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A B S T R A C T   

Deformation in orogenic belts is typically widely distributed but may be localized to form discrete, fast-moving fault zones enclosing semi-rigid microplates. An 
example is the Anatolian microplate, which is extruding westwards from the East Anatolian Plateau in the Arabia-Eurasia collision zone along the North and East 
Anatolian Faults that cause devastating earthquakes, including those of February 6, 2023 in Southeast Anatolia. Here, we summarize the orogenic architecture of the 
East Anatolian Plateau and its underlying kinematic history since the Cretaceous, and use this to reconstruct the tectonic situation that existed at the onset of and 
during the development of the Neogene East Anatolian Plateau and the Anatolian microplate. The orogen first formed in the late Cretaceous by subduction-accretion 
of microcontinental lithosphere below Neotethys oceanic lithosphere. Then, in Paleogene time, the accretionary orogen underwent regional upper plate extension, 
causing crystalline crust exhumation and deep-marine basin formation. From early Miocene time onwards, the extended orogen shortened again and must have 
accommodated ~350 km of convergence, making crust up to 45 km thick, and causing >2 km of uplift. Since the ~13 Ma onset of North Anatolian Fault formation, 
microplate extrusion absorbed no more than 25 % (~65 km) of Arabia-Eurasia convergence and even during this time alone, >200 km of convergence must have 
been accommodated by continued ~N-S shortening. We highlight the need for field studies of the East Anatolian Plateau to identify where and how this major 
shortening was accommodated, what role it played in plateau rise and the onset and dynamics of microplate extrusion, and to better assess seismic hazards.   

1. Introduction 

If tectonic plates were entirely rigid, as classic plate tectonic theory 
describes (McKenzie and Parker, 1967), seismicity would be strictly 
focused at discrete plate boundaries. In reality, particularly convergent 
plate boundaries are associated with deforming plate boundary zones 
formed by orogenic belts that distribute deformation over wide areas (e. 
g., Şengör, 1990; van Hinsbergen and Schouten, 2021). However, within 
such regionally deforming belts, plate boundary-like, discrete fault 
zones may develop that enclose semi-rigid (micro)plates (Li et al., 2017; 
Mann et al., 1995; Molnar and Tapponnier, 1975; Whitney et al., 2023). 
These fault zones are well-studied because they pose a major seismic 
hazard, but they may also distract attention from the regionally 
distributed deformation and associated hazards that surround the 
developing microplate formation. 

The Arabia-Eurasia collision zone in eastern Anatolia is a key 
example of regionally distributed deformation, including microplate 
formation. An Anatolian ’microplate’ is identified as an internally more 
or less rigid block bounded from Eurasia and Arabia by the North and 

East Anatolian transform faults, respectively, which accommodate 
Anatolian extrusion away from the Arabia-Eurasia collision zone 
(Dewey and Şengör, 1979; Sengör, 1979; Saroğlu, 1992; Ketin, 1948) 
(Fig. 1). This motion is associated with devastating earthquakes, 
including the Mw 7.8 Pazarcık (Nurdağ) and Mw 7.7 Ekinözü earth
quakes of February 6, 2023, at the East Anatolian Fault Zone (Barbot 
et al., 2023; Liu et al., 2023; Melgar et al., 2023; Zhang et al., 2023). GPS 
measurements show that these microplate-bounding faults accommo
date much of the present-day convergence of Arabia with Eurasia 
(Reilinger et al., 2006). However, maps of active faults (Emre et al., 
2018) reveal widespread and distributed deformation to the east and 
within the microplate, across faults with isolated surface ruptures that 
do not make a coherent fault mosaic. The earthquakes of 2023 placed 
understanding the dynamics of eastern Anatolian deformation once 
again at the focus of scientific attention. Whereas the 
extrusion-accommodating ’microplate boundaries’ receive – logically – 
most attention, we here focus on the possible role that distributed 
deformation may have on adding seismic hazard and what information 
it may hold about microplate evolution and dynamics. 
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In this paper, we first summarize the orogenic evolution of the East 
Anatolian Orogen since the Late Cretaceous that preconditioned plateau 
rise and microplate formation in the Miocene, based on a recent detailed 
regional kinematic restoration of Mediterranean tectonics (van Hins
bergen et al., 2020). We then explain the underlying structural geolog
ical and paleomagnetic data that allow the reconstruction of microplate 
formation and motion. Next, we estimate the amount of shortening that 
must have occurred during microplate development since 13 Ma by 
comparing the amount of convergence accommodated by Anatolian 
extrusion with the documented amount of Arabia-Eurasia plate 
convergence. We then evaluate how and where the remaining conver
gence may have been accommodated and what role shortening may 
have played in driving the initiation and evolution of East Anatolian 
Plateau rise, microplate formation, and extrusion. Finally, we identify 
targets for future field research to aid seismic hazard assessment asso
ciated with distributed deformation in the east Anatolian orogenic belt 
that occurs outside of the major North and East Anatolian transform 
faults. 

2. Regional plate tectonic setting and subduction history 

The Anatolian orogen formed due to continental and oceanic sub
duction at multiple subduction plate boundaries that accommodated 
convergence between Africa-Arabia and Eurasia since the Mesozoic. The 
North and East Anatolian faults, which delineate the modern Anatolian 
microplate, are relatively young structures that cut through this older 
orogenic belt (Fig. 2). Here, we summarize the history of subduction and 
orogenesis for the eastern Anatolian part of the system. For a more 

detailed account of the plate kinematic setting, orogenic architecture, 
and regional context of Mediterranean tectonics, we refer the reader to 
van Hinsbergen et al. (2020). 

The eastern Anatolian orogen is often referred to as the East Anato
lian Plateau and represents the topographically highest part of the 
mountain belt, with a modern average elevation of 2 km and peaks well 
over 3 km. It is supported by crust that is up to 45 km thick, and a mantle 
lithosphere that is in many places thinner than 100 km (Barazangi et al., 
2006; Zor et al., 2003; Artemieva and Shulgin, 2019). This plateau is 
widely covered by young volcanics (Keskin, 2003), but below these, 
crystalline and non-crystalline nappes, ophiolites, plutons, and Cenozoic 
sedimentary basins and volcanics are exposed that allow correlation to 
better-exposed and better-studied orogenic architecture to the west 
(Fig. 3). 

The Pontides-Lesser Caucasus fold-thrust belt of northern Turkey, 
Armenia and Azerbaijan consists of continental fragments that collided 
with Eurasia in or prior to the Late Jurassic, forming the southern active 
margin of Eurasia since then. It was located above a north-dipping 
subduction zone, south of associated back-arc basins (Şengör and Yıl
maz, 1981; van Hinsbergen et al., 2020). These basins include the 
mid-Cretaceous to Eocene Black Sea basin, which still exists today, and 
the Jurassic-Cretaceous Greater Caucasus basin, which was consumed 
by a small subduction zone forming the Caucasus fold-thrust belt since 
the late Eocene (Cowgill et al., 2016; Cavazza et al., 2024). Caucasus 
shortening accounts for ~30% of the Arabia-Eurasia convergence since 
the Oligocene, i.e., ~250 km (Cowgill et al., 2016). This shortening 
gradually decreased west- and eastward, causing northward convex 
oroclinal bending that also affected the eastern Anatolian orogen to its 

Fig. 1. Anatolian Microplate and main tectonic elements within the framework of the major plates around the eastern Mediterranean region. AT = Aegean Trench; 
CT = Cyprus Trench; EAFZ = East Anatolian Fault Zone; NAFZ = North Anatolian Fault. Inset shows location of Fig. 2. 
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south (van der Boon et al., 2018). South of the Lesser Caucasus Block, a 
small continental fragment, the South Armenian Block collided with the 
Lesser Caucasus in the Late Cretaceous. After this collision, subduction 
transferred to its south, within northeastern Anatolia (Nikogosian et al., 
2023; Sosson et al., 2010; van Hinsbergen et al., 2020). 

