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Abstract The spatiotemporal interaction of large- and regional-scale upper mantle forces can prevail in
collisional settings. To better understand the role of these forces on post-subduction tectonics, we focus on
mantle dynamics in the East Anatolian Plateau, a well-documented segment of the Arabian-Eurasian continental
collision zone. Specifically, we analyze multiple forces in the upper mantle, which have not been considered in
previous studies in this region. To this end, we use a state-of-the-art 3D instantaneous geodynamic model to
quantify the dynamics of thermally defined upper mantle structures derived from seismic tomography data.
Results reveal a prominent SW-NE-oriented mantle flow from the Arabian foreland to the Greater Caucasus—a
plumelet—through a lithospheric channel under the East Anatolian Plateau. This plumelet induces localized
dynamic topography (~500 m) around the extensional Lake Van province, favoring NE-directed compression
and westward escape of the Anatolian plate. We suggest that the Lake Van region is an active magma-rich
intraplate rift in the Africa-Arabia-Anatolian plume-rift system. The rift zone was probably initiated by
Neotethyan subduction-related forces and has been reactivated and/or sustained by the plumelet-induced
convective support. Our findings are consistent with numerous observations, including the recent low-ultralow
seismic velocities with a SW-NE splitting anisotropy pattern, geochemical and petrological studies, and local
kinematics showing upper mantle-induced extensional tectonics in the collisional region.

Plain Language Summary Our goal is to better understand the active deformations of post-
subduction tectonics. To this end, we ran a 3D thermomechanical model of the East Anatolian Plateau, one of
the most intriguing segments of the Arabian-Eurasian continental collision zone. The model integrates
seismically defined upper mantle structures and uses an open-source code (ASPECT). Results reveal the
significant role of large- and regional-scale upper mantle forces in the study region. At long wavelengths, we
find SW-NE-oriented mantle flow and associated dynamic topography. We interpret that such flow—a plumelet
(regional upper-mantle plume migration with neither a significant tail extending to the lower mantle nor a
mushroom head reaching the hot spots on the surface)—is linked to the large-scale mantle flow from the
Arabian plate to the Greater Caucasus. At short wavelengths, we find localized dynamic topography and high
stress and strain anomalies in the Lake Van zone. We argue that the plumelet, which became more forceful after
the removal of the subducted Neotethyan slab, may have generated mantle tractions that contribute to magma-
rich-intraplate rifting in the Lake Van region. Our results are in good agreement with local kinematics, low-
speed seismic velocities with SW-NE anisotropy patterns, and geochemical-petrological studies.

1. Introduction

Plumes, fed by deep lower mantle sources mainly due to thermochemical instabilities, can have a considerable
impact on mantle-lithosphere interactions, intraplate stresses, and crustal deformation (e.g., Burov &
Gerya, 2014; Koptev et al., 2021; Steinberger & O'Connell, 1998). Seismic, numerical-analog modeling and plate
reconstruction studies demonstrate that buoyant mantle bodies, with different shapes and spatial scales, can travel
through the weak, thin lithosphere, accumulate below the lithosphere-asthenosphere boundary, and trigger the
formation of continental rift zones (e.g., the East African and Red Sea rifts), high plateaus (e.g., Ethiopian and
Kenyan Plateaus, Figure la), and large igneous provinces (e.g., Black et al., 2021; Burov & Guillou-
Frottier, 2005; Civiero et al., 2022; Dannberg & Sobolev, 2015; Daradich et al.,, 2003; Ershov &
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Figure 1. Major units and boundaries with isostatic topography analysis based on the admittance function of free-air and topography data in the study region.

(a) Topography with major volcanic centers (red triangles) in the East African-Arabian-Anatolian region. (b) Shear-wave tomography slice for the depth of 110 km
(Civiero et al., 2022) with splitting pattern (blue lines) based on seismic anisotropy models (Arvin et al., 2021; Civiero et al., 2022, 2023; Gao et al., 2010; Kaviani
et al., 2021; Paul et al., 2014; Qaysi et al., 2018). (c) Simplified tectonic and geological units with major river systems in Turkey and surroundings. Blue arrows in
(c) present the relative plate movement based on GPS studies (dark blue arrows show average values in cm/yr, Reilinger et al., 2006). (d) Crustal (color map) and
lithospheric (contour map) variations in the study area (Priestley & McKenzie, 2013; Zor, 2008). (e) Free-air gravity data is shown as a color map (Bonvalot et al., 2012)
over the topographic relief (black lines show the main fault and sutures). Triangles indicate Neogene-Quaternary volcanic centers. (f) Admittance and the average of the
coherence values in the study area (Uluocak et al., 2021). Bs-Bagkale and Ak¢-Akgakale graben zones, R-River, L-Lesser, IAESA-Izmir-Ankara-Erzincan-Sevan-
Akera suture zone. Faults and boundaries are compiled from Kadinsky-Cade et al. (1981), Sengor and Yilmaz (1981), Okay et al. (2010), and Emre et al. (2018) (other
references are given in the text). GMT 6 (Wessel et al., 2019), ParaView (Ahrens et al., 2005; Ayachit, 2015), Matlab (The MathWorks Inc, 2024, https://www.
mathworks.com) and GeoMapApp (http://www.geomapapp.org, Ryan et al., 2009) were used to create figures in the study.

Nikishin, 2004; Faccenna et al., 2013; Hassan et al., 2020; Koppers et al., 2021; Maestrelli et al., 2022;
Merle, 2011; Whitehead & Luther, 1975). Plumes can migrate horizontally away from their sources (up to several
thousand kilometers), and their motion may be tracked by magmatic features that are formed due to
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decompression melting of the upwelling hot mantle (e.g., Campbell & Griffiths, 1990; Civiero et al., 2022;
Ershov & Nikishin, 2004; Hua et al., 2023; White & McKenzie, 1995). Geographically aligned volcanic centers
with asthenospheric mantle-sourced geochemical components may therefore indicate the existence of a weak
lithospheric corridor associated with underlying plumes. Long-wavelength upper mantle low/ultralow seismic
velocity anomalies may manifest a weak lithospheric corridor (Figure 1b) for the propagation of the ascending
mantle diapir (e.g., migration of a hot upper mantle plume, Ihinger, 1995). For example, such low-velocity zones
have been observed from Kenya (Africa) to Elbrus (Caucasus), cutting across the Arabian-Eurasian collisional
region (e.g., Becker & Boschi, 2002; Chang & Van der Lee, 2011; Civiero et al., 2022; Ershov & Nikishin, 2004;
Faccenna et al., 2013). This region has been associated with a wide range of post-subduction deformation, shaping
mobile belts and tectonics in the eastern Mediterranean realm since at least 20 Ma (Figure lc, e.g., Faccenna
et al., 2014; Pearce et al., 1990; Sengor & Yilmaz, 1981 and references therein).

