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A long-standing question in geodynamics is whether mantle flow is driven by the plate motion alone, or mantle
upwelling makes a significant contribution to it. Subducting slabs and lateral variations of the continental
lithosphere can further influence the asthenospheric flow and control its direction. The Middle East region (MER)
is a complex continental setting where different processes such as rifting, break-up, plate collision, and tectonic
escape kinematically interact with each other. In this context, the role that lithospheric structure, mantle flow,
and active upwellings may play is debated. Tomographic images provide a snapshot of the current thermal
conditions of a region and seismic anisotropy can also help resolve mantle convection. Here, we synthesize shear-
wave splitting observations together with up-to-date tomography models of the mantle structure beneath the
MER and other geophysical data. Low-velocity anomalies are seen at asthenospheric depths beneath W Arabia,
NW Iran, and Anatolia, suggesting a spreading zone of warm mantle. Two deep low-velocity bodies in Afar and
Levant —interpreted as hot mantle plumes- are the sources of this shallower mantle flow. Where low velocities
are imaged, we observe predominantly NE-SW oriented anisotropy, anomalously high topography, and abundant
basaltic volcanism. The integrated analysis suggests that a horizontal component associated with active up-
welling is present in the upper-mantle flow field. The large-scale circulation flow fed by the Afar and Levant
Plumes, aided by the subduction-induced forces, facilitates the lateral motion of the Anatolian microplate and
affects the dynamic evolution of the Zagros orogen. The proposed scenario demonstrates that the interplay be-
tween plate-tectonic events and mantle dynamics controls the kinematics of the region and can explain the
general patterns of deformation observed at the surface.

1. Introduction Fouch et al., 2000; Fouch and Rondenay, 2006). Where the lithosphere

is thin and weak, the pattern of the underlying mantle convection can

The relationship between continental tectonics and mantle convec-
tion is an outstanding problem in geodynamics that has been extensively
studied in the past (e.g., Bercovici et al., 2000; Forte et al., 2010; Liu
et al., 2004; Ricard and Vigny, 1989; Turcotte and Oxburgh, 1972;
Zhong and Gurnis, 1995). Continental lithosphere has a longer defor-
mation history and a more complex upper-mantle viscosity structure
than its oceanic counterpart. While the oceanic lithosphere has a rela-
tively uniform thickness (for age older than 80 Ma), the continental
lithosphere features significant spatial variations in thickness, which
translate into large lateral changes in viscosity affecting the mantle flow
field beneath it (Artemieva and Mooney, 2002; Conrad et al., 2007;

influence the surface topography and volcanism emplacement (Turcotte
and Schubert, 2002). Asthenospheric flow can be exerted by convective
structures such as mantle plumes, which manifest a horizontal flow
component when they reach the bottom of the lithosphere (e.g., Behn
etal., 2004; Sleep, 1997). If the overlying lithosphere is sufficiently thin,
such mantle plumes can also join to each other by hot sheets creating a
continuous radial flow, which can deform the surface broadly and
generate large-scale gravity anomalies (Lees et al., 2020; McKenzie,
2020; White, 1988).

The Middle East region (MER) offers an excellent place to study the
pattern of the horizontal mantle flow associated with active upwelling,
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due to the presence of prominent asthenospheric low seismic velocities,
and a variable lithospheric structure and topography (Chorowicz, 2005;
Hansen et al., 2012; Stern and Johnson, 2010). The MER is divided into a
series of continental plates (i.e., Arabian, Anatolian, Iranian, and African
plates) that are in relative motion with respect to each other and show
different patterns of lithospheric deformation. The extent to which these
tectonic plates are coupled to mantle flow has been investigated by using
a range of different approaches (e.g., Faccenna et al., 2013; Faccenna
and Becker, 2010; Komut, 2015; Mousavi et al., 2023; Sengiil Uluocak
et al., 2021; Wei et al., 2019). However, a great deal of work remains in
understanding the underlying mantle convection dynamics and its
impact on the lithosphere, as well as plate motion, surface topography,
and volcanism.

Constraints on the upper-mantle structure below different domains
of the MER have been provided by seismic tomographic imaging studies
using both body waves (e.g., Amini et al., 2012; Koulakov et al., 2016;
Kounoudis et al., 2020; Park et al., 2008, 2007; Portner et al., 2018;
Shomali et al., 2011; Tang et al., 2019, 2016; Wei et al., 2019) and
surface waves (e.g., Kaviani et al., 2020; Salaiin et al., 2012; Tang et al.,
2018, 2016). The resulting tomographic models resolve the main het-
erogeneities of the 3D velocity structure and, in some cases, have been
used to interpret the mantle dynamic impact in relation to the variable
lithospheric architecture and surface tectonics, as measured in terms of
dynamic topography and mantle flow (e.g., Behn et al., 2004; Faccenna
et al., 2013). However, although such tomography models can provide a
snapshot of the present-day thermal state of the mantle, they alone do
not yield any information on the pattern of sub-continental mantle flow
at a large scale and its connection with the deeper mantle.

Inferences on the character of the mantle flow field can be derived
from seismic anisotropy measurements, where the orientation of
observed anisotropy is taken as a direct indicator of the flow direction
(Becker et al., 2008; Fouch and Rondenay, 2006; Holtzman et al., 2003;
Ribe, 1989; Wang and Becker, 2019). Previous shear-wave splitting
analyses on the MER revealed that seismic anisotropy occurs in the
lithosphere or asthenosphere (e.g., Biryol et al., 2010; Gao et al., 2022;
Hansen et al., 2006; Kaviani et al., 2021, 2009; Paul et al., 2014; Qaysi
et al., 2018; Sadeghi-Bagherabadi et al., 2018; Salah, 2013; Sandvol
etal., 2003; Wolfe et al., 1999). The main challenge in the interpretation
of any anisotropy results is the relatively poor depth constraint on the
source of the undergoing anisotropy (Long and Silver, 2009). Anisotropy
can originate in the asthenosphere when the relative motion between
the plates and underlying mantle is accommodated, while mantle lith-
osphere is not actively deforming because of its strength. In contrast,
plate deformation may induce lithospheric anisotropy in areas of active
rifting or orogeny (e.g., Park and Levin, 2002). Consequently, different
(and often mutually exclusive) geodynamic models have been proposed
to explain the mantle deformation patterns of the MER (Balazs et al.,
2021; Confal et al., 2018; Faccenna et al., 2013; Le Pichon and Kreemer,
2010; Sadeghi-Bagherabadi et al., 2018; Zhu et al., 2022). Comparison
of seismic anisotropy with tomography images of the upper mantle
together with other multi-disciplinary data is a helpful approach to
address this ambiguity and make the anisotropy observations and their
relationship with the mantle flow field more meaningful (Becker et al.,
2012).

In this study, we utilize images from a recent regional waveform
tomography model along with observables from seismic anisotropy and
other geophysical information to give new insights into the dynamic
processes of the mantle beneath the Middle East system. By taking
advantage of the increasing number of studies published over the last
decades, we first present an overview of the geophysical data available
for the entire region, showing additional results from new residual
topography and velocity-temperature calculations. We then interpret
them and outline specific points of discussion such as the origin of
mantle flow and coupling between the moving lithospheric plates and
the underlying mantle. By reviewing this large amount of observations,
we will give an updated perspective on the pattern of mantle convection
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below the region and understand how active upwelling flow interacts
with the forces driving continental plate motions.

