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Abstract High-resolution seismic images are essential to gain insights into tectonic and geodynamical
processes and assess seismic hazards. We constructed a P-wave model, MEPT (Middle East P-wave Travel-
time), of the upper mantle beneath the Middle East and the surrounding region, which has a complex tec-
tonicand geological history embodying various plate boundaries such as spreading ridges, subduction, suture
zones, and strike-slip faults causing destructive earthquakes, specifically in Iran, Caucasus and Anatolia, and
active volcanism. We use data from the ISC-EHB bulletin and onset-time readings of first-arrival P waves from

waveforms recorded in the Arabian Peninsula. The additional onset-time readings from the regional waveform Received:

data significantly improve the resolution of the structure underneath the Arabian Peninsula, clearly indicating 3 Apr'l2024
the boundary between the Arabian platform and the Arabian shield down to about 300 km depth, highlighted 17 A\pnlpz’o(zs
by slow and fast wavespeed perturbations in the upper mantle. Consistent with previous studies, we observe Published:
the Arabian-Eurasian collision, the Red Sea rifting, the Hellenic Arc, and low-velocity anomalies beneath the 23 June 2025

lithosphere of the Red Sea and the west of the Arabian shield. Our model supports the connection of the slow
wavespeed anomalies in the lithosphere along the Red Sea to the Afar plume and shows evidence for smaller

mantle upwellings underneath the Arabian plate and Jordan.

1 Introduction

The Middle East and the surrounding region, including
Anatolia and the Caucasus, are forged by the amalga-
mation of different geological units and actively evolve
through various plate boundaries and fault systems
(Fig. 1). The GPS studies show ~ 20 — 30 mm/year coun-
terclockwise rotation of the Arabian plate and its adjoin-
ing areas of Iran, Turkey, the Aegean Sea, and the Pelo-
ponnese Peninsula with respect to the Eurasian plate,
explaining the deformation related to the continental
interaction of the African, Arabian and Eurasian plates
(e.g., McClusky et al., 2000; Reilinger et al., 2006; Le Pi-
chon and Kreemer, 2010; Viltres et al., 2022). The Bitlis-
Zagros suture zone is one of the most remarkable tec-
tonic features related to the collision after the closing
of the Tethys Ocean. This broad rotational movement
is accompanied by the subduction along the Hellenic-
Cyprus trench system in the Mediterranean, the crustal
spreading at the Eastern African rift system, and the
ocean-floor spreading at the Red Sea and Gulf of Aden
rift systems. The slab rollback (e.g., Bozkurt, 2001; Ring
et al., 2010) along the Hellenic Arc facilitates the ex-
tensional regime at Aegean and Western Anatolia. The
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compressional forces deriving from the collision of the
Arabian plate on the East associated with the closing of
the Neo-Tethys ocean (e.g., Agard et al., 2005; Hatzfeld
and Molnar, 2010) influences active dynamics of the
strike-slip North and East Anatolian faults resulting in
westward escape and the counterclockwise rotational
movement of the Anatolian plate (e.g., Sengor et al.,
1985; Reilinger et al., 2006; Sonder and England, 1989;
Rovden, 1993).

The Arabian shield borders with the Red Sea on the
East, one of the very slow-spreading centers on Earth
whose tectonic structure is still actively debated. One
of the main challenges of the geophysical data from the
Red Sea (e.g., seismic, gravity, magnetic) is the thick
sediment layer and the salt bodies, which complicate
measurements and make the observation of ridge sig-
nature and mapping transform faults difficult (e.g., Au-
gustin et al., 2021; Parisi et al., 2024). While some stud-
ies suggest that the Red Sea might still be in the tran-
sition between continental rifting to oceanic spreading
(e.g., Bonatti, 1985; Schettino et al., 2016; Artemieva
et al., 2022), although there is no consensus on the age,
there is evidence from geophysical data that the Red Sea
completed its rifting phase becoming a mature oceanic
basin 5-13 million years ago (e.g., Augustin et al., 2021).
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Some models of the Red Sea suggest the oceanic crust
was created all the way from the South to the Sinai
(e.g., Augustin et al., 2021; Delaunay et al., 2024) while
the spreading along the ridge is more on the southern
part with limited extension to the north (e.g., Coleman
and McGuire, 1988; Almalki et al., 2015). The evolu-
tion of the Red Sea is also crucial to understanding the
volcanism in the Arabian Peninsula and its surround-
ings. Within the same context, the cause of the rift-
ing on the Red Sea is the subject of debate. Strains
can be caused by several candidate forces active today:
the rotation of the Arabian plate, its possible subduc-
tion underneath Zagros, or changes in the plate mo-
tion after subduction of the Neo-Tethys slowed down
in the Western Mediterranean (Reilinger and McClusky,
2011). Rifting might be caused by mantle upwelling of
which the origin is also uncertain, such as the connec-
tion to the Afar plume with a deeper upwelling (e.g.,
Montelli et al., 2004) or its connection with Neogene vol-
canism from a mantle plume beneath Jordan (Chang
and Van der Lee, 2011) and with collision-related vol-
canism as far north as Turkey (Sen et al., 2004). Khrepy
etal. (2021), using data from the Egyptian and Saudi net-
works, suggest the Harrats (basaltic fields) may be fed
from a plume-like feature.