The Cenozoic structure of eastern Anatolia—the active front of the Arabian-Eurasian collision—has been linked
to the closure of the Neotethys Ocean that occurred between the Late Oligocene and Early Miocene (Sengér &
Kidd, 1979; Sengor & Yilmaz, 1981). Lithospheric removal mechanisms, geochemical characteristics, and
possible sources of magmatism have been the subject of numerous studies to explain the neotectonic evolution of
this region (Memis et al., 2020 and references therein). In particular, studies focused on (a) steepening and
subsequent breaking-off of one (Faccenna et al., 2006; Keskin, 2003; Sengor et al., 2003) or two (Barazangi
et al., 2006) northward-subducting Neotethys slab(s) under eastern Anatolia; (b) delamination of the lithospheric
mantle (Gogiis & Pysklywec, 2008; Memis et al., 2020) from the overlying thick East Anatolian crust; and (c) the
large-scale implications of the East African plume (Ershov & Nikishin, 2004; Faccenna et al., 2013) accompanied
by the subducted Aegean slab roll-back (Faccenna et al., 2013) in the collision zone. However, the proposed
deformation scenarios do not fully explain the observed upper mantle heterogeneities and related post-subduction
tectonics in the Eurasian-Arabian continental collisional region. In other words, the active forces underlying the
large-scale low-velocity curtain anomaly in the region (Figure 1b, Civiero et al., 2019, 2023 and references
therein), during the convergence between the Arabian-African and Eurasian plates, are still debated. To address
these issues, we explore the migration of upper mantle features at long wavelengths as “plumelet”—that is, upper-
mantle plume migration with neither a significant tail extending to the lower mantle nor a mushroom head
reaching the hot spots on the surface. We quantify both the large- and regional-scale impact of mantle dynamics
by conducting a geodynamic model based on the 3D instantaneous thermomechanical model configuration in the
East Anatolian Plateau. Thermal states of the upper mantle structures from the North Arabian Platform to the
Greater Caucasus have been previously interpreted by Uluocak et al. (2021) based on different seismic models. In
this study, we focus on the Mediterranean-scale body-wave seismic tomography data (Piromallo & Morelli, 2003)
to define stress, strain, temperature, and viscosity variations with dynamic topography and mantle flows that are
mainly related to the seismically defined temperature field under the region. The numerical model provides an
opportunity to understand the role of upper mantle heterogeneities in causing or controlling tectonic events at
large and regional scales and the dynamical processes at work in collisional settings. Our results yield new in-
sights into plumelet dynamics and associated surface expressions in collisional tectonics of the Mediterranean
region and the Middle East.

2. Tectonic Setting: Constraints on Driving Forces
2.1. General Tectonic and Geological Features

The terminal collision of the Arabian plate with Eurasia along the Bitlis-Zagros thrust region in the southeast
margin of Anatolia (Figure 1) occurred during the middle to early late Miocene and generated the high elevation
and the recent tectonics of eastern Anatolia (Sengor et al., 2008 and references therein). This process formed two
main suture zones, the Bitlis-Zagros and the [zmir—Ankara-Erzincan-Sevan-Akera suture zones, bounding the
East Anatolian Plateau (Okay et al., 2010; Figure 1). In the region, active lithospheric subduction evolved into a
continent-continent collision following the removal of the southern branch of the Neotethys oceanic slab beneath
eastern Anatolia (e.g., Sengor & Kidd, 1979). This change in stress regime—from subduction to continental
collision—is believed to have occurred at the end of the Early Pliocene (Sengor & Kidd, 1979), with precise
timing estimated variably at: ~13-11 Ma (Faccenna et al., 2013; Keskin, 2003, 2007; Keskin et al., 1998; Sengor
et al., 2008); before ~20 Ma (Schleiffarth et al., 2018); or between ~25-16.5 Ma (Rabayrol et al., 2019). In the
Greater Caucasus, the active collision is accommodated by fold and thrust faults mainly parallel to the mountain
ranges with different convergent rates that have been deduced by GPS measurements (blue arrow with average
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values- ~13 mm/yr- in Figure lc, Reilinger et al., 2006) and well-constrained kinematic studies (e.g., Van
Hinsbergen et al., 2020 and references therein).

Geochemical and petrological studies indicate sustained volcanic activity over the last ~45 Ma in the volcanic
belt stretching from Kenya in East Africa to the Elbrus in the Greater Caucasus (Figure 1a, Civiero et al., 2022,
2023; Ershov & Nikishin, 2004; Sharkov et al., 2015 and references therein). Late Cenozoic collision-related
volcanism started in the plateau between ~8 and 6 Ma (Pearce et al., 1990 or at ~15 Ma; Lebedev
et al., 2010; age compilation in Memis et al. (2020)) following the initial rupture of the north-dipping Neotethyan
slab during the active Arabian continental collision (e.g., Rabayrol et al., 2019). The intensified volcanic activity
has been documented during the Pliocene—Quaternary times (Oyan et al., 2017) and has continued to historical
periods in eastern Anatolia (e.g., Oyan et al., 2023). It has been interpreted that this rupture propagated westward
with progressive sub-horizontal slab tearing (Bartol & Govers, 2014; Capitanio, 2016; Faccenna et al., 2006;
Rabayrol et al., 2019).

