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Abstract Apatite (U‐Th)/He (AHe) thermochronometric results are integrated with geologic cross
sections, structural relationships, and stratigraphic data to reconstruct the growth of the NW Zagros
orogenic belt in the Kurdistan region of Iraq. Prolonged exhumation is documented across the belt with
deformation advances and retreats from ~14 Ma onward. After in‐sequence propagation of deformation
during middle to late Miocene times, preserved growth strata and AHe data show a deformation retreat by
latest Miocene time (~5 Ma). In the NW Zagros, the Phanerozoic succession contains two principal
décollements in Lower Triassic and middle Miocene units. The Triassic strata are interpreted as the main
décollement for a thin‐skinned system that was dominant during most of the Cenozoic. By ~8–5 Ma, the
fold‐thrust belt shifted to basement‐involved deformation in association with growth of the mountain
front flexure and reactivation of frontal structures. The shift from thin‐skinned to a hybrid thin‐ and
thick‐skinned mode of shortening may reflect variations in the mechanical behavior of the upper crust and
the presence of inherited basement discontinuities. On the basis of two NE‐SW balanced cross sections
spanning the NWZagros, the estimated total minimum horizontal shortening is ~18.2 km (6%) in the central
and ~16 km (7%) in the southern sectors of the Kurdistan region of Iraq. These findings suggest that the
evolution of the NW Zagros orogenic belt was likely driven by the mechanical stratigraphy of the
sedimentary cover, inherited basement discontinuities, and the dynamic and thermomechanical effects of
potential slab breakoff and lithospheric mantle delamination events.

1. Introduction

The architectural evolution of contractional mountain belts in large part relates to temporal and spatial
interplay between thin‐skinned or thick‐skinned style of deformation. Whereas thin‐skinned shortening
of sedimentary cover strata involves multiple fold‐thrust structures detached above crystalline basement
along a single or composite regional décollement, thick‐skinned shortening is accommodated chiefly by dis-
placement along deeply rooted, crustal‐scale faults that penetrate crystalline basement (e.g., Chapple, 1978;
Coward, 1983; Lacombe et al., 2016; Molinaro et al., 2005; Pfiffner, 2006, 2016, 2017). Previous studies
showed that thin‐skinned shortening generally involves large magnitude of tectonic transport accommo-
dated through a series of faults with ramp‐flat geometries and considerable duplexing in association with
a forward breaking, in‐sequence pattern of deformation. In contrast, thick‐skinned belts are characterized
by lower amounts of total shortening, duplexing with greater basement involvement, and a common associa-
tion with either less systematic or out‐of‐sequence deformation (e.g., Butler et al., 2004; Kley, 1996; Lacombe
& Bellahsen, 2016; Morley, 1988; Stuart et al., 2011). As contractional orogens grow, deformation commonly
propagates from internal hinterland sectors toward the foreland often resulting in shortening within the
sedimentary foreland basin, leading to systematic migration of depozones (DeCelles & Coogan, 2006;
DeCelles & Giles, 1996). This deformation in the foreland could be achieved by purely thin‐skinned
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structures restricted to the sedimentary cover or by combined thin‐ and thick‐skinned deformation, also
involving discrete basement structures (e.g., Fuentes et al., 2016; Lacombe & Mouthereau, 2002; Vergés,
Goodarzi, et al., 2011). These contrasting tectonic styles often vary in time and space within individual oro-
genic systems, potentially leading to complex and contrasting deformational histories for sedimentary cover
and crystalline basement (Madritsch et al., 2008). Natural examples show spatial variations in style both
along and across strike, with irregular patterns and degrees of basement involvement (e.g., North
American Cordillera, Andean orogenic belt; DeCelles, 2004; Dickinson, 2004; Horton, 2018a; Kley
et al., 1999; Lacombe & Bellahsen, 2016; Lacombe & Mouthereau, 2002; Ramos et al., 2004; Yonkee &
Weil, 2015). Furthermore, the timing and advances of foreland deformation also commonly show nonsyste-
matic variations as illustrated in the Sierras Pampeanas of the Andean foreland, Jura Mountains of the wes-
tern Alpine foreland, or the Dezful embayment of the central Zagros Mountains (e.g., Ahmadhadi et
al., 2007, 2008; Horton, 2018b; Lacombe & Bellahsen, 2016; Lacombe & Mouthereau, 2002; Madritsch
et al., 2008; Nemčok et al., 2013; Vergés et al., 2007; Vergés, Goodarzi, et al., 2011).

Accurately depicting the tectonic styles of contractional orogenic belts is essential for economic explora-
tion and seismic hazard mitigation, particularly in regions known for prolific hydrocarbon reserves and
active seismicity such as the Zagros fold‐thrust belt (Butler et al., 2004; Lacombe & Bellahsen, 2016).
Identification of the degree and timing of basement involvement helps elucidate the timing of hydrocar-
bon migration and the spatial distribution of petroleum systems in terms of their construction and
destruction (Kendall et al., 2019). For instance, inaccurate considerations of stacked thrust sheets of sedi-
mentary cover rocks via duplexing versus basement‐involved deformation could lead to incorrect interpre-
tations and predictions of petroleum plays (e.g., Cooper & Warren, 2010). Constraining the timing of
individual structures and the overall temporal progression of the fold‐thrust belt growth is critical for eval-
uating petroleum system processes, including the assessment of relative timing of structural traps forma-
tion and hydrocarbon generation and migration that could substantially reduce exploration risks (Butler
et al., 2004; Mora et al., 2010). Moreover, constraining the subsurface architecture of a fold‐thrust belt
in terms of thin‐ or thick‐skinned geometries can help with the identification of seismogenic fault zones.
In the Zagros, faults within the basement appear to have been associated with large earthquakes, such as
the 2017 Mw7.3 NW Zagros earthquake, and therefore to be more destructive than faults confined to the
sedimentary cover (Barnhart et al., 2018; Berberian, 1995; Nissen et al., 2019; Talebian & Jackson, 2004;
Tavani, Corradetti, et al., 2018).

The Zagros fold‐thrust belt, with its topographically front delineated by the mountain front flexure (MFF),
extends from southeastern Turkey through Iraq to southern Iran (Figure 1). It has been subdivided from
NW to SE into the Kirkuk embayment, Lurestan salient, Dezful embayment, and Fars salient (Alavi,
1994; Berberian, 1995; Berberian & King, 1981; Emami et al., 2010; Falcon, 1961; Hessami et al., 2001;
Koop & Stoneley, 1982). This study focuses on the NW segment of the Zagros fold‐thrust belt, along the
Kirkuk embayment in the Kurdistan region of Iraq (Figures 1 and 2). Fundamental questions persist con-
cerning the dominant structural architecture, thin‐ versus thick‐skinned geometries, and the timing and
sequence of deformation. In the Zagros of Iran, a thin‐skinned ramp‐flat architecture has been suggested
(McQuarrie, 2004) with a sequential forward (southwestward) advance of the deformation (Hessami
et al., 2001). However, others invoke a hybrid thin‐ and thick‐skinned style of shortening (Allen et al., 2013;
Leturmy et al., 2010; Mouthereau et al., 2006; Mouthereau, Lacombe, et al., 2007; Mouthereau, Tensi,
et al., 2007; Oveisi et al., 2009; Sherkati et al., 2006), involving either in‐sequence (Saura et al., 2015;
Vergés, Goodarzi, et al., 2011) or out‐of‐sequence deformation (Blanc et al., 2003; Molinaro, Leturmy,
et al., 2005). In the Kurdistan region of Iraq, regional cross sections of the fold‐thrust belt and adjacent
foreland variably show thin‐skinned (Hinsch & Bretis, 2015) or hybrid thin‐ and thick‐skinned geometries
(de Vera et al., 2009; Le Garzic et al., 2019; Tozer et al., 2019; Zebari et al., 2020). Whereas others solely
focused on the uppermost sedimentary cover with no interpretation of structures below Jurassic strata
(e.g., Frehner et al., 2012; Reif et al., 2011). For a cross section of the study area to be properly balanced, it
has to honor all structural geometries and be retrodeformable and restorable to the unreformed state with
preservation of bed length or cross sectional area (Dahlstrom, 1969; Woodward et al., 1989). Whereas these
aforementioned cross sections provide insights on structural style and the difficulties in subsurface struc-
tural interpretations, they have some shortcomings, such as a lack of a Triassic shale décollement level
and intraforeland structures; unidentified fold and fault kinematics (de Vera et al., 2009); impermissible
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amounts of shortening in frontal structures (Hinsch & Bretis, 2015); mismatch between basement and cover
shortening; or unclear accommodation of basement shortening in the sedimentary cover during late‐stage
deformation with apparently limited shortening in surface structures (Le Garzic et al., 2019, Figures 9e
and 10d; Tozer et al., 2019). Further limitations include the assumption of continuous high‐angle crustal‐

Figure 1. Regional tectonic map of the Middle East showing key tectonic elements and the Zagros orogenic belt, including the NW Zagros segment in the
Kurdistan region of Iraq (Kirkuk embayment), basement‐rooted faults of the Arabian plate, basement highs (arches), and the Pan‐African basement exposure,
plotted on a shaded relief map (ASTER Global Digital Elevation Map (GDEM) v.2, 2011). Tectonic features are compiled from: Ameen, 1992; Authemayou
et al., 2006; Burberry, 2015; de Lamotte et al., 2011; English et al., 2015; Jassim & Buday, 2006; Konert et al., 2001; Vergés, Goodarzi, et al., 2011;
Wrobel‐Daveau et al., 2010; Ziegler, 2001. Arrow vectors represent GPS‐derived plate motion velocities of the Arabia and Anatolia relative
to Eurasia (Authemayou et al., 2006).
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scale fault ramps beyond the seismogenic depth of brittle deformation (~25–30 km) (Abdulnaby et al., 2014;
Engdahl et al., 2006; Karasözen et al., 2019; Nissen et al., 2019) to explain surface uplift (Tozer et al., 2019).
Additionally, the mode of deformation advance has also been debated. Deformation propagation into the
foreland has mainly been interpreted as an in‐sequence process that advanced systematically from

Figure 2. (a) Phanerozoic stratigraphic column showing the age, lithology, and nomenclature for the principal stratigraphic units (after English et al., 2015) for
NW Zagros orogenic belt in the Kurdistan region of Iraq. Continuous red lines represent principal décollement levels, and the dashed red lines represent less
influential décollement levels. (b) Regional geologic map for the NW Zagros orogenic belt in Iraq and adjacent territories of Iran and Turkey (modified
from Alavi, 1991; Fouad, 2015; Gunay & Senel, 2002; Haghipour, 2009; Haghipour & Aghanabati, 1989; Ma'ala, 2008; Obaid & Allen, 2017;
Sissakian, 1997, 2000) with location of samples and traces of balanced cross sections.
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internal to external portions of the fold‐thrust belt on the basis of the spatial distribution of unconformities
(Lawa et al., 2013) and 2‐D restorations incorporating structural and burial/erosion constraints (Le Garzic et
al., 2019). However, Koshnaw et al. (2017) proposed a temporally more complex kinematic evolution
involving out‐of‐sequence basement‐involvement on the basis of surface geologic constraints, provenance
sigantures, and low‐temperature thermochronometry.

