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Abstract Stratigraphic evidence is used to interpret that the East Anatolian Plateau with 2 km average
elevation today was below sea level ~20 Ma and uplift began in the northern part. The presence of
voluminous volcanic rocks/melt production across the plateau—younging to the south—corroborates
geophysical interpretations (e.g., high heat flow and lower seismic velocities) that suggest progressive
removal of the slab subducting under the Pontides. Here, we conduct numerical experiments that investigate
the change in the surface uplift as a response to slab peel‐back and potential break‐off processes under
subduction‐accretionary complexes as well as continental lithosphere. Model results show similar types of
tectonic behavior and magnitudes of uplift‐subsidence in both oceanic and continental removal processes,
and they satisfactorily explain 1.5 km of plateau rise and a ~280 km wide asthenospheric upwelling zone
beneath Eastern Anatolia over 18 Myr timescale. Parametric investigation for varying plate strength and
convergence velocities show that suchmodel parameters control the amount of surface uplift (1 to 3 km), the
width of the asthenospheric upwelling zone, and the potential timing/depth of break‐off of the
steepening/peeling slab. Experiments show that slab break‐off develops during the terminal phase, which
may correspond to only a few million years ago. Therefore, the long wavelength plateau uplift and
magmatism over the Eastern Anatolian‐Lesser Caucasus region since 20 Ma is controlled by progressive slab
peel‐back and resulting mantle dynamics. The slab break‐off process (if it happened) has yet an
indiscernible role.

1. Introduction

Geodynamical studies suggest that subducting slabs may peel back from overlying subduction accretionary
complexes and continental crust, along weaker lower crust (Bird, 1979; Kimura & Ludden, 1995; Göğüş &
Ueda, 2018, and references therein). This delamination‐style progressive removal of the lithosphere and asso-
ciated mantle dynamics suggest a distinct transient migratory pattern of surface subsidence and uplift and
magmatism as well as crustal shortening and extension, different from the stationary convective removal pro-
cess (Houseman et al., 1981; Molnar et al., 1993; Elkins‐Tanton, 2007; Göğüş & Pysklywec, 2008b; Wang &
Currie, 2015; Göğüş, Pysklywec, Şengör, et al., 2017; Bodur et al., 2018). Such processes of migrating instability
mechanism with the surface subsidence and uplift have been linked with various regions: the Colorado
Plateau (Bird, 1979; Levander et al., 2011), the Southern Sierra Nevada (Le Pourhiet et al., 2006; Saleeby
et al., 2012, 2013), Wallowa mountains‐Columbia basalts (Camp & Hanan, 2008; Darold & Humphreys,
2013), Andes (Beck et al., 2015), Southeast Carpathians (Girbacea & Frisch, 1998; Fillerup et al., 2010;
Göğüş et al., 2016; van Wyk de Vries et al., 2018; Şengül Uluocak et al., 2019), Apennines (Channell &
Mareschal, 1989; Chiarabba & Chiodini, 2013), Alboran Domain‐western Mediterranean (Baratin et al.,
2016; Docherty & Banda, 1995; Valera et al., 2008), Eastern Anatolia (Keskin, 2003; Şengör et al., 2003,
2008; Göğüş & Pysklywec, 2008a; Göğüş et al., 2011), North Island of New Zealand (Stern et al., 2013),
Pamir Mountains (Chapman et al., 2017), and Rhodope‐Balkans (Burg, 2011).

We note that the process may be widespread along the Cordilleran and Alpine‐Himalayan orogenic belts;
nevertheless, there are only a limited number of geodynamic modeling studies—with case‐specific focus
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—that test the evolution of the ocean and continental slab peeling models against a wide range of geological,
geophysical, and petrological observations.

Here, our focus is on the East Anatolian Plateau where abundant evidence for progressive slab removal
exists as documented in the subsequent section. Specifically, thermomechanical numerical experiments
are used to investigate the geodynamic evolution of Eastern Anatolia and 1.5–2 km of plateau uplift since at
least 18 Ma. By building on previous work of Göğüş and Pysklywec (2008a), this parametric numerical study
uses new experimental results and recent/updated observations on the geology (e.g., stratigraphy and vol-
canism) and geophysical data. This provides new insight into the following tectonic problems in Eastern
Anatolia and potentially other areas where plate collision and plateau evolution have been suggested:

1. How does the change in model parameters, such as (a) the rheology of the crust, (b) strength of the sub-
ducting slab, and (c) the plate convergence velocity control the dynamics and the potential for the slab
peel‐back and break‐off and the resulting mantle upwelling processes?

2. How does surface elevation respond to the impact of progressive slab removal and mantle dynamics?
3. In which parameter ranges are the model results applicable to the geodynamic evolution of Eastern

Anatolia (e.g., lithospheric structure, amount‐pattern of surface uplift, and possible lower crustal
deformation)?

1.1. Geological Background and the Lithospheric Structure of Eastern Anatolia

The East Anatolian high plateau (i.e., the western part of the Turkish‐Iranian Plateau) has an average sur-
face elevation of ~2 km and is the highest elevation in the Turkish Syntaxis of the Alpides (Figures 1a and
1b) (Şengör & Kidd, 1979). It is bounded by the Eastern Pontides magmatic arc/Lesser Caucasus
Mountains to the north and the Bitlis metamorphic massif to the south (Şengör & Yılmaz, 1981; Yılmaz
et al., 1993). The southern margin of the plateau is characterized by active plate convergence between the
Eurasian‐Arabian lithospheres (to the Zagros), and this collision has been ongoing since at least 20 Ma
(Allen et al., 2004; Copley & Jackson, 2006; Dewey et al., 1986; Okay et al., 2010; Yılmaz et al., 1993).

According to Şengör and Yılmaz (1981) and Şengör et al. (2003; 2008), Eastern Anatolia was constructed by
tectonic underplating of the subduction‐accretionary complex, including Early Jurassic‐Late Cretaceous
Ophiolitic mélange derived from the Neo‐Tethyan ocean lithosphere. These studies emphasize similarities
between the tectonic configuration of Eastern Anatolia and the Makran accretionary prism in southeast
Iran that developed above the Arabian sea subduction system (Farhoudi & Karig, 1977; Mohammadi
et al., 2016; Platt et al., 1985).

Stratigraphic evidence is used to infer that Eastern Anatolia emerged from sea level at least 18 Ma and this
surface uplift has not been uniform across the plateau (Figures 2a and 2b). For instance, based on vertebrate
fossils findings (e.g., giant rhino Paraceratherium, crocodile tooth) within the Late Oligocene‐Early Miocene
sediments of the Kağızman‐Tuzluca basin, Şen et al. (2011) postulates that the northern section of the pla-
teau had already emerged from the sea by then. In the southern section, analysis of foraminiferal assem-
blages from the Muş basin suggests that the Late Oligocene‐Early Miocene (27–22 Ma) was associated
with a marine environment (Özcan et al., 2010); moreover, such shallow marine deposition continued until
the Serravalian (~13–11Ma) until the youngest marine regression recorded in the Adilcevaz limestone of the
Muş basin (northwest of Lake Van) (Gelati, 1975). This timing was previously considered for the initiation of
the surface uplift over the entire plateau (Şengör & Kidd, 1979; Şaroğlu & Yılmaz, 1987; Şengör et al., 2003,
2008). Nevertheless, the stratigraphic correlations across the Eastern Anatolia, Oltu‐Balkaya, Kağızman‐
Tuzluca, Tekman‐Karayazı, andMuş basins offer the interpretation that deposition of continental sediments
(e.g., gypsum, fluvial and lacustrine clastic rocks, amalgamated with pyroclastics) began in Late Oligocene‐
Early Miocene in the north, and this progressively migrated to the south during the Middle Miocene
(Serravalian) (Sancay et al., 2006; Yılmaz & Yılmaz, 2019).