The interaction of multiple plates driven by major
boundary types (i.e., transform, subduction, divergent,
collision) makes the area, extending from Anatolia to
the Caucasus to Iran, one of the most seismically haz-
ardous regions on Earth with frequent and devastat-
ing earthquakes (e.g., Giardini et al., 1993; Shedlock
et al., 2000). Seismicity (e.g., Nissen et al., 2011, 2014),
seismic hazard assessment (e.g., Giardini et al., 2018;
Kiuchi et al., 2019) and regional source mechanisms
and locations (e.g., Adams et al., 2009; Gok et al., 2016;
Karasozen et al., 2016, 2019; Chiang et al., 2021) provide
the foundation for arranging strategic means of miti-
gating earthquake-related damage. However, the char-
acterization of seismic sources along complex tectonic
boundaries, such as the Hellenic trench system and Za-
gros suture belt, has shown to be challenging and prone
to large uncertainties (e.g., Engdahl et al., 2006; Braun-
miller and Nabélek, 1996; Braunmiller et al., 2002)
due to the uncertainties in structural models. There-
fore, higher-resolution crustal and upper-mantle seis-
mic models of the subduction/rifting history embedded
within the lithosphere are crucial to reducing uncer-
tainties in source mechanism estimates and improving
our depiction of the behavior of conglomerate fault sys-
tems in the region.

The seismic activity in the study region is also com-
plemented by active volcanism. The Harrats, located
west of the Arabian plate, is the largest lava field in the
area. Yet, their origin is still an ongoing debate simi-
lar to the opening of the Red Sea discussed above (e.g.,
Ball et al., 2023). The proximity of Harrats to the Red
Sea and their alignment is one of the potential explana-
tions for their origin related to the rifting process. One
of the main theories on the cause of rifting is the Afar
plume, which coincides with the Cenozoic magmatism
in East Africa. The volcanic provinces on the western
Arabian plate and in the northwest at Jordan are gener-
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ally explained by the channelization of the Afar plume
northward along the Red Sea (e.g. Camp and Roobol,
2006; Duncan et al., 2016) or smaller regional mantle
plumes underneath the Arabian plate and Jordan (e.g.,
Weinstein et al., 2006; Chang and Van der Lee, 2011)
and a sheet of mantle upwelling along the Red Sea con-
nected to the Afar plume (e.g., McKenzie, 2020). An-
other theory is also related to the melting due to the de-
compression generated by the lithospheric thinning in
response to the rifting of the Red Sea (e.g., Sanfilippo
et al., 2019). The volcanic fields have been associated
with scattered occurrences of earthquake swarms (e.g.,
Pallister et al., 2010; Mukhopadhyay et al., 2013) and
about 21 known volcanic eruptions over the last 1, 500
years (Camp et al., 1987). The last eruption in the south-
ern section of the Arabian shield was in 1937 in Yemen,
while that in the northern section was in 1256 AD in
northwest Saudi Arabia (Camp et al., 1987). Under-
standing source characteristics of smaller magnitude
events, such as the 2009 earthquake swarms in the vol-
canic fields in the northwest of Saudi Arabia (e.g., Chi-
ang etal., 2021), and rifting dynamics in the upper man-
tle beneath the Red Sea region is also necessary to bet-
ter assess the geodynamics of the driving mechanisms
leading to episodic magma intrusions of the region (e.g.,
Civilini et al., 2019).

One of the main concerns for seismic source char-
acterization for earthquakes and any other seismic
sources in the region is the 3D effect of complex ge-
ological structures such as the East Anatolian-Zagros
plateau that is abundant with active faults, volcan-
ism, and highly variable topographic structures (e.g.,
Tavakoli and Ghafory-Ashtiany, 1999; Pasyanos et al.,
2001, 2021) on seismic wave propagation. Detailed seis-
mic models of the lithosphere and the upper mantle
are essential to understanding the evolution and dy-
namics of closely related multi-plate movement within
the Middle East from a perspective of geological inter-
est and provide a solid basis for tectonic-related hazard
risk assessments. Global seismic tomographic models,
based on body waves (e.g., Bijwaard et al., 1998), sur-
face waves (e.g., Trampert et al., 2004), S and surface-
wave waveforms (e.g., Li and Romanowicz, 1996; Scha-
effer and Lebedev, 2013), a combination of multiple
data sets (e.g., Ritsema et al., 2011) and recent adjoint
waveform models (e.g., Lei et al., 2020) are overall com-
patible to explain the general large-scale tectonics of
the region regardless of data types or inversion strate-
gies. Regionally focused tomographic studies have been
able to address finer structures such as the Zagros colli-
sion zone (e.g., Maggi and Priestley, 2005; Kaviani et al.,
2007; Simmons et al., 2012; Wei et al., 2019), the struc-
ture beneath Anatolia (e.g., Al-Lazki et al., 2004; Zhu
etal., 2012), the Red Sea rifting connected to the Arabian
shield (Chang and Van der Lee, 2011; Park et al., 2008;
Kaviani et al., 2020) and the Arabian platform basement
which is covered by thick sediments (e.g., Gok et al.,
2007).

Imaging the subsurface beneath the Middle East at
the continental scale is challenging because of the un-
evenly distributed source and stations and sparse data
coverage, mainly in the Arabian Peninsula. Recent
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Figure 1 Topographic map of the study region with major tectonic units. NAF: North Anatolian Fault, EAF: East Anatolian
Fault, DSF: Dead Sea Fault, H. Arc: Hellenic Arc, C. Arc: Cyprus Arc. Black arrows denote GPS velocities relative to Eurasia
(Reilinger et al., 2006). Red lines indicate plate boundaries (Bird, 2003) and the boundary between the Arabian shield and the
Arabian platform (Mokhtar and Al-Saeed, 1994). The scale for GPS vectors is shown on the bottom left.