In this paper, we build upon past understanding of the NW Zagros in the Kurdistan region of Iraq by explor-
ing the temporal and spatial interplay between thin‐ and thick‐skinned deformation. We seek to unravel the
magnitude and timing of shortening, and evaluate how the fault systems evolved through time to accommo-
date shortening in the basement and the sedimentary cover. Figure 3 illustrates the timing differences
between propagation as a thin‐skinned in‐sequence shortening versus thick‐skinned out‐of‐sequence short-
ening in the NWZagros. In order to document the temporal and spatial evolution of shortening deformation,
we present new apatite (U‐Th)/He low‐temperature thermochronometry data from the principal fold and
thrust structures, integrated with field observations and seismic reflection profiles, and two restored
balanced cross sections across the central and southern segments of the NW Zagros in the Kurdistan region
of Iraq. These new results provide new insights into the broader geodynamic processes and mechanisms of
mountain building in collisional orogens such as the Zagros.

Figure 3. Conceptual diagram illustrating alternative models of deformation for the NW Zagros orogenic belt by
thin‐skinned, in‐sequence deformation (left) and thick‐skinned, out‐of‐sequence deformation (right), each model
with its characteristic deformation in space and time.
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2. Background
2.1. Tectonostratigraphic Summary

The Zagros fold‐thrust belt and foreland basin are the product of the Cenozoic Arabia‐Eurasia collision
(Beydoun, 1993; Dercourt et al., 1986; Stampfli et al., 2013; Stampfli & Borel, 2002). The Phanerozoic strati-
graphic record in the Zagros (Figure 2a) reaches ~12 km in the Kirkuk and Dezful embayments (~6 km in
Fars and Lurestan arcs) and covers crystalline Neoproterozoic juvenile crust and accreted Pan‐African
terranes of the Arabian basement that were accreted during the collision of East and West Gondwana in
the East‐African Orogeny (Alavi, 2007; Peterson & Wilson, 1986, in Alsharhan & Nairn, 1997; Konert
et al., 2001; Stern & Johnson, 2010).

After cessation of East‐African Orogeny (~580 Ma), the newly formed crystalline basement underwent
strike‐slip deformation (~550 Ma) followed by rifting of the Cimmerian terrane away from the NE margin
of Gondwana during the late Permian to Early Triassic (~250 Ma), resulting in the opening of the
Neotethys Ocean. The structural imprints of these events in the basement are evidenced by the N‐S
Nabitah, NW‐SE Najid, and NE‐SW transverse faults, respectively (Figure 1) (Alavi, 2007; Edgell, 1996;
Jassim & Buday, 2006; Stern & Johnson, 2010; Talbot & Alavi, 1996). This inherited basement structural fab-
ric substantially influenced later sedimentation, depositional facies, and stratigraphic thicknesses, such as
the Eo‐Cambrian Hormuz salt, as well as regional patterns of deformation and hydrocarbon accumulation
(Ahmadhadi et al., 2007; Alavi, 2007; Ameen, 1991a; Ameen, 1992; Bahroudi & Talbot, 2003;
Beydoun, 1993; Burberry, 2015; Edgell, 1996; Sepehr et al., 2006; Sepehr & Cosgrove, 2005; Stewart, 2018).

After Neotethys opening, the NE margin of Arabia developed into a Mesozoic passive margin characterized
by deposition of shale, carbonate, and evaporite rocks upon the previously rifted margin (Aqrawi et al., 2010;
English et al., 2015; Koop & Stoneley, 1982; Sharland et al., 2001; Stampfli & Borel, 2002; Ziegler, 2001).
During the Mesozoic, Permo‐Triassic rift‐related troughs in northern Arabia experienced further extension
and thermal subsidence, possibly due to slab pull associated with northward subduction of Neotethyan ocea-
nic crust (Brew et al., 2001; Lovelock, 1984). These depressions were filled with marine deposits (Aqrawi
et al., 2010; English et al., 2015; Fouad & Nasir, 2009) and by Maastrichtian‐Paleocene time, were selectively
inverted due to far‐field stresses linked to relative plate motion changes of Africa, resulting in regional com-
pression and inversion throughout North Africa and Arabia as well as ophiolite obduction (Bosworth
et al., 1999, 2008; Brew et al., 2001, 2003; Chaimov et al., 1992; Fouad, 2007; Fouad & Nasir, 2009).

During the Maastrichtian, the intraoceanic convergent margin within the Neotethyan ocean reached the
NE margin of the Arabian plate, leading to ophiolite obduction onto the Arabian continental margin, and
initiation of the proto‐Zagros foreland basin (Barber et al., 2018, 2019; Farahpour & Hessami, 2012;
Homke et al., 2009; Lovelock, 1984; Saura et al., 2011). In response, a thick (locally >2 km) package of
deep‐marine clastic sediments (Tanjero Formation; equivalent to Amiran Formation in Iran) was depos-
ited in a flexural basin, sourced from obducted ophiolites and older carbonate rocks to the NE (Ali &
Mohmmad, 2018; Bellen et al., 1959; Çelik & Salih, 2018; Karim & Surdashy, 2005a; Koshnaw et al., 2017;
Lawa, 2018). Flexural subsidence in proto‐Zagros foreland basin continued into the Paleogene with
deposition of the Kolosh and Gercus Formations and their equivalents in the Amiran basin of the
Lurestan segment in Iran (Barber et al., 2018; Saura et al., 2011). In the Kurdistan region of Iraq, deposits
of the proto‐Zagros foreland basin were covered by Eocene lagoonal shallow‐marine carbonate of the
Pila‐Spi Formation, followed by an Oligocene unconformity (Aqrawi et al., 2010; English et al., 2015).
During the Neogene, mixed clastic‐carbonate‐evaporite deposits of the lower/middle Miocene Fatha
Formation regionally overlay these older strata. Deposition of the Fatha Formation was succeeded by
up to ~4–5 km late Miocene and younger disposition of the synorogenic clastic nonmarine fluvial succes-
sion of the Injana, Mukdadiya, and Bai‐Hasan Formations, accompanying the accelerated Zagros shorten-
ing (Dunnington, 1958; Koshnaw et al., 2017, 2020).

2.2. Mechanical Stratigraphy

The thick Phanerozoic succession of the Arabian margin and platform involved in the Zagros contains sev-
eral mechanically stiff (e.g., carbonate rocks) and weak (e.g., evaporites and shale) layers (Figure 2a). In Iran,
the broad distribution of the ~0.5–2 km thick Eo‐Cambrian Hormuz salt at the base of the Phanerozoic
succession strongly influenced the style of shortening, largely decoupling basement from cover
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deformation (Alavi, 2007; Bahroudi & Koyi, 2004; Kent, 1979; McQuarrie, 2004). In the Lurestan segment,
the Hormuz salt may be absent but an equivalent shale likely formed an important décollement
(Alavi, 2007; Vergés, Goodarzi, et al., 2011). Similar to the Lurestan segment, in the study area of the NW
Zagros in Iraq, the regional Hormuz salt appears to be absent, thus promoting stronger coupling between
the basement and sedimentary cover rocks (Ameen, 1991a; Bahroudi & Koyi, 2003; Kent, 2010; Talbot &
Alavi, 1996). The oldest exposed unit in Iraq is the Upper Ordovician Khabour Formation, although the
Zap and Çukurca anticlines in southeastern Turkey contain Neoproterozoic (Sadan/Zabuk Formation),
Cambrian (Koruk Formation), and Orodovician rocks (Seydişehir, Şort Tepe, and Bedinan Formations)
(Al‐Bassam, 2010; Bellen et al., 1959; Cater & Tunbridge, 1992; Ghienne et al., 2010; Janvier et al., 1984).
Based on unit thicknesses in northern Iraq and southeastern Turkey, the Neoprotereozic through
Paleozoic sections have an estimated composite thickness of 4–5 km. Based on gravity and magnetic data
for western Iraq, estimations of the depth‐to‐basement require a comparable thickness of the Paleozoic
and older rocks (Najar, 1999, in Al‐Hadidy, 2007).

Within the Mesozoic passive‐margin succession, other relatively mechanically weak formations include the
Lower Triassic Mirga Mir (marly limestone and shale, 200 m) and Beduh (shale andmarl, 65 m) Formations,
the Upper Triassic Kurra Chine (limestone and shale, 834 m) and Baluti (shale and marl, 65 m) Formations,
and the Jurassic Sargelu (limestone and shale, 115 m) and Chia Gara (limestone and shale, 200 m)
Formations (Bellen et al., 1959). The Upper Cretaceous Tanjero Formation of the proto‐Zagros basin varies
from NE to SW, from a ~2,000 m thick succession of conglomerate, sandstone, and siltstone to a ~500 m sec-
tion of shale, marl, and limestone (Abdel‐Kireem, 1986; Ahmed et al., 2016; Bellen et al., 1959; Karim &
Surdashy, 2005b; Lawa, 2018), followed by the Paleogene Kolosh (shale, fine sandstone, 780 m) and
Gercus (shale, marl, mudstone, 840m) Formations (Bellen et al., 1959). Up section, the Neogene Zagros fore-
land basin contains the incompetent Fatha (Lower Fras) Formation (mixed clastic‐carbonate–evaporite,
~600 m) that is widely distributed in the NW Zagros (Aqrawi et al., 2010; Koshnaw et al., 2020; Shawkat
& Tucker, 1978).

In brief, the stratigraphic record of the NW Zagros in the Kurdistan region of Iraq is characterized by multi-
ple weak layers of differing lithologies, thicknesses, and lateral distributions. Importantly, however, lack of a
weak decollement horizon at the Precambrian‐Paleozoic transition suggests in principle a stronger coupling
between the Paleozoic sedimentary cover and the basement compared to the Zagros of Iran. Such vertical
and lateral variations in mechanical stratigraphy within the rock column are critical for the development
of structures and the overall architecture of the fold‐thrust belts (Bahroudi & Koyi, 2003; Butler &
McCaffrey, 2004; Casciello et al., 2009; Cawood & Bond, 2018; Cotton & Koyi, 2000; Dunnington, 1968;
Farzipour‐Saein et al., 2009; Lee et al., 2018; O'Brien, 1957; Vergés, Saura, et al., 2011; Yamato et al., 2011).

