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Abstract We use a very large seismic data set to provide a comprehensive image of the mantle transition
zone (MTZ) beneath the Middle East. We utilized the technique of Common Conversion Point stacking of
Pwave receiver functions to investigate the topography on the 410- and 660-km discontinuities defining the
upper and lower boundaries of the MTZ. Our results show significant topography on the 410- and 660-km
discontinuities and corresponding variations in the MTZ thickness. The MTZ topography is broadly consistent
with the results of seismic tomography studies, implying the presence of both cold thermal anomalies
imparted by detached Tethyan slabs and lithospheric segments and hot thermal anomalies induced by
upwelling of lower mantle material. The MTZ topography in the northern Middle East is dominated by the
presence of patches of cold material that are intermittently separated by regions of hot to normal MTZ. Our
results suggest that instead of a continuous slab, the Tethyan slab in the Middle East is strongly segmented
along the strike of the subduction boundary. Furthermore, we find evidence for a significant gap in
subduction extending from the eastern edge of the Cyprean arc to NW Iran. The southern Middle East is
dominated by the processes related to the mantle upwelling beneath the Afar depression. Our results imply
that buoyant lower mantle material enters the MTZ beneath the Afar depression and then spreads laterally to
the northeast beneath the western Arabia, flowing within the MTZ and in the upper mantle.

1. Introduction

The Middle Eastern region incorporates all known types of plate boundaries (Figure 1) that accommodate the
relative motions within the Africa-Arabia-Eurasia system (e.g., Le Pichon & Kreemer, 2010). In the south, the
mantle upwelling beneath the Afar depression (e.g., Hofmann et al., 1997) may facilitate the northeastward
drift of Arabia from Africa (Nubia) toward Eurasia. There, the Afar Triple Junction defines a portion of the
divergent plate boundary where the Red Sea Rift meets the Aden Ridge and the East African Rift to divide
the Nubian, Somalian, Sinai, and Arabian Plates (e.g., Le Pichon & Gaulier, 1988; McKenzie et al., 1970;
Reilinger et al., 2006). The relative motion between the Arabian and Sinai plates is accommodated by the
strike-slip motion along the Dead Sea Fault. Further to the north and east, the northward convergence of
Arabia with Eurasia is accommodated by a subduction-dominated system in the Makran and
collision-dominated system in the Zagros and Iranian Plateau. Further to the north andwest, Anatolia escapes
from the Bitlis-Zagros collision-dominated system in the east toward the Aegean/Hellenic subduction-
dominated zone in the west. The relative motion between Anatolia and Eurasia is accommodated along
the North Anatolian Fault and East Anatolian Fault.

The assembly of these plate boundaries in the Middle East, along with its long tectonic history including the
present day deformation, makes this region a favorable natural laboratory to test different hypotheses of
plate tectonics. This region has been subject of extensive geological and geophysical studies during the past
decades, including the studies of the crustal and upper mantle structures; however, the structure of the
deeper part of the mantle including the transition zone between the upper and lower mantle has not been
yet extensively studied. The knowledge of this zone is essential to better understand the tectonic evolution of
the region. In this study, for the first time, we investigate the structure of the mantle transition zone (MTZ)
beneath the Middle East using a comprehensive large seismological data set.
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1.1. Tectonic Setting

The Neo-Tethyan ocean developed between Laurasia and Gondwana by
the drift of island arcs and continental fragments (Cimmerian continents)
from the northeastern margin of Gondwana since the Late Permian in
expense of closure of the Paleo-Tethyan ocean by collision of these conti-
nental fragments with the southernmargin of Eurasia. Geological evidence
and tectonic reconstructions suggest that the northward subduction of the
Neo-Tethyan ocean beneath this accreted margin has initiated in the Early
Jurassic to the Early Cretaceous (Agard et al., 2011; Dercourt et al., 1993;
Hafkenscheid et al., 2006; Richards, 2015; Stampfli & Borel, 2002, 2004).
The convergence of the African and Arabian Plates toward Eurasia contin-
ued and the subsequent continental collisions in the Cenozoic gave rise to
the uplift of the Iranian and Anatolian Plateaus and formation of the
Zagros-Bitlis mountain belts. The subduction of the Neo-Tethyan litho-
sphere beneath Eurasia, the geometry of the subducting slab, the timing
of the eventual continental collisions, and the occurrence of possible slab
breakoff all varied along the strike of the trench system (Stampfli & Borel,
2002). The fate of the subducted Tethyan lithosphere beneath Eurasia
has been the focus of numerous studies using geochemical data, seismic
tomography imaging, and numerical modeling (e.g., Agard et al., 2011;
Angus et al., 2006; Bartol & Govers, 2014; Bijwaard et al., 1998; Biryol
et al., 2011; Govers & Fichtner, 2016; Hafkenscheid et al., 2006; Piromallo
&Morelli, 2003; van de Zedde &Wortel, 2001; Zor, 2008). These studies sug-
gest a diachronous nature of the events that have occurred along the
southern edge of the Eurasian plate, including the initiation of subduction,
the onset of continental collision, and slab detachment. With a tectonic

reconstruction based on positive anomalies observed in seismic tomography models as proxies for slab seg-
ments, Hafkenscheid et al. (2006) concluded that the early slab breakoff first occurred beneath the northern
Zagros suture zone in the early Oligocene (~33 Ma), followed by both eastward and westward propagation of
the slab tear. Geochemical analysis (Keskin, 2003, 2007; Şengör et al., 2003, 2008), surface heat flow data
(Tezcan & Turgay, 1991), and an anomalously thin lithospheric mantle (e.g., Angus et al., 2006; Biryol et al.,
2011; Zor, 2008) all suggest the occurrence of slab breakoff at ~11 Ma beneath the eastern Anatolian
Plateau preceded by theMiocene Arabia-Eurasia collision and followed by delamination of the subcontinental
mantle lithosphere and upwelling of hot asthenospheric material (Keskin, 2003; Şengör et al., 2003). Seismic
tomography images of the mantle below the Anatolian and Aegean regions (Biryol et al., 2011) show two
high-velocity zones extending from the surface to a depth below 600 km. These two zones, separated at shal-
lowmantle, merge in the seismic images into a single flat-laying anomaly at depths between 400 and 650 km,
which extends from the Aegean to eastern Anatolia. Biryol et al. (2011) interpret the NE dipping anomalies as
the images of the subducting Aegean and Cyprus slabs that merge as a single flat-laying slab stagnant at the
MTZ. They suggest that the northern Neo-Tethys slab beneath Anatolia, once laterally continuous, has been
segmented through slab tear processes. Seismic tomography also suggests that the upper mantle beneath
the eastern Anatolia is basically devoid of slab-related anomalies (Biryol et al., 2011; Salaün et al., 2012; Zor,
2008). The low-amplitude disparate positive velocity anomalies are also observed in the MTZ beneath this
region demonstrating the absence of voluminous segments of the detached slab in the transition zone
(Biryol et al., 2011; Salaün et al., 2012; Zor, 2008). This implies that a major volume of the detached material
beneath the eastern Anatolia has already sunk into the lower mantle.

It is commonly thought that, like eastern Anatolia, slab breakoff has also occurred beneath Iran following the
Arabian-Eurasian collision, although a wide range of timing from the Middle Miocene to Plio-Pleistocene is
suggested for the breakoff (e.g., see Mouthereau et al., 2012; Molinaro et al., 2005, and references therein).
Through a synthesis of geological and geophysical observations, Agard et al. (2011) studied the geodynamic
evolution of the Zagros orogen. They suggest that the slab breakoff has occurred at two different times: a first
slab breakoff that occurred during the Paleocene-Early Eocene (before the collision of Arabia with Eurasia)
and a second slab breakoff that took place in Late Miocene (10 ± 5 Ma) following the continental collision.

