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Abstract

We have constructed a 3-D shear-wave velocity (Vs) model for the crust and uppermost mantle
beneath the Middle East using Rayleigh wave records obtained from ambient-noise cross-
correlations and regional earthquakes. We combined one decade of data collected from 852
permanent and temporary broadband stations in the region to calculate group-velocity dispersion
curves. A compilation of >54000 ray paths provides reliable group-velocity measurements for
periods between 2 and 150 s. Path-averaged group velocities calculated at different periods were

inverted for 2-D group-velocity maps. To overcome the problem of heterogeneous ray coverage,
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we used an adaptive grid parametrization for the group-velocity tomographic inversion. We then
sample the period-dependent group-velocity field at each cell of a predefined grid to generate 1-D
group-velocity dispersion curves, which are subsequently inverted for 1-D Vs models beneath
each cell and combined to approximate the 3-D Vs structure of the area. The Vs model shows
low velocities at shallow depths (5-10 km) beneath the Mesopotamian foredeep, South Caspian

Basin, eastern Mediterranean and the Black Sea, in coincidence with deep sedimentary basins.
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Shallow high-velocity anomalies are observed in regions such as the Arabian Shield, Anatolian
Plateau and Central Iran, which are dominated by widespread magmatic exposures. In the 10-20
km depth range, we find evidence for a band of high velocities (> 4.0 km/s) along the southern
Red Sea and Arabian Shield, indicating the presence of upper mantle rocks. Our 3-D velocity
model exhibits high velocities in the depth range of 30-50 km beneath western Arabia, eastern
Mediterranean, Central Iranian Block, South Caspian Basin and the Black Sea, possibly
indicating a relatively thin crust. In contrast, the Zagros mountain range, the Sanandaj-Sirjan
metamorphic zone in western central Iran, the easternmost Anatolian plateau and Lesser
Caucasus are characterized by low velocities at these depths. Some of these anomalies may be
related to thick crustal roots that support the high topography of these regions. In the upper
mantle depth range, high-velocity anomalies are obtained beneath the Arabian Platform, southern
Zagros, Persian Gulf and the eastern Mediterranean, in contrast to low velocities beneath the Red
Sea, Arabian Shield, Afar depression, eastern Turkey and Lut Block in eastern Iran. Our Vs
model may be used as a new reference crustal model for the Middle East in a broad range of
future studies.

Key Words: Tomography, Crustal imaging, Seismic interferometry, Surface waves and free

oscillations, Structure of the Earth, Crustal structure

1. Introduction

The current tectonic setting of the Middle East was mainly formed during the latest collisional
stage of the Alpine tectonic cycle associated with the Arabia-Eurasia collision (e.g. Allen et al.,
2004). The continued convergence between the Arabian and Eurasian plates is currently
accommodated by thrusting and folding in the sediments, thrust faulting in the basement and
thickening of the lower crust in mountain belts, principally Zagros, Alborz, Kopeh Dagh and
Greater and Lesser Caucasus, as well as by strike-slip motions across the Anatolian and Iranian
Plateaus. Part of the shortening in the Zagros is also accommodated by lithosphere thickening
(Priestley et al., 2012). As the result, the modern tectonic framework of the Middle East is
defined by an assembly of different plate boundary types (Allen et al., 2004; Le Pichon and
Kreemer, 2010; Reilinger and McClusky, 2011). These include: 1) active subduction zones along
the Hellenic and Cyprus trenches in the west and Makran in the east, 2) continental collision

zones: Zagros-Bitlis, Alborz, Kopeh Dagh and Lesser and Greater Caucasus, 3) lithosphere-scale
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strike-slip faults such as the Northern and Eastern Anatolian Fault zones and the Dead-Sea
continental transform fault, and systems of strike-slip faults in eastern Iran, and 4) spreading
centers in the Red Sea and the Gulf of Aden (Figure 1).

The presence of such a broad variety of plate boundaries and tectonic settings provides an ideal
opportunity to investigate the dynamic interaction between these tectonic systems. To this end, a
comprehensive knowledge of the lithospheric structure of the region is essential.

Numerous regional tomography studies have provided information on upper mantle structures
beneath different regions of the Middle East (e.g. Kaviani et al., 2007; Biryol et al., 2011; Salaiin
et al., 2012; Simmons et al., 2015; Portner et al., 2018; Tang et al., 2016, 2018, 2019). However,
because of data access limitations, these studies have often been limited by political boundaries.
In the past few years, crustal structure has been studied in different parts of the Middle-East
region using receiver function analysis and surface-wave tomography (e.g. Zor et al., 2003; Paul
et al., 2006, 2010; Hammond et al., 2011; Vanacore et al., 2013; Delph et al, 2015; Tang et al.,
2018, 2019; Rastgoo et al., 2018; Karabulut et al., 2019). Warren et al. (2013) and Delph et al
(2015) investigated the crustal structure of the Turkish-Anatolian Plateau using ambient-noise
tomography, but their models do not have adequate resolution along the outer limits of the study
area because they only used stations located inside Turkey. Motaghi et al. (2013) carried out the
first ambient-noise tomography of the crustal structure of the Iranian plateau using data from a
sparse array. Their images display large-scale tectonic features of the Iranian Plateau, but with
low resolution due to poor ray coverage. Recently, Movaghari and Doloei (2019) conducted a
Rayleigh-wave phase-velocity tomography based on ambient-noise analysis to investigate the
crustal and upper-mantle structure beneath the Iranian Plateau and Zagros. Their shear-wave
velocity model provides evidence for crustal thickening beneath the Zagros and high-velocity
upper mantle beneath the SE Zagros. However, due to the data coverage limit, their model does
not have sufficient resolution at the boundary regions. Pilia et al. (2020) used a relatively dense
and new passive seismic network in the United Arab Emirates, together with a number of stations
in south-central Iran. By using a sophisticated inversion scheme applied to seismic noise they
were able to image the crust beneath the southeastern Zagros, providing evidence for
underthrusting of the Arabian basement beneath central Iran and 3-D variations in the sediment
cover of the Zagros mountains. Priestley and McKenzie (2013) used long-period surface waves to
provide seismic images of the upper mantle beneath the broader Middle-East region, but their

resolution was not sufficient to delineate features at scales smaller than a few hundred km,

0202 Yatey €0 uo1senb Aq Lzt 2G/6.0eebBI6/c601 01 /10pAoRISqe-aoIe-00ueApE/IB/WOoo dno-olwepeoe//:sdny woly pspeojumoq



particularly in the crust. Kaviani et al. (2015) used an integrated Lg waveform data set to map
attenuation and velocity structure in the crust across the Middle East. However, due to the nature
of the Lg wave, the average crustal models have no depth resolution.