2.3. Structural Framework

On the basis of deformation intensity, structural style, mechanical stratigraphy, and surfacemorphology, the
study area is divided into five structural zones: the Zagros Suture zone, Imbricate zone, High Folded zone,
Low Folded zone, and the Mesopotamian foredeep (Fouad, 2015) (Figures 1 and 2). These zones are sepa-
rated by the Main Zagros fault (MZF), High Zagros fault (HZF), Mountain Front Flexure (MFF), and
Zagros Deformation Front, respectively (Figure 2b). The Suture zone is characterized by intensely sheared
allochthonous sheets of metamorphic and ophiolitic rocks. The Imbricate zone includes narrowly spaced
anticlines and synclines cut by SW‐vergence imbricate thrust faults (e.g., Tanun and Zozik anticlines;
Figure 2b). The anticlines of the High Folded Zone are mostly large‐amplitude box folds, accompanied by
significant changes in structural level and topographic relief. The Low Folded zone contains more widely
spaced structures and broad synclines. The Mesopotamian foredeep preserves the entire Phanerozoic strati-
graphic succession of the Arabian platform and shows limited surface deformation, but buried structures
have been inferred from reflection seismic and gravity data (Fouad, 2014, 2015; Mohammed, 2006).
Generally, most shortening structures in the NW Zagros High Folded Zone are SW‐verging, with fold wave-
lengths of 5–10 km (median = 7.4 km) and amplitudes <2.5 km, showing linear to curvilinear hinge lines
generated by lateral fold propagation (Fouad, 2014; Le Garzic et al., 2019; Reif et al., 2012; Zebari &
Burberry, 2015). In contrast, structures near Mosul and Duhok area of the northwestern‐most Zagros, exhi-
bit both SW andNE vergence (Numan and Al‐Azzawi, 1993). Studies of High Folded Zone structures suggest
that most folds are concentric, upright box folds that represent detachment‐folds and minor/occasional
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fault‐related folds (e.g., Awdal et al., 2013; Balaki & Omar, 2019; Fouad, 2014; László et al., 2012; Omar
et al., 2015; Omar & Othman, 2018; Omar & Syan, 2016; Reif et al., 2012; Sapin et al., 2017; Zebari &
Burberry, 2015).

3. Apatite (U‐TH)/He Thermochronometry

This study employed structurally integrated low‐temperature apatite (U‐Th)/He (AHe) thermochronometry
to constrain the timing of faulting and folding. AHe dating has been widely applied in structural and geo-
morphic studies to define the timing of faulting and erosional exhumation (e.g., Anderson et al., 2018;
Ehlers & Farley, 2003; Fosdick et al., 2015; Gavillot et al., 2010; Levina et al., 2014; Lock & Willett, 2008;
McQuarrie & Ehlers, 2017; Mackaman‐Lofland et al., 2020; Stockli et al., 2000). The technique is based on
radiogenic ingrowth of 4He from the radioactive decay of 238U, 235U, 232Th, and 147Sm. Apatite is character-
ized by a low He closure temperature of ~70° ± 10°, making it sensitive to faulting and exhumation in the
uppermost crust (Farley, 2000, 2002; Farley & Stockli, 2002; Stockli et al., 2000). Above ~80°, He is lost from
apatite by thermally activated volume diffusion, as modulated by radiation damage, but He is completely
retained below ~40°C—a temperature window known as the Partial Retention Zone (HePRZ) (Flowers
et al., 2009; Reiners & Brandon, 2006; Shuster et al., 2006; Stockli et al., 2000; Wolf et al., 1996).

3.1. Analytical Method

For this study, apatite grains were separated from rock samples following standard mineral separation pro-
cedures including crushing/grinding, water table, magnetic separation, and heavy liquid separation. From
each sample, 3–7 inclusion‐free apatite grains were selected (except samples 14KRD‐356 and 12KRD‐149,
only two grains were picked from each due to scarcity of suitable grains) with consideration to their shape
and size (60–100 μm in width) and packed as single‐grain aliquots in platinum tubes. Individual aliquots
were degassed at 1020°C for 5 min using a diode laser and the released 4He measured by a quadrupole mass
spectrometer. Aliquots were reheated and reextracted to ensure all He was released. After He analysis, the
aliquots were spiked with 230Th, 235U, and 149Sm, dissolved in 30% HNO3, and analyzed by inductively
coupled plasma mass spectrometry (ICP‐MS) to determine concentrations of 238U, 235U, 232Th, and 147Sm.
For quality control purposes, Durango apatites (31.02 ± 0.22 Ma; McDowell et al., 2005) were analyzed as
well as procedure standards. The Ft correction was applied to all grains (Cooperdock et al., 2019; Farley
et al., 1996; Farley & Stockli, 2002). All reported errors are 6% (2σ) of age, based on lab internal standard
reproducibility. In this study, the reported sample ages represent the arithmetic mean of the aliquots with
their corresponding standard error. All data were analyzed at the UTChron laboratories at the University
of Texas at Austin.

3.2. Sampling Strategy

Samples were collected from key structures to determine the timing of exhumation and growth of the NW
Zagros. Where possible, the sampling strategy involved collection of medium‐ to coarse‐grained sandstone
samples throughout a stratigraphic succession to detect the level of HePRZ and facilitate the determination
of fully reset samples (Ehlers & Farley, 2003; Stockli et al., 2000) (Figures 2 and 4). AHe data for 36 new
samples are reported in this study, mainly from the central part of the study area (Erbil transect;
Figure 2b), with two samples with <2 single‐grain aliquots were excluded from the interpretation
(12KRD‐151 and 14KRD343). The new data are integrated with previously published AHe results from
the Sulaimani area (Figure 2b; Koshnaw et al., 2017). Most samples were collected from synorogenic
Neogene foreland basin deposits of the Fatha (Lower Fars), Injana (Upper Fars), Mukdadiya (Lower
Bakhtiari), and Bai‐Hasan (Upper Bakhtiari) Formations, with samples gathered from the proto‐Zagros
foreland basin strata of the Tanjero and Kolosh Formations. Additionally, samples were analyzed
from the Govanda overlying Merga Red Bed units, and the Naopurdan and Walash Groups
(middle Eocene‐Oligocene; Al‐Banna & Al‐Mutwali, 2008; Ali et al., 2013) in the thrust belt interior near
the Zagros Suture and Imbricate zones.

Along the Erbil transect (Figure 2), samples were collected from a traverse encompassing the different tec-
tonic provinces of the NW Zagros from above the Main Zagros fault, the Imbricate zone, the High Folded
zone near the Kurak anticline, to the Dinarta and Mirawa synclines internal to the Mountain Front
Flexure (MFF). Along the MFF, samples were collected along the SW limbs of the Pirat, Piramam, and
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Figure 4. Stratigraphic plot of apatite (U‐Th)/He results for sites that have more than two samples. The yellow circles
stand for arithmetic mean of the samples with their corresponding standard error, and the gray open circles stand for
single‐grain aliquots. Colored boxes represent stratigraphic ages.

10.1029/2019TC005865Tectonics

KOSHNAW ET AL. 9 of 37

 19449194, 2020, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2019T

C
005865 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [22/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Binabawe anticlines. From the Low Folded zone, samples were collected on the eastern segment of the
Kirkuk fault hanging wall (Khurmala dome) and NE limb of the Qarachugh anticline. Along the
Sulaimani traverse, two new samples are presented: from the NE limb of Azmar anticline (12KRD‐125) in
the Imbricate zone and near the Sangaw anticlines (12KRD‐123) in front of the MFF.

3.3. Apatite (U‐Th)/He Results and Interpretations

Mean AHe ages for each sample were plotted against stratigraphic levels for each of the structure to identify
the inflection points of the individual data arrays. These inflection points were used to determine whether
samples were fully thermally reset, partially reset, or not reset (i.e., retaining detrital ages) and hence to pin-
pointing the timing of rapid cooling and exhumation (Harrison & Zeitler, 2005; Stockli et al., 2000). For
example, samples with AHe ages invariant with stratigraphic level and younger than the depositional age
were considered to be thermally reset (e.g., Carrapa et al., 2011; Mackaman‐Lofland et al., 2020).
3.3.1. Erbil Transect
3.3.1.1. Main Zagros Fault
A sample from the middle Miocene Merga Red Bed unit (13KRD‐243) below the NW segment of the Main
Zagros fault (MZF) yielded a thermally reset age of 6.0 ± 0.6 Ma (n = 5; n: number of grains). This unit rests
conformably on limestone beds of the early to middle Miocene (Burdigalian‐Langhian; 20.4–13.8 Ma)
Govanda Formation (Jassim et al., 2006). Along strike, a sample above the MZF from the Oligocne
Naopurdan Group (14KRD‐362) gave a reset age of 3.5 ± 0.5 Ma (n = 5). At the same locality, three samples
(14KRD‐360: Govanda Formation; 14KRD‐361, 13KRD‐244: Merga Red Bed unit) below the fault zone
yielded ages of 3.8 ± 0.8 Ma (n = 3), 4.4 ± 0.6 Ma (n = 7), and 5.1 ± 0.4 Ma (n = 6), respectively
(Figures 2b, 4a, and 5). These AHe ages are significantly younger than the depositional ages of the rock units,
indicating fully reset samples (Figure 4). These results indicate a ~4.5 Ma exhumation age along the MZF at
this locality. Another sample above the MZF zone (14KRD‐332), from the middle Eocene Walash Group,
which is constrained by foraminiferal assemblages as Lutetian (47.8–41.2 Ma) in age (Al‐Banna &
Al‐Mutwali, 2008), exhibited a reset AHe age of 8.3 ± 0.9 Ma (n = 7).
3.3.1.2. Imbricate Zone
In the Imbricate zone, a sample (14KRD‐356) from the Maastrichtian Tanjero Formation
(Abdel‐Kireem, 1986) provided an AHe age of 8.2 ± 1.8 Ma (n = 2) (Figures 2b and 5). Along the SW limb of
Zozik anticline, another Tanjero sample (12KRD‐152) (Figures 2b and 5) and yielded an age of 6.7 ± 2.9 Ma
(n = 3). Both samples are considered reset, as their AHe ages are younger than the depositional age.
3.3.1.3. High Folded Zone
In the High Folded Zone, along the SW limb of Kurak anticline, a sample (12KRD‐149) from the
Paleocene‐lower Eocene Kolosh Formation (Bellen et al., 1959) gave a reset age of 8.5 ± 0.9 Ma (n = 2)
(Figures 2b and 5). Within the High Folded zone, from the Dinarta syncline behind the Mountain Front
Flexure, four samples from Neogene basin fill (Injana Formation: 14KRD‐355, 14KRD‐349, 14KRD‐351;
Bai‐Hasan Formation: 14KRD‐352) gave ages of 6.6 ± 1.0 Ma (n = 7), 12.1 ± 3.8 Ma (n = 3),
17.7 ± 2.0 Ma (n= 3), and 10.0 ± 1.4 (n= 7) Ma, respectively (Figures 2b, 4b, and 5). The lowest sample from
the Injana Formation (14KRD‐355) was considered to be reset, as the AHe age is younger than the deposi-
tional age (~12.4–8 Ma; Koshnaw et al., 2020). However, the other two samples from the Injana
Formation (14KRD‐349 and 14KRD‐351) are interpreted as partially reset to nonreset. The highest sample
with the Bai‐Hasan Formation is considered nonreset (detrital), as the AHe age is older than the depositional
age (<5 Ma; Koshnaw et al., 2020). From bottom to top, the AHe ages of these samples show a clear transi-
tion from reset to HePRZ to nonreset ages (Figure 4b). From the Mirawa syncline, within the High Folded
Zone, five samples were collected (Fatha Formation: 14KRD‐347; Injana Formation: 12KRD‐140, 13KRD‐
211, 13KRD‐214; Mukdadiya Formation: 12KRD‐161). The sample mean AHe ages were 8.1 ± 0.8 Ma
(n = 7), 9.9 ± 1.1 Ma (n = 7), 9.2 ± 2.4 Ma (n = 7), 12.8 ± 2.0 Ma (n = 6), and 11.7 ± 1.6 Ma (n = 7), respec-
tively. We interpret sample 14KRD‐347 with an AHe age of 8.1 ± 0.8 Ma from the middle Miocene Fatha
Formation (Bellen et al., 1959; Hawramy & Khalaf, 2013) to be reset, but the others are partially reset to non-
reset (Figures 2b, 4d, and 5).
3.3.1.4. Mountain Front Flexure
Four samples were collected near the MFF in the Bekhma gorge, along the SW limb of the Perat anticline
(Figure 4c). These samples (Gercus Formation: 14KRD‐340; Injana Formation 14KRD‐313; Mukdadiya
Formation: 14KRD‐345; Bai‐Hasan Formation: 14KRD‐346) yielded AHe ages of 5.1 ± 0.8 Ma (n = 3),
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7.1 ± 1.1 Ma (n = 5), 11.1 ± 1.4 Ma (n = 7), and 14.3 ± 3.0 Ma (n = 6), respectively. Samples 14KRD‐340
(Gercus Formation: middle Eocene; Bellen et al., 1959) and 14KRD‐313 (Injana Formation) are
interpreted as reset samples, whereas samples 14KRD‐345 (Mukdadiya Formation: ~8–5 Ma; Koshnaw
et al., 2020) and 14KRD‐346 (Bai‐Hasan Formation) are nonreset. Along strike, a nonreset sample from