Corroborating stratigraphic evidence, Erinç (1953) suggests that Miocene‐early Pliocene erosion surfaces in
the southern part of the plateau (north of the Bitlis suture zone) are dissected by a network of drainage sys-
tems (e.g., Euphrates, Figure 2a). In addition, surface uplift of ~800 m has also been inferred by the
geomorphological/river incision work along the late Pliocene river terraces in the Murat (a branch of
Euphrates) river system (Demir et al., 2009).
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The surface geology across the East Anatolian Plateau is dominated by widespread Neogene‐Quaternary
magmatism approximately (40,000 km2), varying in composition from basaltic to granitic (Innocenti et al.,
1976, 1980, 1982; Pearce et al., 1990; Yılmaz, 1990; Ercan et al., 1990; Notsu et al., 1995; Bigazzi et al.,
1997; Keskin et al., 1998; Keskin, 2003, 2007; Şen et al., 2004; Özdemir et al., 2006; Hubert‐Ferrari et al.,
2009; Kheirkhah et al., 2009; Çolakoğlu & Arehart, 2010; Lebedev et al., 2010; Lebedev, Volkov, et al.,
2013; Lebedev, Sharkov, et al., 2016; Lebedev, Chugaev, et al., 2016, Lebedev et al., 2018; Özdemir, 2011;
Sumita & Schmincke, 2013; Özdemir & Güleç, 2014; Selçuk et al., 2016; Oyan et al., 2016, 2017; Oyan,
2018; Di Giuseppe et al., 2017; Açlan & Altun, 2018; Rabayrol et al., 2019) (Figures 1a and 2a). These petro-
logical studies infer the lava chemistry, the origin, and the depth of melting in Eastern Anatolia. Although it
is not well understood whether there is a clear time‐dependent transition from calc‐alkaline (subduction
related) to alkaline chemistry (decompression melting of the asthenospheric mantle) as originally suggested
by Yılmaz (1990) and Keskin (2003) as well as the amount of metasomatized lithosphere that has been

Figure 1. (a) Simplified geological map of Eastern Anatolia region. (b) Dashed rectangle (yellow) represents 150 km wide
area N‐S topographic swath profiles including minimum, mean, and maximum surface elevations.
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involved with the melting, there is general agreement that the large volume of melt generation under
Eastern Anatolia is caused by the high geothermal gradient from an upwelling heat source (e.g.,
asthenospheric mantle). Independent from their petrological characteristics, a series of isotopic age data
from Eastern Anatolian igneous rocks (ranging from 20–0.1 Ma) suggests that older magmatism are

Figure 2. (a) Digital elevation model of the East Anatolian Plateau (GeoMapApp, http://www.geomapapp.org Ryan et al., 2009) showing the major river systems
(N‐S) cutting across the plateau (Euphrates and Tigris). The Neogene sedimentary basins referred to in this work are also shown in the same figure. Colored dots
indicate the isotopic ages of igneous rocks, and the scale bar is included within the same figure frame. (b) Stratigraphic columnar sections of the sedimentary basins
(only for Oligocene‐Miocene period) are given in sequence from the north (where the surface uplift begins) to the south. The current elevations of these marine
sediments are at higher than 1.5 km.
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mostly concentrated in the northern part of the plateau whereas the majority of the magmatism (6–4 Ma)
occurred in the south around Lake Van, such as Nemrut, Süphan, Tendürek, and Ağrı (see Figure 2a and
Table S1 in supporting information for the database). This would suggest that heating and melt production
likely had migrated from the north to the south since 20 Ma (Schleiffarth et al., 2018; Rabayrol et al., 2019).

The presence of hot/lower density (asthenospheric) mantle at shallow depths (<100 km) inferred from lower
seismic (P and S wave) velocity anomalies beneath the entire plateau has commonly been interpreted by
seismological studies (Hearn & Ni, 1994; Sandvol et al., 2003; Al‐Lazki et al., 2003; Piromallo & Morelli,
2003; Maggi & Priestley, 2005; Angus et al., 2006; Gök et al., 2007; Lei & Zhao, 2007; Özacar et al., 2008;
Zor, 2008; Gök et al., 2011; Biryol et al., 2011; Mutlu & Karabulut, 2011; Koulakov et al., 2012; Bakırcı
et al., 2012; Fichtner et al., 2013; Priestley & McKenzie, 2013; Skobeltsyn et al., 2014; Kind et al., 2015;
Delph et al., 2015; Zabelina et al., 2016, Kaban et al., 2018; Portner et al., 2018). Furthermore, seismic tomo-
graphy models show velocity variations in the mantle that are interpreted to represent slab
detachment/break‐off under the Bitlis Massif/Arabia‐Eurasia plate convergence zone (Bakırcı et al., 2012;
Gans et al., 2009; Lei & Zhao, 2007; Mutlu & Karabulut, 2011; Skobeltsyn et al., 2014; Zor, 2008). The high
heat flow estimates corroborate relatively shallow Curie‐point depth measurements (~ < 20 km) (Ates et al.,
2005) and surface heat flow anomalies from volcanic rocks (up to 85–90 mW/m2) (Tezcan, 1995). Based on
geochemical analysis of basaltic rocks and the inversion from the seismic tomographymodel of Priestley and
McKenzie (2013), recent work byMcNab et al. (2018) agrees well with inferences of hot asthenospheric man-
tle residing as shallow as 60 km depth under East Anatolia, where mantle potential temperatures
reach ~1400°.

These geological, geophysical, and petrological studies collectively suggest that the southward migration of
surface uplift (>1.5 km) and melt production/volcanism across the East Anatolian Plateau is primarily con-
trolled by hot asthenospheric mantle flow entering from the north to the south since ~20 Ma, presumably by
the peel‐back of the subducting slab from the overlying shortening crust. Previous conceptual models by
Şengör et al. (2008) and Keskin (2003, 2007) made an attempt to explain the geodynamic origin of plateau
growth and volcanism by the peeling (steepening) and the break‐off (during the later stages) of the
Neotethyan oceanic slab from the subduction‐accretionary complex, accompanied by opening out an asthe-
nospheric mantle wedge gradually widening to the south in time.

Here, we also test quantitatively if and howmuch slab break‐off plays a role during the evolution of progres-
sive slab removal for the 18 Myr lithospheric evolution of Eastern Anatolia. A set of numerical experiments
also considers the influence of continental crust rheology—as an alternative to the subduction accretionary
crust—for the plateau evolution in Eastern Anatolia.

2. Model Design
2.1. Model Descriptions and Geological Preconditions for Slab Peeling Under Eastern Anatolia

Figures 3a and 3b and Table 1 illustrate the initial geometry and physical parameters (e.g., densities, tem-
perature field, and length scales) used in the reference slab peeling experiments for the ocean (EXP‐1,
Figure 3a) and continental lithosphere (EXP‐2, Figure 3b). The model domain is 2,000 km wide and
660 km deep. This depth represents the upper‐lower mantle transition where the penetration of the slab
beneath this boundary is not considered. The initial setup is designed as an approximately N‐S, (NNE,
SSW) cross section through Eastern Anatolia, orthogonal to the plate boundary in the south (the Arabia‐
Eurasia collisional zone).