The region is covered regionwide by thick Neogene-Quaternary volcanic-sedimentary rocks (Sengor & Yil-
maz, 1981) with an Eocene-lower Miocene oceanic sedimentary unit, upper Cretaceous—Oligocene ophiolitic
mélange and flysch, ~E-W trending folds and thrusts, and conjugate strike-slip faults (Keskin et al., 1998; Oyan
etal., 2017; Pearce et al., 1990; Sengor et al., 2003, 2008; Topuz et al., 2017; Yilmaz et al., 1987; Figure 1c). Most
of the volcanic rocks originated from the Nemrut, Siiphan, Agr, Etriiks stratovolcanoes (early Pliocene-
Quaternary in age) and Tendiirek shield volcano (Quaternary in age, Aclan et al., 2020 and references
therein), which are aligned on the plateau in a SW-NE direction (Figure le). The morphology of the Miocene
Karacadag in the Arabian foreland and the Quaternary Nemrut (last eruption at 1-0 Ma) in the plateau—the oldest
and youngest volcanoes in the region—is characterized by N-S and E-W extensional fissures in the Ak¢akale and
Bagkale grabens, respectively (e.g., Lustrino et al., 2012; Pearce et al., 1990; Figures 1c and le). Analyses of
Miocene to Quaternary basaltic lavas around the Lake Van region show an asthenospheric melting source
enriched with different amounts of subduction components (Oyan et al., 2023 and references therein). This may
indicate different tectonic stages of the plateau evolution associated with lithospheric detachment processes that
resulted in a thin lithosphere beneath the relatively thick eastern Anatolian crust (Figure 1d).

2.2. Upper Mantle Forces of the Region

The regional geology in eastern Anatolia is consistent with an interpretation of post-subduction tectonics being
controlled by either a weak, broken oceanic slab or an upwelling Arabian sub-slab asthenosphere (Rabayrol
et al., 2019; Schleiffarth et al., 2018; Uslular & Gengalioglu-Kuscu, 2019). Petrological studies suggest that the
entire thickened zone overlying an accretionary complex (Sengor & Kidd, 1979; Sengér et al., 2008) or conti-
nental basement (Topuz et al., 2017) may have been affected by lithospheric removal in the form of successive
relatively small-scale or single-sudden detachments (Pearce et al., 1990). Different lithospheric removal scenarios
have been proposed in the region (Keskin, 2007 and references therein). Regional numerical models by using a
wide range of parameters (e.g., convergence rates, rtheology, and origin of the materials) test delamination hy-
potheses quantitatively (Gogiis & Pysklywec, 2008; Memis et al., 2020). These studies suggested that delami-
nation of the mantle lithosphere (Gogiis & Pysklywec, 2008) or progressive removal of the northward-subducting
Neotethys slab from eastern Pontides to the Bitlis-Zagros zone (i.e., gradual delamination/lithospheric peeling;
Menmis et al., 2020) are viable mechanisms for driving surface uplift (up to 2 km) across the plateau (Figure 2a).
Both delamination models consider the tectonics of the plateau without additional forces, for instance, a possible
elastic rebound effect or convective support (i.e., flows from the south, Figure 2b) in response to the break-off of
the Neotethyan slab (i.e., fall of subducted slab; Sengor et al., 2008). Thus, the evolution of magmatism and high
topography is attributed simply to the delamination of the lithospheric layer and the upwelling of the mantle into
the lithospheric gap beneath the east Anatolian crust (Gogiis & Pysklywec, 2008; Memis et al., 2020).

Alternatively, elevated topography and asthenospheric temperatures inferred from geochemical data and drainage
analyses across Anatolia (i.e., average uplift of ~0.4 mm/yr since 4 Ma and ~1673 K at 60 km depth, McNab
et al., 2018) may be linked to lateral migration of a plume (Ershov & Nikishin, 2004; Faccenna et al., 2013;
Kounoudis et al., 2020; Wilson et al., 2014), which can drive surface uplift and westward extrusion of Anatolia
(Faccenna et al., 2013; Molin et al., 2023). Accordingly, a slab break-off may have activated mantle flows from
the Arabian foreland in the south (Episode 2 in Figure 2a) that are suggested to turn westward under the plateau
(i.e., from the Afar Plume, Faccenna et al., 2013). In contrast, studies on neotectonic deformation of the region
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Figure 2. Model for the evolution of the formerly subducted slab and the uplift history of the East Anatolian Plateau.

(a) Episodes 1 and 2 show isostatic response to the shortening and thickening of the Anatolian Plate, Neotethys slab break-
off, opening of a window, and activation of the inflow from the Arabian foreland—termed plumelet in this study—(Molin
et al., 2023). The blue arrow in the layer with a transparent background implies a conceptual model for the mechanical
removal of the East Anatolian lithosphere mainly based on petrological and geochemical studies in the region (see a
compilation of competing lithospheric foundering scenarios in Keskin, 2007 and references therein). (b) Episode 3 indicates
the ongoing processes of Episode 2 with crustal heating. Notice that delamination scenarios suggest an upwelling mantle into
the lithospheric gap that may generate the main uplift of the plateau without possible rebound effect or convective support in
response to the slab break-off or tear (i.e., in response to detachment of the slab from the overlying plate by sub-horizontal
rupture or sub-vertical rupture within the slab, respectively, e.g., Jolivet et al., 2015). The delamination hypothesis also
supports the widening of the slab window with young volcanism projected onto SW-NE Profile-1 shown in Figure le.
(c) Median uplift rates for non-uniform (blue) and uniform (red) rock types obtained from the Aras River longitudinal profile
and inversion model (Molin et al., 2023). It should be stated that the confidence level of this model is higher at ages <12 Ma
(see error bars in Molin et al. (2023)). Deformation processes presented here can overlap in time (see the text for further
explanation and reference).

suggest that the westward drift of Anatolia might instead be governed by variations in gravitational potential
energy from east to west across the plate (e.g., England & McKenzie, 1982) rather than by contribution from
mantle convection or far-field effects of the Aegean slab rollback (e.g., England et al., 2016; McNab et al., 2018;
Merry et al., 2021; Ozeren & Holt, 2010). Recent analyses favor the boundary force argument for the initiation of
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the westward escape of the plate along North and East Anatolian Transform Faults (Figure 1c), by neglecting any
possible support by upper mantle convection (Sengor & Yazici, 2020). Those authors interpret that the main
engine of the tectonic drift could be collisional forces caused by the impingement of the Arabian craton, resulting
in the N-S crustal shortening and surface uplift in the East Anatolian Plateau during the last ~10 Ma (Sengor &
Yazici, 2020 and references therein).