studies in the region have taken advantage of the in-
creasing amount of seismic data throughout the region
and provide higher resolution tomographic images us-
ing regional body and surface waves to investigate the
lithospheric structure and tectonic evolution (e.g., Al-
Damegh et al., 2004; Tkalcic¢ et al., 2006; Hansen et al.,
2007, 2008; Tang et al., 2016, 2018, 2019; Kim et al., 2023;
Kaviani et al., 2020; Pasyanos et al., 2021; Lim et al.,
2020; Celli et al., 2020). The regional models for the Ara-
bian Peninsula typically focus on the shear-wavespeed
models where surface waves can complement S waves
to improve the coverage (i.e., Chang et al., 2012). Chang
et al. (2012) then constructed a P-wavespeed model de-
rived from their S-wavespeed model by using the scaling
relationships between P and S waves. Celli et al. (2020)
jointly inverted P and S wavespeeds in a surface-wave to-
mography study of the African continent, including the
Middle East, which imaged the long-wavelength struc-
ture of our study region. Other long-wavelength P-
wavespeed models of the region are coming from global
traveltime (e.g., Simmons et al., 2021) and global adjoint

models, where P and S wavespeed models are jointly in-
verted (e.g., Bozdag et al., 2016; Lei et al., 2020). Anato-
lian structure was inverted as part of the European to-
mographic studies (e.g., Zhu et al., 2012) and a recent
adjoint tomography model of the Middle East region by
Rodgersetal. (e.g., 2024) or separately based on teleseis-
mic P-wave tomography (e.g., Biryol et al., 2011). Nev-
ertheless, the P-wave resolution is still an ongoing chal-
lenge in seismic tomography, which is exacerbated by
the sparse data coverage and limited surface-wave con-
tribution compared to S-wave models.

In this study, we present the P-wave model MEPT
(Middle East P-wave Traveltime) of the Middle East and
the surrounding region, performing an arrival-time to-
mography with an improved data coverage based on
the ISC-EHB Bulletin (Engdahl et al., 2020) published
by the International Seismological Centre and hereafter
referred to as “ISC” (International Seismological Cen-
tre, 2020) and onset-time readings of the first-arrival P
waveforms of regional earthquakes recorded in the Ara-
bian Peninsula. Our ISC data involves more recent and
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Figure2 Distribution of the number of P-wave arrival-time readings per event from the ISC catalog (left) and the correspond-
ing 300,513 great-circle ray paths (right) used in this study. The red box on the right map shows the study region.

well-located arrival times, including teleseismic events,
within the period range of 1990 — 2016 compared to ear-
lier P-wave models of the region by, for instance, Sand-
vol et al. (1998); Al-Lazki et al. (2004); Park et al. (2007);
Simmons et al. (2012); Wei et al. (2019). Following stud-
ies such as Chang and Van der Lee (2011), which com-
bine S-wave ISC arrival times with those from S wave-
forms to enhance images of the upper mantle beneath
the western side of the Middle East, in this study, we
combine P-wave arrival times from the ISC catalog with
the onset-time readings of the first-arrival P waveforms
recorded by the seismic stations operated by the Saudi
Geological Survey (SGS). A part of the SGS stations (i.e.,
the Saudi National Seismic Network, SNSN) was also
used in some previous studies (i.e., Khrepy et al., 2021;
Hansen et al., 2008).

The paper is structured as follows. We first give brief
information about the data from the ISC catalog and
onset-time readings from waveforms used in our inver-
sions, followed by the tomography technique. In Sec-
tion 3, we present our models constructed based on ISC
data only and ISC data combined with onset-time read-
ings from waveform data from the Arabian Peninsula.
In Section 4, we discuss our observations in the context
of the region’s tectonics and the previous tomographic
models. Finally, we summarize our results and obser-
vations in Conclusions in Section 5.

2 Data and Method

In this section, we provide some background infor-
mation about our dataset, which combines P-wave ar-
rival times from the ISC catalog with first-arrival P-wave
onset-time readings made on waveform data from 110
regional events recorded by seismic stations in the Ara-
bian Peninsula, and our arrival-time tomography tech-
nique.

2.1 ISCdataset

In our inversions, we use P-wave arrival-time data from
the ISC catalog of globally distributed earthquakes that
occurred between 1990 — 2016. We select earthquakes
with at least 50 P-wave onset-time picks recorded world-
wide. We ensure that no two selected events were closer
than 20 km to limit cluttered ray paths from events lo-
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cated in regions with high seismic activity. Another cri-
terion set is to pick not more than 40 ray paths per cor-
ridor (see the corridor definition in the Supplementary
Material, Fig. S1) and select data to balance the ray cov-
erage as best as possible. In addition, we select picks
listed in the catalog with at least two decimal precision.
The resultant ISC dataset consists of a total of 16, 264
global events fitting our criteria, leading to 300,513 P-
wave onset-time picks out of a total of ~ 19 million in
the ISC catalog within our time period, recorded by a
total of 1,114 stations located in our study region. The
epicentral distribution of the selected events, the repre-
sentation of how many P-wave picks we have for each
of them and the associated great-circle ray paths are
shown in Fig. 2. On the left panel of Fig. 3, we illustrate
how many picks were collected at each seismic station
in our study area from the ISC catalog where the sparsity
of data coverage is clearly seen in the Arabian Penin-
sula.

2.2 First-arrival P-wave onset-time readings
from waveform data

We gather waveform data from 110 regional earth-
quakes between 2007—2020 recorded by the seismic net-
work operated by the SGS in the Arabian Peninsula. We
carefully pick 2,916 onset times from the first-arrival
P waves on the vertical component of the waveform
data set. On the right panel of Fig. 3, we show the
distribution of P-wave arrival times from the ISC cata-
log combined with the onset-time readings from wave-
forms recorded on the Arabian Peninsula. After regular
data processing steps applied to the waveform data (i.e.,
updating headers with event and station information,
removing the trend and the mean, bandpass filtering),
we apply 10 s time window around the estimated ray-
theoretical arrival times of first-arrival P waves based
on our 1D reference model AK135 (Kennett et al., 1995).
We manually pick the onset times of the first-arrival P
waves and calculate the ‘P-wave delay time’ of each trace
as the difference between our picked onset times and
corresponding AK135 estimations. Note that we use the
ISC event information in this procedure, which pertains
to the first motion of the fault, to be consistent with our
ISC database. Waveforms are bandpass filtered between
0.5 Hz - 2.0 Hz with a 6-pole Butterworth filter to ensure
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Figure 3 Lefi: Distribution of P-wave arrival times from the global ISC catalog recorded by the stations in the study area.
Right: Same as the figure on the left but with the addition of the onset-time readings from the waveform data recorded by