In this study, we aim at providing the first high-resolution crustal shear-wave velocity (Vs) model
of the broader Middle-East region computed with a robust method and homogeneous parameters.
The computed velocity model has potential for a variety of purposes including geological
interpretation, seismic hazard assessment, earthquake location and geodynamic modelling. Due to
the broad extent of the Vs model, we cannot discuss all its outcomes here. Therefore, we focus
our comments on a few regions to either outline differences with other models in well-studied
areas (Anatolia), or discuss the main features of less well-studied areas (Iran and Arabia).
Furthermore, an important missing piece of information about the lithospheric structure in the
Middle East is a comprehensive map of the crustal thickness. Knowledge of crustal thickness
variations is essential for a vast field of studies including seismic hazard assessment and
numerical simulation of lithospheric deformation. A major objective of our study is to provide
such an integrated crustal thickness map for the entire Middle East.

2. Data and methodology

2.1 Data

We conducted surface-wave tomography and inversion for shear-wave velocity to image the
crustal and uppermost mantle structure of the entire Middle-East region. The majority of the
surface-wave dispersion data was obtained by analysis of continuous seismic ambient noise (AN)
collected from 709 broadband stations (blue triangles in Figure 2) operated in the Middle East
over the last two decades. Cross-correlations of long-term background noise records at
simultaneously recording stations yield an estimate of the empirical Green’s function between
station pairs (Lobkis and Weaver, 2001; Campillo and Paul, 2003; Shapiro and Campillo, 2004;
Campillo and Roux, 2014; Boschi and Weemstra, 2015). The analysis and subsequent
tomographic inversion of surface-wave dispersion data derived from ambient-noise cross-
correlation provide a high-resolution image of the lithospheric structure beneath a dense network
of seismometers (Sabra et al. 2005; Shapiro et al. 2005; Bensen et al. 2007). In this study, the
interstation distance for AN analysis varies between 20 and 5000 km. Our raw data covers the
years 1994-2000 and 2007-2015. We follow the standard procedure described by Bensen et al.
(2007) and modified by Boué et al. (2014) to compute the vertical component cross-correlation
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functions (CCF) between all station pairs (for more information see the Supplementary
Information). A gather of computed CCF is shown in Supplementary Figure S1. The final CCF
are exploited as Rayleigh wave records between stations and standard frequency-time analysis
(FTAN) is applied to extract group-velocity dispersion curves. Examples of this analysis are
shown in Supplementary Figure S2.

In regions where continuous seismic noise records were not available, such as Saudi Arabia, we
incorporated dispersion curve data from previous studies to improve ray coverage. We used the
dispersion measurements by Tang et al. (2018, 2019) for Rayleigh waves (periods 8-75s)
observed at 143 permanent broadband stations of the Saudi National Seismic Network (SNSN)
(green triangles in Figure 2) for regional earthquakes (EQ) located inside our study area. The
inclusion of these EQ-based dispersion data dramatically improves the ray coverage across
Arabia (Figure S3).

The two sets of dispersion curves (from AN and EQ) overlap in the period range 8-75s for paths
crossing Saudi Arabia. To avoid biasing the group-velocity maps by multiple measurements
along paths close to each other and to assess the consistency of path-averaged measurements, we
followed a clustering procedure in which all similar paths are clustered to make a single path.

This procedure is explained in detail in the Supplementary Information.

2.2 Surface wave tomography

In order to constrain group-velocity variations at different periods, we construct 2-D group-
velocity maps from our path-averaged measurements. Our algorithm is based on that of Boschi
and Dziewonski (1999). The inversion algorithm is discussed in detail by Lu et al. (2018). As
shown by the examples in Supplementary Figure S3, we are dealing with heterogeneous ray
coverage across the study area. Following previous studies (Schaefer et al., 2011; Auer et al.,
2014; and Lu et al., 2018) we employed the adaptive-cell version of Boschi and Dziewonski’s
(1999) algorithm. In this approach, the cell size in each part of the model space is adjusted
according to the ray density. This helps secure an optimal resolution for each part of the inverted
model depending on ray coverage. After several preliminary tests based on visual inspection, we
selected varying cell sizes of 0.25°, 0.5°, and 1.0°; a few examples of the adaptive cell size maps
are shown in Supplementary Figure S4.

We perform tomographic inversion for periods between 2 and 150 s. At each period, the

inversion is carried out in two steps. We first invert all measured group traveltimes using a high
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damping value to detect incoherent measurements. Then we discard all paths with traveltime
residual (difference between observed traveltime and traveltime predicted from the over-damped
model) higher than 3 times the mean traveltime residual of all paths. Following this procedure,
about 30% of ray paths are discarded as outliers at each period. The second round of group-
velocity tomography is then carried out using the remaining paths. The average group velocity of
all paths at each period is used as the starting model for inversion. In the inversion algorithm, the
trade-off between data fitting and model resolution is controlled by a damping parameter and a
roughness coefficient whose values (0.3 and 0.1) are chosen based on an L-curve test (Hansen,
2001).

To assess the resolution power of the data set and inversion approach, we performed several
synthetic tests using the same raypath configuration as the observational data set. The results of
synthetic tests at several periods are shown in Supplementary Figure S5. These tests reveal that
features as small as 1° can be resolved in most parts of the study area at periods from 10 to 36s,
while features of size 2° are resolved fairly well in the entire period range throughout the study
area. A more detailed description of results of the synthetic tests is given in the Supplementary
material.

In Figure 3, we present group-velocity maps at few selected periods. These maps delineate many
features related to the crustal structure. However, in order to provide more geologically
meaningful interpretations, we invert these group-velocity maps for 3-D shear-wave velocity (Vs)
model. The Vs model is described and discussed in detail in the next sections.