The Pontides and the South Armenian Block are bounded to the south 
by the Izmir-Ankara-Erzincan Suture zone and the Kağızman-Khoy Su
ture, respectively, separating them from the eastern Tauride nappes 
(Fig. 2). The Tauride fold-thrust belt underlies most of eastern Anatolia 
and also includes the Bitlis Mountains. In eastern Anatolia, the rocks of 
the Tauride fold-thrust belt are almost everywhere metamorphosed 
showing they have been deeply buried and were subsequently exhumed 
(Kuşcu et al., 2010; Oberhänsli et al., 2014; Topuz et al., 2017). The 

eastern Tauride fold-thrust belt is separated from the Arabian continent 
by the Bitlis Suture (Fig. 2). 

The Taurides contain thrusted remains of the continental crust of the 
‘Greater Adria’ microcontinental realm, which extended westwards to 
the circum-Adriatic region of the Central Mediterranean (van Hinsber
gen et al., 2020). This continental lithosphere was separated from Eur
asia and Africa-Arabia by northern and southern Neotethyan oceanic 
branches, respectively, within which intra-oceanic subduction occurred 
in the Late Cretaceous (~100–90 Ma), and remains of which are found 
as ophiolites. These ophiolites and underlying mélanges now form the 
highest structural units of the Tauride fold-thrust belt and were also 
thrust southwards onto the Arabian continental margin (Yılmaz et al., 
1993; Robertson et al., 2007; see detailed review and reconstruction in 

Fig. 2. Detailed geological map, modified after the Geological Map of Turkey (Şenel, 2002). Abbreviations: AB = Adana Basin; ATJ = Amik Triple Junction; BM =
Bitlis Massif; BS = Bitlis Suture; CAFZ = Central Anatolian Fault Zone; EAFZ = East Anatolian Fault Zone; EF = Ecemiş Fault; HB = Hakkari Basin; IAS =
İzmir-Ankara Suture; NAFZ = North Anatolian Fault Zone; PM = Pötürge Massif; SB = Sivas Basin; SF = Sürgü Fault; KKS = Kağızman-Khoy Suture; KTJ = Karlıova 
Triple Junction; LV = Lake Van; MB = Maden Basin; MOF = Malatya-Ovacık Fault; MuB = Muş Basin; GF = Göksün Fault; KB = Kahramanmaraş Basin; VFZ = Varto 
Fault Zone; YGF = Yeşilgöz-Göksün Fault. 
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Fig. 3. Paleo-tectonic maps of the Eastern Mediterranean region at selected time slices at a) 100 Ma, corresponding to the period of subduction initiation at an intra- 
Neotethyan subduction zone whose remains are widespread on the Anatolian Plateau ophiolites and associated mélange; b) 85 Ma, corresponding to the time window 
of invasion by roll-back of intra-oceanic subduction zones into the Eastern Mediterranean, culminating in multidirectional ophiolite emplacement onto the Greater 
Adriatic and Arabian-north African continental margin; c) 65 Ma, corresponding to the end of ophiolite obduction, arrest of subduction in the Eastern Mediterranean 
Ocean, break-off of the associated slabs, and continuation of the northern originally intra-oceanic subduction zone by continental subduction and nappe stacking of 
the Greater Adria continent and overlying ophiolites; d) 45 Ma, corresponding to the time period of upper plate extension of the crust that now forms the East 
Anatolian Plateau, above the Bitlis subduction zone, whilst subduction below the Eurasian margin continues; e) 20 Ma, corresponding to the time window of upper 
plate shortening in eastern Anatolia, and the thrusting of the Tauride orogen over the Arabian margin; and f) the Present. Maps are based on the kinematic 
reconstruction of the Mediterranean region of van Hinsbergen et al. (2020). For key to the main units, see Fig. 2. 
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Maffione et al., 2017; van Hinsbergen et al., 2020) (Figs. 3 and 4). Below 
these ophiolites, continental lithosphere of Adria was subducted. The 
upper crust of this subducted lithosphere accreted as nappes, starting 
within 10 Ma after subduction initiation (Topuz et al., 2017). Accretion 
and nappe stacking of Greater Adria continental crust continued into the 
Eocene in central and western Anatolia (McPhee et al., 2018) but in the 
easternmost Anatolia, Greater Adria was narrower and its subduction 
and accretion of its upper crust - becoming the easternmost Taurides, 
likely occurred entirely within the Late Cretaceous (Yılmaz, 1994; Topuz 
et al., 2017; Kuşcu et al., 2010; 2013). 

The Cretaceous nappe stacking episode in the east Anatolian portion 
of Greater Adria was particularly complex because the eastern 

Mediterranean ocean, separated Greater Adria from Arabia/Africa, 
became invaded by an east-dipping subduction zone that rolled back 
westward, passing between eastern Greater Adria and Arabia between 
~90 and 80 Ma (Moix et al., 2008; Stampfli and Hochard, 2009; van 
Hinsbergen et al., 2020). This process led to ophiolite obduction both to 
the north, onto southern Greater Adria, and to the south, onto northern 
Arabia (Figs. 3 and 4). Eastern Greater Adria thus became obducted from 
north, east, and south. 

In the Paleogene, after the subduction and accretion of Greater 
Adriatic continental crust to the upper oceanic lithosphere of the Neo
tethys, northward subduction of oceanic lithosphere that separated 
Greater Adria from Arabia occurred - which since the preceding roll- 

Fig. 4. Schematic cross-sectional evolution of subduction in the east Anatolian region since the Cretaceous. The three main stages of the east Anatolian orogen 
comprise nappe stacking below oceanic lithosphere preserved as ophiolites (100–65 Ma), upper plate extension and exhumation of previously buried portions of the 
nappe stack (65–25 Ma), shortening and of the extended nappe stack, during which extrusion tectonics gradually developed in the late Neogene (25–0 Ma). 
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back invasion consisted of Cretaceous back-arc basin lithosphere (Figs. 3 
and 4). During this time, the Tauride accretionary fold-thrust belt was 
intruded by a widely distributed magmatic arc (Kuşcu et al., 2010; 
2013). In Paleocene to Oligocene time, this eastern Tauride nappe stack 
must have undergone large-scale, regional extension: deep, crystalline 
portions of the orogen and arc were exhumed and yielded apatite fission 
track ages ranging from 35 to 55 Ma in the interior part of the east 
Anatolian plateau (Albino et al., 2014). Unconformably overlying 
terrestrial, volcanic, and marine sediments are also lower to upper 
Paleogene in age (Yılmaz et al., 2010; Kuşcu et al., 2013). In the south of 
the orogen, in the forearc above the Bitlis subduction zone, the 
deep-marine, extensional Maden and Hakkari forearc basins formed 
(Aktaş and Robertson, 1984; Robertson et al., 2007). Extension 
continued into the Oligocene, e.g., in the Muş Basin (Hüsing et al., 
2009). These basins show that extension ceased and shortening and 
thrusting started in the late Oligocene (Aktaş and Robertson, 1984; 
Hüsing et al., 2009) and continued throughout the Miocene (Koçyiğit 
et al., 2001; Yusufoğlu, 2013). This onset of shortening predated the 
arrival of the northern Arabian margin at the Bitlis subduction zone in 
early to middle Miocene time. The latter is dated from focused uplift and 
exhumation dated by ~18 Ma fission track data in the Bitlis Massif 
(Cavazza et al., 2018: Okay et al., 2010; Fig. 3; see next section). 