2. Tectonic background

The kinematics of the MER is influenced by the northward movement
of Arabia with respect to Eurasia (McKenzie, 1970) (Fig. 1). The Zagros
Mountains and Iranian Plateau were formed as a result of the continental
collision of the Arabian Plate with Eurasia that started ~16-23 Ma and
was preceded by long-lasting oceanic subduction of the Neotethys Ocean
(Hatzfeld and Molnar, 2010; Robertson, 2000; Sengor and Kidd, 1979).
The NW-SE trending Zagros fold-and-thrust belt (ZFTB), which extends
over about 2000 km from Turkey through SW Iran, marks the defor-
mational front on the passive margin of the Arabian Plate (Berberian,
1995; Mouthereau, 2011). To the east, the Iranian Plateau is made up of
microblocks derived from northern Gondwana (McQuarrie and Van
Hinsbergen, 2013) and the strike-slip movement between them accom-
modates part of the convergence (Vernant et al., 2004). The paucity of
seismicity recorded in the area (Fig. 2A) implies a lack of deformation, i.
e., a quasi-rigid behaviour of these aseismic blocks relative to the
intensely active seismic belts that surround them (Jackson and McKen-
zie, 1988). This plateau is located between the Alborz Orogen in the
north and the Makran Subduction Zone in the south. The active Alborz
mountain belt stretches over 900 km along the southern margin of the
South Caspian Basin and can be divided into eastern, central, and
western parts (Zanchi et al., 2009). The Makran Subduction Zone ex-
tends from SE Iran to southern Pakistan and includes an accretionary
wedge, where the Tethys oceanic lithosphere on the Arabian Plate is
subducting beneath the Eurasian Plate (Byrne et al., 1992).

Moving to the west, the Anatolian Plateau is the result of the amal-
gamation of major lithospheric blocks during the Cretaceous Tethyan
subduction (Sengor and Yilmaz, 1981; Van Hinsbergen et al., 2016).
Currently, it comprises three main neotectonic domains, namely the East
Anatolian Plateau, Central Anatolian Plateau, and Western Anatolian
Province (Fig. 1). South of the East Anatolian Plateau, the Bitlis Suture
represents the terminal boundary between the Eurasian and Arabian
plates formed during the closure of the Neotethys Ocean (Agard et al.,
2005). The Bitlis Suture connects to the Main Zagros Thrust, which
separates the seismic ZFTB from the almost aseismic Central Iran
(Talebian and Jackson, 2002).

Within the Mediterranean domain, subduction of the African litho-
sphere beneath the Western Anatolian Province and Central Anatolian
Plateau contribute to the western escape of the Anatolian block via
strike-slip conjugate motions along the Northern Anatolian fault and
Eastern Anatolian fault zones (Sengor et al., 2005). In the Late Eocene,
the Arabian plate started to split from the African plate along the Red
Sea and the Gulf of Aqaba regions (Hempton, 1987). This divergence has
been affected by the Afar hotspot located at the triple junction between
the Red Sea rift, Gulf of Aden, and Main Ethiopian rift in NE Africa
(Mohr, 1970). Arabia’s continued northward motion and further sepa-
ration from the African plate along the left-lateral strike-slip Dead Sea
Fault (Smit et al., 2010) in the Miocene-Pliocene resulted in a faster
movement of Arabia compared to Africa (Fig. 1).

The GPS coverage of the MER has significantly improved over the
past two decades and we now have more detailed information about
present-day kinematics. Our updated GPS compilation of velocity data
(Khorrami et al., 2019; Serpelloni et al., 2022; Tunini et al., 2017)
provides a complete overview of the first-order regional kinematics of
the plate interactions and its relation with the mantle dynamic forces
(Fig. 2B). The most evident observation is the counterclockwise motion
relative to Eurasia, which encompasses Arabia, Anatolia, and Aegean
(Sengor et al., 2005). While the Arabia rotation has been going on at a
steady rate since ~40 Ma, the Anatolia rotation is younger and initiated
less than 12 Ma (Le Pichon et al., 1995).

The overall pattern of deformation is controlled by the motion of the
Arabian Plate from the divergence along the Red Sea rift to the
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Fig. 1. Simplified tectonic map of the Middle East region. WAP—Western Anatolian province; CAP—Central Anatolian Plateau; EAP—East Anatolian Plateau;
BS—aBitlis suture; DSF—Dead Sea fault; NAF—Northern Anatolian fault; EAF—Eastern Anatolian fault; MZT—Main Zagros Thrust; CA—Cyprus Arc; HA—Hellenic
Arc. The Cenozoic intraplate basaltic volcanism is displayed in red. Yellow triangles represent Quaternary volcanoes. Plate boundaries are shown as green lines. Inset:

Location of the study area limited by a red box.

convergence in the north along the Zagros collision zone. Part of this
convergence is, however, deviated toward the Hellenic subduction
through the westward extrusion of Anatolia along the Northern Anato-
lian fault, due to the tendency of the continental lithosphere to move
laterally away from zones of compression (Mckenzie, 1972; Reilinger
et al., 1997). Although inferences about the forces driving deformation
cannot be made based solely on kinematics, the widespread coherency
of the young Anatolian circular velocity pattern and the increase in
movement rates toward the Hellenic-Cyprus arc suggest a ductile mantle
control rather than a simple push by the Arabian Plate (Le Pichon and
Kreemer, 2010). These forces could be attributed to the mantle suction
exerted by the retreating Hellenic subducting slab or convective pro-
cesses in the mantle, acting on the base of the plate (i.e., mantle flow or
drag).

3. Regional upper-mantle tomography of the Middle East region

Knowledge of the upper-mantle structure beneath the MER comes
from numerous tomographic models. Regional travel-time imaging
studies of northern East Africa clearly show a strong, vertical low-
velocity feature extending through the mantle transition zone (MTZ)
beneath Ethiopia (e.g., Bastow et al., 2008; Benoit et al., 2006; Chang
and Van der Lee, 2011; Civiero et al., 2019a, 2016; Hammond et al.,
2013; Hansen and Nyblade, 2013). According to continental (e.g., Boyce
et al., 2021; Hansen et al., 2012) and global tomography images (e.g.,
Montelli et al., 2004; Ritsema et al., 1999), the anomaly originates from
the lower mantle and impinges upon the Afro-Arabian lithosphere in the

Afar triple junction zone. This low-velocity feature appears to propagate
northward at shallow asthenospheric depths beneath the Red Sea and
the Arabian Shield (Al-Lazki et al., 2004; Amini et al., 2012; Civiero
et al., 2022; Koulakov et al., 2016; Lim et al., 2020; Park et al., 2008;
Tang et al., 2019; Wei et al., 2019; Yao et al., 2017).

Variations in shear-wave velocity in the upper mantle are mainly due
to changes in temperature and, to a lesser extent, compositional het-
erogeneities (as well as by the presence of volatiles and partial melt).
The strong low shear-wave velocities imaged below northern East Africa
and western Arabia coincide with areas of elevated surface topography
and recent basaltic volcanism oriented NNW-SSE (Fig. 1). Given the
stronger sensitivity of the seismic velocities to temperature than
composition (e.g., Deschamps and Trampert, 2003), the upper mantle in
this region is likely above the solidus temperature and has been inter-
preted as due to hot mantle material, which deflects horizontally from
the Afar Plume and flows northward in the asthenosphere through
corridors of relatively thin lithosphere, causing continental intraplate
volcanism above it (Chang et al., 2011; Civiero et al., 2022; Ebinger and
Sleep, 1998).