The contemporary elevation and its rate of change can help constrain active driving forces for tectonics in the
region. Geomorphological studies on river network draining indicate a general non-equilibrium state and refer to
the evolution of the plateau (Molin et al., 2023). Analyses of the fluvial terraces of the Murat River, an Euphrates-
Firat tributary flowing through the study region (Figure 1c), suggest ~800 m of surface uplift (~1,100 m of rock
uplift) in the late Pliocene with an uplift rate of ~0.5 mm/a (Demir et al., 2009). Similar rates have been found in
the Bagkale Graben (southeast of the Lake Van province, Figure 1c) where morphometric analyses indicate a
young topography and an active uplift with increasing rates from east to west in the graben system (Selguk &
Diizgiin, 2017).

Analyses along the Aras River longitudinal profile and inversion models suggest three distinct phases of plateau
uplift (Molin et al., 2023). In Episode 1 (Figure 2), the area was dominated by a low-relief landscape close to sea
level uplifting with a rate of ~0.1 mm/a. The subsequent progressive emergence of the region could be associated
with a renewed phase of exhumation in the middle-late Miocene with crustal shortening and thickening over the
subducting slab (Episode 2, Figure 2a). A gradual increase in uplift rates (from ~0.1 to ~0.2 mm/a) is suggested
between ~10 Ma and ~5 Ma (i.e., a trend in Episode 2 in Figures 2a and 2c), consistent with the proposed slab
removal under the region. At < ~5 Ma (Episode 3 in Figures 2b and 2c), when a ~30% decrease in convergence
rates all over the region occurred (Cowgill et al., 2016), a dramatic increase in uplift rates (up to 0.3 mm/a) could
be linked to the interaction between sub-crustal and crustal processes. This latter phase may involve processes
such as the widening of the lithospheric window and the inflow of hot asthenospheric material from Arabia
accompanying ongoing shortening and heating in the region (Elitok & Dolmaz, 2008; Molin et al., 2023). Molin
et al. (2023) also interpret that the decreasing trend of the uplift rate at ~1 Ma can be related to the lateral
movement of the Anatolian Plate (Figure 2c).

The recent rapid uplift (red arrow in Figure 2c) is consistent with 3D instantaneous geodynamic models that
suggest an upper mantle-induced convective support on topography (~400 m—~1.2 km) in the East Anatolian
Plateau (Uluocak et al., 2021). The present-day subcrustal mantle dynamics can also be interpreted from the ratio
between free-air gravity (Figure le) and observed topography in the wavelength domain (i.e., admittance of
~40 mGal/km with high coherence - 0.8—at long wavelengths in Figure 1f, Uluocak et al., 2021), and from Airy-
type crustal isostasy analyses, which all indicate non-isostatic components of the topography in the high plateau
(Faccenna & Becker, 2010, 2020; Faccenna et al., 2014; Komut, 2015; Molin et al., 2023; Uluocak et al., 2021).

Seismic data give further insights into upper mantle structure and anomalously hot asthenosphere that may be
related both to any lithospheric removal process and large-scale plate deformation (e.g., Fichtner et al., 2013;
Kaban et al., 2018; Kounoudis et al., 2020; Lei & Zhao, 2007; Lii et al., 2017; Portner et al., 2018; Reid
etal., 2019; Skobeltsyn et al., 2014; Zhu, 2018; Zor, 2008). P- and S-wave seismic tomography models in the East
Anatolian Plateau, despite different waveforms, source frequencies, and resolutions, all show a low-velocity zone
(the East Anatolian Slow EAS anomaly; Figure 3) at relatively shallow depths (<~100 km, Kounoudis
et al., 2020; Portner et al., 2018; Zor, 2008). The location of the EAS anomaly is supported by very low Pn-waves
(<7.8 km/s), indicating the presence of a shallow, hot asthenospheric mantle beneath the crust (Lii et al., 2017;
Uluocak et al., 2021). The interaction between the low-velocity seismic zone and the crust is also in good
agreement with high Vp/Vs (>1.9) values at the lower crust (Lin et al., 2020; Lii et al., 2017; Zhu, 2018), young
volcanic areas (<~6 Ma, around Nemrut and Siiphan volcanoes, Figure 1e), and shallow Curie-point depths (e.g.,
6-8 km in the north province of Lake Van; Oyan et al., 2017). Long-wavelength upper mantle low seismic
velocity anomalies are observed in seismic tomography models extending from the Arabian plate to the Greater
Caucasus (Figure 1b, Civiero et al., 2023; Piromallo & Morelli, 2003). Recent studies (Kounoudis et al., 2020;
Portner et al., 2018) have imaged relatively small-scale high-velocity bodies (Figure 2b) under the plateau at
depths up to ~200 km (Piromallo & Morelli, 2003). These are interpreted as slab fragments in the upper mantle
(e.g., Dilek & Sandvol, 2006; Ozacar et al., 2008; Portner et al., 2018).

In summary, there is a consensus on an absent or very thin lithospheric layer beneath the East Anatolian Plateau
(Figure 1d) and, hence, the absence of a subducted oceanic slab that may decelerate or accelerate (e.g., rollback,
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Figure 3. Input data for 3D thermomechanical geodynamic model. The model domain and mantle temperature structures used
for the calculations (iso-contour shows temperature of 1950 K). The East Anatolian Slow anomaly (EAS) is located around
the Lake Van region where the thinnest crust is observed under the plateau (the top panel shows topography variations, see
text for further explanation and references).

pull) convergence or uplift rates in the region, at least since the end of Episode 2, as shown in Figure 2c. Different
seismic-wave tomography models show a long-wavelength, low-velocity zone beneath the region between the
Arabian foreland and the Greater Caucasus, which could be indicative of rising and migrating mantle flow—a
plumelet—beneath the plateau. Observations and previous studies agree on upper mantle structures
(Figure 2b) and crust-mantle interaction (e.g., the EAS anomaly; Figure 3) beneath the plateau. However, the role
of upper mantle heterogeneities in causing or controlling tectonic events at large and regional scales in the
continental collisional region, specifically in the East Anatolian Plateau (Figure 1), cannot be fully explained by
previous numerical models. In this study, we use an instantaneous 3D thermomechanical model to analyze upper
mantle forces to better understand the active deformations of post-subduction tectonics in the plateau.