Simultaneously with the closure of the southern Neotethys Ocean, 
the northern branch between the Taurides orogen and the Pontides also 
closed (Figs. 3 and 4). The closure of this northern branch was dia
chronous, becoming younger eastwards across Anatolia (Gürer and van 
Hinsbergen, 2019). In western and central Anatolia, this closure 
occurred from latest Cretaceous to Paleocene time (Mueller et al., 2019; 
Ocakoğlu et al., 2019), and Africa-Eurasia convergence was accommo
dated by oceanic subduction at the Cyprus trench until the first conti
nental crust of the North African margin arrived in the late Miocene (~9 
Ma) (McPhee and van Hinsbergen, 2019). In eastern Anatolia, however, 
subduction must have continued later, since hundreds of kilometers of 
convergence between the Taurides and Pontides must have occurred 
after the early Eocene (Gürer and van Hinsbergen, 2019). 

This amount of convergence is estimated from a paleomagnetically 
documented regional counterclockwise rotation of ~30◦ of the eastern 
southern and eastern Tauride Orogen relative to the Pontides since the 
latest Oligocene-early Miocene (~25–20 Ma) (Cinku, 2017; Cinku et al., 
2017; Gürer and van Hinsbergen, 2019; Gürer et al., 2018). Convergence 
and shortening between the eastern Taurides and the eastern Pontides 
must have continued until the arrest of rotation, which remains poorly 
understood. The youngest documented shortening in the Sivas Basin is 
Late Miocene in age (Poisson et al., 2015; Kergaravat et al., 2017). 
Demonstrated shortening magnitudes in the Sivas basin are on the order 
of only kilometers (Legeay et al., 2019; Darin and Umhoefer, 2019), 
significantly less than contemporaneous regional convergence required 
to accommodate vertical axis rotations. The Sivas thrust or the 
Deliler-Tecer fault, which bound and dissect the Sivas Basin, respec
tively, may thus have accommodated much more shortening than the 
reconstructed minimum values (Darin and Umhoefer, 2019, Gürer and 
van Hinsbergen, 2019). 

In summary, the eastern Anatolian orogenic crust experienced 
distributed, intense, and polyphase deformation in response to accretion 
and the closure/termination of multiple subduction systems (Figs. 3 and 
4). When these subduction zones ceased, and whether this process was 
diachronous remains poorly constrained. Within this complex, multi
phase deformed orogenic collage, the North and East Anatolian Faults 
started forming in Late Miocene time, eventually delineating the 
Anatolian microplate. 

3. Neogene deformation in eastern Anatolia 

To reconstruct how the extruding Anatolian microplate developed in 
the East Anatolian Plateau, we first review the available, but sparse, 
constraints on Neogene fault displacements in eastern Anatolia. Next, 

we reconstruct these faults in the context of regional plate motion. The 
amount and rate of Africa-Arabia-Eurasia convergence are determined 
from reconstructions of a plate circuit. Relative Arabia-Eurasia plate 
motion is reconstructed in detail based on marine magnetic anomalies in 
the North Atlantic Ocean between Eurasia and North America and in 
Central Atlantic Ocean between North America and Africa and for the 
Red Sea basin between Africa and Arabia, with approximately one 
anomaly per million years (DeMets et al., 2015; DeMets and Merkouriev, 
2016). For the reconstruction of the Caucasus orocline, we adopt the 
reconstruction of van der Boon et al. (2018). This restoration is based on 
paleomagnetic constraints that predict since the late Eocene, up to 300 
km of Arabia-Eurasia convergence was accommodated in the Caucasus 
region, to the north of the South Armenian Block. This convergence is 
consistent with and includes shortening estimates based on seismolog
ical and structural geological observations (e.g., Alania et al., 2015; 
Trexler et al., 2020; Gusmeo et al., 2021). For the long-term evolution of 
Anatolia since the Mesozoic, we use the reconstruction of Mediterranean 
orogenic belts by van Hinsbergen et al. (2020). 

The present-day Anatolian microplate is separated from the Eurasian 
Plate by the dextral North Anatolian Fault Zone, extending to the Kar
lıova ‘triple junction’ (Şengör, 1979). Here, it merges with the Varto 
Fault Zone, a thrust system, and the East Anatolian Fault Zone (Karaoğlu 
et al., 2017; Sançar et al., 2015) (Figs. 3 and 5). The East Anatolian Fault 
Zone ends to the southwest in the Amik (or Hatay) Triple Junction, 
where it meets the Cyprus Trench that separates Anatolia and Africa, 
and the Dead Sea transform fault that separates Africa from Arabia 
(Duman and Emre, 2013; Tarı et al., 2013) (Figs. 3 and 5). However, the 
Anatolian micro-’plate’ and the southern Eurasian margin are not rigid, 
but they experienced regional deformation. Active fault zones within the 
Anatolian microplate include those that branch southward off the North 
Anatolian Fault and the Malatya-Ovacık Fault (Fig. 2). Even though they 
are active, these faults are at present subordinate to the North and East 
Anatolian Fault zone displacements (Emre et al., 2018; Higgins et al., 
2015; Koçyiğit and Beyhan, 1998). Additionally, the westward 
decreasing Caucasus shortening also affects the southern Eurasian 
margin to the north of the eastern part of the North Anatolian Fault, 
causing an overall sinistral shear between areas south, and west of the 
longitude of the Caucasus (Simão et al., 2016; Emre et al., 2018). 

The onset of formation of the 1400 km long North Anatolian Fault 
Zone is estimated from terrestrial stratigraphy in transtensional basins to 
have occurred around ~13–11 Ma (Şengör et al., 2005). U/Pb dating of 
tectonic calcite fabrics from the North Anatolian Fault zone in central 
and western Anatolia yielded an age of 11 Ma age (Nuriel et al., 2019). 
However, whether the North Anatolian Fault Zone formed simulta
neously along its entire modern length is uncertain: evidence from ba
sins and offset markers in the western portion of the fault zone has been 
used to argue for a westward propagation of the fault zone, reaching the 
Aegean domain only in Pliocene time (Racano et al., 2023; Sakellariou 
and Tsampouraki-Kraounaki, 2019; Şengör et al., 2005). The total offset 
of the North Anatolian Fault Zone has been estimated at up to 85 km 
(Akbayram et al., 2016; Hubert-Ferrari et al., 2002; Şengör et al., 2005), 
although reconstructions of the Aegean region account for only some 
tens of kilometers of motion (van Hinsbergen et al., 2006). It is possible 
that some tens of kilometers of displacement (Hubert-Ferrari et al., 
2009) may thus have been accommodated within central or western 
Anatolia, although the specifics of where and how remain unclear (van 
Hinsbergen et al., 2020). In our discussions, we use the 
maximum-displacement estimate of 85 km right-lateral slip along the 
North Anatolian Fault Zone since 13 Ma. 

