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ABSTRACT

The Eastern Anatolian Plateau presents a geologic puzzle: surface elevations of ~2 km
occur in an area with average crustal thickness (35-45 km) and thin mantle lithosphere
(60-70 km). Despite various hypotheses proposing processes including slab break-off, de-
lamination, and crustal shortening, the mechanisms behind the plateau’s formation remain
debated. Geological reconstructions show Neotethyan subduction along two branches, but
the role of one versus two slabs in the evolution of the plateau remains uncertain. This study
addresses a key geodynamic question: Is the observed plateau evolution consistent with both
single- and double-slab scenarios? We conduct high-resolution 2-D numerical experiments
that test both scenarios. Our results reveal that a single-slab subduction model can produce
a plateau with an average uplift similar to the observed data in terms of magnitude, but it
fails to replicate the broadness of the plateau as observed today, stretching over a distance
of 350 km. In contrast, in a double-slab subduction system, the northern branch of the Neo-
Tethys first delaminates and breaks off before break-off of the southern branch, resulting
in a topographic evolution that is better aligned with observations, including a southward-
younging surface uplift of 2 km. This scenario also aligns more closely with geophysical and
geological observations, including crustal deformation and subsurface structures seen in
seismic tomography. Our findings suggest that the double-slab model provides a more co-
herent explanation for the development of the Eastern Anatolian Plateau. While this model
is particularly applicable to the Tethyan orogenic system, it may offer insights into other

regions with complex subduction dynamics such as India-Eurasia collision.

INTRODUCTION

The Tethyan subduction system and the for-
mation of Alpine Himalayan mountain ranges
were linked to the closure of the Tethys Ocean,
which in turn created the Tethyan orogenic belt
stretching from the Mediterranean to Southeast
Asia (Sengor, 1987; Jagoutz et al., 2015). The
Eastern Anatolian Plateau (with an average ele-
vation of 2 km) represents a prominent example
of the Neo-Tethys Ocean closure and subsequent
collision between Arabia and Eurasia.

This collision is significant as it offers insights
into tectonic processes associated with continen-
tal convergence and plateau formation. Recon-
structions (Sengor and Kidd, 1979; Agard et al.,
2005; Darin and Umhoefer, 2022; McQuarrie
and van Hinsbergen, 2013) suggest that the two
oceanic basins, one to the south of the Pontides
(northern ocean) and the other to the south of the
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Central Iranian Plateau (southern ocean) existed
before the Late Eocene. The Bitlis-Zagros suture
marks the collision between Arabia and Eurasia,
extending from south of Eastern Anatolia to SE
Iran (Fig. 1). Estimated collision timing varies
from Eocene (Schleiffarth et al., 2018) to Oligo-
cene (Jolivet and Faccenna, 2000; Agard et al.,
2005; Allen and Armstrong, 2008; McQuarrie
and van Hinsbergen, 2013) and Miocene (Sengor
and Yilmaz, 1981; Dewey et al., 1986; Okay
et al., 2010), reflecting complex tectonics and
data interpretation challenges.

The uplift of the Eastern Anatolian Plateau
is primarily attributed to slab break-off and slab
peelback (Sengor et al., 2003, 2008; Keskin,
2003; Keskin et al., 1998; Pearce et al., 1990),
which is akin to lithospheric delamination in
which mantle lithosphere (whether continental
or oceanic) peels back from beneath its crust.
This results in asthenospheric mantle upwelling
into the zone vacated by the mantle lithosphere,

Tarkiye

which is a prominent feature for both delamina-
tion and break-off. Seismology reinforces these
interpretations, showing distinct cold anoma-
lies beneath the suture zones and a conspicuous
absence of a slab/thick lithosphere beneath the
plateau (Al-Lazki et al., 2003; Gok et al., 2003;
Kounoudis et al., 2020; Skobeltsyn et al., 2014;
Zor, 2008; Zor et al., 2003). Despite lacking a
thick lithosphere, the plateau is unusual since its
high elevations are associated with an average
crustal thickness of 4045 km (Ozacar et al.,
2010; Zor et al., 2003), and the crust is mostly
made up of a subduction accretionary complex,
delimited by double subduction systems (Sengor
et al., 2003; Neill et al., 2015). However, the
interaction between northern (Pontide) and
southern (Bitlis) slabs, and their role in plateau
formation, remain enigmatic.