Figure 5. Regional geologic map of the NW Zagros orogenic belt denoting the AHe ages and sample locations. The sample ages represent the arithmetic mean of
single‐grained aliquots with the corresponding standard error.
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the Mukdadiya Formation (12KRD‐136) yielded an age of 11.6 ± 1.7 Ma (n = 5). From the MFF‐related anti-
cline of Pirmam (Figure 2b), samples from the Injana (13KRD‐216), Mukdadiya (14KRD‐335), and
Bai‐Hasan (14KRD‐337) Formations yielded AHe ages of 11.5 ± 2.3 Ma (n = 6), 8.8 ± 1.3 Ma (n = 6), and
11.7 ± 1.5 Ma (n = 6), respectively (Figures 2b, 4e, and 5). The mean AHe age of sample 13KRD‐216 from
the Injana Formation is interpreted as partially reset and the others as nonreset, because their AHe ages
are older than their host formations. Adjacent to the Pirmam anticline, samples from the SW limb of
Binabawe anticline were collected from the Mukdadiya (13KRD‐240) and Bai‐Hasan (13KRD‐233,
13KRD‐234) Formations; the resulting AHe ages are 4.5 ± 0.5 Ma (n = 5), 10.4 ± 1.3 Ma (n = 7), and
10.7 ± 1.8 Ma (n = 7), respectively. The Mukdadiya sample (13KRD‐240) is interpreted to be reset, whereas
the others are nonreset (Figures 2b, 4f, and 5). In close proximity, a sample from the Injana Formation
(14KRD‐367) gave an AHe age of 6.2 ± 1.4 Ma (n = 5). This age is younger than the Injana depositional
age, and therefore interpreted as reset.
3.3.1.5. Low Folded Zone
In the Low Folded zone, along the frontal structures, two samples were collected and analyzed from the NW
segment of the Kirkuk fault (Khurmala dome) and Qarachugh anticline (Figures 2b and 5). In the Khurmala
dome, a sample from the Mukdadiya Formation (13KRD‐242) yielded an age of 10.5 ± 0.4 Ma (n = 5). In the
Qarachugh anticline, a sample from the Injana Formation (13KRD‐241) exhibited an age of 21.8 ± 3.1 Ma
(n = 5). Because these AHe ages are significantly older than the late Miocene depositional ages of the
Injana and Mukdadiya Formations, we interpreted them as nonreset samples.
3.3.2. Sulaimani Transect
Along the Sulaimani transect in the SE portion of the study area, two new samples were collected from the
Tanjero Formation near the Azmar anticline within the Imbricate zone (12KRD‐125) and from the Injana
Formation near the Sangaw‐North anticline within the Low Folded zone (12KRD‐123) (Figures 2b and 5).
The Maastrichtian Tanjero sample gave a fully reset AHe age of 8.7 ± 2.2 (n = 3), while the Miocene
Injana Formation near the Sangaw‐North anticline yielded an age of 9.8 ± 3.0 Ma (n = 4), which overlaps
its stratigraphic age and therefore interpreted as a partially reset sample. Along the Sulaimani transect, pre-
viously published AHe age results (Koshnaw et al., 2017) from samples near the MZF, MFF, and frontal
structures all showed reset ages of ~11, ~5, and ~8 Ma, respectively.

Collectively, these results from the Erbil and Sulaimani transects show the following: (i) multiple pulses of
exhumation along the MZF between ~11 and 4 Ma that appear to become younger toward the NW; (ii) pro-
longed exhumation in the HFZ and LFZ from ~10 Ma onward; and (iii) a major pulse of exhumation along
the MFF between the HFZ and LFZ by ~5 Ma (Figures 5 and 6a). Subdividing AHe ages for the NW Zagros
into reset and nonreset ages (excluding the partially reset samples) reveals that exhumation of the reset sam-
ples occurred mostly after ~10 Ma, whereas exhumation ages of the mostly nonreset samples are older
(Figure 6b).

4. Balanced Cross Sections
4.1. Methods

To investigate the interplay between the timing and style of shortening, two regional line length and area
balanced cross sections were constructed across the central (Erbil transect) and southern (Sulaimani
transect) sectors of the NWZagros in the Kurdistan region of Iraq (Figure 7). The sections were based on geo-
logicmaps (1:250,000, Sissakian, 1993, 1997; 1:1000,000, Sissakian, 2000; 1:250,000, Sissakian & Fouad, 2014;
Omar et al., 2015, Figure 1), published and proprietary seismic profiles where available (Shamaran
Petroleum Group, 2009, 2011; Garland et al., 2010, Figure 6; Kent, 2010, Figure 15; Fouad, 2012, Figure 5;
Min et al., 2012, Figure 3; Oil Search, 2012; Hayward, 2014; Allouche et al., 2015, Figure 3), and field
measurements and observations from this study in combination with bed attitudes calculated from publicly
available remote sensing image and digital elevation models (ArcGIS webscene and Google Earth Pro).
The length of the restored top Cretaceous is ~280 km for the Erbil cross section and ~232 km for the
Sulaimani cross section. Thicknesses of Phanerozoic rock units in the NW Zagros were compiled from
Bellen et al. (1959), Janvier et al. (1984), Cater and Tunbridge (1992), Najar (1999) in Al‐Hadidy (2007),
Frehner et al. (2012), Ghienne et al. (2010), Ahmed et al. (2016), Liu et al. (2017), Lawa (2018), and
Koshnaw et al. (2019). Cross sections construction and kinematic forward models were performed using
Move software (2D). Cross sections were restored and balanced assuming conservation of bed lengths for
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the competent units, by employing line length unfolding and fault‐bend‐fold algorithms, considering the
timing and sequence of the shortening structures. The kinematic forward models were constructed by
hand drawing with the aid of fault‐bend‐fold and detachment‐fold algorithms. Furthermore, no inherited
extensional structures were taken into account given uncertainties in their scale and location as well as
their limited effect on balancing a cross section at this scale.

Figure 6. (a) AHe ages versus latitude plot for the reset samples in the vicinity of the mountain front flexure (MFF) along
the NW Zagros orogenic belt in the Kurdistan region of Iraq. The yellow circles stand for arithmetic mean of the samples
with their corresponding standard error, and the gray open circles stand for single‐grain aliquots. Colored boxes
represent stratigraphic ages. (b) Probability density plot (PDP; bandwidth = 0.5, bin width = 0.5) and kernel density
estimation (KDE; bandwidth = 0.5, bin width = 0.5) (Vermeesch, 2012) of reset AHe samples (red), nonreset AHe
samples (blue), and both reset and nonreset AHe samples combined (green), excluding partially reset samples,
showing peak exhumation times at ~12, ~8, and ~5 Ma.
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4.2. Results and Interpretations

The balanced cross sections show that basement involvement is a required in the NW Zagros to account for
the structural elevation of various horizons and the relatively small magnitude of horizontal shortening.
Using a top Jurassic marker horizon, restoration of the balanced sections yielded a minimum total shorten-
ing of ~18.2 km (6%) along the central Erbil cross section and ~16 km (7%) along the southern Sulaimani
cross section (Figure 7).

The overall topography, structural level, and intensity of deformation show stepwise decreases across strike
from NE toward SW, from the Zagros hinterland (suture, imbricate, high folded zones) to foreland
(low folded zone, Mesopotamian foredeep). These differences in structural levels are well expressed in regio-
nal geologic maps, such that Cretaceous rocks are exposed in the internal hinterland, mostly Paleogene
rocks in the more external hinterland, and dominantly Neogene rocks toward the foreland (Figure 2b).
In addition, Neogene deposits in hinterland synclines are preserved at higher structural levels (higher eleva-
tion) compared to their foreland equivalents (Koshnaw et al., 2017; Le Garzic et al., 2019; Tozer et al., 2019).
For both the Erbil and Sulaimani cross sections, using the top of the Neogene Fatha Formation and top of the
Cretaceous rocks, the estimated structural elevation gain is ~2.5–3 km for a hinterland width of ~40–50 km
over a ~200 km length. Such a broad structural high mandates basement involved deformation and duplex-
ing in the internal portions of the fold and thrust belt. A similar magnitude of structural relief (2.6 km) has
also been estimated for the NW Zagros fold‐thrust belt in the study area based on surface geological data
(Zebari et al., 2020).