Sesimic attenuation maps (Gok et al., 2003; Kaviani et al., 2022) as
well as P- (Amini et al., 2012; Hearn and Ni, 1994; Kounoudis et al.,
2020; Portner et al., 2018) and S-wave models (Kaviani et al., 2020;
Maggi and Priestley, 2005; Manaman et al., 2011; Rahimi et al., 2014;
Skobeltsyn et al., 2014) reveal that the Anatolian and Iranian Plateaus
are also underlain by low-wave velocity anomalies indicating relatively
hot and weak upper mantle with a thin lithosphere. In contrast, P- and
S-wave high-velocity anomalies commonly imaged beneath the Arabian
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Fig. 2. A. Seismicity and seismogenic faulting of the Middle East region. The earthquakes are taken from the GEM-ISC catalogue (Di Giacomo et al., 2018; Storchak
etal., 2015, 2013). The size of the circle determines the magnitude of the event while the color indicates the depth. The crustal faults are downloaded from the GEM
Global Active Faults Database (Styron and Pagani, 2020). B. Horizontal GPS velocities, which include the compilations and studies of Khorrami et al. (2019);
Serpelloni et al. (2022); and Tunini et al. (2017). Note the spectacular counterclockwise rotation of the Arabian plate, Iran, Turkey, and Aegea relative to Eurasia.

Plate boundaries are shown as green lines.

Platform (Kim et al., 2023; Koulakov et al., 2016; Lim et al., 2020; Park
et al., 2008; Yao et al., 2017) and Zagros relative to Central Iran (Ali-
naghi et al., 2007; Al-Lazki et al., 2004; Maggi and Priestley, 2005; Paul
etal., 2010; Rahmani et al., 2019; Wei et al., 2019) suggest the presence
of a thicker and colder lithosphere. Recently, Mousavi and Fullea (2020)
using gravity, topography, and petrological data have modeled a
250-km-thick lithosphere beneath Zagros, thinning up to ~100 km
beneath the Iranian Plateau. A slightly lower value of lithospheric
thickness (70 km) has been estimated for the Iranian Plateau by Kaviani
et al. (2020).

The mantle structure beneath the Levant domain is less investigated
by seismic tomography compared to the adjacent regions. High-
resolution regional and continental-scale imaging studies of P and S
waves show pronounced low-velocity anomalies in the upper mantle but
imaged in different locations, below Syria and Jordan and at the border
between Iraq and Saudi Arabia (Alinaghi et al., 2007; Boyce et al., 2021;
Chang et al., 2010; Chang and Van der Lee, 2011; Civiero et al., 2022;
Hansen et al., 2012). A recent stochastic inversion of surface-wave
dispersion measurements has associated the low shear-wave velocities
found beneath the Levant Basin and eastwards with a thin, ~75 km thick
continental lithosphere (El-Sharkawy et al., 2021). Currently, it is still
unclear if and how these features relate to the asthenospheric
low-velocity corridor in the south.

3.1. New structural features from the AF2019 waveform model

In Figs. 3 and 4 we show the most up-to-date shear-wave velocity
model of the lithosphere and underlying upper mantle of the entire re-
gion of study, called AF2019, which has been computed applying
waveform inversion to extract structural information from surface and
regional S and multiple S waves (Celli et al., 2020). This model has been
extended and updated in the recent work of Civiero et al. (2022) to
include Anatolia and the Southern Caucasus. In this paper, we use the
extended AF2019 model to focus on several intriguing—and previously
undiscussed— structural features, which lead us to make new inferences
for the geodynamics of the region, especially in the northern Middle East
and Zagros collision system. A series of resolution spike tests, placing

input anomalies at different depths and locations, confirms that the
model can resolve the upper-mantle structure accurately despite some
smearing of the output anomalies, especially within the MTZ (Fig. 5).
We also perform an additional structural resolution test where we
remove the low-velocity structure beneath northern East Africa, western
Arabia, and the Levant region in the input model (Fig. 6). Despite a weak
(dVs < -1%) spurious feature in the Levant, all the recovered images do
not show any low-velocity features, as expected. Further and more
complex resolution tests are shown in Civiero et al. (2022).

The most striking feature observed in the map views of Fig. 3 is the
continuous low-velocity channel from Ethiopia in the African Plate to
western Arabia, Syria, and Anatolia at depths < 250 km, previously
interpreted as one branch of the broad, star-shaped plume head centered
below Afar (Civiero et al., 2022). Looking deeper, the model reveals a
strong, roundish low-velocity feature in the MTZ beneath Iraq, sur-
rounded by the N-NW by high-velocity anomalies correlated with
thicker lithosphere. The cross-sections AA’ and BB’ in Fig. 4 show that
such a feature extends from the base of the upper mantle beneath Iraq up
to Syria at shallower depths and it is in contact with the fast east-Arabia
lithosphere. These suggest the presence of another hot mantle upwell-
ing, called the Levant Plume, which impinges onto the thick and cold
lithosphere of the Arabian Platform and deflects westward, into the
thin-lithosphere channel, feeding most of the Mesopotamian volcanism
(Civiero et al., 2022). Interestingly, we observe a high coherence be-
tween the negative deep upper-mantle anomaly and the significantly
thin MTZ (~230 km) found in the P-wave receiver functions study of
Kaviani et al. (2018), pointing out a thermal anomaly (i.e., mantle up-
welling) that crosses the 410- and 660-km discontinuities.

In Turkey, a widespread low-velocity anomaly at depths less than
200 km beneath the high elevations of the Central and East Anatolian
Plateaus merges with that in the Levant and NW Iran (Fig. 3, cross-
sections EE’ and FF’ in Fig. 4). To the west, the most prominent
feature in the uppermost mantle is the high-velocity anomaly coincident
with the Hellenic trench domain. At deeper depths (> 300 km), we
observe that the high velocities connect with those present around the
Zagros and resemble a continuous NNE-dipping subduction slab. How-
ever, within the MTZ this high-velocity body breaks up into two pieces,
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Fig. 4. Eight vertical cross sections through the model. The locations of the cross-sections are displayed as black lines in the 56-km depth map in Fig. 3. White points
indicate the distance every 2°. The MTZ discontinuities at 410- and 660-km depth are indicated by black points. Cross-section A-A’ cuts through the tilted Levant
Plume (LP]). B-B’ shows the cold Arabian Platform (AP) and the adjacent asthenospheric mantle flow from Levant Plume (LPI) and Afar Plume (Apl). Sections C-C’
and D-D’ cross the high-velocity anomaly interpreted as the Arabian margin underthrusting Iran in N and S Zagros, respectively. Section E-E’ shows the Levant Plume
tail and the hot mantle beneath the Iranian Plateau. Section F-F’ provides a view of the low-velocity channel below the Turkish Plateau (TP) and the detached Bitlis
subduction (BS). Section G-G’ cuts the Afar Plume in East Africa and the low-velocity channel flowing northward beneath the Arabian Shield (AS). Note that the low-
velocity channel beneath Anatolia and W Arabia is continuous in the shallowest upper mantle. Section H-H’ shows a fragment of the Cyprus slab (CS) lying at the base

of the MTZ.

one lying beneath Anatolia (see Fig. 3 and cross-section HH’ in Fig. 4)
and one in Iran, where the slab appears continuous down to the base of
the model (cross-sections CC’ and DD’, Fig. 4). The weakening of the
anomaly starting at ~300 km depth likely indicates a slab detachment.
The Bitlis domain is dominated by low-velocity perturbations at depths
above ~250 km while an isolated high-velocity body is imaged below
(cross-section FF’, Fig. 4).