The model configuration is approximated to represent the tectonic state of the region 20–18 Myr ago when
the lithospheric slab was ready to peel back from the overlying crust. The experiments that test ocean litho-
sphere peeling from the overlying accretionary complex consider that the removal begins following the sub-
duction of the northern branch of Neo‐Tethys under the Pontides. Such a subduction process under the
Rhodope‐Pontide fragment has been active since at least the Late Eocene (Keskin, 2003, 2007; Şengör
et al., 2003, 2008; Topuz et al., 2011). Alternative experiments with continental mantle lithosphere and lower
crust peeling (delaminating) from the overlying (upper‐middle) continental crust consider that such litho-
spheric gravitational instability/shortening began as a response to the Miocene Arabia‐Eurasia plate colli-
sion (18–13Ma) at the southern border of the East Anatolian plateau (Cavazza et al., 2018; Okay et al., 2010).
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Figure 3a shows the initial design for the oceanic lithosphere peeling model domain in which the following
layers are described from the top to bottom. At the very top and in the middle section, there is 40 km thick
and 500 kmwide subduction accretionary complex (mafic composition), defined byMaryland diabase rheol-
ogy (light green colored; Mackwell et al., 1998). Meanwhile, continental crust (wet quartzite rheology)
(Gleason & Tullis, 1995), shown in dark blue, is used for the rest of the model domain, and it represents
the continental basement rocks of the Bitlis Massif to the south and the Pontide continental magmatic arc
to the north. The accretionary complex is underlain by 10 km thick oceanic crust as diabase rheology (yellow
colored; Ranalli, 1997); beneath this, there is 100 km thick oceanic mantle lithosphere, with dry olivine
rheology (gray; Hirth & Kohlstedt, 1996). These are all underlain by asthenospheric mantle that has a dry
olivine rheology at the bottom (white; Hirth & Kohlstedt, 1996).

Figure 3b shows the setup for the reference continental lithosphere (mantle lithosphere and lower crust)
peeling (delamination) experiment. The model domain includes 40 km thick upper‐middle continental
crust, wet quartzite rheology (dark blue; Gleason & Tullis, 1995). The upper‐middle crust is set to be rela-
tively thicker in these experiments because it is designed to represent the evolution of an active orogenic

Figure 3. Illustration of experiment design for (a) oceanic slab peel‐back from the accretionary crust and (b) continental slab peel‐back (delamination) experi-
ments, including model geometry, boundary conditions, and initial temperature at the base of each layer (Please see Table 1 for major rheological parameters
and material properties used in the numerical experiments). The experimental setup is an approximation to the N‐S, NE‐SW cross‐section (from Bitlis massif to the
Eastern Pontides/Lesser Caucasus) across Eastern Anatolia. The convergent plate velocity is imposed on the right side of the lithosphere (VP = 2 cm/year), an
approximation to the GPS‐derived plate velocity (Reilinger et al., 2006). To keep the mass conserved, the injected amount of material volume is taken out of the
solution box beneath the foreland and hinterland lithospheres, evenly along from both left and right margins of the model box.
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zone where plate convergence (crustal shortening) has been ongoing since at least by the Early‐Middle
Miocene, ~18–13 Myr ago (Okay et al., 2010). Such 50 km thick crust in total is an approximation to the
central Alps plate convergence (Yan & Mechie, 1989), although our lower crust is 10 km thinner here.
The upper‐middle crustal layer is underlain by 10 km thick lower crust of felsic granulite rheology
(orange; Ranalli, 1997). The continental crust is underlain by 100 km thick continental mantle
lithosphere, and this is represented by dry olivine rheology (light gray; Hirth & Kohlstedt, 1996). The
mantle lithosphere is underlain by the asthenospheric mantle down to the bottom of the solution box and
also has the dry olivine rheology (white; Hirth & Kohlstedt, 1996).

The rheological and other main model parameters for both oceanic and continental lithospheric slab experi-
ments are given in Table 1. The laboratory‐based rheological parameters used in this and other numerical
modeling studies may be associated with significant uncertainties owing to the varying water content or
the limited number of samples in individual rock selection (Beaumont et al., 2006; Currie et al., 2008;
Göğüş et al., 2016; Gray & Pysklywec, 2012; Huismans & Beaumont, 2008; Pysklywec et al., 2002). The power
law viscous parameters for the subduction accretionary complex are selected as Maryland diabase rheology
(Mackwell et al., 1998). This is because East Anatolia (accretionary) crust inherently would constitute ocea-
nic material (ophiolites including cumulate gabbros and ultramafics), and estimates from generic study sug-
gest that more than 50% sediments entering into the subduction accretion systems may tectonically be
eroded (von Huene & Scholl, 1991) while leaving over more mafic crust. Meanwhile, we scaled down the
effective viscosity of this layer by a factor of 0.1 to approximate the properties of weak crust/accreted ocean
material, made up of flysch deposits, ophiolitic mélanges, and fragmented limestone blocks. Given the
uncertainties of the rheological parameters (A, n, ρ, Table 1), the reduction of viscosity by a factor 10 is an
arbitrary selection for the accretionary complex, but this may be an approximation for the highly deformed
rocks under hydrated conditions.

The initial density of the oceanic mantle lithosphere is chosen to be 40 kg/m3 higher than the underlying
asthenospheric mantle to facilitate the slab instability and evolving peeling process. According to the inte-
grated petrological and geophysical modeling work by Afonso et al. (2007), Δρ = 35 kg/m3 is in reasonable
range inferred by the depth averaged calculations for 90 Ma old ocean lithosphere. Schubert et al. (2001) sug-
gests that such a difference can be as high as Δρ = 70 kg/m3. A range of experiments with decreased and
increased density differences are also conducted, but 40 kg/m3 is set to fine tune for the timing of the initia-
tion of uplift and magmatism in Eastern Anatolia over the last ~20–18 Myr.

On the other hand, for the continental mantle lithosphere peeling (delamination) under Eastern
Anatolia, there is a strong possibility that the deeper levels of the lower crust and the upper parts of
the mantle lithosphere may be densified through eclogizitation due to plate collision and shortening
(Leech, 2001) and/or metasomatization by fluid infiltration through flux melting of the arc

Table 1
Rheological Parameters, Material Properties Including (Density, Temperature) for the Ocean Slab (EXP‐1) and Continental Slab Peel‐Back (Delamination) (EXP‐2)
Reference Experiments

Model Parameters

Oceanic lithosphere Continental lithosphere

Mantle
lithosphere Asthenosphere

Accretionary
complex

Oceanic
crust Upper crust Lower crust

Reference density (ρ0, kg/m
3) 2,900 3,000 2,840 2,990 3,300 3,260

Internal angle of friction (ϕ) 15–2° 15–2° 15–2° 15–7° 0 0
Power law exponent (n) 4.7 3.4 4 3.1 3.5 3.5
Viscosity parameter (A, Pa−n/s) 5.04 × 10−28 2 × 10−24 1.1 × 10−28 8 × 10−23 4.89 × 10−17 4.89 × 10−17

Plastic yield stress (CM/CC, MPa) 1 0 1 0 75 0
Activation energy (Q, kJ/mol) 485 260 223 243 515 515
Heat capacity (Cp, J·kg

−1·K−1) 770 773 793 793 793 793
Thermal expansion coefficient (α, K−1) 2 × 10−5 3 × 10−5 2 × 10−5 3 × 10−5 2 × 10−5 2 × 10−5

Rheology Dry maryland diabase Diabase Quartz Felsic granulite Olivine Olivine
Reference Mackwell

et al. (1998)
Ranalli (1997) Gleason and

Tullis (1995)
Mackwell
et al. (1998)

Hirth and
Kohlstedt (1996)

Hirth and
Kohlstedt (1996)

Note. See the text for detailed explanations.
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magmatism in relation to the Neo‐Tethys subduction of the Arabian plate in the south (Chin et al.,
2014; Le Roux et al., 2007).