Since we combine two data sets (dispersion curves from ambient-noise (AN) and earthquakes
(EQ)), one important issue about the results shown in Figure 3 is how the inclusion of the EQ-
based dispersion data affects our results. In order to verify this, we show in Figure S6 group
velocity maps (at the same periods shown in Figure 3), which are obtained only using AN-based
dispersion data. The comparison between the group velocity maps shown in Figures 3 and S6
reveals that no significant difference between the results are observed at period range less than 25
sec. The main difference is observed at periods 36-46 sec for the region of the Arabian Shield,
where the inclusion of the EQ-based dispersion data tends to shift the group velocities to higher
values. Since the ray coverage in the case of the combined data set is much better than solely the
AN-based data, we conclude that the inclusion of the EQ-based data helps to suppress the effects

of the low-velocity outliers in these period ranges.
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2.3 Inversion for shear-wave velocity

We adopted a modified version of the algorithm of Lu et al. (2018) to invert group-velocity
dispersion data for depth-dependent models of shear-wave speed (Vs), by extracting dispersion
curves at 0.25° intervals from the group-velocity maps (Figure 3). As shown by the resolution
tests (Supplementary Figure S5), resolution is best at 18 s period. We therefore select a cell for
inversion if the number of rays crossing the cell at 18 s is larger than 50. In addition, the number
of crossing rays at all other periods should be larger than 10.

The 1-D inversion of dispersion curves for Vs was performed in two steps. Examples of this two-
step inversion approach are shown in Supplementary Figure S7 for two cells in Iran and Arabia.
We first followed a Bayesian algorithm to find an optimum 1-D model, which was then used as
starting model for a linearized inversion. Our probabilistic inversion is based on the Bayesian
algorithm introduced by Bodin et al. (2012) and modified by Lu et al. (2018). It is summarized in
the Supplementary Information. In this approach, we first created a library of more than 14
million random models and computed their dispersion curves. The random models have 5 layers
(4 crustal layers over a half space). Shear-wave velocity and thickness of each layer were
randomly changed to generate the set of initial models. The plausible range of variation of
velocity and thickness of each layer was defined using the reference model CRUST1.0 (Laske et
al., 2013) and a priori information from previous studies (e.g. Paul et al., 2006, 2010; Delph et
al., 2015). The P-wave velocity (Vp) and density of each layer were calculated using the
empirical relationships (1) and (9) of Brocher (2005). We use equations (9) and (1) of Brocher
(2005) to calculate, respectively, the Vp (from Vs) and density (from Vp). The ranges of
thickness and Vs variations are given in Table 1. The velocity of the bottom half space was
calculated by random variation around the uppermost mantle velocity of the standard Earth model
IASP91 (Kennett and Engdahl, 1991). The Bayesian inversion was performed for a maximum
period of 100 s.

In the second step, we computed, for each cell, the average of the 1-D models resulted from the
Bayesian inversion and used it as the starting model for the linearized inversion (Herrmann,
2013). The whole range of periods up to 150s was used in the linear inversion. As shown by
Supplementary Figure S7, the lower (mantle) part of the input velocity model is modified by the
linear inversion while the upper (crustal) part changes much less. Finally, the 1-D models

obtained from the two-step inversion of all cells are combined in a quasi-3-D final Vs model.
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3. Results

In this section we present depth slices of our final 3-D Vs model on the scale of the entire study
area (Figure 4). The group-velocity maps shown in Figure 3 correspond to periods that are mostly
sensitive to Vs at the depths shown in Figure 4, in order to outline the correspondence between
the original group-velocity maps and the final Vs model (see sensitivity kernels of the linear

inversion in Supplementary Figure S8).

3.1. Shear wave velocity maps

Our Vs model exhibits slow velocities at shallow depths (down to 15 km) in the regions of thick
sedimentary basins such as the Mesopotamian Foredeep, Persian Gulf, Eastern Mediterranean,
and the Black Sea (Figure 4). High-velocity regions are observed in the shallow crust beneath the
Arabian Shield, the Afar depression, central Iran and parts of the Anatolian Plateau where
magmatic crystalline rocks are present at shallow depths and/or the crust is relatively thin. The
southern Red Sea and Arabian Shield exhibit upper mantle velocities (Vs>4.1 km/s) at a depth of
15 km indicative of a very thin crust. These features also appear in the group velocity maps at
periods of 10-18 s (Figure 3).

At depths around 25 km (corresponding to a period of 25 s, Figure 3), the Vs map shows upper
and mid crustal velocities beneath the Iranian and Anatolian Plateaus, and upper mantle velocities
beneath Afar, the Red Sea, the Gulf of Aden, and the Aegean Sea. A strong low-velocity anomaly
is mapped in the easternmost Mediterranean Sea both in Figure 3 at 8-25 s and Figure 4 at 10-25
km. It could be due to the presence of a very thick sedimentary basin; however, the resolution in
that area is not sufficient to guarantee the reliability of this anomaly.

In the depth range of 35-45 km, we observe upper mantle velocities (Vs>4.1 km/s) beneath the
western and northern Arabian Plate and the Dead Sea, the Aegean Sea, the Black Sea, the
Caspian Sea and Turan Plate. Crustal velocities (Vs<4.0 km/s) are mapped beneath the mountain
belts in Iran and Eastern Turkey, due to their thick crust. The high-velocity region of the Eastern
Mediterranean and northern Arabia has a sharp northern boundary that coincides with the surface
trace of the Cyprus trench and Zagros-Bitlis suture zone. Low velocities are also found in SW
Turkey within the Isparta Angle that could be related to the assumed slab tear.

At depths >45 km most regions are characterized by upper mantle velocities. A NW-SE
elongated low-velocity strip is mapped at 55 and 70 km depth beneath the Iranian-Turkish
plateaus that may be due to crustal thickening. The maps at 45 and 55 km depth reveal that the

0202 Yatey €0 uo1senb Aq Lzt 2G/6.0eebBI6/c601 01 /10pAoRISqe-aoIe-00ueApE/IB/WOoo dno-olwepeoe//:sdny woly pspeojumoq



southern Red Sea has relatively low upper mantle velocities while the northern Red Sea has a
faster upper mantle. The Afar region is characterized by low mantle velocities (3.9-4.0 km/s)
surrounded by regions of low velocities beneath the SE Red Sea, SW Yemen and the
westernmost Gulf of Aden. Cyprus is also characterized by low velocities at 45-55 km, probably
due to its thicker crust than the surrounding Eastern Mediterranean Sea. At depths >70 km
(Figure 4), our Vs model exhibits features that are comparable with the regional tomography
models (e.g. Hansen et al., 2012; Priestley and McKenzie, 2013; Simmons et al., 2015). A wide
region of slow-velocity upper mantle is mapped beneath the Afar depression, southern Red Sea
and SW Arabia that possibly indicates ascending hot material and/or partial melting. Several
high-velocity anomalies are mapped beneath the SE Zagros and Persian Gulf and the stable
cratonic regions of the Eurasian plate. The features mapped at large depths also appear on the
group velocity maps of Figure 3 though long period group velocities are sensitive to a wide depth

range. We will discuss specific parts of our 3-D Vs model in more detail in section 4.