Figure 1. A topographic map superimposed with themajor tectonic features
of the Middle East. The major faults are depicted with black solid lines.
The red triangles represent the location of quaternary volcanism. The main
continental boundary fault zones and tectonic units are abbreviated on the
map and described here: CAP = central Anatolian Plateau; EAAC = East
Anatolian Accretionary Complex; NAF = Northern Anatolian Fault;
EAF = eastern Anatolian Fault; DSF = Dead Sea Fault; SSZ = Sanandaj-Sirjan
Zone; UDMA = Urumieh-Dokhtar magmatic arc.
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The current depth extent and position of the detached slab and segments of lithosphere have important
implications for the relationship between the mantle dynamics and active tectonics within young conti-
nental plateaus. Given the longstanding tectonic history of the Turkish-Iranian Plateau, including subduc-
tion of the Tethyan slab that has transitioned to continental collisions and associated slab breakoff and
delamination of the continental lithospheres, the detached slabs and continental materials can be distrib-
uted at different depths. The actual depth and geographic location of the detached material depend upon
the timing of detachment, the sinking rate of the detached segments in the uppermost mantle, and the
absolute motion of the plates (Hafkenscheid et al., 2006; Jarvis & Lowman, 2005). One important issue
in this context is the sinking of the detached material into the lower mantle across the MTZ. Results of
numerical modeling (e.g., Agrusta et al., 2017; Garel et al., 2014; Goes et al., 2017; Jarvis & Lowman,
2005; King et al., 2015; Tetzlaff & Schmeling, 2000) suggest that cold subducting materials can reside in
the transition zone for a few tens of millions of years before they destabilize and flush into the lower man-
tle. Seismic tomography revealed the presence of positive velocity anomalies at different depths beneath
the northern Middle East (Angus et al., 2006; Bijwaard et al., 1998; Biryol et al., 2011; Piromallo & Morelli,
2003; Simmons et al., 2015; Zor, 2008). Many seismic tomography images (Bijwaard et al., 1998; Biryol et al.,
2011; Piromallo & Morelli, 2003) show the presence of positive velocity anomalies at depths between 400
and 650 km likely indicating the presence of segments of the Tethyan slab in the MTZ. Hafkenscheid et al.
(2006) interpreted the positive anomalies at depths of the MTZ as segments of the stagnant slabs, while
the positive anomalies in lower mantle are considered as segments of the old subducted Tethyan slab
penetrated into the lower mantle.

1.2. Mantle Transition Zone

The MTZ is defined as the region between the Earth’s upper and lower mantle and assumed to play a central
role in the mantle dynamics (e.g., Yuen et al., 1994). The top and bottom boundaries of the MTZ are marked
by two global seismic discontinuities laying at depths around 410 and 660 km in spherical velocity models
(Helffrich, 2000). We hereafter refer to these discontinuities as the 410 and 660.

Pressure-induced isochemical mineral phase transformations are commonly assumed to be the most
plausible explanation for the 410 and 660 discontinuities (Helffrich & Wood, 2001; Ringwood, 1970). At
~14 GPa (410-km depth), olivine (α-spinel) transforms to wadsleyite (β-spinel) in an exothermic reaction
and at ~24 GPa (660-km depth) ringwoodite (γ-spinel) changes to an assemblage of perovskite and
magnesiowüstite in an endothermic reaction (Bina & Helffrich, 1994; Ito & Takahashi, 1989;
Ringwood, 1970).

The exact depth at which the phase transformation occurs at each discontinuity depends on the pressure-
temperature conditions as well as on the water content at the relevant boundary. High pressure-temperature
experiments on mineral phase changes of the system (Mg,Fe)2SiO4 show that the transformation of olivine to
wadsleyite has a positive pressure-temperature (Clapeyron) slope from +3.6 to +4.0 MPa/K, whereas, the dis-
sociation of ringwoodite to perovskite and magnesiowüstite has a negative Clapeyron slope from �2.5 to
�0.4 MPa/K (Bina & Helffrich, 1994; Christensen, 1995; Fei & Bertka, 1999; Helffrich, 2000; Helffrich & Wood,
2001; Katsura et al., 2004, 2003; Morishima et al., 1994; Shearer, 2000; Ye et al., 2014).

The lateral variation in depth to the 410 and 660 discontinuities and the MTZ thickness is typically taken as a
signature of the lateral variation in thermal structure of the MTZ. Penetration of cold material such as sub-
ducting slabs into the MTZ can result in upward deflection of the 410 and downward deflection of the 660
and therefore a thickening of the MTZ. On the other hand, the presence of hot material into the MTZ is
expected to result in a depression of the 410 and an uplift of the 660, making the MTZ thinner than the global
average (Bina & Helffrich, 1994; Christensen, 1995; Helffrich, 2000; Helffrich & Wood, 2001).

In addition to temperature, chemical composition may also have some effects on the depth, sharpness, and
detectability of phase boundaries (e.g., Hirose, 2002; Weidner &Wang, 1998, 2013; Wood, 2000). In the system
(Mg,Fe)2SiO4, the relative proportions of Mg and Fe in natural samples varies in a narrow range such that it
has less effects on the Clapeyron slope of phase transitions (Fei & Bertka, 1999; Ye et al., 2014). In the system
(Mg,Fe)SiO3, at temperatures higher than 1800 °C, the transformation of aluminum (Al) bearing majorite to
perovskite at depths of ~660 km occurs with a positive Clapeyron slope (e.g., Hirose, 2002; Weidner &
Wang, 1998), contrary to the negative Clapeyron slope of the ringwoodite-to-perovskite transformation.
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The high Al content required for the opposite Clapeyron slope of majorite transformation (Weidner & Wang,
1998, 2013) may occur in rare cases for a typical mantle composition (Fei & Bertka, 1999). Furthermore, this
transformation occurs over a wide depth range (see, e.g., Deuss et al., 2006; Hirose, 2002; Weidner & Wang,
1998) and thus has less effect on the depths of the sharp MTZ discontinues as detected by seismic waves.
Keeping this in mind and considering also the dominance of olivine as the main constituent of the natural
pyrolite composition, the variation in chemical composition most likely has a small effect on the overall shape
and depth of the MTZ discontinuities relative to temperature anomalies.

In addition to temperature and chemical composition, water content (due to the water solubility of olivine,
wadsleyite, and ringwoodite) may also affect the depth and sharpness of the MTZ discontinuities (Ohtani,
2015; Smyth et al., 2006). As with the presence of cold material, high water content also leads to a thickening
of the MTZ by moving the 410 to shallower depth and the 660 to greater depth (Frost & Dolejš, 2007; Ghosh
et al., 2013; Litasov et al., 2005; Smyth & Frost, 2002; Wood, 1995). Laboratory experiments (e.g., Frost & Dolejš,
2007; Litasov et al., 2005) show that significant effects of water content on depth and width of the MTZ dis-
continuities are only expected at lower than ambient mantle temperatures (<1400 °C) and for significant
(greater than 0.2 wt %) H2O concentrations. Therefore, the subduction regions are potentially subject of
the effect of water content on the topography of MTZ discontinuities.