Figure 7. Balanced and restored cross sections across the NW Zagros orogenic belt in the central (a: Erbil) and southern (b: Sulaimani) parts of the Kurdistan
region of Iraq. Scale is in kilometers with no vertical exaggeration. The 2017 Mw7.3 earthquake low angle thrust fault (dip of ~14°E; Nissen et al., 2019)
focal mechanism is projected vertically on the cross section across the southern part due to the proximity of the epicenter. The hypocenter of the earthquake
is in agreement with where a deep‐rooted basement fault is expected.
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Figure 8. (a) Kinematic evolution diagram showing the structural development of the central cross section (Erbil) by sequentially deforming the restored section.
Scale is in kilometers with no vertical exaggeration. The growth strata and AHe sample with asterisk symbol are from along‐strike locations. Location of the
growth strata within the Tanjero and Kolosh formations are based on Allouche et al. (2015) and Le Garzic et al. (2019). (b) Satellite image view (ArcGIS webscene)
of the SW limb of Taq‐Taq anticline that shows growth strata within the Mukdadiya formation. (c) Satellite image view (GoogleEarth) of the NW Kirkuk
structure that shows growth strata within Bai‐Hasan formation. (d) Line tracing and interpretation of a seismic reflection profile across the Kirkuk and Bai‐Hasan
structures (Fouad, 2012; Figure 5) that shows growth strata within the Mukdadiya formation on the SW limb of the Bai‐Hasan structure. (d) Geologic map
showing location of the satellite images and the seismic reflection profile.
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Figure 9. (a) Growth strata preserved within the Bai‐Hasan formation that lies unconformably on steep beds of the Mukdadiya formation. (b) Schematic cross
section that shows the structural setting of the Dinarta syncline, where the growth strata of the Bai‐Hasan formation is preserved. The cross section is based
on Zebari and Burberry (2015) and Zebari et al. (2019). (c) Geologic map of the Dinarta syncline that shows a major and a minor reverse fault, and locations of
filed photographs. At this locality the Kolosh formation is missing. (d) A large block of carbonate rock (~100 m length X ~ 40 m high) with a semi‐flat surface that
is interpreted as the hanging‐wall of the mapped reverse fault. (e) Sheared carbonate pebbles within the Khurmala formation at the bottom of the major fault.
Pencil for scale. (f) Subvertical dipping beds from the footwall of the minor reverse fault within the Mukdadiya formation. Hammer for scale.
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Figure 10. (a) Kinematic evolution diagram showing the structural development of the southern cross section (Sulaimani) by sequentially deforming the restored
section. Scale is in kilometers with no vertical exaggeration. (b) Line tracing and interpretation of a composite seismic reflection profile across the low folded
zone structures in the southern part of the study area that growth strata within the Mukdadiya and Bai‐Hasan formations at different locality, see text for details.
(c) Zoomed‐in view of Pulkhana/Shakal and Qamar structures that shows growth strata thinning at different directions and at different times, during the
deposition of the Bai‐Hasan formation. (d) Interpretation of the Pulkhana/Shakal structure illustrating an existing topography at NE (1) prior to faulting at the SW
(2). (e) Field example from the front of the Kirkuk fault that shows Fatha formation in sharp contact with subvertical beds of Bai‐Hasan and/or
Quaternary deposits. (f) Field example of the mechanically weak beds of the Fatha formation at front of the Shakal fault. (g) Geologic map showing location of the
field examples and the seismic reflection profiles.
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Themain décollement levels were considered to be the Lower Triassic MirgaMir and Beduh Formations and
the middle Miocene Fatha Formation layers. The extensive disharmonic deformation of the Fatha
Formation and thrusting of strata above it are observable both in the field and seismic profiles
(Figures 9d, 10b, 10e, and 10f). The depth of the deeper décollement level is estimated by applying
the excess‐area of multiple horizons method by Epard and Groshong (1993) to individual structures (e.g.,
Handren, Shakrok, and Azmar anticlines in the High Folded zone and Hamreen anticline in the Low
Folded zone) and yielding a depth of 4–4.5 km below the top of Cretaceous strata, which is in accordance
with the depth of the Lower Triassic strata. Hence, the basal décollement is considered to reside in the
Mirga Mir and Beduh Formations rather than the younger Kurra Chine and Baluti Formations, as a greater
Triassic thickness is required to avoid space problems in anticlinal cores relative tomechanically weak layers
above. Whereas local preexisting structures, additional detachment levels, or thickness changes would com-
plicate this depth estimate, the regional significance of the Lower Triassic décollement appears unquestion-
able. In the Imbricate zone of the Erbil cross section, the Tanun and Zozik structures underwent
considerable shortening (~5 km) relative to other hinterland structures. As imbricate fans have a shared
lower detachment floor thrust (Mitra, 1986), the tightly spaced Tanun and Zozik structures are likely gener-
ating from the same floor thrust. The limited space between the Tanun and Zozik structures requires their
floor thrust to be at a higher level than the Lower Triassic strata, but below Jurassic rocks. Therefore,
mechanically weak Upper Triassic strata are considered the best candidates for this décollement level.
Such a structural template has also been proposed by Le Garzic et al. (2019). Furthermore, the Mitra and
Namson (1989) method, which is based on the relation between excess area and amount of shortening of
individual horizons according to the area conservation principle of Chamberlain (1910), was also attempted.
In contrast to the previous method, in Mitra and Namson (1989) method the resulting depth‐to‐detachment
was 8–8.5 km, which would correspond to lower Paleozoic levels. However, a lower Paleozoic décollement
level near the basement‐cover interface has been excluded, as no disharmonic deformation is documented
along the outcropped weak shales in the Ora Formation (Le Garzic et al., 2019).

In both the Erbil and Sulaimani cross sections, the basal Lower Triassic décollement level was interpreted to
transfer displacement from the hinterland to the foreland, leading to the formation of shallow frontal struc-
tures that accommodate deeper basement‐involved shortening in the hinterland. During later stages of the
collision, Neogene foreland basin strata underwent shortening to accommodate further hinterland base-
ment deformation. At this time, the regional décollement climbed from Lower Triassic levels to middle
Miocene evaporite deposits near the MFF. The MFF is interpreted as the surface manifestation of a base-
ment‐involved, monoclinal fault‐bend fold, as it represents the major contrast in structural level between
the High Folded and Low Folded zones. The depth of basement faults under the Zagros fold belt was inferred
from the 2017 Mw7.3 NW Zagros earthquake at a depth of ~15–20 km within the basement of the Arabian
plate with a low angle dip of ~14°E (Barnhart et al., 2018; Chen et al., 2018; Nissen et al., 2019; Tavani,
Corradetti, et al., 2018; Utkucu, 2017) and a midcrustal brittle‐ductile transition zone depth of ~25–30 km
in the NW Zagros (Abdulnaby et al., 2014; Engdahl et al., 2006; Karasözen et al., 2019; Nissen et al., 2019).

5. Kinematics of Shortening

Sequential forward modeling was performed to validate the balanced cross sections and their restorations.
Due to uncertainties in kinematic histories and subsurface geometries, the surface relationships can be
explained by several different solutions (McQuarrie & Ehlers, 2017; Woodward et al., 1989). Therefore,
information on structural timing is essential to constrain cross‐section kinematics. The new AHe
low‐temperature thermochronometric ages are combined with field and seismic evidence across both the
Erbil and Sulaimani cross sections to determine the sequence of deformation in the NW Zagros.

5.1. Erbil Cross Section Kinematic Forward Model

The kinematic model for the Erbil section is presented in Figure 8. Initial shortening is represented by the
proto‐Zagros fold‐thrust belt and foreland basin that formed during the Maastrichtian‐Paleocene ophiolite
obduction onto the Arabian passive margin (Figure 8a2). The timing of deformation of the proto‐Zagros belt
is constrained by growth synclines within the preserved Maastrichtian Tanjero Formation in the hanging
wall of Tanun structure and the Paleocene Kolosh Formation between the Shakrok and Safeen anticlines
(Allouche et al., 2015, Figure 3; Le Garzic et al., 2019, Figure 7) (Figures 8a2 and 2b). This stage was
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followed by collision of Arabia and Eurasia by late Oligocene time (Agard et al., 2005; Fakhari et al., 2008;
Homke et al., 2010; Horton et al., 2008; Koshnaw et al., 2019; Pirouz et al., 2017; Zadeh et al., 2017), deposi-
tion of the Red Bed Series, thrusting of Walash‐Naopurdan arc‐related terrains, and emplacement of ophio-
litic thrust sheets by out‐of‐sequence deformation (Agard et al., 2005, 2011; Ali et al., 2012, 2014; Homke
et al., 2010; Ismail et al., 2020; Saura et al., 2015). Early Zagros deformation was not restored, as the pre‐
Neogene tectono‐stratigraphic packages are beyond the scope of this research.

After the Arabia‐Eurasia collision, deformation of the Zagros suture zone, rapid Neogene growth of the
Zagros foreland basin and the relatively quiescent middle Miocene was followed by activation of the MZF
in the Suture zone during the late middle Miocene‐early late Miocene (~14–10 Ma) (Figure 8a2). This defor-
mation phase is not recorded in the suture zone of the Erbil cross section, but reset AHe samples indicate
~11 Ma cooling along strike of the MZF in the Sulaimani cross section. This deformation phase is also
inferred from the ~14–10 Ma time of exhumation recorded by nonreset (detrital) AHe ages with a peak time
of ~12–10 Ma (Figures 2b, 5, 6b, and 8a2). The estimated shortening at this stage is ~12 km (~4%).

By the late Miocene (~10–5 Ma), hinterland uplift affected the Suture, Imbricate, and High Folded zones, as
evidenced from reset AHe ages near the MZF, Tanun, Handren, and Kurak anticlines, and Mirawa syncline
(Figure 8a3). In the Low Folded zone, AHe samples from the NW segment of the Kirkuk (Khurmala dome)
and Qarachugh structures are not reset, in contrast to reset samples from the more deeply eroded middle
portion of the Kirkuk structure indicative of rapid cooling at 7.0 ± 0.9 Ma. In addition, the SW limb of the
Taq‐Taq anticline shows a growth strata fan within the latest Miocene Mukdadiya Formation (Figures 8a3
and 8b). Seismic profiles across Kirkuk and Bai‐Hasan frontal structures show growth strata in the SW limb
of Bai‐Hasan structure within the Mukdadiya Formation (Figure 8d) (Fouad, 2012, Figure 5). The onset of
deposition of the Mukdadiya Formation is proposed to be ~8 Ma based on magnetostratigraphy (Koshnaw
et al., 2020). We interpreted this timing correlation between the hinterland and foreland frontal structures
as the result of the commencement of the basement uplift in the hinterland and displacement transfer along
the Lower Triassic décollement level. The estimated shortening at this stage is ~5 km (1.6%).

As shortening continued, by early Pliocene time (~5 Ma), the Zagros hinterland experienced a major exhu-
mation event that is clearly evidenced by reset AHe ages from the Suture zone, Dinarta syncline, and SW
limb of Perat anticline (Bekhma gorge) in the High Folded zone, and SW limb of Binabawe anticline along
theMFF (Figures 2b, 4c, 4f, 5, and 8a4). Additionally, detailed field mapping in the Dinarta syncline revealed
relatively minor reverse fault that likely is splaying from a major fault (Figures 9b–9f). Sheared carbonate
pebbles at the bottom of a large (~100m length and ~40m height) dismembered block of carbonate rock near
the bottom of the SW limb of Peris anticline, as well as disappearance of the Paleocene to early Eocene
Kolosh Formation beneath the older Cretaceous Aqra‐Bekhma Formations suggest presence of a major fault
that breaks through the SW limb of the Peris anticline. This major fault has also been required to construct a
balanced cross section across the eastern end of the Peris anticline (Zebari & Burberry, 2015). A growth syn-
cline, between the Peris and Perat anticlines preserved conglomeratic deposits of the Bai‐Hasan Formation,
displays an abrupt change in dip and thickness of beds adjacent to mapped faults (Figure 9a). These
Bai‐Hasan growth strata rest atop subvertical beds of the Mukdadiya Formation, which suggests presence
of syncline with the inclined beds of the Mukdadiya Formation. The lack of growth and conglomerates in
the Mukdadiya Formation suggests that local faults and folds were not active until the time of Bai‐Hasan
Formation deposition. Previously, Mukdadiya and Bai‐Hasan Formations had been proposed as Injana
(Upper Fars) Formation with growth strata in this location (László et al., 2012); however, detailed field map-
ping in this study contradict this assertion. Overall, field relationship in the High Folded zone and in the vici-
nity of MFF point to a major deformation event during and prior to deposition of the Bai‐Hasan Formation.
This interpretation is in line with the previous estimates of timing for major shortening during late Miocene
and suggests development of the MFF between the High Folded and Low Folded zones at ~5 Ma. In the Low
Folded zone, field relationship at the NE limb of Kirkuk structure show an unconformity between the
Mukdadiya and Bai‐Hasan Formations with growth strata within the Bai‐Hasan Formation (Figure 8c),
similar to the field observations in the Dinarta syncline. Therefore the Kirkuk structure must have been reac-
tivated during the deposition of the Bai‐Hasan Formation that likely commenced as a result of the regional
hinterland uplift by ~5 Ma (Koshnaw et al., 2020). At this stage (Figure 8a4), transferring displacement from
the hinterland to foreland required reactivation of basement faults below the MFF along a fault ramp from
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the Lower Triassic décollement level to the middle Miocene Fatha Formation likely through the Taq‐Taq
anticline. Such a fault is necessary for reactivation of the Kirkuk and Bai‐Hasan structures. At this stage
the estimated shortening amount is 1.2 km (0.4%).