the SGS network on the Arabian Peninsula.
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Figure4 Vertical-componentseismogramsrecorded atsample SGS stations (triangles on the map) on the Arabian Peninsula
for the 2013 Southern Iran earthquake (M,, = 6.4, depth= 12 km) shown by the red beachball. Plotted seismograms are
recorded by the blue triangles on the map. Vertical lines on the seismograms denote the AK135(Kennett et al., 1995) ray
theoretical predictions of the first-arrival P waves. Inverted triangles on the seismograms show the picked P-wave arrival
times. Time delay input for the inversion is then defined as the picked arrival times with respect to AK135 predictions.

sharp onset times distinguishable from preceding noise
after experimenting with various other filters (i.e., com-
binations of causal/zero-phase filtering at different fre-
quency bands tested within the range of 0.2 Hz - 4 Hz)
including the sharp high-pass causal filter used by Nolet
et al. (2019) tested with cutoff frequencies in the range
of 0.25 Hz - 0.5 Hz. Sample vertical-component seismo-
grams from a regional earthquake in Iran recorded by a
set of seismic stations in the Arabian Peninsula with our

first-arrival P-wave onset-time picks are shown in Fig. 4.

2.3 P-wave arrival-time tomography

The depth sections of the ray density of our dataset, in-
cluding the ISC data and the onset-time readings from
the waveform data in the Arabian Peninsula, the litho-
sphere and mantle down to 1,400 km are presented
in Fig. 5. Since we assimilate onset-time readings of
waveform data from regional earthquakes, the main im-
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Figure 5 Density of hit counts of ray paths used in the inversion, including the onset-time readings from the SGS stations in
the Arabian Peninsula at every 2° x 2° cells shown at various depths.

provement in data coverage is observed in the litho-
sphere down to ~350 — 400 km underneath the Middle
East.

In this study, we use the traveltime inversion soft-
ware package BD-soft (Nolet, 2008) based on ray the-
ory to invert for the compressional P-wavespeed per-
turbations with respect to the 1D reference model
AK135 (Kennett et al., 1995). Since we use onset-time
readings, ray theory should be valid where the first-
order scattering effects can be neglected. To the first
order, perturbations are defined as 6V, = AV,/V),
where V,, and V)0 are the P wavespeeds in 3D and 1D
models, respectively, and AV, = V, — V. For the
inverse problem we aim to obtain model parameters
m; = (%)i defined on a cubed-Earth grid (Charlety

P

et al., 2013) which has ~70 km size volume pixels (vox-
els) on the surface with a total of ~3.6 million voxels cov-
ering the globe from surface to the core-mantle bound-
ary (CMB). The observed P-wave delay times, i.e., the
difference between observed and estimated P-wave ar-
rival times by the 1D reference model AK135, are as-
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signed to d;, the elements of the data vector d. Then
the traveltime sensitivity-kernel matrix, A, is computed
by a 1D ray tracing algorithm. The 3D crustal model
Crust2.0 (Bassin et al., 2000) is used to correct the
crustal perturbations by superimposing it onto AK135,
which is used as the background model during the in-
versions. In addition, the ellipticity correction is ap-
plied to the data similar to Tian et al. (2007) and Nolet
(2008).

We perform a ray-based linearized inversion to con-
struct a P-wave model of the study region with a set of
linear equations

Am =d, (1)

where m and d denote the N x 1 model and M x 1
data vectors, respectively, and A is the M x N Jaco-
bian matrix involving the partial derivatives of data with
respect to model parameters. We perform a damped-
least square inversion where model parameters are es-
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timated such that

m = (ATC 'A +~I)7*ATC,'d, (2)

where Cq is the diagonal data covariance matrix, = is
the damping factor and I is the unit matrix. We then
solve the following system of linear equations (Nolet
etal., 2019)

A d
eI | Sy=10], (3)
€D 0
followed by
m = Sy, (4)

where D has second order differences between model
parameters, while ¢, and ¢, are the weights for norm
damping and smoothing, respectively. As in Nolet et al.
(2019), we also use one or two relaxation steps (repre-
sented by S”) as preconditioners to smooth the solution
towards one that satisfies VZm = 0 where we fix the ra-
tio €, /€. Figs. $5-S10 show how reduced y? depends on
the number of relaxation steps (r) and a damping pa-
rameterized by epsfac, €, = (epsfac) x 30/(1 — epsfac).
We vary epsfac in a range of 0.0 - 1.0 to control the damp-
ing level from no-damping to high damping.

We derive error estimates for our arrival-time residu-
als using the method of Voronin et al. (2014) and its vari-
ant described by Nolet et al. (2019). For the onset time
readings from the waveform data, we perform a man-
ual selection excluding noisy data and traveltime shifts
compared to AK135 that do not fit our ISC data standard
deviations as explained in Nolet and van der Lee (2022).

3 Results

To better understand the value of the arrival-time data
from waveforms, we performed two sets of iterations:
1) with ISC data only and 2) with ISC data combined
with the onset-time readings from waveforms recorded
by the SGS network deployed on the Arabian Peninsula.
Here, we present our results obtained by the assimila-
tion of the ISC data with those from waveforms in the
inversion, selected based on our checkerboard and L-
curve tests. The readers are referred to the Supplemen-
tary Material for additional information including the
inversion results with the ISC data only, vertical sections
of the checkerboard tests for the ISC data with arrival-
time readings from waveforms and the detailed L-curve
tests.