3. Numerical Model

To investigate the mantle dynamics in the region, we conducted 3D instantaneous (present-day) geodynamic
modeling (Figure 3, Table Al). The calculations were performed using the open-source ASPECT numerical code
(version 2.4; Bangerth et al., 2019, 2022; Clevenger & Heister, 2021; Fraters et al., 2019; Glerum et al., 2018;
Heister et al., 2017; Kronbichler et al., 2012; Rose et al., 2017). The code solves for the mechanical and thermal
evolution of an incompressible medium, based on governing equations corresponding to the conservation of mass
(V- u=0),momentum (V - 6;;+ pg =0), and energy pC,(dT/ot + u-VT) = kV>T, where uis the velocity [m/s]; g is
the gravitational acceleration [9.8 m/sz]; kis thermal conductivity [W/m/K]; T'is the temperature [K]; C, is specific
heat capacity [Jkg_lK_l]; t is time [s]. The stress tensor (6;; = a,{j — pd;;, [Pa]) can be defined by the deviatoric
stress (a{j) and the total pressure (p) (Pysklywec et al., 2000). In the numerical experiment, the plastic yield stress
(0, = psing, where ¢ is the internal angle of friction) and the viscous stress (6, = 27,¢) determine the deviatoric
stress; 0',{]» = min {o,; 6,}. The effective viscosity (1,) in the viscous stress is defined for the power law creep based
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on the temperature and the strain rate tensor (£); 7, (¢,T) = (1/2)pB™" ng(1=m/n exp((Q + pV)/(nRT)), where n
is the non-Newtonian viscosity exponent, Q is the activation energy, V is activation volume, R is the universal gas
constant (8.31 Jmol~'K™1), Bis the viscosity pre-factor, and f is the scaling factor (Ranalli, 1995). We consider the
Drucker-Prager yield criterion for rheological parameters in compositional fields shown in Table A1 (Appen-
dix A). To investigate the deformation of the materials, the second invariant of the stress was obtained from the
second invariant of the deviatoric stress tensor for the solution domain, as shown in Figure 3. Free slip for the
sidewalls and bottom was set as the mechanical boundary conditions of the 3D model (e.g., Shaw & Pyskly-
wec, 2007; Uluocak et al., 2016, 2019). A free surface was used at the top, which allows for the development of
surface deflection (i.e., dynamic topography) caused by vertical stress imposed on the lithosphere by the under-
lying mantle (Uluocak et al., 2021 and references therein). Crustal heat production, relative plate motion, surface
erosion and deposition were neglected in our calculations (Uluocak et al., 2021).

Temperature variations in the solution space were based on a Mediterranean-scale P-wave seismic tomography
model (Piromallo & Morelli, 2003) calculated using the depth-dependent density scaling function of Kar-
ato (1993) with the thermal expansion rule; p = p, (1 — aAT), where p,, is the reference density (see Table Al,
Appendix A), a is the coefficient of thermal expansion 2 x 107> [K™'], and AT is the temperature gradient. A
reference geotherm that ranges from 293 to 1650 K for a depth of 600 km (Uluocak et al., 2021 and references
therein) was used to calculate the absolute temperature field (Figure 3) together with the average values of the
crustal and lithospheric thicknesses (i.e., ~40 and ~80 km, respectively, Figure 1d, Priestley & McKenzie, 2013;
Zor, 2008). Experiments evolved with a small Courant-Friedrichs—Lewy (CFL, 0.1) number and a time up to
~1 % 10° years, which are acceptable considering the relatively small-velocity errors (i.e., RMS <2 cm/year) for
the effective computation time (Uluocak et al., 2021). For a more detailed discussion of the modeling method-
ology and parameters, the reader should refer to Uluocak (2023) and Bangerth et al. (2022).

4. Model Results and Tectonic Response to Mantle Dynamics

The present-day 3D thermomechanical model predicts a surface deflection with an average amplitude of
~+4400 m at long wavelengths (>150 km) caused by density/temperature—driven plumelet-style upper mantle
flows (Figure 4a, Uluocak et al., 2021). The recent rapid uplift inferred from river network studies (~500 m,
Figure 2c¢, Molin et al., 2023) and analyses of crustal isostasy at long-wavelengths (e.g., non-zero gravity
admittance values in Figure le; Uluocak et al., 2021) are in good agreement with this first-order finding. The
dynamic topography support is also compatible with different geodynamic model configurations (e.g., Faccenna
et al., 2014; Komut, 2015; Uluocak et al., 2021). But different from these previous geodynamic modeling studies,
we show modeling results that are sensitive to 3D regional upper mantle heterogeneities to interpret both large-
and regional-scale dynamical processes in the region. Also, for the first time, we present regional 3D variations of
stress, strain, velocity, and temperature fields in the study area with analyses of their regional implications.

The numerical results show negative buoyancy forces from relatively small-scale, shallow, cold anomalies
beneath the region (blue iso-contour in Figure 4b). These structures are interpreted as detached Neotethys slab
fragments and dense, cold, relatively thick lithospheric material observed under the northeastern part of the
Arabian foreland (~—1.2 km) and the Black Sea (~—1 km) (Figure 4a). To the north of the study area, localized
high dynamic topography values in Figure 4a are linked to upper mantle forces such as the upwelling mantle and
active deformation in the Western Greater Caucasus-high and the Central Greater Caucasus-low (Uluocak
et al., 2021).

We illustrate regional variations of temperature as a slice at 100 km depth and cross-section along Profile-1 with
mantle flows for the range of 0-200 km depth in Figure 5. The yellow circle in Figure 5 shows localized mantle
upwelling with increasing vertical amplitudes in vectors (i.e., black arrows) and high dynamic topography (up to
~500 m, Figures 4a and 6c¢) around the Lake Van region, including Nemrut and Siiphan volcanoes in the north of
the Bitlis-Zagros suture zone (Figure 1). This region correlates well with the location of the Van Anomaly (VA)
shown in numerical results in Figure 4, the shallow/low-seismic/hot EAS anomaly (Figure 3), and young vol-
canoes (e.g., Nemrut, Figure 6) in the plateau. This anomaly is consistent with the general interpretation of
lithospheric delamination models implying regional extension in the plateau (Gogiis & Pysklywec, 2008; Uluocak
et al., 2021). Further, flows with smaller amplitudes shown in Figures 4 and 5 turn westward under eastern
Anatolia. This result is compatible with the westward extrusion of Anatolia with respect to Eurasia and the
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Figure 5. Velocity vectors for the 0-200 km depth range and temperature variations. The temperature anomaly is shown as a
slice at a depth of 100 km and along Profile-1. The dashed yellow circle shows the Lake Van extensional region where local
upwellings into the lithospheric gap generate young volcanoes and rift tectonics (see Figure 4 for other abbreviations).

average variation of the surface wave seismic anisotropy model (<120 km) (Legendre et al., 2021; Reilinger
et al., 2006; Uluocak et al., 2021).