5.2. Sulaimani Cross Section Kinematic Forward Model

The kinematic forwardmodel steps in the Sulaimani cross section are similar to the Erbil section, with prelate
Miocene (~15–10 Ma), late Miocene (~10–5 Ma), and base Pliocene‐Present (~5 Ma) steps (Figure 10a). The
prelateMiocene initial stagemarks the proto‐Zagros fold‐thrust belt shortening up to the Qaradagh anticline,
as evidenced by the Oligocene unconformity at its vicinity, and the later activation of the MZF (Figure 10a2).
The exposed mid‐Cenozoic margin of the marine basin was located near theMFF and Kirkuk structure, gen-
erating a regional Oligocene unconformity in the study area (Abdullah et al., 2019; Ameen, 2009; Bellen
et al., 1959; Dunnington, 1958; Karim et al., 2020; Khanqa et al., 2009; Lawa et al., 2013; Lawa &
Ghafur, 2015). During the middle to late Miocene transition, the MZF was active, based on reset AHe ages
of ~11Ma (Koshnaw et al., 2017) and a similar dominant detrital agemode (~12–10Ma), suggestive of amajor
exhumation phase, likely along the Suture zone. At this stage shortening is estimated to be ~6.5 km (2.9%).

During the late Miocene time (~10–5 Ma), basement shortening initiated and displacement transferred
toward the foreland, creating the frontal structures and breaching the SW limb of the Qaradagh anticline
(Figures 10a3 and 10b–10g). In the High Folded zone, an AHe sample from the Tanjero Formation near
the Azmar anticline (12KRD‐125) exhibits a reset age of 8.7 ± 2.2 Ma, this cooling age likely resulted from
exhumation due to basement uplift at this stage (Figures 2, 5, and 10a3). In the Low Folded zone, the
AHe samples from the frontal structures record activation at ~8–7 Ma (Koshnaw et al., 2017). In the central
sector along the Erbil cross section, samples from the Khurmala dome and Qarachugh frontal structures,
from the Mukdadiya and Injana Formations, were not fully reset. These variations in AHe ages between
the central and southern sectors suggest a greater overburden to the south, consistent with measured strati-
graphic thicknesses (Koshnaw et al., 2020).

Seismic profiles in the SE segment of the Kirkuk fault show clear growth strata in the latest Miocene
Mukdadiya Formation but not the younger Bai‐Hasan Formation (Koshnaw et al., 2017; Le Garzic
et al., 2019), indicating that the Kirkuk fault was active during Mukdadiya deposition (~8 Ma). Moreover,
farther toward the foreland, the frontal structures of Shakal/Pulkhana, Qamar, and Hamreen also contain
growth strata (Figures 2 and 10b–10d). The Hamreen structure, which represents the Zagros Deformation
front (ZDF), preserves growth strata within the Mukdadiya Formation, whereas the overlying Bai‐Hasan
Formation beds are subhorizontal (Kent, 2010). In the Shakal/Pulkhana structure, the Bai‐Hasan
Formation contains two separate growth strata packages (Figures 10b–10d) (Oil Search Limited, 2012;
Shamaran Petroleum Group, 2009, 2011). At this location the Shakal/Pulkhana structural profile suggests
termination of the lowermost reflectors of the Bai‐Hasan Formation against a preexisting high in the NE.
Subsequently, the SW end of the structure was faulted, leading to the development of a growth syncline
farther to the NE during deposition of the Bai‐Hasan Formation (Figures 10b–10d). Along the Sulaimani
cross section, shortening at this stage is estimated to be ~6 km (2.6%).

By the earliest Pliocene time (~5Ma), significant uplift along theMFF is recorded by a ~5Ma reset AHe sam-
ple from the NE limb of Qaradagh anticline and Pliocene age (≤ ~5 Ma) growth strata in the Bai‐Hasan
Formation (Figure 10b NE end of section) adjacent to the Sangaw South anticline (Koshnaw et al., 2017).
At the start of this stage (Figure 10a4), we propose that in addition to reactivation of the previously formed
basement faults, a new basement fault was formed near the MFF that followed the Lower Triassic
décollement and ramped upsection to reach the middle Miocene (Fatha) décollement. Reactivation of the
older basement fault and upsection ramping formed the Sangaw structures. Reverse displacement along
these hinterland basement faults ultimately emerged in the Kirkuk, Shakal, and Qamar structures (above
and below the Fatha décollement) as recorded by growth strata in the Bai‐Hasan Formation,
(Figures 10a4 and 10b–10d). The estimated shortening amount is ~3.5 km (1.5%) at this stage. This out‐of‐
sequence, basement involved scenario offers as self‐consistent explanation for the regional hinterland uplift,
continued deformation along the MFF, and additional shortening along the trailing frontal structures, hon-
oring geologic, subsurface seismic, and thermochronometric relationships.
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6. Discussion
6.1. Thick‐Skinned, Out‐of‐Sequence Versus Thin‐Skinned, In‐Sequence Modes of Deformation

In the NWZagros, the kinematic history of upper crustal shortening is obtained from balanced cross sections
and kinematic forwardmodelings, AHe thermochronometric ages, and structural and stratigraphic relation-
ships. These data sets are consistent with a hybrid thin‐ and thick‐skinned contractional belt characterized
by out‐of‐sequence basement‐involved shortening.

The AHe ages show exhumation associated with different contractional structural domains during the mid-
dle Miocene and Pliocene, generally trending younger toward NW along the MZF (Figure 11). Shortening by
~8 Ma marks the onset of regional deformation via basement involvement under the Zagros fold belt and
development of the foreland frontal structures, and later pronounced growth of theMFF by ~5Ma.We advo-
cate that this period represents the timing of the shift from a prolonged thin‐skinned detachment‐fold sys-
tem to a hybrid thin‐skinned and basement‐involved fold‐thrust system that developed remarkable
structural steps and out‐of‐sequence growth of the MFF by ~5 Ma. As evidenced by the AHe ages and the
spatial distribution of growth strata wedges in theMukdadiya and Bai‐Hasan Formations at the deformation
front, the early Pliocene (~5 Ma) growth of the MFF represents a phase of out‐of‐sequence deformation
(Figure 11d). For the Erbil cross section, out‐of‐sequence growth in the Low Folded zone structures is sug-
gested by geomorphic evidence showing development of the ZDF structures of Makhul and Khanuqa before
most other structures (Obaid & Allen, 2017). For the Sulaimani cross section, the ZDF structure of Hamreen
shows no growth strata within the youngest beds of the Bai‐Hasan Formation, whereas trailing structures
show clear Bai‐Hasan growth strata (Figures 10b, 11c, and 11d) (Kent, 2010, Figure 15). For the tectonic style
during the latest Miocene and onward a basement‐involved shortening is preferred by taking into account
the structural steps variation and the relatively low amount of the sedimentary cover shortening (6–7%).
Based on the cross‐sectional area of the sedimentary cover, any model with no basement deformation would
necessitate greater shortening than can be observed in surface geologic relationships. Most
basement‐involved hinterland shortening took place after ~8 Ma in both cross sections of Erbil (~6.2 km)
and Sulaimani (~9.5 km). This basement shortening was transferred toward the nearest frontal structures
via the upper‐level middle Miocene Fatha décollement. The Taq‐Taq anticline grew at ~8Ma as documented
by Mukdadiya Formation growth strata (Figures 8b and 11c), while the Sangaw anticlines formed at ~5 (or
younger) as expressed by the Bai‐Hasan Formation growth strata (Figures 10b and 11d). These timing con-
straints on the evolution of the MFF in the NW Zagros are similar to the age of initiation and growth of the
MFF (~8–2.5 Ma) in the Lurestan segment in Iran (Homke et al., 2004). In this study, the early in‐sequence
deformation is in agreement with previous interpretations of the deformation history during most of the
Cenozoic (Lawa et al., 2013; Le Garzic et al., 2019). However, the new thermochronologic data from this
study and Koshnaw et al. (2017), as well as the spatial distribution of growth strata of different ages, provide
evidences for a major post ~8 Ma out‐of‐sequence deformation.

In the Lurestan and Fars segments, the sedimentary cover has undergone ~50–70 km of shortening
(McQuarrie, 2004; Sherkati et al., 2006), significantly more than the ~15–20 km in the NW Zagros (this
study). This contrast in relation to thick‐ versus thin‐skinned deformation between different segments of
the Zagros is in line with other fold‐thrust belts. Most thick‐skinned belts are characterized by limited hor-
izontal shortening, whereas thin‐skinned fold‐thrust belts typically display significantly higher values
(Fuentes et al., 2016; Kley et al., 1999; Lacombe & Bellahsen, 2016; Mescua et al., 2016; Mouthereau
et al., 2013). For example, the thick‐skinned Marche sector of northern Apennines shows ~8.5 km of short-
ening (Butler et al., 2004), whereas the thin‐skinned North American Cordillera is characterized by shorten-
ing in excess of ~100–150 km (DeCelles & Coogan, 2006; Fuentes et al., 2012). In the Fars segment of
the Zagros, depending on crosscutting relationships and relative timing of deformation of major faults
(e.g., Lardogarm thrust near theMZF,Molinaro, Leturmy, et al., 2005) a similar thin‐skinned fold‐thrust belt
followed by an out‐of‐sequence thick‐skinned deformation has also been suggested (Molinaro, Leturmy,
et al., 2005). Others have proposed thick‐skinned deformation to account for high‐magnitude surface uplift,
but not necessarily in an out‐of‐sequence pattern (Mouthereau, Tensi, et al., 2007; Sherkati &
Letouzey, 2004). Based on earthquake slip vector scatter and crosscutting folds in the outer eastern Fars
segment, a recent study (Edey et al., 2020) suggests that potentially both thin‐skinned and thick‐skinned
deformation have been taking place since an early stage with no necessity for switching from a
thin‐skinned to a thick‐skinned style.
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In the study area, within the NW Zagros inner belt, the MFF appears to be composed of different segments
with variable degrees of foreland propagation, as observed NW of the Erbil cross section, where deformation
was less advanced, resembling fault segment linkage patterns via tip propagation (Figure 2b). This structural
limit of the MFF also corresponds to the geographic distribution of the Tanjero Formation, which shows a