Eastwards, a strong high-velocity anomaly appears beneath the
Zagros Mountains, which merges with that imaged beneath the thick
Arabian Platform at depths less than 300 km. According to the cross-
sections CC’ and DD’ of Fig. 4, this feature dips NE-ward extending
throughout the upper mantle. A similar feature has been imaged in
previous P-wave tomography inversions (Rahmani et al., 2019; Shomali
et al., 2011; Veisi et al., 2021), but down to shallower depths.

We now convert the seismic velocities dVg to temperature anomalies
following the method described in Civiero et al. (2019b). The velocity
anomalies could be the effect of the temperature variations and chemical
composition, as well as of partial melt, water, grain size, and seismic

anisotropy. However, if we assume that the effect of composition on
seismic velocity in the upper mantle is secondary to that of temperature
(Cammarano et al., 2003), we can interpret the seismic velocity struc-
ture solely in terms of temperature. Here, we use a smooth (isomorphic)
dVs/dT derivative for a pyrolytic composition along a 1300° adiabat
(Styles et al., 2011). Errors in the derivative lead to uncertainties in
temperature anomalies of a few tens of degrees (Cammarano et al.,
2003; Goes et al., 2000). In Fig. 7 we show the temperature anomalies in
the uppermost mantle, at 110 and 260 km depth, respectively. As ex-
pected, the highest positive thermal contrasts are observed below Africa,
western Arabia, and the Levant region with a peak of ~300 °C beneath
Afar and the Arabian Shield. These very high temperatures imply that
also other effects (e.g., partial melt and volatiles) may have a contri-
bution to explain the low-velocity seismic anomalies. Beneath Syria,
where a low-velocity anomaly interpreted as a mantle upwelling is
imaged, we also observe a temperature excess of ~100-200 °C.
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Fig. 5. Spike resolution tests. Spikes’ location is shown on the map on the right as red stars. The input spikes are placed at 110, 200 and 485 km depth. For each spike
we plot a vertical cross-section through the input (first panel) and output (second panel) models. The orientation of the profile is shown on the map in black. The third
and fourth panels indicate horizontal and vertical 1-D S-wave anomaly profiles along the cross-section. Input profiles are shown in blue, and output in red. All S-wave
velocity anomalies are normalized to the maximum.
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Fig. 6. Structural resolution test where the low-velocity channel beneath the Arabian Shield and Levant region is removed in the input (left panels, top: 200 km
depth; bottom: 330 km depth). In the recovered models (right panels) the low velocities are absent and only a weak spurious low-velocity feature (magnitude < —1%)

appears beneath Iraq at 330 km depth. Plate boundaries are shown as green lines.

3.2. Comparison with global tomography models

As mentioned before, the upper-mantle low-velocity anomaly
imaged in the Levant region has been identified previously in a few other
regional tomography models (Alinaghi et al., 2007; Chang et al., 2010;
Chang and Van der Lee, 2011; Kaviani et al., 2020; Kim et al., 2023;
Koulakov et al., 2016) but slightly offset compared to our images. To
confirm the occurrence and location of this new key feature in the
AF2019 model, we compare the upper-mantle model with three global
whole-mantle P-wave models and three global S-wave models.

The three global teleseismic P-wave models are UU-PO7 (Amaru,
2007), PRI-PO5 (Montelli et al., 2006), and LLNL_G3Dv3 (Simmons
etal., 2012). UU-PO7 was computed using P-wave travel time data and a
global surface-wave model as a reference, which provides a more real-
istic lithospheric structure than most teleseismic body-wave models.
PRI-PO5 is a finite-frequency P-wave model based on the arrival times of
P-waves. LLNL_G3Dv3 is a global P-wave velocity model computed with
3-D ray tracing. The three global S-wave models are SGLOBE-rani
(Chang et al, 2015), S40RTS (Ritsema et al., 2011), and
SEMUCB-WM1(French and Romanowicz, 2014). SGLOBE-rani is a
global radially anisotropic shear wave speed model with radial anisot-
ropy allowed in the whole mantle. S40RTS is a global S-wave velocity
model from Rayleigh wave dispersion, teleseismic traveltime, and
normal-mode measurements. SEMUCB-WM1 is a whole-mantle radially
anisotropic shear velocity structure obtained from spectral-element
waveform tomography.

Comparison among these models is also useful to understand if this

anomaly extends into the MTZ and lower mantle and is continuous down
to the core-mantle boundary (CMB). Fig. 8 illustrates the velocity
anomalies at 200 km depth and the same cross-section AA’ as the
regional model (Fig. 3) according to the six global models. Fig. 9 shows
the velocity structure within the MTZ, at 500 km depth, and the cross-
section DD’ as that in AF2019.

Using different techniques and data to generate these images, some
discrepancies between the models are expected. However, the large-
scale features seen in the regional upper-mantle model can also be
observed in the global P- and S-wave models, although our resolution is
higher. All models show the high velocities below the Arabian Platform
and Zagros Mountains, and lower velocities in the surrounding areas,
but our images resolve greater details. More importantly, the tilted
Levant anomaly in the upper mantle is detected in most of the models,
especially in the P-wave images. UU-PO7, PRI-PO5, and SGLOBE-rani
show that the Levant anomaly is continuous and extending through
the MTZ, while the remaining global models image the same feature, but
with a thin high-velocity anomaly separating the asthenospheric low-
velocity body from that at the base of the MTZ and uppermost lower
mantle.

The occurance of this anomaly in all the models confirms that this
upper-mantle feature is robust, although it is unclear if it is detached
from the source in the lower mantle or continuous. The whole-mantle
models can also reveal how the Levant anomaly extends in the deeper
mantle down to the CMB. The cross-sections AA’ and DD’ of all global
models (Figs. 8 and 9) illuminate a prominent high-velocity anomaly in
the mid-lowermost mantle (1200-2200 km depth). This fast (and cold)
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Fig. 7. Map views at 110- (left panel) and 260-km (right panel) depth, showing the thermal anomalies obtained from the conversion of the S-wave velocities to
temperature anomalies using the dVs/dT derivative of Styles et al. (2011). The spacing between the contours is 100 °C and is plotted only for the positive temperature
anomalies. Inset: The red curve indicates the isomorphic (which does not consider the effects of phase-boundary topography) dVs/dT derivative used to convert the
low-velocity structure to temperature anomaly. For a continuous thermal upper mantle having 100-200 K excess temperature, we expect to see Vg anomalies of ~1%
at the top of the MTZ, and ~1.5% at 200 km depth. Plate boundaries are shown as green lines.

body separates the Levant’s low-velocity feature imaged in the upper
mantle from another low-velocity anomaly located at the base of the
mantle, which could be viewed as its deep source (Fig. 8). It also appears
to be disconnected from the strong high-velocity anomaly in the upper
mantle ascribed to the Arabian Platform (Fig. 9).

4. Residual topography

We also compute residual topography to provide insights into
anomalous topography in the region (Fig. 10A). Residual topography
(hres) is commonly defined as the difference between the observed
elevation (h) and the expected elevation based on the approximation for
isostatic compensation of the crust (H. — Ho; Gvirtzman and Nur, 2001):

hres =h— (Hc _Ho)

Ho— (pa - ﬂc) "

pa
where H, is the contribution of crustal buoyancy to surface topography,
H is the crustal thickness, p, is the density of the asthenosphere, and p, is
the density of the crust. H, is a constant that reduces residuals to a
reference level, and hy.s represents the part of the topography/bathym-
etry that is not balanced by the crustal structure.