1.3. Methods to Study the Topography of MTZ

The mineral phase changes yield pronounced contrasts in seismic properties across the MTZ discontinuities,
which results in partitioning of energy of seismic waves crossing the MTZ. The depth and sharpness of the
MTZ discontinuities can therefore be imaged by observing seismic waves traveling across them. The P-to-S
(Ps) converted waves generated at the 410 and 660 discontinuities are among the most common seismic
observations to constrain the depth of these discontinuities (e.g., Collier & Helffrich, 2001; Sacks & Snoke,
1977; Schmandt, 2012). In addition to these two major discontinuities defining the top and bottom bound-
aries of the MTZ zone, the phase transformation of wadsleyite to ringwoodite at a depth of ~520 km can
result in a discontinuity inside the MTZ (Ringwood, 1970). The phase change at this discontinuity occurs over
a large range of pressure so that the discontinuity often cannot be imaged via converted seismic waves
(e.g., Helffrich, 2000).

Receiver function (RF) analysis is one of the well-known tools to detect the Ps converted phases from deep
mantle discontinuities (e.g., Bostock & Cassidy, 1997; Cottaar & Deuss, 2016; Dueker & Sheehan, 1997,
1998; Neal & Pavlis, 1999; Schmandt et al., 2012; Shen et al., 1998). In regions with high density of station cov-
erage, RF analysis can yield high-resolution image of the topography of the MTZ discontinuities (e.g., Cottaar
& Deuss, 2016; Schmandt et al., 2012). Since the Ps arrivals from deep mantle discontinuities are too weak to
be easily detected on individual P wave receiver function (PRFs), stacking of data from a large number of
receivers and earthquakes are required to enhance the signal-to-noise ratio of the Ps phases generated at
the mantle discontinuities (e.g., Cottaar & Deuss, 2016; Jenkins et al., 2016; Schmandt et al., 2012).

1.4. Previous Studies

Özacar et al. (2008) studied the MTZ topography beneath the eastern Anatolia by Common Conversion Point
(CCP) stacking of PRFs using data from a relatively small aperture network of stations. They show evidence for
detached slab and delaminated segments of lithosphere as well as warm mantle anomalies. By CCP stacking
of PRFs, Mohamed et al. (2014) report variations of the MTZ topography beneath the northern Red Sea. They
argue that the variations can be explained by amodel involving hydratedMTZ and low-velocity upper mantle
beneath the study area. They exclude any model involving upwelling of the lower mantle material beneath
the northern Red Sea. Reed et al. (2016) also use the CCP stacking of PRFs to study the MTZ topography
beneath the southern Arabian Plate, southern Red Sea, and Afar depression. They report a normal MTZ thick-
ness beneath the Afar depression and northern Main Ethiopian Rift but a 15-km thickening of the MTZ
beneath the southern Arabia and southern Red Sea and a 20-km thinning of the MTZ beneath the western
Ethiopian Plateau. They argue that the thickening of the MTZ beneath the study area stems from the hydra-
tion of the MTZ and thinning of the MTZ is related to the presence of a possible plume originated from the
lower mantle.

So far, no extensive study has been conducted on the MTZ using PRFs to provide a uniform image of the MTZ
topography spanning the entire Middle East. In this study, we investigate the topography of the MTZ across
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the most of the Middle East using CCP stacking of a large data set of PRFs.
The study area encompasses the Iranian Plateau, the Zagros mountains,
the Anatolian Plateau, the Caucasus, the eastern end of the Aegean Sea,
the Arabian Shield and Platform, and the Afar depression.

2. Data and Method

We collected and analyzed Pwaveforms from teleseismic events with magni-
tudes greater than 5.6 at epicentral distances between 34° and 95° that have
been recorded during the past two decades by a dense network of 1,114
broadband stations across the Middle East. In addition to data collected from
the permanent stations of the Iranian, Turkish, and Israeli national networks,
RF data from the Saudi National Seismic Network were also included.
Furthermore, we used data from temporary deployments aswell as few global
permanent stations in the region. The distribution of stations used in this
study is shown in Figure 2. The data from the Iranian network were provided
by the Seismological Data Center operated by the institute of Geophysics of
Tehran University and the Iranian National Broadband Network operated by
International Institute of Earthquake Engineering and Seismology. The data
from the Turkish Kandilli Observatory Digital Broadband Seismic Network
and Israel National Seismic Network were acquired from the German
Research Centre for Geosciences (GFZ) Seismological Data Archive,
Potsdam, Germany. RF data for Saudi Arabia are based on Tang et al. (2016)
who used broadband three-component recordings of the Saudi National

Seismic Network. The majority of data from the temporary deployments and other permanent stations are down-
loaded from the Incorporated Research Institutions for Seismology (IRIS) Data Management Center.

We computed RFs to image 410 and 660 discontinuity topography beneath the network of stations. RFs are
time series that contain the relative amplitude of P-to-S (Ps) converted energy generated at seismic
discontinuities beneath a three-component seismometer. In order to generate RFs, a source-equalization
technique is applied to isolate the Ps amplitudes in P wave coda (Langston, 1979). The final data set used
in this study consists of three-component seismograms collected from 3,533 teleseismic events at 1,114
stations. The location of the teleseismic events is shown in Figure S1 in the supporting information. The
raw three-component seismogram is first checked for glitches and gaps and then band-pass filtered in the
frequency range 0.05–0.25 Hz. A time window from 10 s before to 200 s after the P wave arrival is chosen
to cut the filtered seismogram. This selected window includes only the P wave and its coda. The windowed,
filtered three-component seismograms are then rotated into the ray-based LQT coordinate system (Vinnik,
1977). This is a quasi-orthogonal coordinate system, in which the L component is in the direction of the P
wave polarization, the Q component is perpendicular to the L component, and the T component is perpen-
dicular to the vertical plane containing the L and Q directions. The Q and T components contain mainly the
converted SV and SH waves, respectively. All three-component seismograms are checked and corrected for
possible sensor miss-orientation using polarization analysis of P waves. To rotate each seismogram into the
LQT coordinates, an optimum incident angle is calculated that minimizes the energy on the Q component
RF around the P arrival time (zero time on RF). The empirically determined range of incidence angles between
8° and 20° corresponds to Vp velocities of 3.0–5.5 km/s, which are in the range of typical values for the upper
crust (assuming an average ray-parameter value of 0.06 s/km). The L component is then deconvolved from
the Q and T components to yield Q and T RFs. We perform the deconvolution via the time domain algorithm
of Ligorria and Ammon (1999). A Gaussian width of 1 s is used to convert the spike-shaped time series output
of deconvolution to RF waveforms. This Gaussian filter acts as a low-pass filter; in combination with the fre-
quency filtering (0.05–0.25 Hz) applied to the initial seismograms to provide RFs with a dominant period of
~8 s. The computed RFs at each station were then quality-controlled considering the following criteria:
(1) the misfit between the Q component of the seismogram and the trace generated from the convolu-
tion of the RF with the L component must be smaller than 35%; (2) each individual RF must be consistent
with the average RF of the station within one standard deviation around the average trace; (3) the Q
component RF must have higher energy than the T component (in case of higher than 50% of T energy

Figure 2. Locations of 1,114 broadband seismic stations used for receiver
function imaging.
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relative to Q component, possibly due to sensor miss-orientation, the RF is discarded); (4) the relative
amplitude of the Moho Ps phase should be larger than 0.1 (the potential Moho Ps phase is taken as the
strongest phase appeared on the first 8 s of the average RF); (5) each individual RF should have a positive
maximum amplitude around the expected arrival time of the Ps phases from 410- and 660-km depth. After
inspection of all RFs, we end up with a total of 39,600 usable RFs. Figure 3 shows a map of the distribution
of ray piercing points of RFs at 410- and 660-km depths.