3.2. Moho Map

We extracted a Moho depth map based on the inversion processes for Vs models. We first
extracted a preliminary Moho map during the Bayesian probabilistic inversion. At each cell, we
used the probability for having an interface and searched for the shallowest interface between 10
and 70 km where Vs increases from crustal (Vs< 3.5 km/s) to upper mantle velocity (Vs> 4.1
km/s). The resulting depth map was then visually checked by examining its lateral continuity and
consistency with the velocity boundaries in the final 3-D Vs model. The Moho depth at each cell
was manually corrected if required. In Figure 5, we compare the resulting Moho map with that
from the global reference model CRUST1.0 (Laske et al., 2013). The grid spacing in CRUST1.0
is 1.0°, while it varies between 0.25° and 1.0° in our study. Our Moho map shown in Figure 5a is
resampled at 0.5°. At first glance, the two maps exhibit similarities in large-scale features such as
thick crust beneath mountain belts and easternmost Turkey, and relatively thin crust beneath the
Red Sea, Mediterranean Sea and Black Sea. However, our high-resolution Moho map exhibits
several features that differ significantly from the reference map. For example, a wide area of
thick crust is located beneath the Zagros suture in the CRUST1.0 model. Our model, however,
shows that the crust beneath the Zagros is less than 45 km thick and that crustal thickening
actually occurs within a relatively narrow strip located NE of the suture, in better agreement with

receiver function studies (Paul et al., 2006, 2010). Another contrasting feature is the thinner crust
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beneath the South Caspian Basin (SCB) and Turan plate (< 35 km), which is more than 40 km in
CRUST1.0. Furthermore, CRUST1.0 features a relatively smooth Moho beneath the Anatolian
Plateau while our Moho map has significant local topography and larger depth values. The
thickest crust across the Turkish-Anatolian Plateau is detected beneath the East Anatolian
Accretionary Complex (EAAC) and eastern Caucasus. The Moho in the Dead Sea region has an
average depth of ~30 km, in agreement with previous receiver function analysis (e.g. Mohsen et
al., 2011). The Arabian Plate has relatively thin crust (< 35 km in average) except in the SE part.
The relatively thin crust of the Arabian plate contrasts with the thicker crust beneath the
deforming front of the Platform in the Zagros-Bitlis fold-and-thrust belt. The thinnest crust is
observed along the Red Sea in both models. Our model, however, suggests that a thin (possibly
oceanic?) crust has developed beneath the SE part of the Red Sea while the NW part is still
underlain by a regular continental-type crust. We discuss this observation in more detail in the

following section.

4. Discussion

It is beyond the scope of this paper to discuss in detail the crustal structure of each sub-region.
Therefore, we chose to focus on three sub-regions and discuss the results with respect to the
tectonic setting and in comparison with previous geophysical studies. Since extensive studies
have already been conducted on the crustal and mantle structure of the Turkish-Anatolian
Plateau, we briefly discuss the results in this area by comparison with previous studies. We then
discuss in more detail our results on the crustal structure of the Iranian Plateau and Zagros, and
the Arabian Plate.

4.1 Turkish-Anatolian Plateau

The low velocity at the 8-km depth slice (Figure 4) suggests a relatively thick sedimentary fill in
the Black Sea and a very thick sedimentary basin in the eastern Mediterranean. Apart from a few
small-size sedimentary basins, crystalline rocks constitute most of the shallow upper crust
beneath the Anatolian Plateau. A wide region of low velocities appears in western Anatolia at
depths 15-25 km that suggests a low-velocity mid-lower crust. Figure 4 also shows that eastern
Turkey is overall characterized by a low Vs crustal and uppermost mantle relative to Central
Anatolia in agreement with previous regional seismic tomography (e.g. Biryol et al., 2011;

Salaun et al., 2012; Portner et al., 2018). This can be explained by syn- and post-collisional
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volcanism (Keskin, 2003). The crust in western Anatolia is much slower than in any other region
in Turkey, which is likely a consequence of the extensional tectonics in the region, as it was also
suggested by previous studies (e.g. Delph et al, 2015).

In Figures 6 and S9, we present several vertical slices through the 3-D velocity model across
Anatolia. We also show Moho profiles from our study (solid black lines) in comparison with that
from CRUST1.0 model (dashed black lines) and the recent receiver functions study (solid white
lines) of Karabulut et al. (2019). In Supplementary Figure S10 we present vertical slices through
the 3-D probability density model for the depth of interfaces along the same profiles as in Figures
6 and S9. The deepest high-probability interfaces imaged along the profiles indicate the trace of
the Moho.

Recent ambient-noise tomography studies (Warren et al., 2013; Delph et al, 2015) showed that
the Turkish-Anatolian Plateau is characterized by lateral seismic velocity variations that correlate
with the geological boundaries and suture zones. Our tomography is in general agreement with
these studies, though it provides more details on the deep crust and the Moho topography. In
contrast with Delph et al. (2015), our extensive regional ray coverage allows us to map the shear-
wave velocity beneath the Turkish-Anatolian Plateau and its adjacent areas, such as Black Sea
and the Caucasus in the north, Eastern Mediterranean Sea and Arabian Plate in the south, and
Iranian Plateau and Zagros in the east. For example, the boundary between the Anatolian block
and the Arabian plate that corresponds to the Bitlis suture and the East Anatolian Fault on the
surface (Figure 1) is clearly marked by a sharp velocity change beneath the suture at different
depth levels (Figures 4, 6 and S9). In their inversion of ambient-noise dispersion data to Vs,
Delph et al (2015) used a priori constraints on the crustal thickness from the receiver function
study by Vanacore et al. (2013). Our Bayesian approach, however, allows constraining the Moho
depth directly from dispersion data, independently of any other model.