H, is taken as 2.4 km, which is the mean value for mid-ocean ridge
elevation (Lachenbruch and Morgan, 1990). We compile global data-
bases as the input data—CRUST1.0 (Laske et al., 2013) for the crustal
thickness and ETOPO2 (derived from the 2-min Gridded Global Relief
Data Collection topography) for the topography—to investigate the
regional effects of the residual topography in the MER (Fig. 10A).
Densities are defined as pg = 3200 kg m~> and p. = 2840 kg m™>. As
noted by Kounoudis et al. (2020), the residual topography expected
from a 35 km-thick continental crust under isostatic equilibrium at zero
elevation is defined as a common reference for Airy isostasy (Yu et al.,

2016). For crustal buoyancy alone, this crustal value would lead to a
negative residual topography of — 1.5 km, implying that a negatively
buoyant, 96-km thick lithospheric mantle is required to keep the top of
the crust at sea level. Following this simple approach, residuals greater
than — 1.5 km show that the surface topography is higher than what
would be expected assuming isostatic conditions and thus is in an
undercompensated state, while in the opposite case, the crust is in an
overcompensated state. This means that residual topography higher
than — 1.5 km requires additional vertical support against the gravita-
tion, which may be generated by mantle convection (McKenzie, 2010).
Vice versa, lower values of residual topography implies a thicker mantle
lithosphere and/or a downward pulling flow. The variations of residual
topography are in general agreement with previous studies, especially
considering the different approach used (Faccenna et al., 2014; Kaban
et al., 2016a, 2016b; Komut et al., 2012; Kounoudis et al., 2020; Sengiil
Uluocak et al., 2021). However, in Kaban et al. (2016a) and (2016b) the
residual topography is positive both in the Arabian Shield and Platform
and becomes weakly positive along the SE margin of the Arabian plate.
In contrast to the results of Kaban et al. (2016a), we find a large dif-
ference in the residual topography between the Arabian platform and
Arabian Shield (Fig. 10). On the other hand, the estimates of Kaban et al.
(20164, 2016b) do not include the effect of the density variations related
to the deep mantle, and, thus at least part of such difference may be
associated with the removal of the deep signal. In more detail, we
observe positive residual topography along the margins of the Gulf of
Aden, in the Red Sea, and NE Ethiopia, with the absolute maximum over
the Afar triple junction (+1 km, Fig. 10A), which is likely related to the
hot mantle rising from deep depths. Slightly negative (values higher
than —1.5 km) residual topography is found in Anatolia, Jordan, Syria,
Lesser Caucasus, meaning that these regions deviate from Airy isostatic
equilibrium and may call for other geodynamic mechanisms to keep
elevated topography (i.e. buoyant deep material). Larger negative re-
siduals are observed over the ZFTB and the southeastern Arabian
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Fig. 8. Three global P- and three global S-wave models used to compare with our regional model and see the extension into the deep mantle of the upper-mantle
anomalies. The P-wave models are shown in the first two rows: UU-PO7 (Amaru, 2007), PRI-PO5 (Montelli et al., 2006), and LLNL_G3Dv3 (Simmons et al., 2012). The
S-wave models are plotted in the fourth and fifth rows: SGLOBE-rani (Chang et al., 2015), S40RTS (Ritsema et al., 2011), and SEMUCB-WM1 (French and Roma-
nowicz, 2014). The map views are at 200 km depth. The cross-section AA’ is the same as the regional waveform model in Fig. 3 and shows the tilted low-velocity
anomaly in the upper mantle beneath the Levant and its continuation in the lower mantle cut by a prominent high-velocity body at mid-mantle depths interpreted as
a remnant of the Neo-Tethyan slab. Plate boundaries in the map views are displayed as green lines. The MTZ discontinuities in the cross-sections are indicated with

black points.
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Fig. 9. Same as Fig. 8 but showing a different map view and cross-section. The map views are at 500 km depth, within the MTZ. The labels of the main features are

the same as in Fig. 3. The cross-section DD’ is the same as the model in Fig. 3 and shows the Arabian underthrusting beneath Iran and the piece of Neo-Tethyan slab
sank in the lower mantle. Note that the two bodies appear detached just beneath the 660-km discontinuity.
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Fig. 10. A. Residual topography (RT) map of the MER computed using the crustal thickness of CRUST1.0 (Laske et al., 2013) and topography taken from ETOPO2
(https://doi.org/10.7289/V5J1012Q). B. Lithosphere-asthenosphere boundary (LAB) depth from the global WINTERC-G thermodynamic model of Fullea et al.
(2021). Plate boundaries are displayed as green lines. C. W-E Profile through the Arabian Shield and Arabian Platform (orange line: RT; blue line: LAB depth). Note
the overall consistency between the areas of anomalously high topography and those of lithospheric thinning, as well as of slow velocities and high temperatures in

Figs. 3 and 7, respectively, and vice versa.

margin, likely due to the effect of the underlying thick and cold litho-
sphere. A negative residual topography is also found, surprisingly, in
Central Iran (around -1.0--1.4 km). This result may depend on the
choice of the crustal thickness model and density values. Indeed,
changing the crustal thickness or the density contrasts between the
mantle lithosphere and crust impacts the result of the residual topog-
raphies. For example, by including the higher-resolution regional crustal
model of Kaviani et al. (2020), based on Raleigh wave records obtained
from ambient-noise cross-correlations and regional earthquakes, results
in a small increment of the extent of positive residuals both in Anatolia
and Iran (Fig. S1). Considering the large uncertainties that CRUST 1.0
model can have in areas poorly covered by seismic data, we also esti-
mate the effect of varying its crustal thickness of + 5 km (Fig. S2) and
density of + 30 kg m~ on the residual topography estimates (Fig. S3).
We observe that a decrease of 5 km in crustal thickness and an increase
of 30 kg m~3 lead to a near-zero or slightly positive residual topography
in both the Anatolian and Iranian Plateaus. Pronounced negative re-
sidual topography anomalies (up to —3 km) are also observed in the
South Caspian basin and in Iraq.

Although with large-scale resolution, the recent global thermo-
chemical model of the upper mantle WINTERC-G (Fullea et al., 2021)
confirms that the continental lithosphere in this region has strong lateral
variations of the lithosphere-asthenosphere boundary (LAB) depth
(Fig. 10B) and shows a good correlation with the residual topography
pattern (see the W-E profile in Fig. 10C). Overall, it pinpoints a signif-
icantly thin lithosphere in northern East Africa, western Arabia, Levant,
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and Anatolia showing a minimum LAB depth (50-70 km) below Afar,
the Arabian Shield, and the Gulf of Aden, where the residual topography
anomaly is high. In the adjacent areas, where the residual topography is
negative, the lithosphere shows an increasing thickness moving from the
Arabian Platform (130-170 km) to the Zagros Mountains (> 200 km).

5. XKS splitting measurements

Mantle deformation geometry can be investigated by measuring the
orientation and magnitude of seismic azimuthal anisotropy (Babuska
and Cara, 1991; Zhang and Karato, 1995). Splitting of P-to-S converted
phases as PKS, SKKS, and SKS (collectively referred to as XKS) at the
CMB is one of the most frequently used diagnostic tools to infer the
lattice-preferred orientation (LPO) of anisotropic minerals in the Earth’s
crust and mantle (Fouch and Rondenay, 2006; Nicolas and Christensen,
2011; Savage, 1999; Wiistefeld et al., 2009). Olivine is the most abun-
dant anisotropic mineral crystal in the upper mantle. The shear strain
induced by the mantle flow field aligns the a-axis of olivine to be parallel
to the current or past flow direction (i.e., in case there is a vertical
gradient in flow velocity) or perpendicular to the direction of maximum
compression (Mainprice et al., 2000; Silver and Chan, 1991).