The Karlıova Triple Junction at the eastern termination of the North 
Anatolian Fault is a transform-transform-thrust triple junction that mi
grates WNW-ward along the North Anatolian Fault. To the east of the 
Karlıova Triple Junction, the Varto Fault Zone exhibits a similar orien
tation as the North Anatolian Fault (Figs. 3 and 5). Currently, it is a 
seismically active thrust zone that accommodates part of the Arabia- 
Eurasia convergence (Sançar et al., 2015). Horizontal striations on 
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fault surfaces indicate its past role as a strike-slip fault zone when the 
triple junction was positioned farther east (Karaoğlu et al., 2017). The 
exposed length of the fault zone is 35 km providing a minimum west
ward migration of the Karlıova Triple Junction since the formation of 
the East Anatolian Fault Zone, but its eastward continuation may be 
buried below young volcanics (Fig. 3): if not, the 35 km length of the 
Varto Fault Zone represents the maximum displacement since the for
mation of the East Anatolian Fault Zone. There is no estimate for the N-S 
shortening accommodated by the Varto Fault Zone, but it likely 
accommodated only a small portion of the late Neogene Arabia-Eurasia 
convergence. This is demonstrated by the numerous active E-W trending 
thrust faults and strike-slip faults mapped between the Bitlis suture zone 
in the south and the Caucasus in the north (Emre et al., 2018; Koçyiğit 
et al., 2001), including those that ruptured during the 2011 Mw 7.1 Van 
earthquake (Elliott et al., 2013). However, these faults are laterally 
discontinuous at the surface, suggesting they are mostly blind, and/or 
buried below young volcanic deposits. They are widely distributed, and 
their cumulative displacement since the Miocene has not been previ
ously estimated. 

The onset of the East Anatolian Fault Zone is estimated to be much 
younger than that of the North Anatolian Fault Zone: only 6–3 Ma. These 
estimates are indirect at best: they are based on an assumed link between 
6 Ma volcanism and deformation in the Karlıova Triple Junction region 
(Karaoğlu et al., 2017), the interpretation that 5 Ma thermal resetting of 

fission track ages along the fault zone results from fluids and assuming 
that these fluids mark the onset of the East Anatolian Fault (Whitney 
et al., 2023), and the ages of displaced volcanic and sedimentary rocks 
(Westaway and Arger, 2001). The most direct/robust age indication 
comes from the Elbistan Basin, located just north of the Sürgü Fault 
(Yusufoğlu, 2013). This basin is an early Pliocene terrestrial pull-apart 
basin that formed between left-lateral strike-slip faults, within folded 
lower to upper Miocene marine sediments. These observations indicate a 
regional change from compressional deformation to 
strike-slip-dominated deformation around the beginning of the Pliocene, 
i.e. ~5 Ma (Yusufoğlu, 2013). This is consistent with observations across 
the east Anatolian plateau around the North and East Anatolian Faults, 
where Miocene strata are folded, but upper Pliocene and younger vol
canic rocks that are widespread in the region, are not (Koçyiğit et al., 
2001). Offset markers showed between ~15 and 27 km of total 
displacement of the East Anatolian Fault Zone (Saroğlu, 1992, 1992; 
Yönlü et al., 2013). The E-W oriented Sürgü Fault, along which the Mw 
7.7 2023 Ekinözü earthquake occurred (Liu et al., 2023) (Figs. 3 and 5), 
functions as a left lateral strike-slip fault with reverse component (Bal
kaya et al., 2021; Duman et al., 2020; Koç and Kaymakcı, 2013). This 
fault connects westward to the Yakapınar-Göksun Fault that transfers its 
slip towards the Cyprus trench (Koç and Kaymakcı, 2013; Westaway, 
2004). In recent times, the Sürgü Fault is taking up approximately one 
third of the total plate boundary slip, but prior to the Pliocene, it acted as 

Fig. 5. Major active faults and epicenter of earthquakes (Mw ≥ 5) in Eastern Turkey. Focal mechanism solutions are provided by AFAD (Ministry of Interior Disaster 
and Emergency Management Presidency) and their locations are indicated with red dots with numbers. White dots represent the location of the earthquakes provided 
by the USGS (United States Geological Survey). The base map utilizes a Digital Elevation Model (DEM) provided by ASTER GDEM, with a horizontal resolution of 1 
arc-second. 
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thrust fault with a dextral component that accommodated part of the 
Arabia-Eurasia convergence (Koç and Kaymakcı, 2013). 

If the East Anatolian Fault did not exist until ~6–5 Ma, but the North 
Anatolian Fault did, then the Arabia-Anatolia (micro)plate boundary 
must have been located farther west before this time (Kaymakcı et al., 
2010; Westaway and Arger, 2001). Candidate fault zones representing 
this former (micro)plate boundary are NE-SW trending faults inferred 
from mapped, abrupt discontinuities in the Taurides fold-thrust belt 
(Kaymakcı et al., 2010), such as the Göksün and Malatya-Ovacık Faults 
(Fig. 2). Of these, only the Malatya-Ovacık Fault has been studied in 
detail in the field. This fault is seismically active, accommodating 2–3 
mm/a of left-lateral motion (Sançar et al., 2019, 2020). Field studies 
have shown that between 5 and 3 Ma, it accommodated a left-lateral 
displacement of ~29 km (Westaway and Arger, 2001). The Mala
tya-Ovacık Basin had already formed by transtension in early to 
mid-Miocene time (Kaymakcı et al., 2010), but there is no estimate of 
pre-Pliocene fault displacements. A minimum of 20 km of displacement 
of the NNE-SSW trending Göksün Fault (not to be confused with the 
Yakapınar-Göksun Fault, Fig. 3) that cuts through the eastern Taurides 
was estimated based on the horizontal offset of mapped units (van 
Hinsbergen et al., 2020). However, no detailed field study has been 
performed to corroborate apparent horizontal displacement. Farther 
west, the Ecemiş Fault (Fig. 2) isa prominent structure that transferred 
Arabia/Africa-Eurasia convergence to the Sivas Basin region and 
culminated in a late Eocene to early Miocene displacement of the 
Tauride fold-thrust belt of 60–80 km (Gürer et al., 2016; Jaffey and 
Robertson, 2001). However, the Ecemiş Fault is sealed in the south by 
lower Miocene sediments, and younger motion only involved minor 
transtension with an E-W extensional component (Gürer et al., 2016; 
Higgins et al., 2015; Jaffey and Robertson, 2001): it therefore did not 
play a significant role in the development of the Anatolian microplate. 

During the Miocene, the Bitlis Massif was thrust over the Arabian 
continental margin, as well as onto the ophiolites that were obducted 
onto that margin in the Late Cretaceous (Oberhänsli et al., 2010). These 
overthrust ophiolites are exposed in a window 40 km north of the Bitlis 
thrust front, providing a minimum amount for the Miocene thrust 
displacement (Oberhänsli et al., 2010; Yılmaz et al., 1981). 
Low-temperature thermochronology revealed cooling ages of the Bitlis 
Massif between ~18 and 13 Ma, which is interpreted as the result of 
underthrusting of the Arabian continental margin below the Bitlis 
(Cavazza et al., 2018; Okay et al., 2010). The Muș Basin that overlies the 
Bitlis massif to the north was uplifted in the middle Miocene (Huvaz, 
2009), and sedimentary successions overlying the northeastern margin 
of the Bitlis Massif were uplifted from deep-marine to terrestrial con
ditions between 19 and 17 Ma (Gülyüz et al., 2020). This suggests that 
the Arabian continental margin first began to underthrust the Bitlis 
Massif around 19–18 Ma and continued to do so until at least ~13 Ma. 
Finally, between 13 and 11 Ma, a 6 km thick pile of deep-marine tur
bidites in the Kahramanmaraş Basin, located on the northwestern 
margin of Arabia (Fig. 2) that was overthrust by the eastern Tauride 
orogen (Hüsing et al., 2009). This indicates that the thrusting of the 
eastern Tauride orogen over the Arabian margin became progressively 
younger to the west. There is currently no geological evidence sug
gesting significant Arabian underthrusting below the Bitlis Massif after 
11 Ma. At present, the faults between the Bitlis Massif and Arabia display 
limited seismicity (Tan et al., 2008) (Fig. 5). 