We quantify stress and strain variations that may be associated with the observed active deformation in the region.
Figure 6a shows a plan view of the second invariant of the stress field with the scaled maximum horizontal
compressive stress (SH,,,,) for a depth of 40 km, the average value of the Moho surface depth in the model. Blue
and green anomalies (i.e., vector fields) in Figure 6a indicate the difference between the maximal and minimal
horizontal compressive stresses. These stresses are sensitive to compressional (white arrows) and extensional
forces (black arrows) shown in Figure 6a, mainly owing to the temperature-dependent upper mantle heteroge-
neities. The results reveal northward high compressional forces over the cold-dense-thick lithospheric layer of the
Arabian foreland. The minima of the lateral compressional forces, for example, a lateral extension at a depth of
40 km in Figure 6a, are localized around the Black Sea depression and adjacent to the high Lake VA (black arrows
in Figure 6a). These regions and the North Arabian Platform to the south are characterized by high lateral and
vertical contrasts in stress second invariant, strain rates, temperature, and viscosity fields (dashed white lines in
Figures 6a and 7), as imaged in the shallow-cold temperature anomaly along Profile-1 in Figure 6d. According to
the results, high strain rates localize in regions where crustal and lithospheric thicknesses vary drastically, and
dynamic topography with a ramp (i.e., step) anomaly pattern is shown in Figure 6¢. This also defines two
boundaries in the southern part of the plateau, which appear to be related to the Bitlis-Zagros suture and fold belt
(i.e., foreland fold/thrust belt/Bitlis-Zagros range; Kadinsky-Cade et al., 1981; Uysal et al., 2021), based on high
contrasts in temperatures, stress second invariant and strain rate (Figure 6) and viscosity variations (Figure 7).

Figure 4. The 3D thermomechanical numerical modeling results. (a) Dynamic topography-DT (with zero contour line) and 3D convection vectors. (b) Cold upper mantle
structures (for simplification of the figure blue iso-contour shows 1100 K between the range of 100-600 km depth) with vectors for the depth of 600 km (cross-section
shows temperature variations along Profil-2, Uluocak et al., 2021). Green lines highlight major boundaries and anomalies, that is, the Van Anomaly VA that is located
around Lake Van (maximum water depth of 450 m at an altitude of ~1,650 m), the largest and deepest lake in Turkey (Cukur et al., 2017). LC-Lesser Caucasus. The 3D

vectors (V.

= (V,, V,, V) in Cartesian coordinates) are scaled by their magnitudes in all figures. Colors of vectors are shown based on vertical components (Velocity-Z

indicates V,) in (a) and amplitudes (IV,.l) in (b).
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Figure 7. The plumelet with quantified upper mantle structures from the Arabian foreland to the Greater Caucasus. Cross-
section of viscosity variations with mantle flows along Profile 1. Iso-contours image cold and dense structures (blue, 1100 K)
and high strain rates (green, >1.5 X 10~ 1/s) under the region. The local upwelling beneath the young volcanoes drives
localized dynamic topography (VA-Van anomaly) and the magma-rich intraplate rifting in the extensional Lake Van region.
The top panel shows topographic relief with Profile-1 (red line). Dashed white lines correspond to boundaries associated with
prominent changes in thicknesses, temperature, viscosity, stress, and strain anomalies in the results (see Figure 6 for colorbar
of the vector field).

At long wavelengths, flow vectors related to the upper mantle low-velocity zone extending from the Arabian
Platform to the Greater Caucasus (Faccenna et al., 2013; Piromallo & Morelli, 2003; Uluocak et al., 2021)
delineate the presence of a plumelet beneath the plateau (the 3D flows in Figure 4b and cross-sections in
Figures 6d and 7). This plumelet, involving an injection of mantle flow through a SW-NE lithospheric channel
under the plateau is driving local tectonics in eastern Anatolia. Results indicate that interaction between plumelet,
moving along the high temperature-low viscosity channel, and cold structures is associated with high strain rates
at shallow depths (e.g., down to 300 km in Figures 6d and 7).

5. Discussion

Our integrated analyses from instantaneous modeling and observations indicate that plumelet flow through a SW-
NE lithospheric channel plays an important role in the tectonics of the Eastern Anatolian Plateau. This flow is in
good agreement with previous studies suggesting an active mantle upwelling beneath Anatolia (e.g., Ershov &

Figure 6. Upper mantle heterogeneities and their surface implications. (a) Horizontal slice showing the second invariant of the deviatoric stress at 40 km depth on a
logarithmic scale. The vector field shows the maximum horizontal compressional stress along the north direction (Y-axis). (b) Strain rates at 20 km depth-slice.

(c) Profile-1 observed (black line) and dynamic topography (DT-red line) with swath profile (shaded areas) for the area shown in (b). (d) Temperature field with a
plumelet (channel flow) along Profile-1. Green iso-contour shows high strain rates (>1.5 X 10™* 1/s) in the upper mantle. Major volcanoes projected onto Profile-1 (G-
Greater, VA-Van Anomaly, an.-anomaly). Note that vectors in (d) and are scaled in color by vertical velocity components. Dashed white lines indicate areas where
stress, strain, and temperature variations change drastically.
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Nikishin, 2004; Faccenna et al., 2013; McNab et al., 2018; Nikogosian et al., 2018; Sharkov et al., 2015; Wilson
et al., 2014). The plumelet is consistent with the SW-NE oriented seismic-wave fast axis polarization, recently
termed Anatolian Background Splitting (ABS, Lynner et al., 2022), estimated from shear wave splitting
anisotropy observations (Lemnifi et al., 2017; Merry et al., 2021 and references therein). Our plumelet result is
also supported by large-scale low-speed seismic anomalies extending to the south with an ~SSW-NNE trending
seismic anisotropy pattern (i.e., Dead Sea zone; Merry et al., 2021; Figure 1b; Arvin et al., 2021; Civiero
etal., 2022, 2023; Gao et al., 2010; Kaviani et al., 2021; Paul et al., 2014; Qaysi et al., 2018). Moreover, we claim
that large-scale numerical geodynamic models (Faccenna et al., 2013), plate-tectonic reconstruction studies (e.g.,
Giirer & van Hinsbergen, 2019), general characteristics of geochemical data, and spatiotemporal variations of
volcanism from the North Arabian Platform to the Greater Caucasus (e.g., Chang & Van der Lee, 2011; Civiero
et al., 2022; Ershov & Nikishin, 2004; Faccenna et al., 2013; Hua et al., 2023; Wilson et al., 2014) support our
numerical result. As such, the SW-NE-directed plumelet and the associated long-wavelength dynamic support
could more likely be linked to the large-scale mantle circulation under the East Anatolian Plateau than the
relatively small-scale deformation that might result from subduction-related return flows and/or slab fragmen-
tation reported in many plate boundaries (Faccenna et al., 2010).