Upper-mantle anisotropy can be due to both asthenospheric and
lithospheric sources (Ribe, 1989). We expect anisotropy to actively form
at asthenospheric depths as the viscous shear accommodates the dif-
ferential movement between the rigid lithosphere and the upper mantle.
The strength of the lithospheric rocks instead can resist any active
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deformation due to the recent mantle flow. Hence, lithospheric anisot-
ropy is generally not induced by present-day plate motions but it may
contain fossil anisotropic fabric associated with past tectonic processes
(Babuska and Cara, 1991; Long and Silver, 2009; Silver, 1996). When
the contribution of fossil lithospheric anisotropy is small, seismic
anisotropy can be interpreted as a measure of recent flow in the mantle
and represents a possible indicator for mantle convection.

Several XKS splitting studies have been performed on the MER and
the resulting measurements are ideal for interpreting anisotropy
induced by asthenospheric flow, especially where a thick overlying
lithosphere that may also contribute to the observed anisotropy is
lacking. We collect the most up-to-date splitting results from many
regional studies (Arvin et al., 2021; Gao et al., 2010; Kaviani et al., 2021;
Paul et al., 2014; Qaysi et al., 2018) to provide a dataset of anisotropy
observations, which we combine in our geophysical analysis for study-
ing the geodynamics of our region of interest. In Fig. 11, we show the
compilation of splitting observations plotted on top of the regional
waveform tomography model at 110 km depth. Overall, we observe a
relatively uniform NE-SW oriented azimuthal anisotropy in the north-
ern Arabian Shield, Anatolia, NW Iran, and part of the Zagros; on the
contrary, anisotropy shows a more heterogenous pattern across the
Arabian Platform and the Iranian Plateau with many local-scale varia-
tions including an N-S trend in eastern Iran, a NW-SW trend at the
boundary between the Zagros and Central Iran, and a W-E trend in the
Gulf of Aden.

Beneath the Arabian Shield, the model images an elongated low-
velocity channel in the uppermost mantle, where the fast directions
exhibit N-S to NE-SW orientations (Fig. 11). This orientation is kept also
in Ethiopia around the Afar hotspot. In the adjacent high-velocity
Arabian Platform, the anisotropic trend is more complex, without a
dominant pattern of fast velocity directions. Only in its eastern part, the
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anisotropy is mostly trending NE-SW.

Moving to the north, the fast velocity directions keep a NE-SW
orientation both in Anatolia, Levant (despite a significant lack of data
around Syria and Iraq), and northern Iran although a thin NW-oriented
bend in the fast-propagation direction is observed in the Iranian Plateau
and at the boundary between the Zagros and Central Iran.

Assuming that the anisotropy comes from a low-viscosity astheno-
sphere, we can use this compilation together with other geophysical and
geological information to assess the direction of the mantle flow (Becker
et al., 2003; Silver and Holt, 2002).

6. Discussion

Interaction among different geological features, forming a complex
tectonic system such as the MER can significantly affect the mantle flow
field. The role of active asthenospheric mantle processes is still an open
question mainly because of the lack of a comprehensive analysis of the
velocity structures in relation to the surface, lithospheric, and deep
mantle processes. In order to investigate the impact of mantle dynamics
on the tectonic evolution of the region and, in particular, to address the
issue of the interaction of mantle upwelling with the lithosphere, we
compare the observed fast orientations of anisotropy with seismic to-
mography and other geophysical data. The integration of different
sources of data suggests that two sub-vertical low-velocity anomalies in
Afar and Levant —interpreted as active, warm mantle plumes— induce
horizontal mantle flow exerting basal shear tractions on plates. Below
we explain how such upwelling-induced tractions represent the primary
driving forces for the plate motions in the region.

latitude

30°

longitude

20°

10°

Fig. 11. Map of the integrated XKS splitting measurements (grey bars) for the MER plotted on top of the regional tomography model at 110 km depth. The splitting
measurements are compiled from previous anisotropy studies (Arvin et al., 2021; Gao et al., 2010; Kaviani et al., 2021; Paul et al., 2014; Qaysi et al., 2018). The
anisotropic fast-propagation directions are predominantly NE-SW oriented and indicate the horizontal mantle flow sourced by the two plumes of the region (the Afar
and Levant Plumes) within the thin-lithosphere corridors in W Arabia, Levant, Anatolia, and NW Iran. Plate boundaries are displayed as green lines.
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6.1. Large-scale mantle flow beneath the MER driven by the Afar and
Levant Plumes

The mapping of splitting patterns in Fig. 11 indicates that the fast-
propagation direction is NNE-oriented over most of Arabia and shows
the same orientation as that in East Africa (e.g., Bagley and Nyblade,
2013; Elsheikh, 2019; Gao et al., 2010; Gashawbeza et al., 2004;
Hammond et al., 2014; Kendall et al., 2006). Seismic velocities and their
conversion to temperature anomalies suggest that the upper mantle
beneath western Arabia is slow compared to the adjacent Arabian
Platform and significantly warm (up to 300 °C temperature excess). In
agreement with previous studies (Biryol et al., 2010; Chang and Van der
Lee, 2011; Gao et al., 2010; Paul et al., 2014; Wolfe et al., 1999), we
believe that this simple and relatively coherent anisotropic trend is
mainly caused by the asthenospheric flow. The horizontal component of
this flow is generated by the Afar Plume, which impinged the litho-
sphere ~40 Ma -at the time when the rapid Arabia motion started— and
channelized beneath areas of thinned lithosphere progressively feeding
the Cenozoic magmatic fields found in the Arabian Shield (the Arabian
‘harrats’). This hypothesis is also consistent with the presence of a
positive residual topography in western Arabia (Fig. 10), which points
out the need for a thermal heterogeneity within the upper mantle to
support the anomalously high topography. The localized W-E trend of
anisotropy observed in the Gulf of Aden is ascribed to a branch of the
Afar mantle plume head (see the elongated low-velocity anomaly
propagating eastward from Afar), which spreads beneath the thinned
lithosphere of the Aden rift (Civiero et al., 2022).

In the Levant region, the tilted low-velocity anomaly found below
Iraq and Syria provides evidence for another localized mantle upwelling
~the Levant Plume- which appears detached from its deep source at the
CMB. As shown by the whole-mantle seismic tomography models in
Fig. 8, a positive velocity anomaly cuts the Levant anomaly reaching the
lower depths of the mantle. This broad high-velocity body has been
interpreted as the remnant of the detached branch of the Neo-Tethyan
slab —called the Mesopotamian slab— which may have interrupted the
continuity of this deep-seated plume (van der Meer et al., 2018). Haf-
kenscheid et al. (2006) predicted the present positions of Neo-Tethyan
lithospheric domains subducted, since the Mesozoic using a global
mantle P-wave tomography model and found that most of the subducted
Neo-Tethyan lithosphere is currently in the lower mantle between 800
and 2000 km depth. According to the kinematic model by Miiller et al.
(2008), it has been inferred that the subduction of this part of
Neo-Tethys started ~165 Ma and ceased at approximately 79 Ma (But-
terworth et al., 2014). A recent thermo-dynamic model also demon-
strates that the slab folded at the MTZ before penetrating the lower
mantle (Boutoux et al., 2021).