4. Reconstruction 

We now use the plate circuit and the known fault displacements and 
ages summarized above to evaluate how much Arabia-Eurasia conver
gence was accommodated by westward block extrusion away from the 
collision zone, and where else Arabia-Eurasia convergence may have 
been accommodated within the east Anatolian orogen. The plate circuit 
reveals that Arabia-Eurasia convergence has been ~2 cm/a throughout 
the Neogene. The youngest known age for the activity of the Bitlis Suture 

Zone of ~11 Ma (Cavazza et al., 2018; Faccenna et al., 2006; Hüsing 
et al., 2009; Okay et al., 2010; Şengör et al., 2003) coincides with the 
estimates for the onset of North Anatolian Fault activity at 13–11 Ma 
(Nuriel et al., 2019; Şengör et al., 2005) and an estimate for the timing of 
slab break-off at the Bitlis suture zone of 13–11 Ma age, which is based 
on a magmatic flare-up (Keskin, 2003). We therefore first evaluate 
whether this time could coincide with an abrupt change from subduc
tion to extrusion, such that Anatolian extrusion may have accommo
dated all post-11–13 Ma Arabia-Eurasia convergence. To this end, we 
simplify the geometry of Anatolia to a schematic representation of the 
North and East Anatolian Faults and temporarily disregard the 
complexity that the Arabia-Anatolia plate boundary prior to ~5–6 Ma 
was likely located or distributed along faults farther west (Fig. 6). We 
will incorporate this complexity to our analysis later. 

The Eurasia-North America-Africa-Arabia plate circuit, constrained 
by magnetic anomalies in the Atlantic Ocean and Red Sea (DeMets et al., 
2015; DeMets and Merkouriev, 2016), shows that since the onset of the 
North Anatolian Fault formation at 13 Ma, ~270 km of NNW-SSE 
convergence was accommodated at a location coinciding with the Kar
lıova Triple Junction (Fig. 6). To accommodate all this convergence 
through extrusion, the wedge-shaped microplate defined by the North 
and East Anatolian faults would have to be restored as much as 375 km 
eastwards along the North Anatolian Fault at 13 Ma. Such a displace
ment is far greater than the maximum field-based estimate of 85 km 
(Akbayram et al., 2016; Hubert-Ferrari et al., 2002; Şengör et al., 2005). 
Restoring this maximum displacement estimate for the North Anatolian 
Fault instead reveals that no more than ~65 km of NNW-SSE Ara
bia-Eurasia convergence could have been accommodated by westward 
extrusion since 13 Ma (Fig. 6; Supplementary movie). This means that 
since the onset of formation of the North Anatolian Fault, >200 km of 
Arabia-Eurasia convergence must have been accommodated by short
ening elsewhere in the eastern Anatolian orogen, to the south and/or 
north of the North and East Anatolian Faults. Moreover, to the east of the 
Karlıova Triple Junction, all convergence must have been accommo
dated by shortening within the orogen. That region lies to the south of 
the Caucasus region, where approximately a third of this convergence 
may have been accommodated (Forte et al., 2022; van der Boon et al., 
2018). The remainder must have been accommodated within the east 
Anatolian orogen. 

5. Discussion 

5.1. How was arabia-eurasia convergence partitioned in eastern anatolia? 

Our reconstruction shows that Anatolian extrusion since the forma
tion of the North Anatolian Fault Zone around 13–11 Ma cannot account 
by itself for the entire amount of contemporaneous Arabia-Eurasia 
convergence in eastern Anatolia (Fig. 6). From this, we infer that 
throughout much of its extrusion history, the eastern Anatolian orogen 
must have accommodated shortening of ~200 km and the extrusion- 
accommodating transform faults must have developed within a 
deforming orogenic belt (Fig. 6; Supplementary movie). Because at the 
present-day, extrusion is more or less balancing Arabia-Eurasia 
convergence west of the Karlıova Triple Junction (Reilinger et al., 
2006), extrusion must have accelerated through time. This is consistent 
with evidence that the onset of slip on the North Anatolian Fault be
comes younger along the fault zone, only reaching the strands in western 
Anatolia in the Pliocene (Hubert-Ferrari et al., 2009; Racano et al., 2023; 
Şengör et al., 2005; Sakellariou and Tsampouraki-Kraounaki, 2019). 
Consequently, pre-Pliocene strike-slip displacements must have been 
accommodated within central Anatolia, but where and how is poorly 
known. Major structures such as the Ecemiş Fault, and the enigmatic 
Central Anatolian Fault zone (or Deliler-Tecer Fault Zone) that runs 
through the Sivas Basin, have little post-early Miocene displacement 
(Gürer et al., 2016; Jaffey and Robertson, 2001; Koçyiğit and Beyhan, 
1998; Higgins et al., 2015, Darin and Umhoefer, 2019). The absence of 
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compressional belts within Central Anatolia, which could form splays 
accommodating North Anatolian Fault displacement, suggests that its 
pre-Pliocene motion was indeed limited. Particularly for the late 
Miocene, but also in the Plio-Pleistocene, Arabia-Eurasia convergence in 

eastern Anatolia must therefore mostly have been accommodated by N-S 
shortening. This marks a ‘transition period’ (Koçyiğit et al., 2001) be
tween the onset of extrusion-accommodating strike-slip fault formation 
and the establishment of the present-day Anatolian ‘microplate’. 

Fig. 6. Simplified kinematic cartoon illustrating that the estimated amount of Anatolian extrusion of 85 km along the North Anatolian Fault since 13 Ma accom
modates more than ~65 km of Arabia-Eurasia convergence, ~25%. The remaining >200 km of convergence must have been accommodated by crustal shortening 
and thickening, uplifting the East Anatolian Plateau. 