It should be noted that there are studies suggesting that a plume (especially in the sense of the typical plume
with a mushroom head and/or a plume once fed by deep sources) does not need to be included to explain the
presence of anomalously slow/hot structures observed under the plateau and surroundings and petrogenesis of
magmas during the collision between Arabian and Eurasian plates (e.g., Keskin, 2007; Koulakov, 2011;
Koulakov et al., 2012, 2016; Lustrino & Wilson, 2007; Skobeltsyn et al., 2014 and references therein Memisg
et al., 2020; Yang & Faccenda, 2020). In contrast to other regions where plume-related extensional tectonics
and dynamic uplift are invoked (e.g., High Atlas of Morocco; Lanari et al., 2023), in Anatolia the role of
thermal perturbation of the metasomatized subcontinental lithosphere and indentation tectonics and/or litho-
spheric delamination with crustal heating and thinning (Figure 2) have been prominent hypotheses for the high
plateau and magmatism (see Section 2). Besides, both asthenospheric and lithospheric mantle sources of the
post-collisional magmatism (<6 Ma) are documented specifically in the plateau (Aclan et al., 2020; Oyan
et al., 2023 and references therein). However, due to the multicomponent mixing of magma in the collisional
zones (e.g., Lustrino et al., 2012; Oyan et al., 2016), the trace element geochemistry and isotope signature of
the mantle source can be complicated in terms of interpretation of the plume-induced melting in many areas,
such as East African Rift volcanism, where low isotope ratios are documented in lavas and mantle xenoliths
(Brune et al., 2023 and references therein). Thus, it can be stated that active plumes in different evolutionary
processes and intraplume heterogeneities can have complex signatures in collision zones (e.g., Meshesha &
Shinjo, 2008). Also, the possible location of plume source(s), the plume-migration channel, and even the
number of plumes beneath East Africa and Arabia are controversial (e.g., Agostini et al., 2021 and references
therein) mainly owing to differences in seismic tomography models and their interpretations. Yet, the recent
seismic waveform tomography data together with anisotropy models in the African-Arabian region offer
possible sources that might feed seemingly connected plume heads and hence may influence the East
Anatolian Plateau (Civiero et al., 2022 and references therein) unlike interpretations suggesting a common
mantle reservoir in response to Super African Plume migration (e.g., caused by pressure-driven lateral trav-
eling from the Afar hot spot to Anatolia, over ~2,500 km in 11 Myrs, Hua et al., 2023). That is, upper mantle
slow velocities that are localized beneath Kenya, Afar, and Levant regions (at a depth of >~330 km) and
interconnected sub-lithospheric slow seismic anomalies can be interpreted as plume sources and heads,
respectively (Civiero et al., 2022). We, therefore, suggest that the presence of the aforementioned large-scale
(e.g., Figure 1b) and regional (e.g., EAS in Figure 3) low/ultralow seismic anomalies (also hot upper mantle
anomalies in e.g., Figures 4b and 6) cannot easily be accounted for by compressional forces alone or by
wholesale delamination of the Neotethyan lithospheric mantle. A plumelet, as identified here, best accounts for
the seismic anomalies across this region from the Arabian platform to the Greater Caucasus.

A plumelet hypothesis also best explains the mantle melt source domains inferred from the petrological and
geochemical characteristics of erupted products at the surface, that is, in the Dead Sea Fault zone, Karacadag
volcanics in the Arabian foreland and across the Arabian-Caucasus region (Agostini et al., 2021; Faccenna
et al., 2013; Hua et al., 2023; Keskin et al., 2012; Nikogosian et al., 2018; Rabayrol et al., 2019; Sharkov
et al., 2015). The high variability in the composition of the young magmatism at such a short distance in the
plateau may be an indicator of a patchy pattern of uppermost mantle structures (e.g., Artemieva &
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Shulgin, 2019) with or without relaminated shallow lithospheric mantle (~5-11 km thickening in the litho-
spheric layer from ~6 Ma to 1 Ma following the delamination at ~5-6 Ma; Oyan et al., 2023) or complex
processes of lithospheric removal mechanism (e.g., fragmentation/piecemeal detachment).