Our inversion method and uniform data coverage reveal strong lateral changes of the velocity in
the lower crust of the Anatolian Plateau and a rough Moho topography. These strong lateral
variations in Moho depth are visible in the interface probability function (Supplementary Figure
S10). Our Moho map (Figure 5) and vertical slices (Figures 6, S9 and S10) confirm the general
west-to-east deepening of the Moho documented by previous studies (e.g. Zor et al., 2003;
Vanacore et al., 2013; Karabulut et al.,, 2019), but with stronger small-scale topography.
Karabulut et al. (2019) showed that the crust thickens very regularly from west to east beneath

the Anatolian Plateau, which led them to propose that an initially rough Moho topography may
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have been smoothed out by viscous flow in the lower crust. By contrast, our Moho model is

rather irregular.

4.2 Iranian Plateau and Zagros

The Iranian Plateau and Zagros encompass several main structural units including the mountain
belts of Zagros, Alborz and Kopeh Dagh, the Central Iranian block, the Sanandaj-Sirjan
metamorphic zone (SSZ), the Urumieh-Dokhtar magmatic arc (UDMA) and the Makran
subduction zone (Figure 1). The Zagros Fold-and-Thrust Belt (ZFTB) marks the deformational
front on the passive margin of the Arabian Plate. In the ZFTB, 8-13 km thick Phanerozoic
sedimentary sequences cover the underlying pre-Cambrian basement of the Arabian platform (see
Allen et al., 2013 and references therein). The SSZ represents a tectono-magmatic and
metamorphic zone that extends from the Bitlis area in Turkey to the western boundary of the
Makran active subduction zone in SE Iran and is made up mainly of sedimentary and
metamorphic rocks of Paleozoic to Cretaceous age (Stocklin, 1968; Agard et al., 2011). The most
accepted hypothesis is that the SSZ delineates the former active margin of an Iranian microplate
(Berberian and King, 1981). The Main Zagros Thrust (MZT) that separates ZFTB and SSZ is
regarded as the suture zone between the former Arabian passive margin and central Iran (e.g.
Agard et al., 2011, Paul et al., 2006, 2010). The UDMA situated between the SSZ and Central
Iran is a zone of extensive Tertiary magmatic activity, with a record of peak activity in the
Middle Eocene (Berberian and King, 1981).

A strip of low velocity region is mapped at depths > 35 km parallel to the Zagros belt that shifts
toward the NE beneath the SSZ and UDMA at depths ~55 km (Figure 4). This is an indication for
a progressive thickening of the crust toward the NE at the suture between the Arabian Plate and
the Iranian-Turkish plateau. The Moho map of Figure 5 also documents a thick crust (>45 km)
beneath the mountain belts (Zagros, Alborz and Kopeh Dagh) and thinner crust (25-35 km) in
northern Central Iran and southern Caspian Sea.

In Figure 7, we present vertical slices through the 3-D velocity model across the Zagros belt and
the Iranian Plateau, with comparisons of our Moho depth estimates (solid black lines) with
CRUST1.0 model (dashed black lines). Figure 8 shows the same vertical slices through the
interface probability density model. Our model exhibits small-scale Moho topography unresolved
in CRUST1.0. The crustal thickening to the NE of the MZT (profiles 11 to 15) supports the

hypothesis of underthrusting of the Arabian crust beneath Central Iran as proposed by previous
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studies (Paul et al., 2006, 2010; Motaghi et al., 2017a; Mahmoodabadi et al., 2019). Two
interfaces at the base of the sediments and at ~20 km depth are clearly identified in the velocity
and interface probability density slices (Figures 7 and 8). The middle and lower crust beneath the
Zagros exhibit relatively lower velocities than Central Iran and the undeformed parts of the
Arabian Platform. This difference may result from stronger deformation of the Zagros crust due
to continental collision, although a compositional difference cannot be ruled out.

In the depth range of 35-45 km (Figure 4), upper mantle velocities appear beneath the
Mesopotamian Foredeep, indicative of a relatively thin crust. Vertical cross-sections 12-14
(Figures 7 and 8) also display this Moho uplift beneath the Mesopotamian Foredeep and Persian
Gulf that contrasts with the NE deepening of the Moho beneath the Zagros and SSZ. This large-
scale undulation of the Moho may support the flexural bending model proposed by Pirouz et al.
(2017).

The uppermost mantle beneath the SSZ, UDMA, Central Iran and Alborz is overall marked by
lower velocities than Zagros and Turan plate (Figure 4). Previous studies (e.g. Kaviani et al.,
2007, Motaghi et al., 2015; Mahmoodabadi et al., 2019) suggest that this velocity contrast can be
observed down to a depth of 250 km. A high-velocity uppermost mantle is mapped beneath the
southern Zagros and Persian Gulf (slices 70-90 km in Figure 4; profiles 14 and 15, Figure 7).
Maggi and Priestley (2005) and Kaviani et al. (2007) also imaged a high-velocity region in the
upper mantle beneath the Central Zagros that was later defined as the “Zagros Core” by Priestley
et al. (2012). Our images suggest that this high velocity anomaly is likely located only beneath
the Persian Gulf and southern Zagros.

To the north, our velocity maps (Figure 4) and vertical cross-sections (C1, 11, 12, Figures 7 and 8)
suggest that the crust beneath the Alborz is on average thinner than 45 km. The Alborz mountain
belt separates the relatively stable South Caspian Basin (SCB) in the north from the Central
Iranian Block in the south (Allen et al., 2004). Despite its high relief, the Alborz mountain belt
shows no evidence for a thick crustal root. Our velocity model also suggests that the SCB has a
relatively thin (less than 40 km) and relatively low-velocity crust that lies over a high-velocity
upper mantle (Figure 4 and profile C in Figure 7). The SCB is taken as an aseismic and possibly
rigid block surrounded by actively deforming belts (Jackson et al., 2002; Allen et al., 2003;
2004). In a broader prospect, the SCB also comprises the Kura basin to the west and the western
Turkmenian depression to the east. Figure 4 shows that the velocity anomalies of the SCB crust

extend beneath the Kura basin to the west and Turkmenian depression to the east, but they have
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sharp lateral boundaries with the Alborz and Talesh at all depths. The values of the absolute shear
velocities suggest that the top few kilometers of the SCB crust are likely formed by
unconsolidated Quaternary sediments that merge to more consolidated and crystalline rocks at a
depth of ~20 km. The lower crust beneath the SCB exhibits low velocities probably indicating a
felsic (granitic) composition. Previous studies (Zonenshain and Le Pichon, 1986; Mangino and
Priestley, 1998; Knapp, et al., 2004) suggest that a “basaltic” layer could be present beneath the
proposed “granitic” layer. If this “basaltic” layer exists, it is probably too thin to be detected by
the surface waves used in this study.