Fig. 7. Paleo-tectonic maps of the East Anatolian Plateau. For clarity, the widespread ophiolite klippen, plutons, and sedimentary cover has been removed from the 
maps. Time slice at a) 18 Ma, corresponds to the time of onset of thrusting of the Tauride orogen over the Arabian margin; b) 13 Ma, corresponds to the onset of 
formation of the North Anatolian Fault; c) 5 Ma, corresponds to the onset of formation of the East Anatolian Fault, and d) corresponds to the Present. Maps are based 
on the kinematic reconstruction of the Mediterranean region of van Hinsbergen et al. (2020). BM = Bitlis Massif; CT = Cyprus Trench; Cy = Cyprus; EAFZ = East 
Anatolian Fault Zone; GF = Göksün Fault; KB = Kahramanmaraş Basin; MOF = Malatya-Ovacık Fault; NAFZ = North Anatolian Fault Zone; SB = Sivas Basin; SF =
Sürgü Fault 
For key to the main units, see Fig. 2. 
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Finding how (discrete vs. distributed) and where this late Miocene 
and younger shortening component of ~200 km - and even more lower 
to middle Miocene convergence that followed upon the arrival of the 
Arabian continent at the Bitlis margin - was accommodated is not 
straightforward. To illustrate, this amount of shortening is of a similar 
magnitude as was reconstructed for the Pyrenees (Muñoz, 1992) or the 
southern Andes (Schepers et al., 2017). In the youngest major mapped 
thrust zones that could have localized such convergence, such as in the 
Sivas Basin or the Bitlis Suture Zone, only kilometer-scale late Miocene 
and younger shortening has been recognized so far (Hüsing et al., 2009; 
Legeay et al., 2019, Darin and Umhoefer 2019). However, paleomag
netic data have demonstrated regional rotation differences indicating 
large-scale orogenic deformation since the middle Miocene (Cinku, 
2017; Cinku et al., 2017; Gürer and van Hinsbergen, 2019; Gürer et al., 
2018). The paleomagnetic rotations of the pre-Neogene Tauride Orogen 
may be used as a marker to assess how the ‘missing’ convergence was 
distributed roughly north and south of the central axis of the fold-thrust 
belt. Reconstructing the paleomagnetic evidence from the eastern 
Tauride Orogen from central to eastern Anatolia for a coherent, ~30◦

counterclockwise vertical axis rotation since the late Oligocene-early 
Miocene, ~25–20 Ma (Cinku, 2017; Cinku et al., 2017; Gürer et al., 
2018) around a rotation pole marked by an orocline recognized in 
central Anatolia (Gürer and van Hinsbergen, 2019; Lefebvre et al., 2013) 
allows to keep the Bitlis massif attached to the north Arabian margin in 
the late early to middle Miocene (Fig. 7, Supplementary Movie). This is 
consistent with the estimated collision age from geological re
constructions (Cavazza et al., 2018; Okay et al., 2010), while at the same 
time maintaining the connection of the eastern Taurides to Central 
Anatolia (Gürer and van Hinsbergen, 2019; van Hinsbergen et al., 2020) 
(Fig. 7). This rotation also explains why the onset of thrusting of the 
eastern Tauride orogen over the Arabian continental margin was dia
chronous, becoming younger westwards, consistent with the observa
tions from Kahramanmaraş, where foreland basin sedimentation and 
Arabian underthrusting continued until 11 Ma (Hüsing et al. 2009). 
Restoring the full 30◦ counterclockwise block rotation since the Oligo
cene however, requires that shortening between the eastern Taurides 
and eastern Pontides started before the collision of Arabia with the 
eastern Taurides (Bitlis) massif, consistent with evidence for Oligocene 
shortening in the Sivas Basin (Legeay et al., 2019). This rotational 
deformation of the eastern Taurides suggests that post-early Miocene 
shortening to the north of the Tauride Orogen (i.e., in the Sivas Basin 
region and along-strike towards the east (Gürer et al., 2018)) increases 
eastwards. Meanwhile, the amount of post-early Miocene convergence 
accommodated by the Cyprus trench and Bitlis Suture Zone decreases 
eastwards. In other words, almost all post-collisional Arabia-Eurasia 
convergence (up to 450 km since 20 Ma) was accommodated north of 
the Bitlis suture zone and south of the Central Anatolian Taurides 
(Figs. 4 and 7). 

We may further constrain the distribution of shortening by esti
mating displacements of the strike-slip faults that cut through the 
Tauride Orogen. For instance, the left-lateral displacement of the 
Malatya-Ovacık fault zone between 5 and 3 Ma transferred an estimated 
28 km of convergence from the south to the north of the Tauride Orogen 
(Westaway and Arger, 2001). Determining the timing and amount of 
displacement of the other strike-slip faults and associated basins cutting 
through the eastern Taurides, mapped by Kaymakcı et al. (2010), such as 
the Göksün Fault (Fig. 3), may thus identify further where the short
ening was partitioned over the Sivas basin and its eastern continuation 
or the Bitlis Suture Zone. 

5.2. Uplift mechanisms of the Anatolian Plateau 

The recognition that extrusion was likely an accelerating process, 
gradually taking an increasing component of the convergence may shed 
light on potential triggers for extrusion. Often-quoted causes point at 
tectonic stresses caused by Arabia-Eurasia convergence, combined with 

a westward gradient caused by excess gravitational potential energy and 
perhaps associated mantle flow, due to East Anatolian Plateau rise in the 
east combined with Aegean extension and subsidence in the west (Fac
cenna et al., 2006; Le Pichon and Kreemer, 2010; Sternai et al., 2014; 
Whitney et al., 2023). Aegean extension started well before extrusion, 
around 45 Ma, and accelerated around 25 and 15 Ma (Brun and 
Sokoutis, 2010; Philippon et al., 2014; van Hinsbergen and Schmid, 
2012). Hence, while this extension may have preconditioned westward 
extrusion, its onset or evolution does not provide an obvious trigger for 
the extrusion. The rise of the East Anatolian Plateau, however, coincides 
more closely with the onset of extrusion: when the North Anatolian Fault 
started to form in the middle Miocene, marine sedimentation still 
occurred in regions now uplifted by a kilometer or more (Gülyüz et al., 
2020; Legeay et al., 2019; Şengör et al., 2008; Yusufoğlu, 2013). Plateau 
rise in general may have several causes, including crustal shortening and 
thickening, continental underthrusting, or dynamic and isostatic topo
graphic rise due to slab break-off or various forms of mantle lithospheric 
delamination (Göğüş and Pysklywec, 2008; Keskin, 2003; Memiş et al., 
2020; Şengör et al., 2003; Uluocak et al. 2021). These processes may all 
contribute at different times and locations, as they likely did in Central 
Anatolia (McPhee et al., 2022). For eastern Anatolia, dynamic topo
graphic rise is so far the favored interpretation (Faccenna et al., 2006; 
Keskin, 2003; Memiş et al., 2020; Molin et al., 2023; Şengör et al., 2003; 
Whitney et al., 2023). For instance, seismic tomographic evidence shows 
a broken-off ‘Bitlis’ slab in the upper mantle below the northern Arabian 
margin in eastern Anatolia (Faccenna et al., 2006; Hafkenscheid et al., 
2006). A middle Miocene volcanic flare-up in the East Anatolian Plateau 
may date that event at 13–11 Ma (Keskin, 2003) and slab break-off may 
thus have contributed to early topographic rise. However, slab break-off 
effects are typically limited to the region directly above the breaking 
slab, not the entire upper plate plateau (Buiter et al., 2002; Göğüş and 
Pysklywec, 2008; Memiş et al. 2020). 

Another possible cause for uplift is the underthrusting of buoyant 
continental crust (e.g., Kapp and Guynn, 2004; van Hinsbergen, 2022). 
Following Bitlis slab break-off, horizontal underthrusting of Arabian 
lithosphere occurred; seismological observations suggest that it 
currently protrudes 100 ± 50 km below eastern Anatolia (Whitney et al., 
2023). Whitney et al. (2023) postulated that horizontal Arabian un
derthrusting below the orogen started 5 Ma ago and triggered the for
mation of the East Anatolian Fault and thereby established a rigid 
Anatolian microplate. However, this hypothesis would require that all 
post-5 Ma Arabia-Eurasia convergence was accommodated by Arabian 
underthrusting below the Bitlis massif, whereas there is no evidence that 
significant thrusting south of the Bitlis massif occurred after 11 Ma. 
Moreover, geological reconstructions and GPS vectors reveal that ~30 % 
of Pliocene Arabia-Eurasia convergence was accommodated in the 
Caucasus (Cowgill et al., 2016; van der Boon et al., 2018). Therefore, the 
horizontal underthrusting of Arabia below the eastern Tauride orogen 
must thus be older and likely occurred in the period directly preceding 
slab break-off. While thus underthrusting contributed to uplifting the 
southern part of the East Anatolian Plateau, as shown by the reset 
low-temperature thermochronometers (Cavazza et al., 2018), it is not a 
likely trigger for East Anatolian Fault formation and is unlikely to be the 
sole trigger for extrusion. 