The regional AF2019 model shows that the uppermost mantle region
of slow velocities beneath the Levant connects with the low-velocity
corridor in western Arabia and extends east towards Anatolia. Split-
ting measurements around this area are still predominantly NE-SW-
oriented and the topography is anomalously high giving rise to the
Anatolian Plateau. Moreover, as evidenced by Civiero et al. (2022), the
volcanism at most locations has continued until the present and prop-
agates more than a thousand of kilometers away toward Anatolia. These
observations lead us to propose that an additional mantle source rep-
resented by the Levant Plume may be required to explain these phe-
nomena at the surface. According to our interpretation, the actively
deforming mantle flows northward from the Afar hotspot and joins the
hot material from the deflected Levant upwelling expanding further east
beneath the thin Anatolian lithosphere.

Several numerical models simulated how the mantle convection
associated with mantle upwelling interacts with plate tectonics and
dynamic topography in Africa and the MER (e.g., Becker and Faccenna,
2011; Behn et al., 2004; Conrad and Behn, 2010; Daradich et al., 2003;
Faccenna et al., 2013; Forte et al., 2010; Moucha and Forte, 2011).
Although using different approaches, they found that the viscous mantle
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flow is induced by a deep-seated broad upwelling beneath South Africa
—the African Superplume. Recently, McKenzie (2020) has argued that
the topography of the MER with wavelengths longer than 300 km results
from mantle convection in the form of lines of rising material, which link
multiple plumes. These upwellings generate magmas at depths of
60-80 km with a composition controlled by that of the convecting upper
mantle. This scenario is consistent with our combined geophysical ob-
servations, which provide evidence that the mantle flow field is not
driven by the large African Superplume rising to the upper mantle and
directly impinging at the base of the lithosphere but by smaller-scale
upper-mantle plumes localized in different parts of our study region.
The deep origin of such small-scale upper mantle upwellings is still
controversial (especially for the Afar Plume) and some studies do not
observe a direct connection with the lower-mantle African Superplume
(Boyce et al., 2021; Chang et al., 2020; Civiero et al., 2022; Tsekhmis-
trenko et al., 2021). For example, according to a recent ‘vote analysis’
involving 34 whole-mantle tomography models, two scenarios —one
involving a single source located offshore Somalia and another one
invoking two distinct sources in the lowermost mantle right beneath
them and both perturbed by the Neo-Tethyan slab- have been proposed
as alternative hypotheses (Civiero et al., 2022).

The relatively rapid plateau uplift (2 km since ~20 Ma), lithospheric
thinning, and active volcanism observed in Anatolia have been often
explained by mantle upwelling in response to lithospheric delamination
(Bartol and Govers, 2014; Gogiis et al., 2017; Gogiis and Psyklywec,
2008), slab breakoff and tearing (Confal et al., 2020; Keskin, 2003;
Menant et al., 2016; Rabayrol et al., 2019; Sengor et al., 2003), drip-
ping/foundering of continental lithosphere (Kounoudis et al., 2020;
Reid et al., 2019) and a regional mantle plume (Nikogosian et al., 2018).
The Anatolian block also shows predominantly shallow and diffuse
seismicity, indicating that the crust is still being actively deformed
(Fig. 2A). Le Pichon and Kreemer (2010), in agreement with the models
of Faccenna et al. (2006) and Sengor et al. (2003), combined two geo-
dynamic mechanisms proposing that the east Anatolian asthenospheric
rise was initiated because of the detachment of the Hellenic-Cyprus
subduction zone, which enabled the rollback-induced toroidal
asthenospheric flow to its edges.

According to our S-wave tomography model, fast and slow velocities
are imaged next to each other in the shallow asthenosphere beneath the
Hellenic-Cyprus subduction system (Figs. 3 and 4). The lack of a high-
velocity slab-related body below the eastern Cyprus domain and
further east below Bitlis can represent a slab window (due to a breakoff)
or an absence of subduction. In agreement with previous tomography
models using body waves (Biryol et al., 2011; Kounoudis et al., 2020;
Piromallo and Morelli, 2003; Portner et al., 2018; Wei et al., 2019) and
surface waves (Salaiin et al., 2012), we provide further evidence that the
slab is not continuous and speculate that the opening of the slab window
may have channelled the mantle flow arriving from the Levant and
Arabia beneath this region. Within this system, the rolling-back Hellenic
subduction, accelerated by the pull furnished laterally by the detached
portion of the slab, may represent an extra force that produces mantle
suction further favoring the lateral escape of Anatolia towards the
retreating trench well documented by the GPS compilation (Fig. 2B).

It has been previously proposed that mantle drag, due to a large-scale
convection cell, could efficiently push continental plates, thus facili-
tating collision (Alvarez, 2010; Sternai et al., 2014) and lateral escape
(Becker and Faccenna, 2011; Van Benthem and Govers, 2010).
Following this idea, we propose an updated geodynamic scenario, in
which the horizontal traction of the mantle flow, induced by both the
Afar and Levant Plumes, accelerates the Arabian plate motion to
converge toward north and drags the lateral escape of Anatolia.

6.2. Combined plume- and slab-induced flow around the Zagros collision
zone

The new, high-resolution images of the Zagros upper mantle allow us
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to examine better the mantle dynamics around this collision zone. The
NE-dipping high-velocity anomaly imaged beneath eastern Arabia
(Figs. 3 and 4) associated with the lithospheric thickening (Fig. 10,
Mohammadi et al., 2022; Priestley et al., 2012) clearly suggests that the
Arabian passive margin (Arabian plate front) underthrusted beneath
Iran, with a consequent strong deformation and thickening of the
Arabian lithosphere during the collision. In line with this interpretation,
a recent thermochemical modelling study has found that the lower part
of the lithosphere in the Arabian plate is ~+ 25 kg m~ 3 denser than the
sub-lithospheric mantle, allowing underthrusting of the Arabian litho-
sphere beneath the Iranian Plateau (Mousavi et al., 2023). P and S
receiver functions (Mohammadi et al., 2013; Motaghi et al., 2017; Paul
et al.,, 2010, 2006) and ambient-noise images (Irandoust et al., 2022;
Kaviani et al., 2020; Movaghari et al., 2021) also revealed a strong ve-
locity contrast with a low dip to the northeast following the Main Zagros
Thrust at the surface. This interface has been interpreted as the
lithospheric-scale underthrusting of the Arabian slab beneath Central
Iran.