Previous numerical models attempting to
explain the uplift of the plateau (Gogiis and
Psyklywec, 2008; Memis et al., 2020) have
predominantly focused on the role of slab
peelback and/or delamination of the northern
(Pontide) slab and did not consider the interac-
tions between double slabs. Here, we introduce
novel 2-D numerical models that simulate the
comprehensive geodynamic evolution of the
Eastern Anatolian Plateau and enable compari-
son between a single and a double-subduction
framework. Our findings, corroborated by geo-
detic and geophysical observations, suggest
that the uplift of the plateau and the distinctive
properties of the East Anatolian lithosphere can
be explained by a sequence of slab peelback
(delamination) followed by slab break-off in a
double subduction setting.

METHODS

Numerical experiments are conducted with
the ASPECT (v2.3.0) mantle convection code
(Bangerth et al., 2021; Fraters et al., 2019;
Heister et al., 2017; Kronbichler et al., 2012),
which solves the governing equations for highly
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Figure 1. A generalized topography map of the Eastern Anatolian Plateau. The dark blue area
corresponds to the swath profile area for the topography and tomography plot used in Figure 3.
NAF—North Anatolian fault; NEAF—North East Anatolian Fault.

viscous flow driven by temperature-dependent
density contrasts.

Two initial are setups are tested: a double-
subduction and a single-subduction configura-
tion. Both models span 3960 km in width and
660 km in depth and include a weak oceanic
crust that facilitates subduction, buoyant sedi-
ments forming the accretionary prism, and weak
zones at trenches to initiate slab peelback.

In the double-subduction setup, the two con-
tinental terranes implemented into models rep-
resent the Arabian and Eurasian plates and are
140 km thick (40 km crust + 100 km mantle
lithosphere) (Christensen and Mooney, 1995).
The subducting slabs start with the same (steep)
dip angle, based on Tethyan plate reconstruction
of the Pontide arc magmatism and the opening
of the Black Sea (Keskin, 2003; Sengor et al.,
2008), and share the same thermal age. The
southern and northern trenches start 1000 km
apart. In front of the southern slab, a 40-km-thick
buoyant crustal layer is included, representing a
composite arc-related terrane that contributes to
the formation of the accretionary prism.

In the single-slab setup, the thickness of the
plates, weak zones, and dip angles, and the rheo-
logical parameters are identical to the double-
slab setup, with the only differences being the
number of slabs and the absence of the thick
buoyant arc material in the single-slab model.
Single-slab evolution represents the collision
between Arabia-Eurasia after the subduction of
the southern branch of the Tethyan ocean.

Both setups represent different views of the
past 32 million years of evolution of the East-
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ern Anatolian Plateau. The double-slab setup
addresses a scenario where both subducting
slabs actively contribute to the plateau’s forma-
tion, highlighting the role of dual subduction in
shaping its dynamics. In contrast, the single-slab
setup focuses on the Arabia-Eurasia collision
following the complete subduction of the south-
ern branch of the Tethyan Ocean, illustrating a
simplified mechanism for the plateau’s uplift
and structural development.

Further details on the model setup, rheologi-
cal profiles, and sensitivity to key parameters are
provided in the supplementary material (Figs.
S1-S3 in the Supplemental Material'). These
include initial properties and the tested param-
eter space for slab break-off.

RESULTS

The results for double-slab and single-slab
models are illustrated in Figure 2. Both models
show a 32-m.y. evolution, with t = 32 Ma taken
as corresponding to present-day conditions. The
timeframe is selected based on the stratigraphic
record from eastern Anatolia, where the surface
uplift began in late Oligocene—early Miocene
(Sen et al., 2011). In the double-slab model, the
area between the slabs, later forming the accre-
tionary complex, is positioned below sea level

!Supplemental Material. Supplemental files
include model setup details, governing equations
used in the numerical experiments, and sensitivity tests
related to slab break-off timing. Please visit https://doi
.org/10.1130/GEOL.S.29497502 to access the supple-
mental material; contact editing @ geosociety.org with
any questions.