Farther to the NE, the vertical cross-sections 13, 14 and 16 (Figures 7 and 8) show that the crust is
relatively thin (<40 km) beneath north Central Iran and that it thickens northward to ~45 km over
a wide region beneath the Kopeh Dagh and Binalud mountains. Farther NE, the crust becomes as
thin as 30 km beneath the Turan Plate. Interestingly, the sharp NE limit of the Kopeh Dagh
Mountains on the surface coincides with the steep gradient in Moho depth (Figures 5, 7 and 8).
The Kopeh Dagh Mountains in NE Iran form an NW-SE trending fold-and-thrust belt between
Central Iran and the stable Turan (Turkmenistan) Platform of Eurasia (Shabanian et al., 2009).
Structurally, the crust of the Kopeh Dagh belongs to the Turan platform (Alavi 1996). The
Binalud Mountains to the south of Kopeh Dagh mark the northeastern margin of Central Iran and
the suture with Kopeh Dagh (Eurasia; Alavi 1992, 1996). Our Vs model suggests that the present-
day lithosphere structure beneath the Kopeh Dagh is distinct from the Turan plate and exhibits
more similarities with the central Iranian lithosphere.

Our velocity maps and vertical slices (Figure 4; profiles 15 and 16 in Figure 7) show a low-
velocity uppermost mantle (Vs<4.1 km/s) beneath the Lut block in eastern Iran. The Lut block
acts as a rigid block bounded by strike-slip fault systems (Jackson and McKenzie, 1984;
Berberian, 2005; Jackson et al., 2006; Javadi et al., 2015). The location of velocity contrasts
coincide with the surface expression of the major strike-slip faults such as Doruneh fault that
marks the boundary between the Lut Block and northern Central Iran and Kopeh Dagh (Javadi et
al., 2015). The rather low velocities immediately beneath the crust in our images may also
suggest that the upper mantle beneath the Lut Block is overall hotter than the surrounding
regions.

The Makran Subduction Zone (MSZ) , which extends from southeast Iran to southern Pakistan,
includes an accretionary wedge where the Tethys oceanic lithosphere connected to the Arabian

plate is subducting beneath the Eurasian Plate (e.g. Farhoudi and Karig 1977; Sengor et al. 1988;
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Byrne et al. 1992). In the crustal depth range (<40 km), our model suggests very low velocities to
20 km depth beneath the Makran, which are likely related to thick Cenozoic turbidites and
younger Quaternary detrital sediments filling the accretionary wedge (Burg, 2018). The Moho
depth is ~40 km beneath the coast line increasing northward to ~50 km beneath the Lut block
(profiles 16 and 17, Figure 7). Our model does not have sufficient resolution to constrain the

geometry of the subducting slab in the Makran.

4.3 Arabian Plate, the Red Sea and Afar depression

The Arabian Plate consists of two major domains: the Arabian Shield in the west and the Arabian
Platform in the east. The boundary at the surface is locally identified along the remnants of the
Late Proterozoic orogen (Stoeser & Camp 1985). The crust of the Arabian Shield is composed
primarily of several tectonostratigraphic terranes that were accreted during the Neoproterozoic
(Stoeser & Camp 1985; Camp & Roobol, 1992; Johnson and Woldehaimanot, 2003). The
Precambrian basement rocks are exposed at the surface in the Arabian Shield with virtually no
sedimentary cover. The crust of the Arabian Shield was also affected by Cenozoic volcanism and
uplift. The Cenozoic volcanism is mostly flood basalts, which likely have a causal link to the
rifting processes in the Red Sea and Afar (Coleman and McGuire, 1988). In the Arabian
Platform, however, a thick succession of Phanerozoic sedimentary rocks covers the Precambrian
basement. The sedimentary cover in the Arabian Platform gradually thickens eastward and
reaches more than 10 km thickness beneath the Mesopotamian Foredeep and Persian Gulf (Seber
1997).

Our velocity maps and vertical slices (Figures 4, 9 and S11) suggest that on average the Arabian
Shield has higher crustal seismic velocities than the Arabian Platform, in agreement with
previous studies (Hansen et al., 2007, 2008; Chang and Van der Lee, 2011; Tang et al., 2016,
2018, 2019). The velocity map at 8-km depth (Figure 4) exhibits high velocities beneath the
Arabian Shield and Afar depression where magmatic crystalline rocks are exposed at shallow
depths. At ~15 km, a wide region of very high velocities (Vs>4.0 km/s) is mapped beneath the
southeastern Red Sea, the western Arabian Shield and the Gulf of Aden, which may indicate the
presence of mantle rocks at shallow depths. This high-velocity layer is imaged from a high-
velocity peak in the group-velocity dispersion curves (see example shown in Figure S7). Our
verification with the AN-based and EQ-based dispersion data (Figures 3 and S6) indicates that

this layer is a robust feature in our model. We suggest that the presence of such a shallow high-
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velocity layer beneath the Arabian Shield is the result of lateral spreading of mantle material
coming up beneath the Red Sea. At 25-km depth, the high velocity anomaly is confined to the SE
Red Sea, while the other regions of western Arabia and northwest Red Sea exhibit low velocities
(3.5<Vs<4 km/s). Our velocity model generally suggests that northern and western Arabia and
the Dead Sea region have structural similarities with the Arabian Shield. For example, the 35-km
depth map (Figure 4) shows that all these regions exhibit mantle velocities at this depth, while
further east the Arabian Platform has crustal velocities (Vs<4.0 km/s). The northern boundary of
the Arabian Plate with the Turkish-Anatolian Plateau across the Bitlis suture zone is marked by
strong velocity contrasts at all depths (depths slices 15-70 km, Figure 4). In addition, our model
shows that the crustal structure beneath the Arabian Shield and Red Sea is more complex than
previously thought. Previous seismic imaging studies (e.g. Rodgers et al., 1999; Tkalci¢ et al.,
2006; Park et al., 2007, 2008; Hansen et al., 2007, 2008; Chang and Van der Lee, 2011; Tang et
al., 2016, 2018, 2019) suggested that the crust thickens rapidly eastward from less than 25 km
beneath the western Arabian Shield and Red Sea to 40-45 km beneath the central region of the
Arabian Shield. In contrast, our Vs model reveals a very complex crustal structure beneath the
Red Sea and Arabian Shield, so that the Moho can hardly be identified (Figures 9, S11 and S12).