In our experiments, the lithospheric removal process begins when 100–150 km wide and 100 km thick grav-
itationally unstable ocean lithosphere (ρ0 = 3,400 kg/m3, dark green) starts to sink into the sublithospheric
mantle. This is a physical approximation for the presence of steep and sufficiently dense slab subducting
under the Rhodope‐Pontide fragment (e.g., similar to Japan) as hypothesized by Okay and Şahintürk
(1997) that initiates the peel‐back of the slab ~18 Ma (Şengör et al., 2008). To represent the Eurasian‐
Anatolian plate boundary as a lithospheric scale shear zone, a conduit of asthenospheric mantle (low
viscosity‐weak zone) is inserted to allow for the upwelling of the asthenospheric mantle that facilitates the
removal process (Bird, 1979; Göğüş & Pysklywec, 2008b; Göğüş, Pysklywec, & Faccenna, 2017).

2.2. Boundary Conditions and Temperature Field

The numerical resolution is 201 × 101 (width and depth) Eulerian nodes and 601 × 301 Lagrangian nodes.
Half of the Eulerian and Lagrangian elements are concentrated in the top 150 km in order to enhance reso-
lution in the uppermost lithosphere. The model has a free top surface, allowing topography to develop as the
model evolves. No material flux is allowed through the bottom boundary, but varying plate velocities are
imposed on the margins in the horizontal direction to approximate plate convergence (e.g., VP = 1–3 cm/
year). The velocity boundary conditions are described as a constant inflow from the top to 150 km depth
at the right boundary with constant outflow imposed from beneath the lithosphere down to 660 km depth
through both sides. The magnitude of the outflow equals the volume of inflow to conserve the mass in the
model domain. The lithosphere on the left margin is held fixed (pinned) for all model experiments.

The initial geotherm for the experiments is laterally uniform and is defined by a surface temperature of
20 °C, an increase to 550 °C at the Moho, an increase to 1350 °C at the base of the mantle lithosphere and
an increase to 1525 °C at the bottom of the model (Figure 3). The surface and bottom temperatures are held
constant throughout the experiments and the heat flux across the side boundaries is 0. The initial tempera-
ture profile is the same in all experiments.

2.3. Governing Equations

Numerical calculations are carried out by the SOPALE numerical software that uses arbitrary Lagrangian‐
Eularian finite element techniques to solve for the plane strain deformation of complex viscoplastic behavior
of materials (Fullsack, 1995). This technique is useful for treating finite deformations, and for tracking
boundaries such as free surface and motion of internal particles at any depth (Fullsack, 1995; Göğüş &
Pysklywec, 2008b). Numerical experiments consider 2‐D incompressible flow, and the governing equations
for thermomechanical behavior includes conservation of mass, momentum, and internal energy. This is
described as

∇ ρuð Þ ¼ 0 (1)

∇ σij
� �þ ρg ¼ 0 (2)

ρCp
∂T
∂t

þ u·∇T
� �

¼ k∇2T þ ρH (3)

The equation of state is given by

ρ ¼ ρ0 1−α T−T0ð Þ½ � (4)

In equations (1)–(4), ρ, T, and u represent density, temperature, and velocity, respectively. Likewise, g, α, H,
and t are variables symbolizing gravitational acceleration (m2/s), thermal expansivity (K−1), rate of internal
heat production per unit mass (W/kg), and time respectively. Thermal conductivity (k = 2.25 W·m−1·K−1) is
the same for all materials, and we ignore radioactive heat production, erosion, and shear heating in the mod-
els (e.g., Göğüş & Pysklywec, 2008b, see Table 1).

The stress tensor in equation (2) includes two components as follows:
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σij ¼ σ
0
ij−Pδij (5)

where σ′ij represents deviatoric stress tensor and P is pressure (in case of an incompressible fluid, P=− 1
3 σii).

It is also important to note that viscoplastic deformation of the grids is executed at the lesser value of either a
yield stress (σyield) or viscous stress (σviscous) for each computation. This relation can be shown below:

σ
0
ij ¼ min σyield; σviscous

� �
(6)

A Drucker‐Prager yield law is used for frictional plastic yield stress, similar to the Coulomb criterion in plane
strain (Beaumont et al., 2006; Fullsack, 1995):

σyield ¼ Psinϕþ co crustð Þ (7)

σy ¼ Cm mantleð Þ (8)

where co is cohesion. For the crust, an empirical weakening with the internal angle of friction varying depen-
dent on the strain from ϕ = 15–7°. Here, ϕ = 15° is an effective internal angle of friction that implicitly
includes the effects of pore fluid pressure in the crust. This is a conventional approach in these
types/scales of numerical modeling (e.g., Gray & Pysklywec, 2012; Pysklywec et al., 2010) in which critical
Coulomb wedge studies by Dahlen et al. (1984) suggest ϕ = 15° for the rocks in the fold‐thrust belt of the
western Taiwan. The crustal weakening employed in these models takes into account the shear zone related
deformations (e.g., cataclastic flow, fault gouges) (Beaumont et al., 1996).

The equation for viscous stress is

σviscous ¼ 2ηe _ϵ (9)

where the effective viscosity (ηe) of the materials for power law rheology is defined as

ηe _ϵ;Tð Þ ¼ GA
−1
n _ϵ

1−n
n e

Q
nRT (10)

The variables _ϵ,A,Q, n, and R represent strain rate (s−1), viscosity parameter (Pa−n/s), activation energy from
uniaxial laboratory experiments (kJ/mol), power law exponent, and ideal gas constant, respectively. G is a
parameter required for the conversion of the uniaxial laboratory data to a condition of stress, which is not
dependent on the coordinate system (Pysklywec et al., 2002):

G ¼ 3
− nþ1ð Þ

2n 2
1−nð Þ
n

� �
(11)

3. Experimental Results

Numerical experiments investigate the surface response to the slab peeling and (break‐off) from beneath,
subduction‐accretionary complex, and the continental crust. The work is carried out as a parametric numer-
ical study that included a series set of geodynamical experiments. While the impact of plastic yield
stress/strength and plate convergence velocities are tested, below we only explain the selected experimental
results that relate to the Eastern Anatolia's plateau development.