Figure 11. Schematic map view structural reconstruction of the pre‐Miocene to present history of the NW Zagros in the Kurdistan region of Iraq. (a) Pre‐Miocene
structural framework showing documented growth strata in the proto‐Zagoros fold‐thrust belt (Allouche et al., 2015, Figure 3; Le Garzic et al., 2019,
Figure 7), inferred deformation front, and possible Oligocene marine basin margin (see text for references). (b) Late middle Miocene to early late Miocene time
showing early stage of the Neogene‐Zagros fold‐thrust belt and foreland basin during deposition of the Fatha and Injana formations with thermally reset
(yellow) and nonreset (blue) samples, uplift of the Zagros sure zone and reactivation of the Main Zagros fault as well as initiation of the right‐lateral strike‐slip
component (Main Zagros recent fault). (c) Late Miocene time depicting deformation front advance into the foreland during deposition of the Mukdadiya
formation and location of the associated growth strata, as well as thermally reset and nonreset samples. (d) Pliocene to present structural configuration showing
deformation retreat toward the hinterland and manifestation of the mountain front flexure (MFF) during deposition of the Bai‐Hasan formation and location
of the associated growth strata, as well as thermally reset and nonreset samples.
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rapid reduction in thickness from ~2,000 to 500 m across the hinterland, with the greater thicknesses SE of
the study area (Ahmed et al., 2016; Bellen et al., 1959; Lawa, 2018). The similarity of spatial distribution of
the proto‐Zagros foreland basin and the location of the curvilinearMFF feature might be controlled by struc-
tures associated with the early Mesozoic Arabian rift margin. Later after inversion, these structures possibly
influenced the spatial configuration of the latest Oligocene marine basin margin, the basement‐involved
out‐of‐sequence structures, and the present‐day MFF position. Inherited structural weakness zones have
been shown to influence the timing, location, and style of later deformation (e.g., Bosworth et al., 2008;
Kley et al., 2005; Nemčok et al., 2013; Perez et al., 2016, 2019). Therefore, the geometry of the proposed deeply
rooted basement faults in the cross sections of this study is plausibly linked to inversion of normal faults
(Jackson, 1980), similar to shortcut faults in the Lurestan area of Iran (Tavani, Corradetti, et al., 2018;
Tavani et al., 2020; Tavani, Parente, et al., 2018). Based on surface geologic relationships, including structural
dimensions and vergence direction, inversion of passive margin normal faults in the NW Zagros has been
proposed by other researchers (Ameen, 1991b; Numan & Azzawi, 1993), and outcrop‐scale normal fault
inversion have been documented in the vicinity of the MFF (Al‐Khatony et al., 2019; Al‐Kubaisi &
Barno, 2015). However, detailed regional thickness and facies maps based on surface and subsurface data
are needed to further test this hypothesis.

In the Low Folded zone of the foreland area, published seismic lines and interpretations show the shallow
structures and faults extend below Jurassic levels (Fouad, 2012, Figure 5; Grabowski, 2014, Figure 56;
Kent, 2010, Figure 15; Koshnaw et al., 2017, Figure 7; Le Garzic et al., 2019, Figure 8; Marouf &
Al‐Kubaisi, 2005, Figures 3, 5, and 9; Oil Search Limited, 2012; Shamaran Petroleum Group, 2009, 2011).
In most seismic profiles, Late Cretaceous grabens, filled with deposits of the Campanian Shiranish
Formation, can be identified below the Fatha Formation décollement level, similar to the Taq‐Taq anticline
near theMFF (Garland et al., 2010, Figure 6). The inversion of grabens, the paired occurrence of contractional
structures, as well as the geometry of frontal structures have been portrayed as evidence formajor NE dipping
listric rift‐related normal faults with a depth‐to‐detachment of at ~20 km (Kent, 2010;Marouf, 1999 inMarouf
& Al‐Kubaisi, 2005; Obaid & Allen, 2017). However, the lack of high‐quality seismic reflection profiles below
the Triassic rock levels in the Low Folded zone inhibits direct observation to determine whether steep faults
below the Triassic level generates from basement or not. Alternatively, the frontal structures can be inter-
preted as ramp in the shallower Triassic décollement level as suggested by a thrust fault drilled in in the
Makhul frontal structure (Grabowski, 2014; Kent, 2010). In the cross sections of this study, the Triassic strata
are chosen as themain décollement level for structures in the LowFolded zone, responsible for the formation
of pre‐Pliocene anticlines related to either the proto‐Zagros fold‐thrust belt development or the hinterland
growth during the late Miocene as indicated by the Mukdadiya Formation growth strata. The Triassic strata
are preferred as the main décollement level because major reversals of a basement‐rooted listric fault system
would have resulted in basement uplifts within the present‐day Low Folded zone similar to those in the High
Folded and Imbricate zones. However, inherited basementweakness zonesmight have influenced the spatial
distribution of the late Miocene and Pliocene structures (Kent, 2010). Additionally, 3‐D numerical modeling
simulation successfully reproduced the Kirkuk (Khurmala dome) and Qarachugh anticlines as typical
detachment folds (Grasemann & Schmalholz, 2012). In their numerical model, the initial thickness ratio of
competent to incompetent layers is 2. Considering the depth to the Triassic décollement based on the pub-
lished well QT‐1 in the nearby area (Min et al., 2012), the thickness ratio of 2 translates into an estimated
thickness of ~4 km for the competent stratigraphic layers above ~2 km of the incompetent Triassic and
Jurassic strata. Furthermore, in the Dezful reentrant, which resembles the Kirkuk embayment, seismic pro-
files show strikingly similar frontal structures that detached on the Triassic Dashtak décollement level with
possible influence of deeper deformation (Alipoor et al., 2019; Asgari et al., 2019; Derikvand et al., 2019;
Ghanadian et al., 2017; Sherkati et al., 2006), although more resent research argued for décollement at the
basement cover interface (Vatandoust et al., 2020).

Lastly, we speculate that the potential Arabian margin normal faults reactivated selectively and in an out‐of‐
sequence manner as a function of the favorability of inherited normal fault orientations during N‐S direc-
tioned collision as has been observed along the entire northern margin of Arabia and NE Africa (e.g.,
Bosworth et al., 2008), and/or due to variation in the throw of the earlier normal fault (Reilly et al., 2015).
Differential reactivation is likely further promoted by a shift in the Arabian plate trajectory from NE‐SW to
N‐S ~15–10Ma ago (ArRajehi et al., 2010; McQuarrie et al., 2003; Molnar et al., 2017; Navabpour et al., 2008).
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While a kinematic model that includes basement involvement and an out‐of‐sequence mode of deformation
is the most plausible, further subsurface data are needed to confirm this inferred style and directly image
basement faults and their displacement transfers into the sedimentary cover. However, on the basis of our
new geologic and thermochronometric data, a nonsequential hybrid thin‐ and thick‐skinned fold‐thrust sys-
tem best describes the tectonic style and evolution of the NW Zagros in the Kurdistan region of Iraq
(Figures 6, 7, and 3).

6.2. Driving Mechanism of NW Zagros Uplift and Geodynamic Implications

The pattern of exhumation tracked by AHe thermochronometric ages in the study area outlines an evolution
of the NW Zagros belt in response to broader regional tectonic events. This study shows major contractional
deformation and exhumation from ~14Ma onward (Figures 6b, 8, and 10), affecting the area along the Main
Zagros fault (MZF) and across the entire fold‐thrust belt (Figures 5 and 11). In Iran, in the Lurestan segment,
the AHe ages record progressive exhumation from the fold‐thrust belt toward the foreland between ~9 to
~6 Ma; similar to the Dezful segment, farther south, where samples from the High Zagros fault recorded
rapid exhumation from ~10 to 7 Ma (Barber et al., 2018; Gavillot et al., 2010). Magnetostratigraphic results
from the Push‐e Kush arc in Lurestan suggest an onset of deformation in theMFF at ~8Ma that continued to
~5–2 Ma (Homke et al., 2004). The regional similarity in timing of deformation along the MZF, uplift of the
internal Zagros fold and thrust belt, and the MFF implies a genetic linkage and a large‐scale geodynamic
driving mechanism.

The ~2 km high Turkish‐Iranian plateau, which dominates the modern topographic expression of most of
southeastern Turkey (East Anatolian Plateau, EAP) and northwestern Iran (Figure 1), experienced uplift
during Serravallian times (~12 Ma) and onward based on the transition from marine to nonmarine basin
deposits (Dewey et al., 1986; Gelati, 1975; Yilmaz & Yilmaz, 2019). This is supported by apatite fission track
(AFT) along the Bitlis suture with Arabia recording exhumation between 18–13 Ma (Okay et al., 2010).
Temporally, this timing also coincides with inception of motion along North Anatolian Fault (NAF) at
~12 Ma (Authemayou et al., 2006; Şengör et al., 2005). Considering the potential linkage of the Main
Zagros Recent Fault (MZRF) with the NAF and the Anatolia extrusion as well as accelerated convergence
of Arabia in response to the opening of the Red Sea, a ~12–10 Ma is postulated for the Turkish‐Iranian pla-
teau uplift (McQuarrie et al., 2003; Mouthereau et al., 2012; Stockli & Bosworth, 2020). In NW Iran, the oro-
genic hinterland experienced initial uplift in the Burdigalian as evidenced by end of marine Qom Formation
and beginning of clastic Upper Red Bed Formation deposition. This depositional facies transition also
appears to temporally coincide with a change in the tectonic regime from transtention to transpression
(Ballato et al., 2011; Harzhauser et al., 2007; Morley et al., 2009; Schuster &Wielandt, 1999). Apatite and zir-
con fission track ages of ~11Ma (Reichenbacher et al., 2011) suggest a major phase of exhumation of the cen-
tral Iranian plateau in the middle Miocene. In the study area, this major episode of plateau uplift is also
documented by introduction of nonmarine clastic foreland deposits of the Injana Formation (~12.4 Ma) that
are characterized by detrital zircon U‐Pb signatures recording sediment provenance mostly from SE Turkey
(Koshnaw et al., 2020). In Lurestan, the Aghajari Formation (Injana Formation equivalent) also recorded
outward migration of deformation at ~14–12 Ma (Homke et al., 2004; Vergés et al., 2019), while AHe data
from the internal hinterland portion recorded exhumation in the Sanandaj‐Sirjan zone at ~15 Ma and the
High Zagros by ~9 Ma (Barber et al., 2018). Additionally, in the Alborz Mountains in northern Iran
exhumation has also been recorded at ~12 Ma and interpreted as the onset of denudation (Guest
et al., 2006). These lines of evidence for a regionally synchronous onset of the Turkish‐Iranian plateau
uplift hint at larger‐scale geodynamic processes that led to uplift, exhumation, and plateau expansion. The
orogenic plateau uplift potentially could be due to crustal thickening as in the Tibetan plateau
(Tapponnier et al., 2001) or due to lithospheric mantle removal (Garzione et al., 2006). The regional uplift
of the Turkish‐Iranian plateau due to crustal thickening is undesirable because of inconsistent timing
between the late‐middle Miocene uplift of the plateau and the post middle Miocene basement
involvement and crustal thickening that potentially impeded Arabia‐Eurasia convergence (Austermann &
Iaffaldano, 2013; Emami et al., 2010; Homke et al., 2004; Koshnaw et al., 2017). Evidence from the
interior of the plateau is necessary to assert whether a large‐scale crustal thickening took place or not at
an earlier time. Alternatively, asthenospheric upwelling and dynamic uplift are preferred to explain the
NW Zagros kinematics. Geological, geochemical, and geophysical data as well as numerical and analog
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modeling, have been used to suggest a potential slab breakoff (Davies & von Blanckenburg, 1995) and/or
lithospheric mantle delamination (Bird, 1979) as the principal driver triggering the regional uplift event
(Agard et al., 2011; Barazangi et al., 2006; Bottrill et al., 2012; Faccenna et al., 2006; Göğüş &
Pysklywec, 2008; Hafkenscheid et al., 2006; Jahangiri, 2007; Keskin, 2003, 2007; Memiş et al., 2020;
Omrani et al., 2008; Şengör et al., 2003, 2008; van Hunen & Allen, 2011). Tomographic data appear to show
relatively slow seismic wave velocities indicative of hot mantle material beneath the Turkish‐Iranian plateau
that are distinct from faster velocities (Alinaghi et al., 2007; Amini et al., 2012; Bavali et al., 2016; Chang
et al., 2010; Hafkenscheid et al., 2006; Kaban et al., 2018; Koulakov et al., 2012; Lei & Zhao, 2007;
Rahmani et al., 2019; Sandvol et al., 2001; Tunini et al., 2014; Vergés, Goodarzi, et al., 2011; Zhao &
Xie, 2016; Zor, 2008). Depending on 48,000 Pn arrival times, a high lateral resolution velocity image of the
upper mantle shows a distinct transition along theMZF in the NWZagros from a high‐velocity zone beneath
Arabia to a low‐velocity zone beneath Eurasia (Amini et al., 2012, Figure 7). Additionally, a deep
(~1,000 km) regional vertical tomographic profile across the Turkish‐Iranian plateau and the surrounding
areas shows a high‐angle downgoing high‐velocity material beneath Arabia in the study area and ascending
low‐velocity material beneath Eurasia in NW Iran, with an abrupt velocity anomaly transition along the
MZF in the uppermost part (Koulakov et al., 2012, Figure 5, section 3). Furthermore, this tomography profile
displays potentially a fragmented downgoing Arabia slab and a thinned crust beneath Eurasia. The discon-
nected high‐velocity domains are suggestive of slab breakoff of the downgoing Neotethys slab, whereas pre-
sence of the low‐velocity material at shallow depths is indicative of arising asthenosphere and possible
delamination beneath Eurasia in NW Iran (Kaviani et al., 2018; Koulakov et al., 2012; Rahmani et al., 2019).