The seismological observations showing a 45 km thick crust but only 
a thin mantle lithosphere (Barazangi et al., 2006) have led to arguments 
that lithosphere removal could have caused rapid topographic rise since 
the middle Miocene (Şengör et al., 2003). Mechanisms for delamination 
of a hypothetical mantle lithosphere below the East Anatolian plateau 
were later explored through numerical modeling and shown to be 
physically plausible, under the assumption that eastern Anatolia already 
had a thick crust in the middle Miocene, and was underlain by a thick 
mantle lithosphere to delaminate (Göğüş and Pysklywec, 2008; Memiş 
et al., 2020). However, in the light of the longer orogenic history, the 
availability of a thick mantle lithosphere to delaminate in the Miocene is 
questionable (Fig. 4). The continental subduction that formed Tauride 
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accretionary orogen consisting of only upper crustal continent-derived 
nappes in the Late Cretaceous, the original Greater Adriatic litho
sphere that underpinned these nappes, subducted. Such a process leaves 
a thick crust, but no mantle lithosphere (Jolivet and Brun, 2010; van 
Hinsbergen et al., 2005; van Hinsbergen and Schouten, 2021). The 
absence of a thick mantle lithosphere below the East Anatolian Plateau 
that is taken as key argument for Miocene delamination (e.g. Memiş 
et al., 2020), is not unique to the East Anatolian Plateau: neither the 
Anatolian nor the Aegean accretionary orogen is associated with a thick 
lithosphere. Instead, they have a thin lithosphere that re-grew by cooling 
after nappe stacking (e.g., Endrun et al., 2011). 

Geological evidence shows that after the stacking of the nappes, the 
orogen was extended throughout the Paleogene, forming basins such as 
the Maden and Mut Basins (Aktaş and Robertson, 1984; Hüsing et al., 
2009; Robertson et al., 2007). This extension lead to the widespread 
exhumation of metamorphic and igneous rocks found on the east 
Anatolian Plateau (Kuşcu et al., 2010). This extension and exhumation 
must have been associated with thinning of the nappe stack, which ex
plains the widespread unconformable marine sedimentary cover of late 
Eocene to Miocene age (Fig. 7). Consequently, the modern orogenic 
architecture of the east Anatolian Plateau suggests a tectonic history in 
which the crust in the Miocene was thin, and not associated with a thick 
mantle lithosphere. In fact, the east Anatolian region was tectonically 
and paleogeographically similar to the modern Aegean region: a crust 
consisting of accreted nappes, stretched and thinned and associated with 
widespread exhumation of metamorphic and igneous rocks, largely 
submarine, and underlain by a thin lithosphere (e.g., van Hinsbergen 
et al., 2005; Jolivet and Brun, 2010; Endrun et al., 2011; Schmid et al., 
2020). These conditions are quite different from those used in numerical 
models to evaluate plateau rise by delamination of a lithospheric root (e. 
g., Memiş et al., 2020). 

Instead, we infer that crustal thickening and shortening must have 
played a central role in developing the high East Anatolian Plateau. The 
post-13 Ma shortening component of ~200 km, as determined from the 
Arabia-Eurasia plate circuit, is similar to the width of the East Anatolian 
Plateau around Karlıova, and is thus enough to have shortened the crust 
by ~50% since the onset of formation of the North Anatolian Fault, and 
even more since the arrival of the Arabian continental margin at the 
Bitlis margin (Figs. 3, 4 and 7). Such shortening may straightforwardly 
explain the modern crustal thickness and the uplift of the Miocene 
sedimentary cover (Gülyüz et al., 2020; Legeay et al., 2019; Şengör 
et al., 2008; Yusufoğlu, 2013). It is of course possible that a thin litho
sphere, thermally regrown after Cretaceous nappe stacking, was suffi
ciently thickened during this shortening process and subsequently 
delaminated again, as argued for central Anatolia (Göğüş et al., 2017). 
This delamination would then have further enhanced uplift, but we infer 
that regionally distributed, large-scale crustal thickening was the main 
driver of Neogene East Anatolian plateau rise. 

Geological evidence also shows that the onset of this shortening 
predates the onset of extrusion, both in the Sivas Basin and its eastern 
continuation (Legeay et al., 2019) and in the Bitlis Massif (Cavazza et al., 
2018). It may even predate the arrival of the Arabian margin in the 
trench below the Tauride orogen (Fig. 3). For both eastern Anatolia and 
the Caucasus (Cowgill et al., 2016; Vincent et al., 2007), the onset of 
upper plate shortening may well relate to the dynamics of the subduc
tion zones involved and similarly to many other orogens (e.g. the Andes, 
pre-Cenozoic Tibet), the onset of upper plate shortening is not correlated 
with the onset of continental ’collision’, i.e. the first arrival of a conti
nental margin in a subduction zone (van Hinsbergen and Schouten, 
2021). From the available evidence, we do not see a direct causal rela
tionship in space and time between the arrival of the Arabian continent 
in the trench (‘collision’) and the onset of extrusion and microplate 
formation. Rather, Anatolian extrusion and the formation of the modern 
microplate developed gradually in a regionally shortening orogen. 
Extrusion may have been facilitated by a low topography in the west due 
to Aegean extension, the availability of weakness zones along which 

strike-slip fault zones could localize in Anatolia, and the progressive 
increase of gravitational potential energy in the east due to crustal 
thickening-driven uplift. Over time, these processes accelerated in a 
progressively rotating, shortening, and thickening orogenic belt that 
originated in the upper plate of a complex, long-lived subduction sys
tem. The regional counterclockwise rotation of the eastern Tauride 
Orogen gradually changed the orientation of its pre-existing weakness 
zones through time, which may have underpinned the activation and 
abandonment of fault segments throughout the transition period. This 
eventually led to the eastward stepping of the Anatolian ‘plate bound
ary’ to the East Anatolian Fault in the Pliocene. 

Finally, it is disconcerting that as much as 400 km of ‘post-colli
sional’ convergence, of which ~200 km post-’microplate’ formation, 
appears challenging to identify in the geological record. Identifying how 
and where this shortening was and is being accommodated requires 
new, detailed field studies of the structures cutting and flanking the East 
Anatolian Plateau. The lack of a connected mosaic of surface traces of 
the thrust faults across the plateau suggests that many of them are blind 
or buried below the widespread Plio-Quaternary volcanic cover, calling 
for detailed and integrated geomorphological, geophysical, and 
geological field studies. The structures accommodating this conver
gence, even if blind, may still be active and pose considerable seismic 
risk, as illustrated by the devastating, thrust-related October 23, 2011 
Mw 7.1 Van earthquake (Fielding et al., 2013). A detailed, integrated 
study of the structure and tectonic history of the East Anatolian Plateau, 
from the early stacking of nappes, through the subsequent regional 
extension and exhumation, and including the Neogene shortening dur
ing the uplift of the plateau and the onset of extrusion, will offer key 
insights into the dynamics and hazards of the East Anatolian Plateau. 