3.1. Ocean Lithosphere Peel‐Back Model (EXP‐1) (σy = 75 MPa, VP = 2 cm/year)

Figures 4a–4c show the geodynamic evolution of the oceanic lithosphere peel‐back model (EXP‐1) and asso-
ciated surface topography/crustal thickness variations for 10, 14.5, and 18 Myr from the beginning of the
experiment. The plate convergence velocity (VP = 2 cm/year) imposed on the right side of the lithosphere
margin is a close approximation to the inferred plate velocity of the northward motion of the Arabian plate
(Reilinger et al., 2006). The descending oceanic lithosphere deforms under σy = 75 MPa plastic yield stress
(e.g., an arbitrary selection) and it breaks off when it reaches such a mechanical condition.

After 10 Myr since the initiation of the experiment (Figure 4a), the oceanic lithosphere subducts into asthe-
nospheric mantle, meanwhile it has peeled back under the overlying subduction‐accretionary complex
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(green color) along the weak oceanic crust (yellow color), which acts as a
decoupling layer between the two. The model timing for 10 Myr may
approximately correspond to 8–10 Ma in Eastern Anatolia when surface
uplift and volcanism occurs (e.g., Erzurum‐Kars plateau) under the north
central section of the plateau (Keskin, 2003, 2007; Keskin et al., 1998; Şen
et al., 2011; Şengör et al., 2008). The surface expression of such slab peel-
ing at this stage is represented by positive (up to 1 km) and negative (down
to −1 km) surface topography variations that include both the isostatic
and dynamic effects. For the surface uplift, the isostatic response operates
as a consequence of the replacement of less dense asthenospheric mantle
with the denser mantle lithosphere and crustal shortening imposed by
plate convergence. At the same time, there is dynamic topography due
to the vertical stresses induced by asthenospheric mantle flow
(Braun, 2010).

After 14.5 Myr, following to the slab steepening up to 90° dip angle, the
hanging slab is almost broken off from the rest (partially attached to the
overlying lithosphere), while necking at depths of 200–300 km. More
lithospheric material has peeled back from beneath the accretionary crust
by now, and consequently there is a broader region of positive surface
topography (Figure 4b). A surface elevation of +2 km is attained along this
plateau type >100 km wide area. At the same time, there is surface subsi-
dence on the margin of the plateau, again due to the (partially attached)
slab pulling the crust down. Owing to the same effect, there the crust
thickens significantly where the slab and the overlying accretionary mate-
rial is separated or decoupled. In this study we refer to this position as the
“decoupling hinge,” similar to the migrating hinge at the retreating ocean
subduction systems between the ocean and continental plate.

Following to the complete slab detachment at 18 Myr (i.e., approximately
present‐day Eastern Anatolia), both the geodynamic configuration of the
model and its surface/crustal manifestation does not change considerably
compared to 14.5 Myr. For instance, plateau like surface topography,
1.5 km high still prevails across slab peel off zone (Figure 4c).

At the final stage, this experiment predicts surface topography variation
(viz., a plateau and adjacent localized subsidence) as well as (deep) litho-
spheric configuration, comparable to the tectonic evolution of Eastern
Anatolia. Specifically, the ocean slab peeling and the resulting mantle
replacement zone corresponds to the seismologically inferred low velocity
zone under the East Anatolian plateau and a piece of detached slab shown
in several seismic tomography models (see section 5 for comparison
between models).

3.2. Variations in the Strength of the Oceanic Mantle Lithosphere
(σy = 60, 90 MPa)

The large‐scale (plateau‐wide) effect of the slab break‐off process under
the southern margin of the East Anatolian plateau is investigated with
varying plastic yield stresses of the mantle lithosphere. A range of experi-
ments with σy = 30–120 MPa were conducted (while all other parameters
were taken samewith the reference experiment EXP‐1). Here we show the
evolution of two representative models in which the plastic yield stress
was set to σy = 60 MPa for the EXP‐OC62 (lower strength compared to
EXP‐1) and σy = 90 MPa for EXP‐OC92 (higher strength compared
to EXP‐1).

Figure 4. Geodynamic evolution of the reference/preferred experiment
(EXP‐1) demonstrating the slab peel‐back and break‐off from beneath the
accretionary crust in Eastern Anatolia. These plots show such evolution at
(a) 10, (b) 14.5, and c) 18 Myr after the beginning of the experiment. The
plots above the geodynamic model/lithospheric structure show the change
in the surface topography plotted for each time, respectively.
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Figure 5a for EXP‐OC62 shows the geodynamic evolution and associated surface topography‐crustal thick-
ness variation of this experiment at 10 and 18 Myr. During the earlier stages, this model develops similar to
EXP‐1. For example, by 10 Myr, the heavy piece of slab has already detached from the rest of the lithosphere,
slightly dipping into the mantle. As in the previous model, the positive surface elevation (less than 1 km) is
induced bymantle rising under the crust. By 18Myr, (only 1Myr after the slab break‐off), the replacement of
hot upwelling mantle with cold/dense mantle lithosphere in the removal zone increases the elevation
(~2 km) and the sinking slab creates surface depression adjacent to the flat and high (plateau) surface
topography area.

In EXP‐OC92 with stronger ocean mantle lithosphere, the slab peeling process evolves slightly more rapidly
(Figure 5b). For instance, at 10 Myr, there is more oceanic slab (including crust) sinking into the mantle
compared to EXP‐1 and EXP‐OC62. This more intact/steep slab inherently creates a larger amount of down-
ward forcing than these other two experiments for 10 Myr. Namely, a negative surface deflection (up to
−2 km) develops as a response to such downwelling process (Figure 5b). By 18 Myr, unlike EXP‐1 and
EXP‐OC62, the slab break‐off does not develop. Rather a continuous folded slab touches the bottom of the
solution box at 660 km. Even without a slab break‐off, the zone of positive surface topography including
the plateau type (1.5 km high) region (x = 800–950 km) still develops as a consequence of the lithosphere
peeling and related asthenospheric mantle uprising. This suggests that both slab break‐off and simple
peeling/delamination without break‐off processes could lead to relatively longer wavelength surface uplift
of East Anatolia.

3.3. Continental Lithosphere Peel‐Back/Delamination Model (σy = 75 MPa, VP = 2 cm/year)

Figures 6a–6c shows the geodynamic impact of peeling back of the continental mantle lithosphere from
beneath the continental crust and the surface response to it (EXP‐2). This model is an approximation in
the (sensu stricto) to continental delamination as defined by Bird (1979) for the uplift of the Colorado
Plateau. Here, numerical experiments test the predictions of a similar mechanism for the continental setting
rather than ocean subduction models discussed above. In order to make the sensible comparison against the
ocean lithosphere experiments, model parameters remained the same with EXP‐1.

EXP‐2 at Figure 6a shows that by 10 Myr, the delamination progresses and migration of the paired uplift and
subsidence of surface topography pattern persists. The development of such process is slightly (~0.5 Myr)
more rapid in the continental lithosphere experiments until 14.5 Myr, compared to oceanic slab removal
models (Figures 4b and 4c). Themodel is represented by positive surface topography (nearly 1 kmmaximum
surface uplift) and surface depression where the slab is subducting and pulling the crust.

By 14.5 Myr, domal surface topography develops with maximum elevation exceeding 2 km at ~ x = 800 km.
Specifically, the surface elevation gradually increases from 0 at x = 600 km to the peak elevation and then
decreases to 0 at x = 900 km (Figure 6b).