In Figs. 6 and 7, we present the checkerboard tests
of 4° x 4° and 2.4° x 2.4° cubed-checkers, respectively,
with 4% P-wavespeed perturbations performed with our
complete dataset (i.e., ISC data with onset-time readings
from waveforms) to understand the potential resolution
of our data coverage. The checkerboard tests of 4° x 4°
resolution show that overall, we have good resolution
down to 1,400 km, which is best below ~ 400 km down
to ~ 1200 km covering a region including the western
part of the Red Sea. Although the resolution decreases
around 1,200 km, we observe good resolution in Ana-
tolia, the Arabian Peninsula, and Iran. The 2.4° x 2.4°
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resolution checkerboard test results show the best res-
olution from ~ 400 km down to ~ 800 km where smear-
ing occurs toward southwest below ~ 800 km. In the
lithosphere, the resolution is promising, while there isa
gap in resolution north of the Gulf of Aden. Overall, the
additional arrival-time readings from waveforms sig-
nificantly improve the resolution in the lithosphere of
the Arabian Peninsula (see Figs. $3-S4 for the checker-
board results with the ISC data only). The vertical sec-
tions from 2.4° x 2.4° checkerboard tests (Figs. S5-S6)
are consistent with observations on the horizontal sec-
tions and show good resolution down to ~ 600 km wher-
ever we have good data coverage, which is reduced in
the south of the Arabian Peninsula and the west of the
Red Sea. The additional data from waveforms, however,
does not make much observable difference for depths
below ~ 429 km. We do not see significant improve-
ment in our model below the lithosphere for two rea-
sons: 1) our ISC coverage is already good enough in the
upper mantle because of the global dataset, 2) we use
P-wave arrival-time readings of waveforms from local
earthquake-receiver pairs where maximum epicentral
distance is ~ 17° with corresponding turning points at
~ 410 km depth in model AK135 (see Fig. S13 for the
data count histogram as a function of epicentral dis-
tance). The checkerboard tests suggest that our P-wave
model has the best resolution in the upper mantle and
can resolve 2.4° x 2.4° structure in the Arabian Penin-
sula as well as Anatolia and Iran reasonably well below
60 km. Because of the global ISC dataset, in Egypt and
its surrounding regions, the resolution increases below
~ 800 km, especially of the large-scale features in the
lower mantle.

The norm damping and smoothing parameters ap-
plied in the inversion are chosen based on the L-curve
tests shown in Figs. S7-S12. We choose the model with a
reduced chi-square misfit value of about 0.8, consider-
ing the standard data errors estimated for our regional
data set, including the P-wave onset-time readings from
waveforms. The selection of inversion parameters is
made with consideration based on the resolution of
the checkerboard tests with 4% P-velocity perturbations
shown in Figs. 6 & 7. Although the 2.4° x 2.4° checker-
board tests show reasonably good recovery of the check-
ers for r = 1 with 1% damping, considering the smear-
ing and amplitude recovery, we select a model with a
higher damping of 2% (see Fig. S10).

Considering the decrease in the resolution below ~
1,000 km, we show the horizontal sections taken at var-
ious depths from 68 km down to 858 km inverted by
the combined data set of the ISC data with onset-time
readings from the waveform data in Fig. 8. Additional
onset-time readings from waveforms improve the to-
mographic images, mainly within the lithosphere un-
derneath the Arabian plate, compared to the inversion
results obtained with the ISC data only (see Fig. S2 for
comparison). We observe the sharp boundary between
the Arabian shield and the Arabian platform down to
about 300 km, taking advantage of the additional dataset
from waveforms, which is not that clear from the inver-
sion results with the ISC data only (Fig. S2). In the litho-
sphere, down to ~ 135 km, alow-velocity anomaly start-
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Target Model

4

Figure6 Horizontal cross-sectionsof the 4° x 4° checkerboard test results for P-wavespeed perturbations at various depths
with the ISC data and onset-time readings from waveform data recorded by the SGS stations.

ing from Afar extends northward to the Caucasus area,
which is well correlated with volcanism along the Red
Sea, in the Arabian shield and Eastern Anatolia. The
low-velocity anomaly along the Red Sea is shifted to the
East toward Harrats around 70 km, which is observed
just below the Red Sea around 200-km depth (Fig. 8),
consistent with previous models of the region (e.g., Kim
et al., 2023). The resolution on the western part of the

8

Red Sea (i.e., Egypt) improves below ~ 500 km due to
the global ISC data coverage.

We clearly observe the subduction along the Hellenic
arc (Fig. 9, sections AA’-CC’) with potential slab detach-
ments in the upper and lower mantle, where the cor-
responding checkerboard tests show decent resolution
power of data along the subduction (Fig. S5). The per-
turbations of the shallower Cyprus arc are less than
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Figure 7 Same as Fig. 6 but for the 2.4° x 2.4° checkerboard test results.

those of the Hellenic arc but clearly visible (Fig. 9, sec-
tion CC’). The two low-velocity zones above 200 km
depth along sections DD’ and EE’ are well correlated
with the volcanic province Harrat al-Sham in Southern
Syria and the volcanism in Eastern Anatolia and the
Caucasus, respectively. The low velocities in the litho-
sphere underneath the Eastern and Central Anatolia are
also clearly visible in section FF’. On the other hand, the
potential remnant of the subduction along the Bitlis su-

9

ture zone is observed as high-wavespeed perturbations
just above 660 km discontinuity underneath Anatolia
(Fig. 9, section FF’). The checkerboard test results along
the same paths and depth range show good recovery of
checkers (Fig. S5).