as early as 2 m.y. after model initialization. Sur-
rounding continental terranes are initially ele-
vated to ~2 km, reflecting their isostatic balance
rather than model-driven uplift (Fig. 2A). The
collision between the plates occurs around 8 Ma,
initiating peelback of the northern slab and asso-
ciated asthenospheric upwelling along the north-
ern weak zone (Fig. 2B). The trench advance
seen on the southern slab is a characteristic
feature of the double-slab subduction systems
(Cl’ikova’l and Bina, 2015). Around 22 Ma, the
northern slab breaks off, leaving the northern part
of the accretionary prism exposed to the asthe-
nosphere (Fig. 2C). Following the northern slab
break-off, the southern slab begins necking just
below the southern trench at 32 Ma, while the
asthenospheric flow from earlier northern slab
detachment pushes the detached northern slab
to the left (south). Despite detaching ~10 m.y.
earlier, this slab segment ends up closer to the
surface than the necking southern slab (Fig. 2D).

In the single-slab model (Fig. 2E), slab
peelback is triggered rapidly, similar to the
double-slab model. This process creates a gap
that allows asthenospheric material to fill the
space, leaving the accretionary prism in direct
contact with the mantle. As a result, the area
exposed to the asthenosphere experiences higher
surface elevation compared to the surrounding
regions (Fig. 2F). Around 22 Ma, slab break-
off occurs, which leads to significant uplift at
the trench (Fig. 2G). Following this, as the slab
sinks deeper into the mantle, the former trench
area continues to uplift until it reaches isostatic
equilibrium (Fig. 2H)?.

The double-slab configuration is associated
with a broader region of surface uplift due to the
interaction and dynamic contributions of both
subducting slabs. The peelback of the northern
slab and subsequent break-off, combined with the
asthenospheric upwelling and anticlockwise flow,
result in widespread deformation and elevation
across a larger area, encompassing the accretion-
ary complex and surrounding terranes. In contrast,
the single-slab model yields more localized uplift
confined to the collision zone, driven primarily
by isostatic rebound following the break-off. The
resulting topography is narrower and more con-
centrated than in the double-slab scenario.

DISCUSSION

Our double-slab model broadly reflects sev-
eral geological and geophysical observations,
including features imaged by seismic tomogra-
phy in the East Anatolia region. For example,
Zor (2008) identified distinct positive anoma-

?In addition to the results for double-slab and sin-
gle-slab models illustrated in Figure 2, two videos,
Video S1 and Video S2, illustrating the evolution of
double-slab and single-slab models over a 50-m.y.
timeframe, are available in the supplemental material.
These videos show surface elevation changes, slab
dynamics, and asthenospheric flow patterns.
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Figure 2. Topography and
temperature profiles for the
double-slab model (A-D)
and single-slab model
300 (E-H), focusing on the
central regions around the
trenches. (A) Plate positions
and topography ~6 m.y.
before collision. (B) Onset of
northern slab peelback due
to collision, followed by thin-
ning of the southern slab
~14 m.y. later (C), and its
subsequent break-off (D). In
the single-slab model, slab
evolution mirrors the behav-
ior of the northern slab
in the double-slab model;
however, the absence of
900 a second slab results in a
distinct topographic profile
characterized by a narrower
uplift area. White contour
lines indicate the 5 x 102
Pa s viscosity, emphasizing
the rheological shape of the
1200 slabs. Yellow contour lines
indicate the accretionary
prism, while the black lines
represent the imposed weak
zones.
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lies beneath the East Anatolian Accretionary  the northern slab branch, and a deeper anomaly  duces the presence of two detached slab seg-
Complex (Fig. 3), interpreting two anomalies  to the south near the 660 km transition zone as  ments, the match in depth and position is not
to the north at ~400 km depth as remnants of  the southern branch. While our model repro-  exact. In particular, the model shows the northern
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Figure 3. (A) Topogra-
phy profiles repositioned
along the x-axis to focus
on the central regions of
the models, highlighting
the accretionary prism
and surrounding areas.
The observed topog-
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slab at a comparable or slightly greater depth
than the southern slab, in contrast to the tomog-
raphy, which suggests the northern slab is sig-
nificantly shallower. This discrepancy may arise
from model simplifications, such as 2-D geom-
etry, theological assumptions, or initial slab con-
figurations. Notably, in our model, although the
northern slab detaches earlier, it does not sink as
deeply due to southward-directed mantle flow
generated during the peelback and break-off
phases. It remains uncertain whether this flow
slows the descent of the northern slab by induc-
ing horizontal movement, or instead enhances
the sinking of the southern slab, allowing it to
reach greater depths more quickly.