A time versus ray-parameter (T-p) image of the gather of the PRFs shown
in Figure 4 highlights the Ps converted phases from themantle discontinu-
ities. The clear arrivals at 45–50 and 67–75 s displaying an increase in arri-
val time with ray parameter represent the Ps phases from the 410 and 660
discontinuities, respectively.

We then follow an approach similar to Cottaar and Deuss (2016) to cre-
ate CCP images of the mantle from the distribution of the PRFs ampli-
tudes in a 3-D volume. This is performed using a two-step procedure.
First, each RF is mapped to position by backward raytracing though a
3-D Vp and Vs velocity model that is obtained from a combination of
the earth models LLNL-G3D-JPS (Simmons et al., 2015) and EAV09
(Chang et al., 2010). Using back projection, the amplitude of the P-to-S
(Ps) converted phases is mapped to the estimated conversion point in
the mantle. After the amplitude of the Ps phases is distributed across a
three-dimensional (3-D) volume, vertical voxels with grid spacing of
0.5° in latitude and longitude and depth interval of 1 km are used to
obtain a 3-D CCP image of the Ps conversion amplitudes. For each voxel,
the amplitude at each depth is computed as a weighted average of the
back projected PRF amplitudes that occur over the Fresnel zone width
around the center point of the voxel. The Fresnel zone width (corre-
sponding to a dominant period of 8 s of the PRF used in CCP stacking)
along each raypath is computed using the 3-D velocity model. The aver-
age value of the radius of the Fresnel zone at depths of 410 and 660 km
is ~140 and ~180 km, respectively. The weight given to each PRF ampli-
tude varies from 1.0 at the stacking point to 0.0 at the outer limit of the

Figure 3. Maps of piercing points (at 410- and 660-km depths) of the raypaths of receiver functions used in Common Conversion Point imaging.

Figure 4. Time versus ray-parameter (T-p) stack of receiver functions used for
Common Conversion Point imaging. The mantle transition zone Ps phases
(Ps410 and Ps660) are coherently stacked at all ray parameters. As we use a
relatively log-period filtering, the earlier phases (such as the Moho Ps phase
and its multiples) are not well resolved in this stacked image.
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Fresnel zone (Cottaar & Deuss, 2016). Maps of the number of individual PRF amplitudes used to the com-
puted stacked amplitudes at depths 410 and 660 km at each voxel are shown in Figure S2. Each point in
the CCP volume is only used when the corresponding amplitude is obtained by stacking of more than 30
individual PRF amplitudes.

3. Results

Vertical cross sections were extracted from the 3-D CCP volume to follow the track of themantle discontinuities
across different tectonic units. In Figure 5 we show vertical cross sections along latitudes and longitudes that
clearly delineate the 410 and 660 discontinuities. At the first glance, the profiles have significant undulations
both on the 410 and 660 discontinuities. Profiles 1 to 5 run in an EW direction along longitudes between
21° and 62° at latitudes 32.5°, 34.5°, 36.5°, 38.2°, and 40°, respectively. The 410 discontinuity exhibits shallowing
along these profiles beneath the northern Mediterranean, Aegean Seas, western Anatolia, western edge of
Caucasus, NW Iran, and northern Zagros. On the other hand, this discontinuity exhibits deepening beneath
eastern Turkey, Iraq, and central Iran. The 660 discontinuity is characterized along these profiles by a relative
deepening beneath Aegean ocean, central Anatolia, eastern Caucasus, and northern Zagros. However, it is
important to note that for themost part we only observe a few regions with 660-km discontinuity deeper than
the global average (i.e., greater than 660 km). The discontinuity shallows in absolute and relative sense beneath
the eastern Mediterranean Sea and western Anatolia. Profiles 6 to 10 run in an NS direction at longitudes 34.5°,
42.5°,48°, 53°, and 58°. Profile 6 shows a normal to slightly deep 410 discontinuity beneath the northern Red
Sea that shallows gradually toward the central Anatolia. The 660 discontinuity follows a nearly opposite trend
along this profile, which is an uplift in the south and a depression beneath central Anatolia. Profile 7 runs from
the Afar depression in the south to the western edge of the Caucasus mountains in the north. A deepened 410
can be tracked along this profile with a complex topography imaged beneath the northern Arabia that can be
an artifact due to poor ray coverage. We also observe low amplitudes along the track of the 410 beneath the
Afar region despite good ray coverage. This can imply the absence of a sharp 410 discontinuity beneath this
region. The 660 discontinuity along profile 7 is mainly characterized by a flat topography with small regions
of gentle uplift beneath the Arabian Shield and Iraq and with regions of deepening beneath the southern edge
of the Afar depression and eastern Turkey. Profile 8 runs from eastern Arabia in the south to the eastern Greater
Caucasus in the north. The 410 shallows gently northward from the southern end of this profile and reaches
relatively shallow depths beneath Kuwait and SW Iran; it then deepens to 410 km beneath NW Iran, where
we observe a jump to shallower depths beneath the eastern Caucasus and Azerbaijan. The 660 shows gentle
topography beneath the eastern Arabia and SW Iran and then deepens to slightly more than 660 km beneath
the northern Zagros and NW Iran and shallows back to 660 km beneath the northern end of the profile. Profile
9 runs in an NS direction from Yemen to the Caspian Sea. The 410 is characterized by a slight topography var-
iation along this profile with relatively shallow depths beneath Yemen, Persian Gulf and southern Zagros that
then deepens beneath central Iran, Alborz mountains, and south Caspian. Profile 10 runs from the Arabian Sea
in the south to reach Turkmenistan in the north across the Makran and eastern central Iran. The 410 is imaged
at shallow depths beneath the Arabian Sea but then gently deepens northward and exhibit a depression
beneath central Iran and then turns up to the shallower depths in the north. The 660 exhibits a relatively flat
topography at shallow depths beneath the Arabian Sea, Sea of Oman, and the Makran but deepens beneath
eastern central Iran and then jumps to shallow depths at the northern end of the profile. In addition to these
EW and NS profiles, we have also made vertical cross sections along two SW-NE directed profiles A and B.
Profile A starts from the Red Sea and crosses the Arabian Shield and Platform, the Zagros, and central Iran.
The 410 is depressed beneath the Red Sea and Arabian Shield and starts to uplift beneath the Arabian
Platform and Zagros and then deepens beneath central Iran. The 660 displays modest topography along pro-
file A with ±5-km variation around the average depth of 650 km. Profile B runs in an SW-NE direction along a
distance of more than 4,000 km from Afar depression to the Kopeh-Dag mountains in NE Iran. Both disconti-
nuities, notably the 410, show a blurred image beneath the Afar region indicating that probably the contrast in
seismic properties at these continuities is not sharp enough to generate Ps converted energy. Beneath the
Arabian Shield, we can track a clear 410 that is depressed downward and a clear 660 that is slightly uplifted
to about 645–655 km. Beneath the NE Arabia, Persian Gulf, and Central Zagros, we track a clear 410 that is
slightly uplifted and a strong 660 that is located at a normal depth around 660 km. Further NE, the 410 deepens
again beneath central Iran while the 660 shows gentle topography.
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Figure 5. Examples of vertical cross sections of the stacked Common Conversion Point amplitudes. The locations of different profiles along which the cross sections
are derived from the Common Conversion Point volume are shown in the inset map of thickness of mantle transition zone. The picked depths of the 410 and 660
are also shown with white circles. Profiles 1–5 run across the Turkish and Iranian Plateaus along longitudinal great circles. Profiles 6–10 run in north-south
directions at longitudes 34.5°, 42.5°, 48°, 53°, and 58°. Profiles A and B (with lengths of more than 3,000 and 4,000 km, respectively) covers the Arabian Shield and
Platform, the Zagros and central Iran.
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The uniformly sampled 3-D CCP volume also allows us to extract the depths to the 410 and 660 discontinuities.
These depths were constructed in two steps. We first picked the peak amplitudes from the 3-D volume at
depths between 370 and 450 km for the 410 and depths between 620 and 700 km for the 660, in grids of
0.5° by 0.5°. We then manually verified the track of these discontinuities by visual inspection across vertical
cross sections through the 3-D CCP volume along latitude and longitude directions at an interval of 0.5°.
The 410 and 660 depths that were picked automatically in the first step are manually verified (and adjusted,
if required) to keep the continuity of each interface in the vertical cross sections. A Gaussian spatial filter of 1°
width is then applied to the picked depth points to create smoothed depth maps of the 410 and 660. The his-
tograms of the depth distribution of the 410 and 660 are shown in Figures 6a and 6b, respectively. The histo-
gram of the thickness of the MTZ, determined from the depth difference between the 660 and the 410, is
shown in Figure 6c. The mean depths of the 410 and 660 are 404 ± 11 and 650 ± 12 km, respectively, giving
a mean MTZ thickness of 247 ± 12 km. The values are in the range of the global average (Lawrence & Shearer,
2006) although the mean of the 660 discontinuity is somewhat less than the global average. The trace of the
picked 410 and 660 discontinuities along the vertical sections is shown with white circles in Figure 5.