The cross sections across the Zagros suture zone
show evidence of the eastern edge of the Arabian plate
lithosphere being underthrusted beneath the western
edge of the Eurasian plate at collision (Fig. 10, sec-
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Figure 8 Horizontal cross-sections of P-wavespeed perturbations of the inverted model with respect to AK135 at various
depths. ISC data combined with onset-time readings from waveforms recorded by the SGS stations are used during the in-

version.

tions AA’-DD’). From sections AA’-DD’, the subducted
Tethys Ocean underneath Iran along the suture zone
is visible down to 300 km. The subduction can be ob-
served down to 660 km and penetrates the lower man-
tle with a steeper angle as we go toward the South.
The checkerboard tests, in general, show good resolu-
tion along the Zagros suture zone and on the East down
to about 600 km depth, supporting the observations.
However, the resolution decreases towards the South
in the Arabian plate, which is clearly seen in section
DD’ (Fig. S6). The western part of the sections from
AA’ to DD’ highlights the Red Sea and volcanism un-
der the Harrats and Yemen, with low-velocity perturba-
tions in the upper mantle extending to the lower man-
tle where the decreased checkerboard resolutions are
observed correlated to the data coverage. The cross-
sections along the Red Sea and the Arabian shield from
South to North (EE’-FF’) depict the channeled low ve-
locities within the top 300 km, which are deeper in the
South and extend to the lower mantle. Section GG’
shows similar low-velocities on the southern edge while
high-wavespeed perturbations characterize the litho-
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sphere of the Arabian platform toward the North, over-
lying the low-velocity zone below about 300 km. The
low-velocity zone in the southern edge of profile HH’
is well-correlated with the volcanism in the Makran re-
gion and the fore-arc volcanism due to subduction along
the Zagros suture as well as the volcanic region in East-
ern Anatolia and Caucasus, where we have good resolu-
tion. Although the checkerboard tests clearly show the
degraded resolution on all sections on the west of the
Red Sea and along sections CC’ and DD’, the long wave-
length features are retrievable (Fig. S6).

In Fig. 11, we compare our model to the P-wave per-
turbations of Simmons et al. (2021), the S-wave pertur-
bations of Chang and Van der Lee (2011) and the P-
wave perturbations of Celli et al. (2020) in the upper
mantle with respect to their mean models (see Fig. S14
for perturbations with respect to AK135). Both Sim-
mons et al. (2021) and Celli et al. (2020) also have their
S-wavespeed models, which can be seen in Fig. S15.
Our P-wave perturbations are larger than those of the
global model of Simmons et al. (2021), where the low-
velocity regions are better resolved in our model below
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Figure9 Same as Fig. 8 but for vertical sections traversing the Hellenic and Cyprus arcs and Anatolia.

about 150 km. P- and S-wavespeed models of Celli et al.
(2020) show the long-wavelength structure of our study
region as a result of their construction as part of the
African continent tomography. Overall, the long wave-
length structures of the P and S models are consistent.
There is, in general, a good correlation between our P-
wave model and Chang and Van der Lee (2011)’s S-wave
model, where the main discrepancies in the Arabian
Peninsula might be coming from different wavespeed
models and the additional dataset we used in our in-
versions. We observe the largest discrepancy around
200 km. The strong northwest-southeast linear low-
velocity trend in the Arabian Peninsula in the S-wave
model of Chang and Van der Lee (2011), and the follow-
ing P-wave model from the same group (Chang et al.,
2012) around 200 km is less pronounced in our model

11

where we can still clearly track the boundary between
the Arabian shield and platform down to at least 300 km
(see Fig. S16). The northwest-southeast linear trend is
slightly observed in our model below 350 km. Our P-
wave model is more in agreement with the Chang and
Van der Lee (2011)’s model at around 450-500 km. We
also compare our model to the vertical cross-sections
presented in Chang and Van der Lee (2011) along three
profiles in Fig. 12. The largest discrepancy is on the
African side of section AA’, where our model has limited
resolution in the upper mantle (see Figs. 7 & S17). The
low- and fast-wavespeed anomalies in the upper mantle
along section BB’ overall agree with each other, where
we have a decent resolution (Fig. S17), while the high-
wavespeed anomaly in the Arabian platform is wider
and deeper. The two potential mantle plumes suggested
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Figure 10 Same as Fig. 9 but for vertical sections traversing the Arabian shield, Arabian platform, Persian Gulf and Zagros

suture zone.

by Chang and Van der Lee (2011) along the same pro-
file are also present in our model but are less tractable
in the lower mantle. Both models capture the subduc-
tion along Zagros (section CC’) together with the low-
wavespeed anomalies surrounding it, which likely ex-
tend to the lower mantle. However, the shape and depth
extension of the subduction need further investigation.

4 Discussions

Our P-wave model, MEPT, shows the distinct separation
of the Arabian platform and the Arabian shield, charac-
terized by high- and low-wavespeed perturbations, re-
spectively, in the upper mantle down to about 300 km
(Fig. 8). The Arabian platform and the shield expose
themselves clearly in the surface geology (Fig 1). The
boundary between these two tectonic units has also
been reported in previous studies. For instance, Chang
and Van der Lee (2011) observe it below 75 km based on
their S-wavespeed model of the region where the sharp
discontinuity also presents in Lim et al. (2020)’s S-wave
model based on the arrival times of S and SKS phases
plotted starting at 100 km depth. The P and S-wave mod-
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els constructed based on surface waves by Kim et al.
(2023) and Celli et al. (2020)’s work as part of the larger
African tomography also show this boundary clearly af-
ter about 70 km. In our model, the boundary between
these two tectonic units is more pronounced and well-
identified, from 100 km down to at least 300 km where
we have good data coverage with the additional arrival-
time picks (see Figs. 3 & 5). Kaviani et al. (2020) also
observes this boundary around 90 km based on their
ambient-noise study in the same region but again with
lower resolution. Although it is not visible in our model
directly, which is an upper mantle model with limited
resolution in the crust, based on the crustal models of
the region, the wavespeed perturbations seem to be re-
versed from the crust to the mantle where the Arabian
platform is characterized by low-wavespeed perturba-
tions in the crust due to the sedimentary basins (i.e.,
Mesopotamian Basin), and the Arabian shield is char-
acterized by relatively higher perturbations (e.g., Bassin
etal., 2000; Kaviani etal., 2020). The clear separation be-
tween the Arabian platform and the shield in the crust
and the upper mantle with the velocity reversal is also
consistent with a recent study of the crustal and man-
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Figure 11 Comparison of the horizontal sections of the P-wavespeed model of Simmons et al. (2021), the S-wavespeed