Skobeltsyn et al. (2014) interpreted similar
slab depths as evidence of simultaneous slab
break-off. Our findings challenge this interpre-
tation by showing that even if one slab detaches
earlier, it can remain in the upper mantle due to
asthenospheric flow. Thus, depth alone does not
reliably indicate timing of detachment.

Recent petrological and geochronological data
from Lin et al. (2020) also support a double-slab
subduction scenario in Eastern Anatolia. They
interpret the diachronous post-collisional volca-
nism as reflecting two separate break-off events,
first at ca. 17 Ma (southern slab) and later at ca.
9 Ma (northern slab). Although this timing con-
trasts with our model results, where the northern
slab detaches first and remains relatively shallow,
the apparent discrepancy may again stem from

840

GeoMapApp (Ryan et al.,
2009). (B) The temperature
profile of the double-slab
model at t = 32 Ma, with
white contour lines indi-
cating the 5 x 102 Pa s
viscosity, outlining the
slab’s geometry. (C) Seis-
mic tomography results
modified from Zor (2008),
showing positive anom-
alies beneath the East
Anatolian Accretionary
Complex.

Velocity Perturbation (%)

mantle flow dynamics. Horizontal advection of
the earlier-detached northern slab may result in
its delayed descent, creating the appearance of
later detachment. This highlights the need to inter-
pret geophysical and geochemical data in light
of dynamic processes, not just static geometries.
In the preferred model, the slab break-off of
the northern plate occurs 22 m.y. after the start
of the model, and roughly 8 m.y. later (around
t = 30 Ma), the southern slab breaks off. If we
assume the 32 Ma mark in the model represents
present-day Eastern Anatolia, and considering the
initial collision is at 6 Ma after the model start, the
model evolves in around 26 m.y., which is con-
sistent with the timeframe for the initial Arabia-
Eurasia collision (Allen and Armstrong, 2008).
Petrological studies suggest a southward-
younging trend in the magmatism of the East
Anatolian Accretionary Complex (Keskin, 2003;
Schleiffarth et al. 2018; Rabayrol et al. 2019).
This is consistent with the slab peelback mecha-
nism that started along the northern trench, where
as the slab peeled off, the asthenospheric material
rose up to the surface and generated magmas.
While our models do not simulate magmatism
directly, the southward migration of upwelling
material supports this trend. Further, it has been
suggested that the northern part of the plateau had
already emerged from the sea by the late Oligo-
cene—early Miocene, based on vertebrate fossils
like Paraceratherium discovered in sediments of
the Kagizman-Tuzluca Basin (Sen et al., 2011).

Zor (2008)

This is consistent with the topographic evolution
results of the double-slab model in terms of the
northern section of the plateau being uplifted ear-
lier than the southern part and the fact that it has
a topographic tilt toward the south, whereas in
the single-slab model, the uplift is localized near
the trench, which also does not have distinct tilt
in the topography where the accretionary prism
is located (Fig. 3A).

Our geodynamic models illustrate the evolu-
tion of the East Anatolian Accretionary Complex
and highlight the differences between the double-
and single-slab configurations. The double-slab
model effectively captures key features such as
the sequential break-off of the northern and south-
ern slabs, the associated topographic uplift pat-
terns, and the characteristic topographic tilt. These
findings align with seismic tomography data, geo-
logical observations, and the southward-younging
trend of magmatism in the region. Furthermore, the
model alignment with paleontological and strati-
graphic evidence underscores its relevance to the
plateau’s development over the past 30 m.y. of its
evolution. In contrast, the single-slab model, while
replicating some northern slab dynamics, fails to
reproduce the observed topographic tilt, reinforc-
ing the necessity of a double-slab configuration to
account for the plateau’s uplift and its current form.
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