As the hot asthenospheric material ascends, the lower lithosphere thermally thins and weakens, reducing
the elastic thickness and rock strength (Burov & Diament, 1995; Hyndman et al., 2009; Jammes &
Huismans, 2012). This rheological changemight also lead to a possible partial decoupling of the brittle upper
crust and the ductile lower crust (Hyndman et al., 2009). According to natural examples (Bellahsen
et al., 2012, 2014; Butler et al., 2006; Lacombe & Bellahsen, 2016) and thermomechanical numerical model
of orogens with inherited extensional structures (Jammes & Huismans, 2012), weak crust can promote
crustal‐scale thick‐skinned deformation. A thermomechanical numerical model (Nilfouroushan et al., 2013)
that highlighted the role of Moho temperature on the degree of basement involvement in the deformation
indicated localization of thick‐skinned deformation in the hinterland at relatively cold Moho (400°C at
36 km depth), whereas relatively hot Moho temperatures (600°C at 36 km depth) lead to involvement of
basement in the foreland portions. Basilici et al. (2019) calculated thermal structure of the Lurestan segment
of Zagros and suggested later gradient in heat flow from the hinterland (>500°C at 30 km depth) to the fore-
land (~400°C at 30 km depth). Such lateral thermal gradient would be conducive to basement‐involved
deformation and shortening in the hinterland and the limited or no basement deformation in the foreland
as predicted by thermomechanical numerical models. This is in line with the global census of orogenic belts
that shows relatively young orogens have high geothermal gradients, weak lithospheric mantle, and moder-
ate amount of deformation that involves deeply rooted basement ramps (Mouthereau et al., 2013). This
model of a brittle upper crust over a ductile lower crust has been applied in the Fars segment of the
Zagros to explain surface topography and assuming that detached deformation above the Hormuz salt
prevents buildup of critical taper topography (Ford, 2004; Mouthereau et al., 2006). In the NW Zagros, the
regional orogenic deformation behavior can be explained in the context of critical taper as well (e.g.,
Dahlen & Suppe, 1988; DeCelles & Mitra, 1995). The orogenic wedge build up by involving the basement
during ~8–5Ma could be an attempt to increase taper to reach the critical state, marking an adjustment from
a subcritical state. After a possible lithospheric mantle delamination and slab breakoff by ~12 Ma, the wider
orogenic wedge uplifted and exhumed, reducing the wedge taper. To rebuild the wedge taper and increase
the β angle, the basement involved in the deformation processes during ~8–5 Ma and amplified along the
MFF by ~5 Ma (Figures 8a4 and 10a4), similar to a suggested model for the Fars segment of Zagros
(Molinaro et al., 2005). Taken together, these syntheses of data suggest that the hinterland of the NW
Zagros may be thermally weakened due to potential lithospheric mantle delamination and slab breakoff,
leading to basement involvement in the deformation process (Figure 12).

At the same time of the ongoing deformation along the northeastern margin of the Arabian plate during
Miocene and Pliocene, the western and southern margins of Arabia also experienced major plate tectonic
changes, affecting the plate kinematics of the plate. Following initial rifting in the Red Sea starting at
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Figure 12. Schematic diagrams that show plate tectonic kinematics of the Middle East. (a) Suturing of the Arabia‐Eurasia and change in the direction of the Red
Sea rifting as well as commencement of the Levant transform fault prior to potential slab breakoff. (b) Turkish‐Iranian plateau uplift due to potential slab
breakoff and lithospheric mantle delamination that likely started to modify the lower crust rheological behavior, initiation of the right‐lateral strike‐slip
component of the Main Zagros fault (Main Zagros recent fault, MZRF) coeval with extrusion of the Anatolia, Gulf of Aden rapid opening, and onset of the Arabian
plate anticlockwise rotation. (c) Expansion of Turkish‐Iranian plateau and rapid uplift along its margin in the NW Zagros orogenic belt as manifested by the
growth of the MFF and basement involvement in the deformation process, likely due to the lower crust thermal weakening. This phase of tectonic
deformation is also coeval with the onset of the Red Sea seafloor spreading and enhanced anticlockwise rotation of the Arabian plate. Diagrams are based on
Hempton (1987), Bosworth et al. (2005), Molinaro, Zeyen, and Laurencin (2005), Hansman et al. (2017), Barber et al. (2018), and Burg (2018). Crustal thickness is
estimated based on Paul et al. (2010) and Motaghi et al. (2017). The tomographic profile (c, left) is from Koulakov et al. (2012, Figure 5, section 3).
Present‐day Arabian plate rotation velocity is adopted for 5 Ma phase from ArRajehi et al. (2010).
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~23 Ma (Stockli & Bosworth, 2020), the onset of motion along the Aqaba transform fault at ~14 Ma, marked
an acceleration of Red Sea opening and a transition from ENE‐WSW oriented orthogonal to NNE–SSW
oriented oblique extension. The Aqaba transform fault also directly linked the northern Red Sea with the
Zagros‐Bitlis suture zone (Bosworth et al., 2005; Stockli & Bosworth, 2020). By ~10 Ma, the Gulf of Aden
opened abruptly and probably accounts for the anticlockwise rotation of the Arabian plate (ArRajehi
et al., 2010; Bosworth et al., 2005; Molnar et al., 2017). Later by ~5 Ma, seafloor spreading and genesis of
the oceanic lithosphere in the Red Sea commenced (Bosworth, 2015; Bosworth & Stockli, 2016; Cochran
&Karner, 2007; Stockli & Bosworth, 2020; Szymanski et al., 2016). Comparable timing of uplift and exhuma-
tion in Alborz, northern Iran has also been reported and linked to a likely choking of the Neotethyan sub-
duction zone due to arrival of the buoyant Arabian lithosphere (Axen et al., 2001). However, more recent
studies point at the early Miocene for such subduction zone locking (Ballato et al., 2011; Madanipour
et al., 2017). Moreover, Arabia‐Eurasia convergence accommodation by further shortening in the northern
Middle East potentially due to suturing of the Afghan block with the western margin of the Indian plate dur-
ing Pliocene could be an additional mechanism for the enhanced deformation in NW Zagros (Allen
et al., 2011). In general, such similarities in the timing of major tectonic deformations around the Arabian
plate boundary suggest that several geodynamic events influenced the present‐day ~2,000 km long Zagros
orogenic belt. Kinematic organization of the Red Sea (~14 Ma), opening of the Gulf of Aden (~10 Ma) and
the Red Sea seafloor spreading (~5 Ma) are likely important contributors to the Zagros orogenic kinematics
on a plate tectonic scale, influencing the development of the right‐lateral strike‐slip fault of MZRF and MFF
(Figure 12).

In summary, we argue that the key drivers for the basement‐involved deformation and hinterland uplift are
combination of slab breakoff, lithospheric mantle delamination, and the consequent thermomechanical
behavior change of the crust, as well as plate tectonic boundary condition changes associated with Red
Sea rifting.

7. Conclusions

During the late Miocene (~8–5 Ma), the NW Zagros in the Kurdistan region of Iraq shifted from a thin‐
skinned, basement‐detached fold‐thrust belt to a hybrid thin‐ and thick‐skinned orogenic system. This
fundamental change in the tectonic style coincided with a hindward retreat in the locus deformation and
associated exhumation that was promoted by the presence of inherited basement weaknesses and
potentially driven by the thermomechanical effects of slab breakoff. Basement‐involved deformation
likely initiated by ~8 Ma and intensified at ~5 Ma, leading to growth of the MFF in an out‐of‐sequence
manner. Horizontal shortening across the NW Zagros was estimated to be ~18.2 km (6%) in the central
sector and ~16 km (7%) in the southern sector of the Kurdistan region of Iraq as deduced from balanced cross
sections. The results from this study constrain the timing of key crustal structures in the NWZagros orogenic
belt and highlight the role of basement discontinuities combined with mechanical stratigraphy in the devel-
opment of fold‐thrust belts. Additionally, we conclude that the late Miocene shift in tectonic style, which led
to enhanced basement involvement and orogenic wedge buildup, may represent a response to both breakoff
of the subducting Arabian plate and mantle delamination under the Turkish‐Iran plateau, as well as plate
tectonic changes associated with Red Sea rifting, resulting in activation of regional strike‐slip deformation
along the boundaries of northern Arabia.

Data Availability Statement

The data discussed in this article are provided in the supporting information (Data Sets S1–S2) and are avail-
able at this site (http://www.geochron.org/viewfile.php?pkey=15509).
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