Figure 7 shows maps of the 410 and 660 topography as well as a map of the MTZ thickness. Our MTZ topo-
graphy maps cover a large portion of the Middle East extending in the East-West direction from Eastern Iran
to the Aegean Sea and in the North-South direction from Afar Depression to north of the Black Sea. The shal-
lowest depth to the 410 discontinuity is mapped beneath the NE Mediterranean, Aegean Sea in the west, and
beneath the Arabian Sea and Sea of Oman in the east. We also map relatively shallow depths of the 410
beneath the central and southern Zagros, NW Iran, and eastern limit of the Greater Caucasus. The 410 exhibits
noteworthy downward deflection beneath the Afar depression, central Iran, western and northern Arabia,
and eastern Turkey. The 660 discontinuity is characterized by a uniform relative deepening beneath Turkey
and Iran, with deepest areas seen beneath the central Anatolia, eastern limit of the Caucasus mountains,
northern Zagros, and eastern Iran. The shallowest topography on the 660 is mapped beneath the NE
Mediterranean, beneath the Makran region in SE Iran and also beneath the Sea of Oman and Arabian Sea.
A patch of relatively shallow topography on the 660 is also mapped in northern Arabia and southern Iraq.
The positive correlation between the depths to the 410 and 660 beneath the NE Mediterranean and Sea of
Oman and Arabian Sea could be partly due to the effect of the upper mantle velocity on the time-to-depth
migration of PRFs. The map of the MTZ thickness (Figure 7c) is obtained by subtracting the depths to the 660
and the 410. This map exhibits slight variations of thickness of the MTZ beneath the Middle East with isolated
regions of more thickened or thinned MTZ. We see regions of thickened MTZ beneath the Aegean Sea, cen-
tral Anatolia, northern Zagros, and notably beneath the eastern limit of the Caucasus mountains. The thinnest
MTZ is observed beneath the Afar depression and Makran regions. The MTZ is also relatively thin beneath
central Iran, western and northern Arabia and eastern Anatolia.

4. Discussion

The CCP stacking of the PRFs provides images that exhibit significant topography of the MTZ discontinuities
beneath the Middle East that is consistent with large lateral temperature variations. In Figure 8 we compare

Figure 6. Histograms demonstrating the distribution of depths to the 410- and 660-km discontinuities and thickness of the mantle transition zone.
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the MTZ topography maps with the Swave velocity perturbation tomogra-
phy EAV09 (Chang et al., 2010) at 420 and 650 km aswell as with an average
upper mantle velocity perturbation map. A well-resolved three-
dimensional velocity model is required for the time-to-depth migration
of PRFs. Therefore, before giving any interpretation of theMTZ topography
maps, we need to verify whether the upper mantle lateral velocity hetero-
geneity is biasing our results or not. The bias induced by the upper mantle
velocity generally manifests itself as a positive correlation between the 410
and 660 topography, though the estimate of the MTZ thickness is not sig-
nificantly affected by the lateral velocity variations in the upper mantle
(e.g., Dueker & Sheehan, 1997, 1998). We use a reference velocity model
that is obtained by combining two models LLNL-G3D-JPS (Simmons
et al., 2015) and EAV09 (Chang et al., 2010) of the P and S wave velocities
that have one of the best resolution for the Middle East. In Figure S3, we
compare the topography of the 410 and 660 as well as the MTZ thickness
obtained using the 3-D velocity model for migration with those computed
using only the 1-D radial Earth model (preliminary reference Earth model;
Dziewonski & Anderson, 1981). In most parts of the model, both the 410
and 660 are anomalously deepwhen the 1-D referencemodel is used com-
pared to the maps obtained using the 3-D velocity model. This indicates
that the low-velocity regions in the upper mantle are well accounted for
in the 3-D model. The MTZ thickness maps using the 1-D and 3-D velocity
models are comparable regarding the broad lateral variations; however,
the map acquired using the 3-D model exhibits more detailed structures.
This shows that even though the large-scale variations in theMTZ thickness
can be mapped using a 1-D reference velocity model, a more detailed 3-D
reference model is required to map the small-scale features.

We observe upward deflection of both the 410 and 660 beneath the NE
Mediterranean and Sea of Oman (Figures 7a and 7b), indicating that the
actual velocity in the upper mantle beneath these regions is likely under-
estimated in the reference 3-D velocity model (Figure 8f). In contrast, a
downward deflection of both the 410 and 660 is found beneath the Afar
depression and central Iran, implying that the upper mantle velocity
beneath these regions is still lower than that given by the velocity model.
We do not observe strong positive correlation between the 410 and 660
topography in other parts of the study area. We believe that unaccounted
large-scale velocity variations in the upper mantle may cause large-scale
apparent depression or uplift of the 410 and 660; however, given the
excellent crossing-ray coverage in most parts of the study area (Figure S2),
we are confident that the small-scale topography variations are robust
features that need to be explained by physical processes affecting mainly
the local topography of the 410 and 660. A negative correlation between
the topography of the 410 and 660 can be taken as evidence for the
presence of a vertically coherent thermal anomaly that crosses both bound-
aries. These continuous thermal anomalies across the entire MTZ are
expected to occur beneath the regions where subducting cold slabs pene-
trate the MTZ from above (e.g., Braunmiller et al., 2006; Huang et al., 2010)
and in regions where the upward flowing hot mantle plumes cross the
MTZ from bottom to reach the upper mantle (e.g., Agius et al., 2017;
Agrusta et al., 2017; Jenkins et al., 2016). In the former case, we expect a shal-
lowing of the 410 and a deepening of the 660, while in the latter case we
expect a deepening of the 410 and a shallowing of the 660. However, as
the topography on the 410 and 660 shows little coherence in this study, it
seems more plausible that the observed topography in our model is local

Figure 7. Maps showing the topography of the 410- and 660-km discontinu-
ities (a and b) and thickness of the mantle transition zone (c). Thin dashed
lines delineate political boundaries. Thick solid lines show the main faults
and tectonic boundaries.
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to each discontinuity. In addition, the comparison between the MTZ topography maps and the tomography
velocity maps suggests that the MTZ topography in the northern Middle East is mostly affected by the
presence of disconnected high-speed (cold) anomalies that suggest the presence of the segmented Tethyan
slab and/or delaminated continental lithospheric bodies. On the other hand, the MTZ in southern Middle
East and Afar region is mainly under the influence of upwelling of the lower mantle material into the MTZ
and upper mantle. The topography map of the 660 discontinuity (Figure 7) and the histogram of its depth
distribution (Figure 6) suggest that this discontinuity is located at a shallower depths beneath the Middle
East relative to a global average of 660 km. We argue that the lower transition zone and/or uppermost lower
mantle beneath this region are hotter than the global average.