model of Chang and Van der Lee (2011), and the P-wavespeed model of Celli et al. (2020) to the P-wavespeed model from
this study. Perturbations are plotted with respect to the mean of each model. See Fig. S14 & S15 for comparisons of P- and

S-wavespeed cross-sections plotted with respect to AK135.

tle attenuation structure of the region based on Lg-wave
observations and measurements where the lithosphere
and upper mantle underneath the shield and the plat-
form are characterized by low and high @ (quality fac-
tor, the inverse of attenuation) values down to ~ 180
and up to ~ 5,600, respectively (Pasyanos et al., 2021).
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The relatively slower wavespeeds in the platform com-
pared to the shield in the crust reported in (e.g., Kaviani
et al., 2020) is also supported by the crustal ) model by
Pasyanos et al. (2021) where the absence of Lg waves are
observed. On the other hand, the faster P wavespeeds
in the platform compared to those in the shield we ob-
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Figure 12 Comparison of the vertical sections of the S-wavespeed model of Chang and Van der Lee (2011) and the P-
wavespeed model from this study. Perturbations are plotted with respect to AK135.

serve in the upper mantle might be partially because
of the remnant of subduction along the Zagros collision
zone. The slower P wavespeeds in the Arabian shield
are likely related to the volcanism due to the proposed
plume models in the Arabian plate as well as the rift-
ing processes along the Red Sea (e.g., Koulakov et al.,
2016; Pasyanos and Walter, 2002; Chang and Van der
Lee, 2011).

There is no consensus on the origin of the volcan-
ism of the Harrats, the largest continental alkali basalt
province in Saudi Arabia extending from Yemen in the
South to Syria, where there are records of historical
eruptions close to major cities such as Medinah (e.g.,
Moufti and Németh, 2016). The low velocities observed
along the Red Sea and Gulf of Aden are consistent with
the continental rifting and spreading ridge. On the
other hand, there is evidence for a channel of flow
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northward to Eastern Anatolia originated from the Afar
plume from geochemical data and seismic tomographic
models (e.g., Ebinger and Sleep, 2011; Chang et al.,
2012; Park et al., 2007) which is also supported by the
SKS observations in the region (e.g., Park et al., 2008;
Hansen et al., 2008). Our tomographic model does not
rule out the theory of spreading-related volcanism in
the region. However, the cross-sections along the Red
Sea (see Fig. 10) suggest the potential channeled flow
from Afar to Syria with deeper and higher perturbations
closer to Afar in the South. A similar observation was
also reported by Lim et al. (2020). Some global mod-
els show the potential connection of the Afar plume to
the African superplume (e.g., Montelli et al., 2004; Rit-
sema et al., 2011; Lei et al., 2020) while some other stud-
ies propose regional plumes or mantle upwelling under-
neath the Arabian plate which may or may not be re-
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lated to Afar or the African superplume in the broader
scale (e.g., Chang et al., 2012; Koulakov et al., 2016). A
recent study by Kim et al. (2023) discusses that their
model does not support a local plume underneath the
Arabian plate and cannot resolve the Jordan plume re-
ported by Chang and Van der Lee (2011) and Koulakov
et al. (2016). Our P-wave model seems to be resolv-
ing the mantle upwellings underneath the Arabian plat-
form and Jordan, supporting the observations of Chang
and Van der Lee (2011) (Fig. 12, also see vertical reso-
lution in Fig. S17). In addition, the northeast extension
of the channeled low-velocity anomaly in the Arabian
Peninsula observed in Chang and Van der Lee (2011) at
200 km (Fig. 11) is observed in our model slightly at a
much deeper depth, after 350 km (Figs 11 & S14), which
is likely another support for the local plumes by our
model.

Although the data coverage in the south of the Hel-
lenic arc is not sufficient, the areas north of the Hellenic
arc are well resolved (Figs. 5, 7) due to better station cov-
erage in Anatolia. The fast P-wave speed anomalies are
related to the Hellenic-Cyprus arcs (Fig. 9), and we ob-
serve a potential slab detachment beneath 200 km (see
sections BB’-CC’ in Fig. 9 and corresponding checker-
board tests in Fig. S5). Similar observations were also
made in previous regional tomographic images pro-
duced by surface waves (e.g., Meier et al., 2007), P-
wave arrival times (e.g., Spakman et al., 1988; Wei et al.,
2019) as well as the adjoint tomography models (e.g.
Zhu et al., 2012). We also observe a further weaken-
ing in the lower mantle. The Hellenic slab becomes
stagnant above 660 km before penetrating the lower
mantle and appears to reach a 1,000 km depth. This
stagnation was also reported previously (Biryol et al.,
2011; Piromallo and Morelli, 2003; Portner et al., 2018;
Wortel and Spakman, 2003), likely the remnant of the
subducted and detached Tethys Ocean, which can be
tracked on an East-West section across Anatolia (Fig. 9).
As we move further East, at the western side of the
Cyprus arc, we observe a dipping fast anomaly that dis-
appears around 200 — 300 km, a possible tear in the
slab filled with hot material followed by fast material
on top of 660 km (Fig. 9B). The fast anomaly observed
on top of the 660 km discontinuity is the remnant of
the subduction of the Tethys Ocean underneath Anato-
lia (e.g., Biryol et al., 2011; Abgarmi et al., 2017). The
Aegean basin and Eastern Anatolia are characterized
by slow wavespeeds correlated well with subduction-
related volcanism. The attenuation of Sn waves was also
previously attributed to the absence of the lithospheric
mantle below in Eastern and central Anatolia and the
Iranian Plateau by Gok et al. (2003). The pronounced
slow P wavespeeds we observe underneath Eastern Ana-
tolia and along the Zagros fold may be correlated with
high attenuation in these regions characterized by the
absence of Sn waves and can indicate partial melting as-
sociated with the subduction and volcanism in the area.