At 18 Myr, the lithospheric slab has peeled further from the continent and the detached slab has reached
mantle depths >500 km (Figure 6c). Note that for the same time, the ocean lithosphere model shows that
there is descending slab at depths of 300–460 km. The comparison between EXP‐1 and EXP‐2 suggests that
more buoyant continental crust promotes the increasing pace of lithospheric removal and break‐off,
although it is not significant. For the continental setting, the migrating, wave‐like pattern of surface topogra-
phy show similarities with the ocean lithosphere peeling back model, in which >1.5 km of surface uplift
develops (>100 kmwide). This is as a response to the mobilization of the underlying slab. Though not overly
distinct and obvious, surface elevation profiles for the ocean and the continental peel‐back models suggest
that for the continents the surface rise is not necessarily restricted to the area where the slab is peeling back.
Rather, the uplift disseminates to broader areas, most likely because of the homogenous distribution of the
crustal rheology along the model domain.
3.3.1. Variations in the Strength of the Continental Mantle Lithosphere (σy = 60, 90 MPa)
A series of models tested different plastic yield stress for the mantle lithosphere (σy = 30–120 MPa), where
otherwise the rest of the model parameters are identical to the preferred experiment for the continental set-
ting (EXP‐2). As representative models, Figure 7a shows the evolution of EXP‐62 with weaker continental
mantle lithosphere rheology (plastic yield stress is set to σy = 60MPa) and EXP‐92 has stronger mantle litho-
sphere rheology with σy = 90 MPa (Figure 7b).
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For EXP‐62, at 10Myr, there is relatively less lower crust andmantle lithosphere descent into themantle and
the associated surface subsidence is less compared to EXP‐2. Meanwhile, the positive surface topography is
comparable to EXP‐2 because of the mantle uprising underneath the crust. At 18 Myr, the slab just breaks
off, and it is delayed for a few million years because there is less plate bending during slab peel‐back from
the crust with weaker lithosphere rheology. Such weaker lithosphere rheology is associated with the earlier
removal of the preexisting denser slab piece (see setup for the details); therefore, it causes the reduction of
slab pull forcing which promotes bending and sinking of the lithosphere into the mantle. Owing to the
response to a recent slab break‐off, the surface elevation maxima of >2 km is attained (Figure 7a).
Nevertheless, this has a localized domal type surface high (shorter wavelength), rather than a wider (longer
wavelength) plateau type elevation.

With the stronger continental mantle lithosphere rheology in EXP‐92 (Figure 7b) the model results are simi-
lar to EXP‐2 and the slab breaks off (maximum stretching of the lithosphere) about the same time, 15 Myr
(just 0.5 Myr later). When compared EXP‐62 (Figure 7a) to EXP‐92 (Figure 7b), there is 3 Myr difference
in the slab break‐off time, which shows how relatively even smaller amount of plate strength difference
can control the timing of the process. As with the ocean lithosphere models, the stronger lithospheric slab
bends and peels back more, allowing for a broader zone of mantle upwelling. There are differences between
the continental versus oceanic ocean slab peeling experiments when the mantle lithosphere rheologies are

Figure 5. Geodynamic evolution of experiments; (a) EXP‐OC62, and (b) EXP‐OC92. The only difference between these two experiments is the plastic yield stress of
the oceanic lithosphere, set initially as σy = Cm (mantle). σy = 60MPa of plastic yield stress is used for experiment EXP‐OC62 (weaker rheology), while σy = 90MPa
is used for EXP‐OC92 (stronger rheology). All other parameters are identical to the reference experiment (EXP‐1). Both experiments show the model configuration
for 10 and 18 Myr after the beginning of the experiment. Accordingly, surface topography profiles plots are shown on top of each panel for the relevant time frame.
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σy = 90MPa. For instance, at 18Myr with the samemodel parameters, the
slab break‐off occurs under the continental lithosphere; however, this did
not develop under oceanic lithosphere setting (see Figure 5b). It is because
both the upper (wet quartzite) and lower crusts (felsic granulite) are more
buoyant at continents to resist the downwelling of the negatively buoyant
mantle lithosphere slab and this favors the vertical shearing, (therefore
the break‐off) between the crust and mantle lithosphere.

4. Summary of Experimental Results

So far, we discussed how modifications on model parameters control the
surface and crustal evolution of a slab peeling process that occurs under
oceanic and continental geological settings. In Figures 8b and 8c, with
two diagrams (for ocean and continent) we demonstrate that there are cer-
tain linear relationships that exist between the model parameters and the
evolution of the slab peeling/asthenospheric mantle replacement.
Specifically, these diagrams represent the relation between the amounts
of the following:

1. Slab peeling (Sp, plotted as the x axis),
2. Asthenospheric upwelling zone width beneath the crust (Au, plotted as

the y axis). (Please see schematic in Figure 8a that shows the corre-
sponding variables at the x and y axes of these diagrams).

Both Sp and Au are measured for the last phase of the experiments
(18 Myr) with respect to their original position at 0 Myr. Namely, the
slab‐peeling amount (Sp) is calculated based on the final and initial posi-
tions of the hinge (Figure 8a):

Sp ¼ Dhf−Dhi (12)

Dhi is the initial decoupling hinge position that corresponds to the crust‐
slab decoupling point. Dhi is defined to where maximum crustal thicken-
ing occurs due to the slab pull (Figure 8a). Dhf indicates the final position
of the hinge.

The peeling back slab yields mantle upwelling on both foreland (subduct-
ing) and hinterland (overriding) plates. Therefore, we suggest that Au is
also a function of the amount of displacement of (Ld) lithosphere astheno-
sphere boundary on the overriding (hinterland) plate in which the final
position is Labf and the original position is Labi:

Ld ¼ Labf−Labi: (13)

Finally, the width of the asthenospheric upwelling zone is calculated as
Au = Sp + Ld + G, where G indicates the initial gap between two plates
(constant for all experiments). These plots also include experimental pre-
dictions where the imposed plate convergence velocities (0, 1, 2 cm/year)
and plastic yield stress of the descending slab (60, 75, 90, and 105 MPa)
are varied.

There is a direct relationship between the strength, controlled by the plas-
tic yield stress of the lithospheric slab, and howmuch it peels back (Sp), as
well as the width of the asthenospheric upwelling zone (Au). The experi-
ments that have slabs with higher plastic yield stress (stronger) are more
prone to retreat and peeling than that of lower yield strengths (softer).
For example, if slab's yield stress is 105 MPa, it peels at least 50 km

Figure 6. Geodynamic evolution of the reference/preferred experiment
(EXP‐2) demonstrating the continental lithosphere peel‐back (delamina-
tion) and break‐off from beneath the continental crust in Eastern Anatolia.
These plots show such evolution at (a) 10, (b) 14.5, and (c) 18 Myr after the
beginning of the experiment. The plots above the geodynamic model/litho-
spheric structure show the change in the thickness of the accretionary crust
and surface topography plotted for each time, respectively.
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more than the slab that has a plastic yield stress of 60 MPa. This is because relatively stronger slabs may
not be subjected to break‐off, or if they do, this happens during the later stages of the experiments.
Instead, they generally tend to bend and lead to higher amount of hinge migration while subducting.
Depending on when the initial slab break‐off occurs, the models with lower lithospheric strength have
delayed plate bending, and they subduct less and the related migration of the decoupling hinge (e.g.,
retreating hinge) is also relatively less. In a rarer case, for the experiment with 60 MPa yield stress and
2 cm/year plate velocity the slab does not peel back, but rather it moves forward toward the hinterland plate
(i.e., an advancing trench motion for the slab).