4.1. Northern Middle East: Influenced by Slab Subduction, Collision and Slab Detachment

Magnified views of the MTZ topography and seismic velocity maps beneath the northern Middle East are
shown in Figures 9 and 10, for the Anatolian and Iranian Plateaus, respectively. Comparing the 410 topogra-
phy (Figures 9a and 10a) with the velocity tomography map at the 420-km depth (Figures 9d and 10d), we
observe coherence between the positive seismic velocity anomalies and the 410 uplift beneath the
Aegean Sea, NW Iran, eastern Caucasus, central and southern Zagros, and Persian Gulf. These observations
suggest that the (cold) downgoing slab or lithosphere segments cross the 410 discontinuity beneath these
regions. A similar comparison of the 660 topography (Figures 9b and 10b) reveals a high coherence between
the relative 660 topography and seismic velocity anomalies at the base of the MTZ (Figures 9e and 10e)

Figure 8. Presentation of mantle transition zone topography maps (a to c) for the entire region of the Middle East along with S wave seismic tomography maps at
420 and 650 km (d and e), as well as a map of the average upper mantle seismic velocity (f).
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beneath the Aegean Sea, central Anatolia, and Northern Zagros. This observation implies that the 660
topography is mostly affected by thermal anomalies induced by the presence of separated cold slab and
lithospheric segments residing inside the MTZ beneath these regions. As the MTZ topography maps do
not show any signature of a continuous belt where the 410 is uplifted and the 660 is depressed, we
suggest that the subducted slab in the northern Middle East is strongly segmented.
4.1.1. The Aegean and Cyprean Subduction Domain
We observe a significantly upward deflected (~30 km) 410 (Figure 9a) and a normal to slightly downward
deflected 660 beneath the Aegean Sea (Figure 9b) that leads to a thickened MTZ (Figure 9c). We believe that
the uplift of the 410 is due to the effect of the subducting Aegean slab reaching the MTZ. Using a Clapeyron
slope of +3.0 MPa/K, this uplift leads to an estimate of ~340 K temperature reduction. Part of this uplift can be
caused by the presence of the water in the subducting slab (e.g., Frost & Dolejš, 2007; Litasov et al., 2005).

In central Anatolia a slightly uplift in the 410 (Figure 9a) and a significant deepening (~18 km, relative to the
mean value) in the 660 (Figure 9b) is observed that leads to a thickened MTZ (Figure 9c). By assuming a
Clapeyron slope of�2.0MPa/K, the 18-km deepening of the 660 corresponds to ~320 K reduction in tempera-
ture. The thickening of theMTZ beneath central Anatolia seems to be duemostly to the deepening of the 660.

The topography of the 410 and 660, and subsequent thickening of the MTZ beneath the Aegean Sea and cen-
tral Anatolia, agrees with seismic tomography studies (e.g., Biryol et al., 2011) in the sense that the subducting
Aegean and Cyprean slabs penetrates into the MTZ. Biryol et al. (2011) argue that these two subducting slabs
join together as a stagnant, flattened slab in the MTZ beneath the western and central Anatolia. Our observa-
tions, however, imply that these two slabs are subducting independently and penetrating into the lower
mantle instead of unification and stagnation in the transition zone. In addition, we observe in SW Turkey that
the 660 is significantly deflected upward, whereas the 410 is slight uplifted, leading to a thinned MTZ. The
region of thinned MTZ correlates with a region of relatively low seismic velocities at the base of the MTZ
(Figures 9e and S4). We therefore argue that this relatively thin MTZ implies that the slab window between

Figure 9. The same presentation as in Figure 8 but with a zoomed view across the Turkish-Anatolian Plateau.
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the Cyprean and Hellenic arcs extends from surface to the transition zone. Our results would suggest that this
slab window between these two arcs has existed for at least 15 Ma based upon estimates of slab sinking rates
(Butterworth et al., 2014).
4.1.2. The Eastern Turkey and Bitlis/Zagros Domain: Slab Detachment and Delamination
In eastern Anatolia, the 410 is slightly depressed while the 660 shows a normal depth. This topography leads
to a slightly (5–10 km) thinned MTZ. Using a Clapeyron slope of +3.0 MPa/K at the 410, the thinning of the
MTZ in eastern Anatolia is equivalent to a temperature increase of ~100 K. Our estimate of the thinning of
the MTZ beneath the eastern Anatolia is much less than the ~20-km estimate provided by Özacar et al.
(2008). They used a smaller data set and a 1-D velocity model for their CCP stacking, which could lead to
an overestimation of the MTZ thickness.

High-resolution seismic tomography images (Angus et al., 2006; Biryol et al., 2011; Zor, 2008) suggest that
the upper mantle beneath this region is almost devoid of slab-related positive anomalies. Seismic tomo-
graphy images also show that the low-velocity (hot) upper mantle material reaches to the top of the 410

Figure 10. The same presentation as in Figure 8 but with a zoomed view across the Iranian Plateau and Zagros.
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(Figure 9f). The lower boundary of the hot upper mantle region likely increases the temperature of the 410
boundary, causing the olivine-to-wadsleyite phase transformation to occur at greater depths. The tomo-
graphic images also present evidence for weak positive velocity anomalies at the MTZ beneath the eastern
Anatolia, which may at least partly explain the weaker MTZ topography anomalies. The lack of slab-related
bodies in the upper mantle and MTZ beneath the eastern Anatolia can represent a slab window or an
absence of subduction between the paleo-Cyprean slab and the Neo-Tethyan subduction.

The MTZ topography maps, as well as the cross sections, show an uplifted 410 and a depressed 660 beneath
NW Iran and eastern termination of the Caucasus, leading to a significant thickening of the MTZ. The local
uplift of the 410 and depression of the 660 might be due to the penetration of a slab segment into the
MTZ (Figures 9d and 10d). Seismic tomography (Zor, 2008) shows the presence of positive velocity anomalies
reaching the 410 discontinuity beneath the eastern limit of the Caucasus. This anomaly was interpreted as the
remnants of the detached northern branch of the Neo-Tethyan slab. Our MTZ topography maps show that
the uplift of the 410 is much wider than the extent of the positive velocity anomaly seen in the tomographic
model. The tomographic model, however, does not have sufficient resolution to delineate the eastern extent
of the positive anomaly. A comprehensive high-resolution tomography study is required to better constrain
the lateral transition of the mantle structure from the eastern Anatolian Plateau to the western and central
Iranian Plateau.