4.3.1 Widespread regional mantle flow beneath Afar, Red Sea, W. Arabia

At depths >55 km (Figure 4), a low-velocity anomaly is mapped beneath the SE Red Sea that
extends laterally at 70-km depth to cover the Afar depression, Red Sea, south and SW Arabia. At
greater depths (90 km), this widespread low-velocity region extends northward and likely
connects to the low-velocity region beneath eastern Turkey. Previous global and regional seismic
tomography studies (e.g. Ritsema and Allen, 2003; Bastow et al., 2008; Hansen et al., 2012;
Hammond et al., 2013) suggest that the broad low-velocity region in the upper mantle beneath
eastern Africa, Afar, and western Arabia likely results from shallow decompression melting and
northeastward flow of the African superplume material. Our model also shows a broad low-
velocity region in the uppermost mantle beneath the southern Red Sea and Arabia Shield that
might be related to the wider mantle upwelling beneath Afar. Our model also favors the
hypothesis of a northward channeled flow in the uppermost mantle beneath the western Arabian
Shield that was also proposed by previous studies (e.g. Park et al., 2007, 2008; Hansen et al.,
2007, 2008, 2012; Chang and Van der Lee, 2011; Tang et al., 2016, 2018, 2019; Kaviani et al.

2018). Petrological studies of Cenozoic rocks in the Arabian Shield (Duncan et al., 2016; Downs
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et al., 2018) also support the hypothesis of a northward mantle flow. This possible northward
flow of the upwelled material affects not only the upper mantle but also the crustal structure
beneath the Red Sea and Arabian Shield. One important question that seismic tomography studies
have attempted to address is the mechanism of emplacement of Cenozoic volcanism in the
Arabian Shield (Hansen et al., 2007, 2008; Chang and Van der Lee, 2011; Koulakov et al., 2016;
Yao et al., 2017; Tang et al., 2016, 2018, 2019). Tang et al., (2019) and Koulakov et al., (2015)
argue that the crustal low-velocity zones imaged beneath the western Arabian Shield may reflect
weakened zones in the crust caused by magma ascent rather than significant partial melt or
steady-state crustal reservoir. We also propose that instead of being from large-scale crustal
magma chambers, the magma intrusion beneath the Arabian shield is mainly sourced from the
large-scale mantle flow as suggested above.

4.3.2 Different structures in northern and southern Red Sea?

The velocity maps of Figure 4 reveal that the southern (12°N-21°N) and northern (> 21°N) parts
of the Red Sea exhibit very different characteristics in terms of crustal and upper mantle
structure. At shallow depths (10-20 km), the southern Red Sea shows higher Vs than the northern
Red Sea. The shallow high-velocity layer of the southern Red Sea extends eastward beneath the
Arabian Shield rather than along the Red Sea. At depths below ~35 km, the situation is opposite,
with lower velocities beneath the southern Red Sea than beneath the northern Red Sea (Figures 4,
9 and S11). The upper boundary of the low-velocity zone is marked by a negative velocity
gradient as indicated by red color in the interface probability sections (Supplementary Figure
S12). Our Vs model suggests a transition from a mostly continental crust in the northern Red Sea
to an oceanic crust in the southern Red Sea. Recent geophysical and offshore drilling data also
highlight this structural difference between the northern and southern segments of the Red Sea
(Mitchell and Park, 2014; Bonatti et al., 2015). These observations suggest that the crust beneath
the northern Red Sea is likely undergoing late stages of continental rifting, while southern Red
Sea is in a stage of sea floor spreading.

The driving force for the rifting and sea floor spreading in the Red Sea has long been a subject of
debate. Two end-member mechanisms are proposed: passive and active rifting. In passive rifting
model, spreading is driven by far-field forces such as slab pull from Zagros subduction
(Koulakov et al., 2016; Yao et al., 2017). In active rifting model, spreading is driven by local

mantle upwelling (e.g. Hansen et al., 2007). Koulakov et al. (2016) suggested passive rifting
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because they observed a high P-wave velocity anomaly in the upper mantle beneath the Red Sea.
Their velocity anomaly is mainly located beneath the central part of the Red Sea. A thick low-
velocity zone is mapped in our images beneath southwestern Yemen (NE of the Bab el Mandeb
Strait) that extends down to a depth of ~60 km, where is likely the location of active partial
melting and magma generation. In connection to the wider mantle flow at greater depths, it seems
that active mantle upwelling is confined to the southern Red Sea. Based on these observations,
we hypothesize that active mantle upwelling is the main contributor to sea floor spreading in the
southern Red Sea. GPS observations (e.g. ArRajehi et al., 2010) also suggest a faster extension
rate in the southern than in the northern Red Sea, in support of an active rifting in the southern
Red Sea. In the northern Red Sea, passive rifting appears to be the dominant mechanism and
mantle upwelling has a secondary role. The rift axis in the NW seems to be shifted to the eastern
flank of the Red Sea and beneath the western margin of the Arabian Shield rather than centered at

the Red Sea ridge as was also suggested by Chang et al. (2013).

5. Conclusions

We used an integrated data set and a robust inversion approach to construct a 3-D shear-wave
velocity (Vs) model for the broader region of the Middle East. Our tomographic images of crustal
and upper mantle velocity structure cover the region from western Turkey to eastern Iran in the
EW direction and from Afar depression to Caucasus Mountains in the NS direction. Our model
provides relatively high-resolution images of various tectonic units constituting the crustal
structure of the Middle East and reveals the transitions, both laterally and vertically, between
these crustal units.