The experiments for both ocean (Figure 8b) and continental (Figure 8c) rheological properties suggest that
increasing plate convergence velocities are associated with a decreasing amount of slab peeling (Sp) and
asthenospheric upwelling (Au) (see supporting information Figures S1 and S2 for model results). With more
plate shortening, the slab peeling process develops, but this is reduced since the lithospheric slab is continu-
ously pushed against the overriding plate, similar to a plate subduction system. This may be an approxima-
tion to the incomplete/early stage collision/subduction where mantle lithospheres of these plates are not
completely attached to each other, as has been suggested for various parts of the Mediterranean region
(Royden, 1993). Specifically, the range of Sp varies from 250 to −30 km (advancing plate), and the plate con-
vergence velocity of the lithosphere ranges between 0 and 2 cm/year. The slab peeling is suppressed (Sp)
when the lithospheric plate is pushed at higher plate convergence velocities and this is also true for the
amount of asthenospheric upwelling (Au). Nevertheless, mantle upwelling zone and related positive

Figure 7. Geodynamic evolution of experiments; (a) EXP‐62 and (b) EXP‐92. The only difference between these two experiments is the plastic yield stress of the
continental mantle lithosphere set initially as σy = Cm (mantle). σy = 60 MPa of plastic yield stress is used for experiment EXP‐62 (weaker rheology), while
σy = 90 MPa is used for EXP‐92 (stronger rheology). All other parameters are identical to the reference experiment (EXP‐1). Both experiments show the model
configuration for 10 and 18Myr after the beginning of the experiment. Accordingly, surface topography profiles plots are shown on top of each panel for the relevant
time frame.
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surface elevation/plateau width may still be enlarged because active mantle upwelling under the crust as a
response to slab removal is not purely single sided (asymmetric). Rather, the widening of the asthenospheric
upwelling zone develops by the mantle flow entrainment on both beneath the plate where the slab peels
back (foreland) and plate against to it (hinterland) (Figures 8b and 8c).

5. How Models Compare to the Uplift and Magmatism of Eastern Anatolia

In this section, we discuss how preferred ocean (EXP‐1) and continental (EXP‐2) lithosphere peel‐back mod-
els might be agreeable to the tectonic evolution of Eastern Anatolia. Namely, we compare and contrast the

Figure 8. (a) Schematic 2‐D diagram that shows the variables analyzed through slab peel‐back experiments for both oceanic slab and the continental lithosphere.
For example, measured distances between two points (Au, asthenospheric upwelling zone, Sp, slab peeling amount) are demonstrated for the last time step (18 Myr
after the beginning of the experiments). Detailed descriptions are explained in the text. The plot shows how such variable responds when plate convergence
velocities and the plastic yield stress of the lithospheric slab vary for (b) ocean slab peeling experiments and (c) continental slab peeling (delamination) experiments.
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primary model predictions (e.g., 2‐D profile/cross sections) against available geological and geophysical
observables (N‐S profile) cutting through the plateau.

First we compare the geodynamic configuration/slab‐mantle interaction of EXP‐1 and EXP‐2 at 18 Myr
(approximately present day), against seismic tomography models of the upper mantle and other geophysical
studies (Figures 9a and 9b).

The model configuration for both EXP‐1 and EXP‐2 shows that the central section of the model domains in
which lithospheric peel‐back occurs are now occupied by asthenospheric mantle (Figure 9a). The relative
widths of the asthenospheric mantle upwelling zone (Au) are approximately 280 km for both models.
Based on seismic tomography models, the lateral extent of the lower seismic velocity anomalies should be
at least 300 km wide (from Bitlis Massif/suture zone to eastern Pontides/Lesser Caucasus) (Hearn & Ni,
1994; Sandvol et al., 2003; Al‐Lazki et al., 2003; Piromallo & Morelli, 2003; Maggi & Priestley, 2005; Angus
et al., 2006; Gök et al., 2007; Lei & Zhao, 2007; Zor, 2008; Özacar et al., 2008; Gök et al., 2011; Biryol
et al., 2011; Mutlu & Karabulut, 2011; Koulakov et al., 2012; Bakırcı et al., 2012; Fichtner et al., 2013;
Priestley & McKenzie, 2013; Skobeltsyn et al., 2014; Kind et al., 2015; Delph et al., 2015; Zabelina et al.,
2016, Kaban et al., 2018; Portner et al., 2018). This has been interpreted as thinned lithosphere under the
Eastern Anatolia, lying above hot asthenospheric mantle at depths shallower than 100 km. The presence
of the asthenospheric mantle at shallow lithospheric depths has also been suggested by long‐period magne-
totelluric work in which low resistivity zones are interpreted as the localized pockets of fluid andmelts in the
lower crust that produced hot mantle uprising (Türkoğlu et al., 2008). Further, recent work by McNab et al.
(2018) that interprets petrological and seismological data as well as long wavelength free‐air gravity anoma-
lies for Eastern Anatolia suggests that the surface elevation of the plateau is largely compensated by dynamic
support induced by the asthenospheric mantle that resides under the crust.

Overall, the lithospheric structures of our numerical experimental results are comparable to the available
observations (seismic tomography, Magnetotelluric data, gravity models) where the plateau does not have
thick lithosphere; instead it is underlain by asthenospheric mantle at shallow depths.

In both sets of experiments, the slabs subduct steeply (>60° dip angle) where they are broken off at
depths of 200–300 km. In EXP‐1 where oceanic lithosphere has subducted, the portion of the detached
slab exists within the model domain (200–500 km). However, in the continental peel‐back/delamination
experiments (EXP‐2), such detached slab has entirely sunk deeper than 500 km as it does not appear in
the model domain (Figure 9a). This suggests that the sinking rates of this detached slab is at the high
end of the spectrum where various slab‐sinking velocities are considered at depths of 0–410 km
(Billen, 2010). In such case, while EXP‐1 seems to be more agreeable for Eastern Anatolia's present‐
day lithospheric configuration, although it is hard to constrain this definitively since the tomography
models by Lei and Zhao (2007), Zor (2008), Bakırcı et al. (2012), and Piromallo and Morelli (2003) sug-
gest varying depths of slab break‐off ranging from approximately 100–250 km (Figure 9b). Similarly
there is relatively higher velocity anomaly at Biryol et al.'s (2011) seismic tomography model around
the Bitlis suture zone, which may be used to interpret as a piece of detached slab. Recent tomography
model by Portner et al. (2018) does not show slab break‐off at shallow depths—as some tomography
models do—although high velocity anomalies interpreted as slab fragments at depths of 400 and
800 km may be related with the of detached slabs. According to Lei and Zhao's (2007) model, the depth
of slab break‐off varies along the horizontal domain (along E‐W, from 41°E‐43°E). It can be inferred
from both the regional and the large‐scale P and S wave tomography studies that the fast, slab‐like
anomalies (i.e., slab fragments) are imaged in the upper mantle with different spatial localization. The
detailed comparison of these seismic tomography models are out of our scope, yet, it should be noted
that the controversial results in tomography models could be caused by the poor contrast of anomaly
patterns in the upper mantle, data resolution and/or inversion techniques. Nevertheless, we interpret
that both of our experiments are agreeable with the tomography models where slabs are detached.
Having said that, here we are not biased toward any tomography model or even the slab break‐off
hypothesis that has allegedly occurred under the Eastern Anatolia. If it happened, models suggest such
slab break‐off most likely happened only a few million years ago (14.5 Myr model time) under Eastern
Anatolia when reconciled with the seismic tomography model showing the present day position and
depth of the detached slab. More importantly, one of the most important outcomes of this work is
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that the slab break‐off has an indiscernible role on the Eastern Anatolia's uplift and magmatism during
the last 20 Myr where slab peel pack can account for such tectonic evolution.