4.1.3. Iranian Plateau and Southern Zagros
Beneath the central southern Zagros, NE Arabia, and Persian Gulf, we observe an updoming of the 410, while
the 660 also seems to be slightly elevated in this domain, leading to a slightly thickened MTZ (Figures 7, 8,
and 10). The upward deflection of both the 410 and 660 implies that the average upper mantle velocity
seems to be slightly higher than the average velocity in the reference velocity model. However, the stronger
uplift of the 410 relative to the 660 indicates that part of the uplift in the 410 is related to other phenomena. A
region of slightly uplifted to normal 660 topography beneath the central and southern Zagros that extends
eastward beneath central Iran (Figure 10b) corresponds to a region of relatively low seismic velocities at the
MTZ depths (Figure 10e; see also Alinaghi et al., 2007; Bijwaard et al., 1998; Chang et al., 2010; Simmons et al.,
2015). These observations are likely related to the lack of cold slab and lithosphere segments at the base of
MTZ beneath the central southern Zagros and western central Iran. Seismic tomography maps (Figure 10f;
see also Alinaghi et al., 2007; Bijwaard et al., 1998; Chang et al., 2010; Simmons et al., 2015) show a fast velocity
anomaly in the upper mantle beneath Central Zagros and Persian Gulf that reaches the top of the 410 discon-
tinuity. If this anomaly is not an artifact, it can explain the updoming of the 410 beneath this region. However,
there is no firm evidence for the delamination of the mantle lithosphere beneath the Zagros and central Iran
(Alinaghi et al., 2007; Kaviani et al., 2007; Paul et al., 2010; Shad Manaman et al., 2011). Seismic tomography
images instead suggest the presence of a thick lithosphere beneath the Zagros (Kaviani et al., 2007; Priestley
et al., 2012). While the relatively thick MTZ and high-velocity anomalies beneath the northern Zagros could
be representative of remnants of the cold subducted slab, it seems that the MTZ beneath the southern
Zagros is devoid of large slab-related bodies. This observation supports the notion of segmented character-
istics of the Tethyan slab beneath the Zagros subduction zone.

In central Iran, a highly depressed 410 and a normal to slightly uplifted 660 lead to a thinning of the MTZ of up
to 20 km (Figures 7, 8, and 10). We do not observe any signature of a detached slab or lithosphere segments
inside the MTZ affecting the topography of the 660. Seismic tomography images (Figures 10d–10f; see also
Alinaghi et al., 2007; Bijwaard et al., 1998; Chang et al., 2010; Kaviani et al., 2007; Simmons et al., 2015) reveal
that the upper mantle beneath central Iran is characterized on average by relatively low seismic velocities
(Figures 10f). The area of the thinned MTZ beneath central Iran suggests that the extent of the low-velocity
anomaly in the upper mantle and inside the MTZ could be larger than what resolved by the previous seismic
tomography studies. On the other hand, there is no clear evidence from seismic tomography for a locally low-
velocity (warm) lower mantle beneath central Iran (Figure S4). Therefore, we suggest that the thinning of the
MTZ beneath central Iran could be due to the contact of the 410 with hot upper mantle material as a result of
the counterflow associated with the sinking of Neo-Tethyan slab. In the case of thin lithosphere, an unstable
hot thermal layer may develop below the lithosphere, which can impinge on the 410 discontinuity and cause
a downward deflection of this discontinuity (e.g., Huang et al., 2010; Li et al., 1998; Niu et al., 2005). For a better
understanding of the cause of thinning of the MTZ beneath central Iran, a high-resolution tomography image
of local mantle is required.
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4.1.4. Makran
Both the 410 and 660 are uplifted beneath the Sea of Oman and the Makran region (Figures 10a and 10b). As
mentioned previously, this positive correlation may be caused by unmodeled upper mantle velocities
(Figures 10f). The 660 topography shows some correlations with the velocity anomalies in the MTZ, implying
that at least part of the 660 topography is related to the velocity anomalies. The resultant MTZ thickness also
exhibits a very thinMTZ. Seismic tomography images show relatively low velocities below theMTZ (Figure S4);
therefore, the upwelling of the 660 and thinning of the MTZ beneath this region could result from the upwel-
ling of hot lower mantle material. Our data coverage, however, does not allow examining this question
in detail.

4.2. Summary for the Northern Middle East

Our results strongly favor segmentation of the subducted Tethyan slab in Northern Middle East. This is com-
parable to what is observed for the present-day slabs in the Eastern Mediterranean. In addition to the sub-
ducted segments of the Tethyan slab, segments of the subcontinental mantle lithosphere delaminated
and sunk into the mantle following the Arabia-Eurasia collision can comprise part of the cold materials in
the mantle. Seismic tomography studies (Angus et al., 2006; Biryol et al., 2011; Zor, 2008) and geochemical
observations (Keskin, 2003, 2007; Şengör et al., 2003, 2008) suggest delamination of subcontinental mantle
lithosphere and/or slab breakoff and asthenospheric upwelling in eastern Anatolian and Iranian Plateaus.

Tectonic reconstructions based on geological evidence and seismic tomography imply that the subducting
Tethyan slab in the Northern Middle East and India existed as several pieces, rather than as a uniform plate
(Hafkenscheid et al., 2006). The slab sections, likely segmented during the later stages of subduction as also
seen across the Mediterranean (Wortel & Spakman, 2000), subducted at different angles and probably differ-
ent speeds. Geological evidence also suggests that the irregular shape of the northern and southern bound-
aries of the Neo-Tethyan realm, as well as likely large variation in age of the subducting plates, might have led
to a diachronous onset of collision and slab detachment along the Neo-Tethyan trench (e.g., Agard et al.,
2011; Stampfli & Borel, 2002). Impingement of buoyant continental lithosphere into the trench and the initia-
tion of the continent-continent collisional tectonics could lead to tearing and fragmentation of subducting
slabs and subsequent detachment from the continental lithosphere (Bartol & Govers, 2014; Wortel &
Spakman, 2000). All these lines of evidence suggest segmentation of the detached slab and different ages
for slab breakoff and lithosphere delamination. By taking into account the longstanding evolutionary history
of the Tethyan subduction and subsequent continental collision, one can expect that the subducted slab or
delaminated lithosphere segments are residing now at different depths. While some reside inside the MTZ,
some older ones have already sunk into the lower mantle.

Given the wide range of slab sinking rates and mantle properties in the literature (e.g., Butterworth et al.,
2014; Quéré et al., 2013), it is hard to infer the current depths of the detached slab segments. The sinking rate
of slab depends on the mantle/slab rheology as well as on the initial depth extent of the subducting slab
(e.g., Jarvis & Lowman, 2005; Quéré et al., 2013). The residence of a slab remnant in the MTZ also depends
to some extent on the depth extent at the time of slab detachment. If the slab had already penetrated into
the lower mantle before detachment from the continental lithosphere, the entrainment by the lower mantle
section of slab would have caused the upper mantle section to be pulled down to the lower mantle. In con-
trast, if the slab is detached before its lower section reaches the MTZ, it is more plausible that it resides for
longer time into the MTZ (Quéré et al., 2013).

Besides the evidence for accumulation of the Tethyan slabs in the MTZ, we also observe remarkable gaps
between the thickened regions of the MTZ along this belt. These gaps can be classified as the western slab
window (currently beneath the Isparta Angle, the Cyprean-Hellenic intersection), and the eastern window
currently beneath the eastern Anatolian Plateau. It is worth noting that above each of these gaps we do
not observe high-velocity bodies in the upper mantle, suggesting that there are no large slab bodies in
the upper mantle. Both the western and eastern regions of the MTZ thinning represent an important gap
in the Tethyan subduction. Using relatively large slab sinking rates through the upper mantle and MTZ, we
estimate that these gaps represent a minimum of a 15 Ma gap in African/Tethyan subduction over approxi-
mately 200–300 km for the western window and 400–500 km for the eastern window. The location of these
slab windows with respect to the location of the Eurasian-Sinai-African plate boundary can be estimated from
the absolute plate motion (hot spot reference frame) of the Eurasian plate. The Eurasian plate is moving at
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approximately 5 cm/year eastward in a hotspot reference frame. This would suggest that both slab windows
were originally at a minimum of 500 km to the west of where we observe them today.