The crustal and uppermost mantle structure beneath the Anatolian Plateau and eastern Turkey
concurs with the main features shown by previous studies. The extent of the low-velocity crust
beneath the western Anatolian Plateau, likely related to the extensional tectonics of the region,
and the low-velocity uppermost mantle beneath eastern Turkey are very well resolved in our
model. The Moho exhibits local-scale topography beneath western Anatolia; a point that should
be taken into consideration in future studies.

Our velocity model provides relatively high-resolution images of the crustal and uppermost
mantle structure beneath the Iranian Plateau and Zagros. It delineates along-strike variation of the
crustal structure beneath the Zagros, which can be indicative of different stages of crustal

thickening. Furthermore, we observe evidence for under-thrusting of the Arabian crust beneath
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Central Iran, with varying structure along the suture line. The crust beneath Central Iran is
relatively thin (less than 40 km). Our velocity model also suggests that a crustal root is lacking
beneath the Alborz mountains in northern Iran. In eastern Iran, we image a relatively low-
velocity uppermost mantle beneath the Lut Block, which could indicate a hot upper mantle but it
requires higher resolution imaging to be confirmed.

The velocity model also provides relatively high-resolution images of the crustal structure
beneath the Arabian Platform and Shield, Red Sea and Afar. These images suggest that while the
crust beneath the SE Red Sea exhibits oceanic characteristics, the crust beneath the NW part
seems to have a continental affinity. A relatively high-velocity layer is present extensively at the
mid-crustal depths beneath the Arabian Shield that likely originates from the mantle material
upwelling beneath the central ridge of the Red Sea and spreading to the east and NE beneath the
Shield. The Cenozoic magmatic activity in the Arabian Shield may be sourced from the hot
material flowing beneath the Shield at different depth levels.

Our integrated 3-D Vs model and crustal thickness map of the Middle East provide a foundation
for future studies in different disciplines including local crustal studies, earthquakes location and
seismic hazard assessment, and first order constraints for geodynamic modeling. The digital
Moho map is provided as Supplementary material for future references. The 3-D Vs model is
made available online through the IRIS (Incorporated Research Institutions for Seismology)
Earth Model Collaboration (IRIS DMC, 2011) (http://ds.iris.edu/ds/products/emc-earthmodels/)
with the label Midd_East Crust_1.
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Figure 1. Major tectonic features of the Middle East superimposed on a topographic map. Red
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triangles show locations of Quaternary volcanism. Thick black arrows show the direction of
motion relative to Eurasia. EAAC: East Anatolian Accretionary Complex; CAP: Central
Anatolian Plateau; WAP: Western Anatolian Province; NAF: Northern Anatolian Fault; EAF:
Eastern Anatolian Fault; PON: Pontides; ATB, Anatolide-Tauride Block; ISP: Isparta Angle;
DSF: Dead Sea Fault, SSZ: Sanandaj-Sirjan Zone, UDMA: Urumieh-Dokhtar Magmatic Arc, L.
Caucasus and G. Caucasus for Lesser and Greater Caucasus, respectively.(after Okay & Tuysiiz
1999; Pourteau et al., 2010, van Hinsbergen, and Schmid, 2012).

020z U2IBIN €0 U0 158NnB Aq L Z1E1.6/G.08866/IB/2601 01/10p/A0BISqE-00ILE-90UBAPE/IIB/WL0D N0 DILIBPEDE)/:SANY WO} POPEOIUMOQ



Broad—Band stations used in this study

50°N — — ‘

25°N
20°N +-
15°N
w AN Stations !
10°N A v EQ Stations -

= — : —/ ‘ ' T T T
25°'E 30°E 35°E 40°E 45°E S0°E S55'E 60°E 65E 70°E

Figure 2. Location map of stations used in this study. Blue triangles are stations used in ambient-

noise analysis (AN). Green triangles indicate stations in Arabia providing surface-wave
dispersion data from regional earthquake waveforms (EQ).
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Group velocity map at 10 Sec
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Figure 3. Examples of group-velocity maps at representative periods of 10, 18, 25, 36, 46, 55, 60
and 80 s. According to the sensitivity kernels of Figure S8, the group velocity at these periods is
representative of Vs at depths 8, 15, 25, 35, 45, 55, 70 and 90 km, respectively. We only show
regions with more than 10 raypaths per cell, and we masked out the unresolved regions based on

the synthetic tests (Figure S5).
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Figure 4. Examples of shear-wave velocity maps at depths 8, 15, 25, 35, 45, 55, 70 and 90 km
covering the whole Middle East. Note that color scale changes for each map to enhance lateral

velocity contrasts.



a) Moho depth map this study b) Moho depth map CRUST1.0
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Figure 5. Comparison of the Moho depth map obtained in this study with the Moho map from
CRUST1.0 (see text for definition of Moho).
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Figure 6. Vertical slices of shear-wave velocity along profiles T1-T3 across Anatolia. The solid
and dashed black lines indicate Moho depth from this study and CRUST1.0, respectively. The
Moho obtained in the receiver function study of Karabulut et al. (2019) is also shown as a dashed

white line for comparison. Vertical exaggeration: 3. Additional sections are shown in Figure S9.
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Figure 7. Vertical slices in the Vs model along profiles 11-17 and C1 across the Iranian Plateau,
Zagros and Caspian Sea. The solid and dashed black lines indicate the Moho depth from this
study and CRUSTL1.0, respectively. Vertical exaggeration: 3.
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Figure 8. Vertical slices of interface probability density across the Iranian Plateau and Zagros
along the same profiles as in Figure 7. The color scale of the vertical slices indicates the
probability of occurrence of a layer boundary at a given depth. The blue color indicates
boundaries of low-to-high velocity from surface to depth. The red color indicates a reverse-

velocity gradient, i.e. the top of a low-velocity layer.
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Figure 9. Same as Figure 7 for profiles A2, A4, A5, and A6 across the Arabian Plate, Red Sea
and Afar.
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Table 1: Range of variations in the thickness and velocity in each layer of the initial random
models.

Layer Thickness (km) Vs (km/s)

Sediments 1-10 1.0-2.9

Crust 1 2-30 2.3-3.7

Crust 2 5-30 2.6-3.5

Crust 3 10-30 3.4-4.0

Uppermost Mantle 0.8-1.2 times of the IASP91 velocity
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