In Figure 9b, we reconcile the topographic profiles of EXP‐1 and EXP‐2 (at 18 Myr, since the initiation of the
experiments), against the mean elevation along the N‐S topographic swath profiles (150 km wide region
across Eastern Anatolia) (see inset map in Figure 9b for the area of the swath profile). Overall, when the lat-
eral distance of the surface elevation along the plateau domain is scaled to 0.6, the model results reasonably
well explain the surface uplift and elevation change (lowering) from the north portion of the plateau (2–
1.5 km) to the Arabian plate (500 m). Due to the mantle uprising (as a response to lithospheric
removal/peel‐back) and the plate shortening, both experiments predict surface uplift of approximately
1.3–1.5 km in the middle section of the plateau in comparable time frame for the initiation of surface rise
across East Anatolia (18 Myr). Though not uniform, such uplift amount and the timing is inferred from
the surface exposure of Late Oligocene‐MiddleMiocenemarine deposits (see section 1 and Figure 1b for stra-
tigraphic sections) where their current elevations are ~ 1.5 km high above sea level. When the plateau center

Figure 9. (a) Comparing the lithospheric configuration/slab‐mantle interaction of the experimental results for the preferred experiments (EXP‐1, EXP‐2) against
the N‐S and NNE‐SSW seismic tomography profiles across the East Anatolian Plateau (Bakırcı et al., 2012; Lei & Zhao, 2007; Piromallo & Morelli, 2003; Portner
et al., 2018; Zor, 2008). (b) Comparing the surface topography variation of the experimental results for the preferred experiments (EXP‐1, EXP‐2) against the N‐S
topographic swath profiles across Eastern Anatolia.
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(between x = 100 and 300 km) is taken as a reference distance for comparison between the model results
against observed mean elevation, EXP‐2 (with continental lithosphere rheology, shown in dashed red line)
shows a more similar topographic trend in terms of the pattern and the magnitude on the plateau margins
(for instance, between x= 0–100 km and x= 250–300 km). Nevertheless, such reconciliation along a selected
profile may not reflect the change along the entire plateau.

In terms of geometry and structure, both experiments approximate the plateau type (e.g., southward tilting,
flat top pattern), surface elevation consistent with Eastern Anatolia. Furthermore, there are rapid surface
subsidences on the plate margin (till zero surface elevation) controlled by slab pull and this also comparable
to the southward lowering (transient and migratory) elevation in the East Anatolian Plateau. We note that
stratigraphic studies from Eastern Anatolia are in good agreement with (southward) migrating surface
uplift, controlled by the peeling back of the lithospheric slab. Namely, by latest in the Early Miocene (23–
16 Myr ago) the northern part of the plateau (e.g., Kağızman Tuzluca basin) was already above sea level
(Metais et al., 2015; Şen et al., 2011; Varol et al., 2016), whereas the southern part (e.g., Muş‐Van depression)
emerged from the sea much later, during Serravalian (~13–11 Myr ago) (Demirtaşlı & Pisoni, 1965; Gelati,
1975; Sancay et al., 2006).

Corroborating the migration of surface, a compilation of age data from the igneous rocks suggests that
there is southward younging magmatism in Eastern Anatolia during the last ~20 Myr (please see the
supporting information Table S1 for the references). For instance, larger volumes of volcanic rocks
around Lake Van‐Muş area (Süphan, Nemrut, Tendürek, and Etrüsk) are less than 6 Myr old. In rela-
tion to this, our models predict that when the lithosphere peels off from the overlying crust, there is
convective mantle circulation; therefore, heating and melting occurs at shallower depths beneath both
the foreland (East Anatolia) and hinterland plates (Pontides, Lesser Caucasus in Armenia) (Sugden
et al., 2019). Although the depth/distribution of the mantle flow varies (e.g., shallower/near crust under
the foreland and deeper lithosphere under the hinterland), such processes can induce decompression
related magmas (alkaline magmatism) under both the northern (e.g., Geghema highland Armenia)
(Lebedev, Chernyshev, et al., 2013) and southern part of the plateau. This would serve as an alternative
mechanism to small‐scale convective instabilities and related melt production that may have operated
under the Lesser Caucasus (Kaislaniemi et al., 2014; Neill et al., 2015). We note that the numerical
experiments used in this work do not include formulations of thermopetrological properties of hydrous
versus dry (decompression related) melt production; therefore, these results cannot be directly reconciled
with the varying chemistry of magmatism in Eastern Anatolia (e.g., calc‐alkaline to alkaline transition),
while it helps to interpret the geodynamic origin (heating induced by mantle upwelling) for the volcan-
ism and the surface (dynamic) uplift.

6. Conclusions

In this work, we use numerical experiments to explain how lithospheric (slab) peel‐back from subduction‐
accretionary and continental crust and its potential break‐off can drive surface uplift and subsidence varia-
tions in Eastern Anatolia. The model predictions for these two different types of crustal rheology are similar;
therefore, results do not suggest whether the East Anatolian Plateau is made up of either type of crust.
Nevertheless, compared against the geological, geophysical, and petrological observations, the model results
are generally in accord with the tectonic evolution of the region during the last 18 Myr.

1. Slab peel‐back from the crust can result in surface (plateau) uplift (~1.5 km high) and the zone of asthe-
nospheric mantle upwelling (Au) (~280 km wide). This “skinning” of the slab from the crust is similar to
previously proposed “retreat tectonics” since the progressive slab removal controls the (southward)
migration of the surface uplift and volcanism.

2. Sensitivity analyses for two important physical parameters (which are known to control the orogenesis)
are conducted to investigate the (a) impact of the strength of the mantle lithosphere and (b) plate conver-
gence velocities, on the evolution of slab peel‐back and the related surface‐crustal displacements. We find
that the experiments with higher mantle lithosphere strength (plastic yield stresses) are associated with
more slab peeling from the crust and wider asthenospheric upwelling zone (Au). Meanwhile, when plate
convergence velocities increase, slabs tend to peel back less, and consequently the asthenospheric upwel-
ling zone and associated plateau becomes narrower.
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3. During the evolution of the slab peeling/steepening, the break‐off develops in the very last stage of the
experiments (e.g., for the final 3 Myr), or in experiments with higher strength (e.g., ocean lithosphere
model) the break‐off does not occur during the 18 Myr of model evolution. For such timescale and wave-
length, the models predict a very similar pattern and magnitude of surface topography profile with or
without slab break‐off and this suggests that slab break‐off, if any, has an indiscernible role on the
long‐wavelength uplift of the entire plateau (from Bitlis Massif to Pontides/Lesser Caucasus). The last
20 Myr of magmatism in Eastern Anatolia can be accounted for heating of the lithosphere induced by
mantle upwelling through such slab peel‐back/removal mechanism without break off process.
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