Another important aspect of these slab gaps relates to the timing of when subduction ceased and the slabs
broke off and then began to sink through the upper mantle. Given the shallowest portion of these slabs
appear to be located near 700-km depth, and considering the lack of any negative temperature anomalies
within the MTZ, this allows us to place a minimum rate of slab sinking and to give a first-order time estimate
for slab break off. If the slab began sinking into the mantle at ~15 Ma, this would require a 4-cm/year vertical
motion if the slab broke at a depth of 100 km. This is a very fast rate compared to all other slabs on the planet
(Goes et al., 2017). This very fast rate could be due to the likelihood that this slab was a very old oceanic litho-
sphere; however, it certainly would indicate that it is very difficult for the slab to have broken off much later
than 15 Ma ago. This has important implications for the tectonic history for the eastern Anatolian Plateau.

Bartol and Govers (2014) suggest a two-stage scenario for the evolution of the Aegean-Cyprus-Bitlis slab in
Anatolia. The first stage includes the Eocene fragmentation of the Aegean-Cyprus-Bitlis slab that was
followed by slab rollback in the west and horizontal subduction in east. The second stage includes the
steepening and fragmentation of the Cyprus-Bitlis slab following the Mid-Miocene (~16 Ma) collision of the
Arabian and Eurasian Plates in eastern Anatolia. Further east beneath the eastern Anatolia the slab was
detached, segmented, and delaminated in late-Miocene time (~11–10 Ma). The Arabia-Eurasia collision
during the mid-Miocene (Keskin, 2003, 2007; Şengör et al., 2003, 2008) caused the once horizontally
subducting Neo-Tethys slab to steepen and retreat in southward direction. As a consequence, the formerly
continuous Neo-Tethys slab was torn beneath eastern Anatolia. The western slab continued subducting
along the Cyprus trench, while the eastern segment was detached and sank into the mantle (Bartol &
Govers, 2014). There is little signature in tomographic images (Biryol et al., 2011; Govers & Fichtner, 2016;
Zor, 2008) of the detached slab fragments in the upper mantle beneath the eastern Anatolia, suggesting that
most volumes of the detached material have already sunk into the lower mantle.

Geodynamic modeling (Agrusta et al., 2017; Garel et al., 2014; Sdrolias & Müller, 2006) suggests that trench
migration and slab rollback before detachment may play an important role in the slab flattening.
Therefore, one would expect stagnation of the current subducting Aegean and Cyprus slabs beneath the cen-
tral Anatolia, where a slab rollback is likely occurring. Geochemical analysis and tectonic reconstructions also
suggest periods of slab rollback and breakoff at different ages along the suture (Agard et al., 2011;
Hafkenscheid et al., 2006; Verdel et al., 2011). These observations imply that the slab rollback may be plausible
with respect to Neo-Tethyan subduction. Our results suggest that the Aegean and Cyprean slabs likely do not
stagnate in the MTZ; instead, they penetrate independent of each other into the lower mantle. An important
question arising here is, if the rollback is a determinant factor, why the Aegean and Cyprean slabs do not stag-
nate in the MTZ even with a clear slab rollback since the last 35 Ma (Jolivet et al., 2013). A possible explanation
can be related to the notion that the crust of the eastern Mediterranean Sea preserves the southern margin of
the old Mesozoic Neo-Tethyan ocean (e.g., Garfunkel, 1998; Granot, 2016). This observation implies that the
Aegean and Cyprean slabs consist of some of the oldest oceanic lithosphere on the planet. This very old ocea-
nic lithosphere is likely quite dense, and thus, the negative buoyancy could drive both a rapid rollback and a
fast sinking rate of the subducting slabs (and thus no residency time in the MTZ). The old age of the Tethyan
slab subducted beneath the northern Middle East can also partially explain the lack of slab-related tempera-
ture anomalies above 700 km beneath the eastern Anatolia.

4.3. Southern Middle East: Influenced by the Afar Upwelling

The upwelling in Afar is centered near 8°N, 39°E (Hansen & Nyblade, 2013; Montelli et al., 2006), where we
obtain a thin (~225-km thick) MTZ. The blurred image of the 410 and 660 beneath the Afar region may result
from the chimney of the upwelling hot material that overprints the discontinuities due to phase changes at
the MTZ. Our careful picking of the 410 and 660 yields a thin MTZ beneath Afar. The thin MTZ spreads
beneath the Arabian Shield and reaches the northern Arabia. The topography of the 410 and 660 shows that
the hot materials most likely arise beneath the Afar and then spreads northward in the upper mantle and at
the top of the MTZ. This interpretation is also consistent with the results of seismic tomography (Chang et al.,
2010; Hansen et al., 2012). Apart from the widespreadmoderate thinning of the MTZ beneath western Arabia,
we do not observe any anomalously thinned region that would support the hypothesis of a localized mantle
plume that was suggested by Camp and Roobol (1992). Furthermore, our MTZ topographymaps do not show
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any evidence supporting the presence of a localized mantle plume beneath Jordan that was suggested by
Chang and Van der Lee (2011). We argue that the lateral flow of material from the Afar upwelling along
the Red Sea and western Arabia is likely the main cause of volcanism in the region.

In northern Arabia and Iraq, our MTZ topography maps delineate a region of deepened 410 and slightly
uplifted 660, leading to a thinned MTZ. This area correlates with region of low seismic velocities at and below
the MTZ (Figures 8b–8e and S4; see also Bijwaard et al., 1998; Chang et al., 2010; Hansen et al., 2012; Piromallo
&Morelli, 2003). The correlation between a thinnedMTZ and low-velocity anomalies implies the presence of a
hot MTZ beneath this region. This region of thinned MTZ beneath northern Arabia seems to be connected to
the region of thinned MTZ beneath the eastern Turkey and a similar region beneath the Afar depression and
western Arabia. This observation suggests the hypothesis that the mantle flow emerging from the mantle
plume beneath Afar may even reach further north beneath eastern Turkey. This hypothesis has important
implications for the geodynamics and tectonics of the Arabia-Eurasia collision and Anatolian Plateau.

5. Conclusion

We investigated the MTZ topography beneath the Middle East using a large RF data set from a dense network
of broadband stations. The seismic image acquired from the CCP stacking of RFs allows us to reach the fol-
lowing main conclusions:

1. Segmented regions of thickened MTZ are observed beneath portions of the Middle East, separated by
regions of thin or normal MTZ. This observation implies that the Tethyan slab subducted beneath the
Arabia/Africa-Eurasia collision zone is strongly segmented. The segmentation of the subducted slab can
have occurred during or following breakoff from the continental lithosphere.

2. We find two main portions of the Eurasia-Arabian plate boundary where there are no slab-related bodies
in the MTZ: the western and eastern Anatolia, where the upper mantle is also devoid of large slab seg-
ments. These regions may represent important gaps in the Tethyan subduction. We classify these regions
as the western slab window between the Aegean and Cyprean slabs (currently beneath the Isparta Angle,
the Cyprean-Hellenic intersection) and the eastern window between the paleo-Cyprean and Neo-Tethyan
slabs (currently beneath the eastern Anatolian Plateau).

3. A region of thinned MTZ is observed beneath central Iran that is mainly due to a downward deflection of
the 410-km discontinuity. This implies that local flow of hot material may exist in the upper mantle
beneath this region.

4. Our results suggest that hot lower mantle material is upwelling beneath the Afar depression and then
spreads northward as a channeled flow in the upper mantle beneath the Arabian Shield and Platform.
This channeled flow extends further north beneath Iraq to reach the eastern Turkey. This widespread
channeled flow has important implication for the geodynamic evolution, plate tectonics, and volcanism
in the Arabia-Eurasia collision system.
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