eurasia collision in the Zagros orogen by sandstone provenance (Neyriz, Iran)
	ABSTRACT
	INTRODUCTION
	GEOLOGICAL SETTING
	The Urumieh–Dokhtar Magmatic Arc
	Sanandaj-Sirjan Zone
	Zagros Crush Zone
	Zagros Simply Folded Belt
	Tectonostratigraphic History of Zagros Orogen

	SAMPLES AND METHODS
	CENOZOIC STRATIGRAPHY OF THE ZAGROS CRUSH ZONE
	Upper Cretaceous-Paleocene Strata
	Paleocene-Eocene Strata

	RESULTS
	Miocene-Pliocene Strata
	5.1. Upper Cretaceous-Paleocene Sandstones (Zagros Crush Zone)
	Petrography
	Zircon U-Pb Ages and Hf Isotopes

	5.2. Paleocene-Lower Eocene Sandstones (Sanandaj-Sirjan Zone)
	Petrography
	Zircon U-Pb Ages and Hf Isotopes

	5.3. Miocene to Pliocene Sandstones
	Petrography
	U-Pb Zircon Ages from the Lower Miocene Mishan Formation
	U-Pb Zircon Ages from the Upper Miocene Aghajari Formation
	U-Pb Zircon Ages from the Lower Pliocene Bakhtyari Formation
	Hf Isotopes


	PROVENANCE INTERPRETATION
	Upper Cretaceous-Paleocene Sandstones (Zagros Crush Zone)
	Paleocene-Lower Eocene Sandstones (Sanandaj-Sirjan Zone)
	Miocene to Pliocene Sandstones
	Ophiolite Provenance through Time
	Upper Plate Provenance through Time

	TIMING OF CONTINENTAL COLLISION
	CONCLUSIONS
	REFERENCES CITED
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Table 1
	Table 2
	Table 3