6. Conclusions 

Our kinematic reconstruction of the Neogene evolution of the 
Eastern Anatolian Orogen shows that, even with the maximum estimates 
for displacement of Anatolia along the North Anatolian Fault, Anatolian 
extrusion cannot account for more than 65 km (i.e. ~25%) of the total of 
~275 km of Arabia-Eurasia convergence since the onset of extrusion 13 
Ma ago. In the absence of wholesale subduction, the remainder of this 
convergence must have been accommodated by crustal shortening and 
thickening. We use a kinematic reconstruction cast in the Arabia-Eurasia 
plate circuit to identify where this shortening may have been accom
modated, but we stress that detailed, integrated geological, geophysical, 
and geomorphological field studies are required to identify where and in 
what fashion this convergence was geologically accommodated. We 
show that the East Anatolian Plateau is underlain by an orogen that 
underwent nappe stacking below ophiolites in the Late Cretaceous, 
which must have developed a thick crust but without the originally 
underlying mantle lithosphere that was lost to subduction. This nappe 
stack subsequently extended leading to widespread crystalline rock 
exhumation and marine sedimentation, followed by Neogene regional 
shortening that must have accommodated a few hundred kilometers of 
convergence. We postulate that orogenic shortening was likely the main 
driver of East Anatolian Plateau rise. Because the orogen underlying the 
plateau already lost its lithospheric underpinnings during Cretaceous 
orogenesis, we consider delamination and dynamic topographic rise a 
less likely contributor to plateau rise. Finally, we stress that detailed 
field studies are urgent in identifying the young orogenic history, and 
that structures accommodating orogenic shortening may still pose 
seismic hazards, besides the well-known hazards of Anatolia’s promi
nent strike-slip system. 
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Üsküplü, S., Erel, L., Altıok, S., 2013. The geology and morphology of the Antakya 
graben between the amik triple junction and the cyprus arc. Geodinamica Acta 26, 
27–55. 

Topuz, G., Candan, O., Zack, T., Yılmaz, A., 2017. East Anatolian plateau constructed 
over a continental basement: no evidence for the East Anatolian accretionary 
complex. Geology 45, 791–794. 

Trexler, C.C., Cowgill, E., Spencer, J.Q., Godoladze, T., 2020. Rate of active shortening 
across the southern thrust front of the greater Caucasus in western georgia from 
kinematic modeling of folded river terraces above a listric thrust. Earth Planet. Sci. 
Lett. 544, 116362. 

van der Boon, A., van Hinsbergen, D.J.J., Rezaeian, M., Gürer, D., Honarmand, M., 
Pastor-Galán, D., Krijgsman, W., Langereis, C.G., 2018. Quantifying Arabia–Eurasia 
convergence accommodated in the Greater Caucasus by paleomagnetic 
reconstruction. Earth Planet. Sci. Lett. 482, 454–469. 

van Hinsbergen, D.J.J., 2022. Indian Plate paleogeography, subduction, and horizontal 
underthrusting below Tibet: paradoxes, controversies, and opportunities. Natl. Sci. 
Rev. 9, nwac074. 

van Hinsbergen, D.J.J., Hafkenscheid, E., Spakman, W., Meulenkamp, J.E., Wortel, R., 
2005. Nappe stacking resulting from subduction of oceanic and continental 
lithosphere below Greece. Geology 33. 

D.J.J. van Hinsbergen et al.                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0051
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0051
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0051
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0051
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0052
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0052
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0052
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0052
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0053
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0053
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0053
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0054
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0054
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0054
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0054
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0055
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0055
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0055
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0055
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0056
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0056
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0056
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0056
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0057
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0057
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0057
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0058
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0058
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0058
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0058
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0059
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0059
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0059
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0060
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0060
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0061
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0061
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0061
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0062
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0062
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0062
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0063
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0063
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0063
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0064
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0064
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0064
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0064
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0065
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0065
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0065
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0065
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0066
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0066
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0066
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0067
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0067
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0068
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0068
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0068
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0068
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0070
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0070
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0070
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0070
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0071
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0071
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0071
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0072
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0072
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0072
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0073
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0073
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0073
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0074
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0074
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0074
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0074
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0075
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0075
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0076
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0076
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0076
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0077
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0077
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0077
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0078
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0078
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0078
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0078
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0078
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0078
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0078
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0079
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0079
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0079
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0079
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0080
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0080
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0080
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0081
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0081
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0081
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0081
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0081
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0082
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0082
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0082
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0083
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0083
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0083
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0083
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0084
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0085
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0085
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0085
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0086
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0086
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0086
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0086
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0087
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0087
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0088
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0088
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0089
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0089
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0089
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0090
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0090
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0090
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0091
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0091
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0091
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0092
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0092
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0093
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0093
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0093
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0094
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0094
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0094
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0094
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0095
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0095
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0096
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0096
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0097
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0097
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0098
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0098
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0098
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0098
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0099
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0099
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0099
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0100
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0100
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0100
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0100
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0102
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0102
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0102
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0102
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0103
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0103
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0103
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0104
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0104
http://refhub.elsevier.com/S0012-821X(24)00260-7/sbref0104


Earth and Planetary Science Letters 641 (2024) 118827

14

van Hinsbergen, D.J.J., Schmid, S.M., 2012. Map view restoration of Aegean-West 
Anatolian accretion and extension since the Eocene. Tectonics 31 n/a-n/a.  

van Hinsbergen, D.J.J., Schouten, T.L.A., 2021. Deciphering paleogeography from 
orogenic architecture: constructing orogens in a future supercontinent as thought 
experiment. Am. J. Sci. 321, 955–1031. 

van Hinsbergen, D.J.J., Torsvik, T., Schmid, S.M., Matenco, L., Maffione, M., Vissers, R.L. 
M., Gürer, D., Spakman, W., 2020. Orogenic architecture of the Mediterranean 
region and kinematic reconstruction of its tectonic evolution since the Triassic. 
Gondwana Res. 81, 79–229. 

van Hinsbergen, D.J.J., van der Meer, D.G., Zachariasse, W.J., Meulenkamp, J.E., 2006. 
Deformation of western Greece during Neogene clockwise rotation and collision with 
Apulia. Int. J. Earth Sci. 95, 463–490. 

Vincent, S.J., Morton, A.C., Carter, A., Gibbs, S., Barabadze, T.G., 2007. Oligocene uplift 
of the Western greater Caucasus: an effect of initial Arabia–Eurasia collision. Terra 
Nova 19, 160–166. 

Westaway, R., 2004. Kinematic consistency between the dead sea fault zone and the 
neogene and quaternary left-lateral faulting in SE Turkey. Tectonophysics 391, 
203–237. 

Westaway, R., Arger, J., 2001. Kinematics of the Malatya–Ovacik fault zone. 
Geodinamica Acta 14, 103–131. 

Whitney, D.L., Delph, J.R., Thomson, S.N., Beck, S.L., Brocard, G.Y., Cosca, M.A., 
Darin, M.H., Kaymakcı, N., Meijers, M.J., Okay, A.I., 2023. Breaking plates: creation 

of the East Anatolian fault, the Anatolian plate, and a tectonic escape system. 
Geology. 

Yılmaz, O., Michel, R., Vialette, Y., Bonhomme, M., 1981. Réinterprétation des données 
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