We propose a shallow-regional mantle upwelling into the lithospheric gap that generates a localized positive
dynamic topography (~500 m) around Lake Van (VA-Van Anomaly, Figure 4a). In other words, dynamic
support caused by localized upper mantle flows with increasing vertical amplitudes (Figures 5 and 6d) ex-
plains extensional tectonics in the plateau, in the Lake Van region, under a compressional regime. This result
is consistent with the interpretation that Lake Van, one of the largest soda water lakes on the earth, was
formed by extensional tectonics leading to the graben and half-graben structures during the past ~600 ka
(Cukur et al., 2017). While ongoing compression is documented in and around the lake, young rapid uplift
(~14 ka) accompanied by erosion is also interpreted from the seismic reflection studies in Lake Van and its
sub-basins (Cukur et al., 2017). It is also inferred from paleo-salinity and -elevation studies that tectono-
magmatic activities continue under the lake (Cukur et al., 2015; Toker et al., 2017; Tomonaga et al., 2014
and references therein). That is, the Lake Van zone with its (a) local kinematics (e.g., N-S striking normal
faulting, Toker, 2006); (b) anomalously low subcrustal seismic velocities; (c) partially melted-thinnest crust
(~40 km, Ozacar et al., 2008; Toker, 2006; Zhu, 2018); (d) regional decreases in the density contrast between
crust and mantle (Karabulut et al., 2019); (e) young volcanoes (<6 Ma, Rabayrol et al., 2019; Schleiffarth
et al.,, 2018); (f) young uplift pattern (e.g., domed-like uplift ~500 m from river inversion studies, Molin
et al., 2023) can be attributed to a convective-induced extensional tectonic regime (e.g., Alkan et al., 2020;
Selcuk et al., 2020; Uluocak et al., 2021). Thus, considering the mantle-induced heating and the localization of
high stress and strain rates (Figure 6) with velocity vectors (e.g., Figures 4 and 7), this region might be the
weakest part of the plateau, where multiple forces are active in the form of extensional faulting and rifting in
the collisional zone (e.g., triple junction caused by horizontal and vertical displacements). Besides, the location
of the youngest volcano (i.e., the rift volcano of Nemrut) and its alkaline to peralkaline magma contents
(Cukur et al., 2017 and references therein) support our results implying active intraplate rift tectonics here.

Our results also reveal prominent lithospheric boundaries in the south, as shown in Figure 7. It should be noted
that the specific tectonic boundaries estimated from the numerical model do not necessarily match precisely with
the observed discrete tectonic features, for example, in the case of the geometry of the Bitlis-Zagros Suture zone
(Figure 7). Interpretation of a crustal suture as an indicator of a former lithospheric boundary could be subjective
(e.g., Okay & Tiiysiiz, 1999), especially in such regions of considerable tectonic shortening and deformation.
Further, studies have shown that pre-existing structures in the lithosphere can be the primary control on crustal
deformation regardless of the underlying mantle dynamics (Heron et al., 2016, 2019). Thus, pre-existing features
of the lithosphere—which could have accumulated through the long history of Tethyan tectonics—may likely be
the main control on the geometry of a surface feature like the Bitlis-Zagros suture.

All in all, our results from the model and analyses may reconcile the different processes proposed so far in the
East Anatolian Plateau, as mantle flow - plumelet - may well have triggered and sustained upper mantle
deformations. That is, we suggest that the plumelet, which was strengthened after the removal of the sub-
ducted Neotethyan slab, became the engine of the most recent vertical and horizontal mantle forcings,
contributing to large-scale plate tectonics and surface deflection. At short wavelengths, we show a plumelet-
provoked regional upwelling under the plateau (e.g., Figures 5, 6d, and 7), which drives the magma-rich Lake
Van rift tectonics. It has been documented that once the lithosphere breaks, the evolution of rift zones can be
highly variable over time due to forces that reactivate inherited weaknesses (Brune et al., 2023 and references
therein). In addition to other forces that may yield the strength of the stable lithosphere (e.g., steady-state
small-scale convection flows in the collisional regions, Jolivet et al., 2016 and references therein), Neo-
tethyan subduction itself may accelerate the tensional stress owing to the large density and temperature
contrasts becoming the major driving force for the intracontinental rift zones (pull and/or roll back, e.g., Brune
et al., 2023; Merle, 2011). Temporal variations of these complex deformations may need further explanations;
however, we suggest active rifting in the East Anatolian Plateau based on our thermomechanical modeling
results.
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6. Conclusion

We investigate mantle dynamics in the East Anatolian Plateau (Figure 1), one of the most intriguing segments of
the Arabian-Eurasian continental collision zone, with its records of both subduction- and post-subduction-related
deformations. Based on our results, we propose that a prominent SW-NE-oriented mantle flow—a plumelet—is
traveling through a lithospheric channel beneath eastern Anatolia from the Arabian foreland to the Greater
Caucasus (Figure 4). The plumelet-provoked forces have an important role in the post-subduction tectonics in the
region, favoring NE compression with long-wavelength convective support (~400 m) on topography and
westward escape of the Anatolian plate.

We show the localized and linearized stress and strain anomalies as an expression of compressive or tensional
forces (Figure 6), which can be important sources of intraplate deformations (e.g., Brune et al., 2023). According
to the results, high contrasts in stress, strain, temperature, and viscosity variations (Figure 7) correspond to the
Bitlis-Zagros suture and fold belt in the south of the plateau. Zones with high strain ratios at relatively shallow
depths (<300 km, Figures 6a and 6d) reveal the interaction between the plumelet and shallow cold structures by
indicating an active deformation (i.e., thermally eroded zone) beneath the region.

We interpret localized extensional forces and dynamic support in the Lake Van region by relating them to the
small-scale convection pattern beneath this part of the plateau. Based on our analysis, we contend that the magma-
rich Lake Van rifting in the Africa-Arabia-Anatolian plume-rift system may have occurred after processes
initiated by the subduction-related forces and sustained by a plumelet. Moreover, because of the dynamic in-
teractions between upper mantle forces, rifting in continental collisional settings can be a cross-scale process that
never reaches a final rift maturity compared to, for instance, a nascent plate boundary with perfectly symmetric
upwelling divergent flows and their surface implications.

Appendix A: Reference Parameters for the Numerical Model

Reference parameters used in the 3D instantaneous (present-day) geodynamic model are shown in Table Al.

Table A1
Parameters Used in the Experiment (Naliboff & Buiter, 2015; Ranalli, 1995; Uluocak et al., 2021 and References Therein)

Mechanical parameters Crust (wet quartz) Mantle lithosphere (dry olivine) Asthenospheric mantle (dry olivine)

Density (kg m™) p, 2,840 3,300 3,260
Viscosity pre-factor (B; Pa™ s™) 8.57 x 10728 6.52 x 107'¢ 6.52 x 10716
Power law (stress) exponent (1) 4 3.5 3.5
Activation energy (Q; kJ mol™") 223 530 530
Thermal conductivity (k; WmK) 2.5 2.25 2.25

Note. The internal friction angle (¢) = 20° and the specific heat capacity (C,) =750 (J kg~' K') for all materials. Activation volumes (V) = 18 x 10~® (m® mol™") for
the materials beneath the crust. The reference strain rate = 1 x 1074 s_l, the viscosity limits are 7, = 1 X 10%°-5 x 10** Pa s (e.g., Uluocak et al., 2021 and references
therein).
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