Numerous investigations discuss whether such Arabian lithospheric
slab is connected to the subducted Neo-Tethys oceanic lithosphere (see
review of Agard et al., 2011). For example, many teleseismic tomogra-
phy studies (Kaviani et al., 2007; Lei and Zhao, 2007; Rahmani et al.,
2019; Shomali et al., 2011; Veisi et al., 2021; Zor, 2008) show low ve-
locities just beneath the lithosphere and fast velocities in the MTZ
beneath the Iranian Plateau. They concluded that the high-velocity
anomaly beneath the Iranian Plateau is wholly separated from the
Zagros lithosphere and can be interpreted as a remnant of the detached
Tethyan slab, which results in a mantle upwelling (and lithospheric
thinning) beneath Central Iran. Geochemical (Chiu et al., 2013; Omrani
et al., 2008; Pang et al., 2013) and thermomechanical (Dymkova et al.,
2016; Francois et al., 2014) studies suggested that the uplift and wide-
spread Cenozoic calc-alkaline magmatism in eastern-central Iran was
triggered by an upwelling process, which resulted from the weakening
and convective removal of the thickened lithosphere after the collision.
The seismological observations presented here (see, in particular, the
cross-sections CC’ and DD’ in Fig. 4) do not reveal a discontinuity of the
subducting high-velocity anomaly at asthenospheric depths and seem at
odds with the proposed slab breakoff of continent-ocean transitional
lithosphere in the upper mantle beneath the Zagros Mountains. How-
ever, since we do not have resolution below the MTZ, it could be that a
slab breakoff occurred at deeper depths. The upper-mantle velocity
structure teleseismically imaged by Mahmoodabadi et al. (2020, 2019)
suggests that such breakoff would separate the Neo-Tethyan oceanic
slab from the continental leading lithosphere. This agrees well with the
global whole-mantle images of the ‘Atlas of the underworld’ (Agard
etal., 2011; van der Meer et al., 2018) and with those displayed in Fig. 9
illustrating a thin low-velocity layer just below the base of the MTZ,
which splits the underthrust Arabian Platform from the Neo-Tethyan
oceanic piece of slab descending into the lower mantle.

The Zagros orogen is located between the oceanic subduction of
Makran, eastern Anatolia, and the Alborz belt, where seismic analyses
using receiver function (e.g., Mohammadi et al., 2013; Sengor et al.,
2003; Wu et al., 2021; Zor et al., 2003), Pn phase (Al-Lazki et al., 2004,
2003; Barazangi et al., 2006) and surface-wave data (e.g., Mortezanejad
etal., 2019; Priestley et al., 2012) suggested that the lithospheric mantle
is either thinned or completely removed. The anisotropy field reveals a
quite uniform NE-SW direction of the XKS splitting signal in NW Iran,
which trends sub-parallel to the absolute plate motion vectors (N39°E).
Arvin et al. (2021) concluded that the shearing at the base of the lith-
osphere may cause olivine LPO fabric in the asthenospheric mantle,
while other authors (e.g., Sadeghi-Bagherabadi et al., 2018; Sadidkhouy
et al., 2008) contended a purely asthenospheric origin due to mantle
flow beneath the thinner lithosphere. Following our integrated
geophysical analysis, we propose that the main driver of the mantle
deformation is the hot mantle material coming from both the Afar and
Levant Plumes, which has been channelized below the thin-lithosphere
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corridor below western Arabia and tilts laterally around the edge of the
Arabian slab beneath the Zagros Mountains. Thus, the asthenospheric
low-velocity anomaly observed beneath the Iranian Plateau can be the
result of more than one contribution: i) a mantle rise in response to a
breakoff of the oceanic Neo-Tethyan slab beneath Central Iran; and ii)
the warm mantle flow coming laterally, as suggested by our findings.
The mostly N-S oriented anisotropy in the eastern part of Iran is sub-
parallel to the strike-slip zones (see Fig. 2A) meaning that the fault
system here likely affects the entire lithosphere developing pervasive
anisotropy (Gao et al., 2023; Kaviani et al., 2021).

Subduction- and keel-induced mantle circulation plays an important
role in the dynamics of convergent margins. Kaviani et al. (2021) pro-
posed that the pattern of azimuthal anisotropy observed around Zagros
is mostly due to a circular flow component related to the thick litho-
spheric keel associated with the Arabian Platform. Several numerical
and analog experiments (e.g., Funiciello et al., 2006; Kiraly et al., 2017;
Li and Ribe, 2012; Miller and Becker, 2012; Piromallo et al., 2006; Strak
and Schellart, 2014) demonstrated that the convective flow field can be
deflected by subducted slabs and cratonic keels. We indeed believe that
part of this signal may be due to the lateral toroidal flow from behind the
Arabian subducted slab around its edges where the lithosphere is thinner
and less deformed. The prevalent NE-directed anisotropy reflects the
part of the mantle flow lateral to the edges of the slab, while the
NW-oriented pattern in front of it can indicate the tilting of the flow
around the strong subducted lithosphere.

In sum, our tomography model combined with the measurements of
seismic anisotropy clearly indicates that large-scale mantle flow exists
from northeast Africa to the collision region of Eurasia, Arabia, and
Anatolia. In Fig. 12 we show the direction of the mantle flow around the
thick and cold lithosphere of the Arabian Platform and subduction slabs
in a 3D projection of the AF2019 tomography model using an indicative
+ 1.9% contour for both the positive and negative velocity anomalies.
The warm mantle rising from the vertical Afar plume channels hori-
zontally beneath the thin lithospheric corridor of the Arabian Shield and
merges with the material from the tilted Levant upwelling below Syria.
At these latitudes, the low-viscosity mantle material bifurcates with a
NE-SW component flowing around the edge of the cold Arabian slab and
Caucasus Mountains and the other component eastwards beneath Ana-
tolia, which is moving rapidly westward (Fig. 12A-B). In Anatolia, the
GPS observations provide strong evidence for the vertically coherent
deformation of the lithosphere and the tomography images indicate that
the added flow from the Levant upwelling contributes significantly to
the counterclockwise rotation of the plate. In addition, the detached
Cyprus slab (Fig. 12C) may play a role in deflecting asthenospheric flow
beneath the region. To the east, the hot plume-driven mantle material is
added to the toroidal flow, which turns around the Arabian slab and
emerges to the top side of it below the Iranian Plateau (Fig. 12D). The
combination of the plume-driven and subduction-driven toroidal flow
explains the dominant plate motion-parallel NE-SW anisotropy pattern
and supports models of collision areas close to regions of mantle
upwelling.

7. Conclusions

Based on an integration of different sources of observations coming
from seismic tomography, anisotropy, and other geophysical and
geological data, we propose an updated geodynamic scenario for the
tectonic evolution of the Middle East region. Two low seismic velocity
anomalies in the upper to lower mantle beneath northern East Africa and
the Levant are robust features of both regional and global tomographic
models. Assuming that the low velocities are due to warm, low-viscosity
material, we ascribe such seismic anomalies to thermal upwellings, the
Afar and Levant Plumes. These localized plumes, together with the slab
pull exerted by the Hellenic-Cyprus subduction, affect the regional
horizontal flow field in the uppermost mantle, which in turn facilitates
the Arabia-Eurasia collision and the Anatolian westward plate motion.
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Fig. 12. 3D fast (in blue, panels A and C) and slow (in red, panels B and D) structure of the MER, displayed as velocity anomaly isosurfaces. Positive contours greater
than 1.9% are shown in the 3D panel C. Negative contours lower than —1.9% are shown in the 3D panel D. Topography is displayed on top. Panels A and C favour the
view of the subduction and relative slab windows; panels B and D illustrate the continuous channel of hot mantle material, flowing below the Arabian Shield, Levant,
and around Zagros. The orange arrows indicate the directions of the horizontal mantle flow associated with the Afar (in the south) and Levant (in the north) plumes.

The plume-driven flow, combined with the toroidal forces associated
with the Arabian slab, also influences the mantle circulation around the
collision Zagros belt and the Iranian Plateau. Our synthesised results
suggest a long-wavelength convective support of topography, which is
also in agreement with the uncompensated pattern of residual topog-
raphy and previous modelling studies. This large-scale mantle circula-
tion flow has important implications for the geodynamics and
geotectonics of the entire region and should be tested in future numer-
ical experiments of mantle flow predictions.
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