We clearly observe fast-wavespeed perturbations
along the Bitlis suture zone in the upper mantle where
the remnant of the Tethys Ocean lies over the 660 km
discontinuity underneath Eastern Anatolia which was
also shown by the models of (e.g., Biryol et al., 2011,
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Zhu et al., 2012). Similar anomalies along the Zagros su-
ture zone (Fig. 10) are also observed in this and previous
studies underneath the Iranian plateau (e.g., Simmons
et al., 2012; Pasyanos and Walter, 2002; Shapiro and
Ritzwoller, 2002; Debayle and Sambridge, 2004; Lebe-
dev and van der Hilst, 2008) associated with the colli-
sion. The collision models of the Zagros suture also dis-
cuss the possibility of double subduction models related
to the rifting history of the Neo-Tethys Ocean (e.g., Ja-
fari et al., 2023). Although the observed fast-wavespeed
anomalies in the mantle east of Zagros may be consid-
ered for discussions of the potential double subduction,
further investigation is needed.

Seismic source studies require more accurate crustal
and upper-mantle models of both P and S wavespeeds.
P-wavespeed models are more challenging to be con-
structed mainly because of the relatively poor data cov-
erage compared to S-wavespeed models, which can gen-
erally be combined with surface waves. Further im-
provements in tomographic models cannot be achieved
without better spatial sampling. With the additional
data from the Arabian Peninsula, we observe signifi-
cant improvement in the resolution of the P-wave struc-
ture underneath the Middle East. We note that the
resolution enhancement caused by onset-time readings
from waveforms in this study is restricted to the upper
mantle depths because we used regional events only in
our arrival-time tomography. The resolution in deeper
parts can be further improved by using waveforms from
teleseismic events. In addition, our resolution in the
crust is limited, which is fixed to Crust2.0 (Bassin et al.,
2000) during the inversion. We expect that a higher
resolution crustal model such as Crust1.0 (Laske et al.,
2012), the successor of Crust2.0, should not change our
overall conclusions. However, the effect of crust on seis-
mic waves is well known, not only on surface waves
(e.g., Bozdag and Trampert, 2008; Ferreira et al., 2010)
but also on body waves (Ritsema et al., 2002), which may
have an impact on our inference particularly on upper-
mantle anisotropy. To minimize leakage from the crust
to the upper mantle, Moho perturbations have been in-
verted as a parameter in some studies. (e.g., van der Lee
and Nolet, 1997; Witek et al., 2023). The simultaneous
inversion of the crustal and upper mantle structure is
desirable, which is the subject of a future publication
within a full-waveform inversion framework. On the
other hand, the resolution of the P-wavespeed models
is still largely controlled by their limited data coverage
compared to that of S waves. Cui et al. (2024) recently
tackled this issue by balancing P- and S-wave contribu-
tions through appropriate weighting schemes in an ad-
joint tomography framework. Combining arrival times
with waveforms can be another way to enhance, specif-
ically P-wave models. Our goal is to demonstrate com-
bining arrival-time data or models in the adjoint inver-
sion of the region. Such an approach may also have
the potential to expand the study to the oceanic areas
sampled with emerging acoustic instruments such as
MERMAIDS (Sukhovich et al., 2015) where the onset-
time readings from MERMAID data may potentially be
assimilated in adjoint inversions in a similar way.

We also note that the recovery of amplitudes in
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checkerboard tests is not perfect, which is a common
problem for traveltime tomographic studies for several
reasons, such as data coverage, damping used in the
inverse problem, etc. To further improve the reso-
lution of the tomographic models of the region, full-
waveform inversion (e.g., Tarantola, 1984; Tape et al.,
2009; Fichtner et al., 2010; Zhu et al., 2012) is the way
forward, potentially with also carefully assimilating am-
plitudes of waveforms in inversions. However, although
the inclusion of the amplitude information is desirable
to constrain the heterogeneities better (e.g., Laske and
Masters, 1996) as they are sensitive to the gradient of
phase speeds (Woodhouse and Wong, 1986), the trade-
off between wavespeeds, attenuation, and source un-
certainties makes the inversions more challenging (e.g.,
Espindola-Carmona et al., 2024).

5 Conclusions

We present a higher-resolution P-wavespeed model,
MEPT, of the Middle East and the surrounding region
constructed based on teleseismic and regional arrival
times of the first-arrival P waves collected from the
most recently reinterpreted ISC-EHB bulletin (Engdahl
et al., 2020) and onset-time readings from waveforms
recorded by the Saudi Geological Survey (SGS) net-
work on the Arabian Peninsula. The main strength of
our model is the additional onset-time readings from
regional waveforms, which significantly improves the
lithospheric and upper mantle structure, specifically
underneath the Arabian Peninsula.

Our model shows evidence of channeled flow north-
ward from the Afar plume and supports the model
of smaller mantle upwellings underneath the Arabian
plate and Jordan to explain the origin of the volcanic
fields in the region. The combined arrival times
sharpen the boundary between the Arabian shield and
the Arabian platform in the upper mantle, which is
clearly observed at least down to 300-km depth. We
also observe clear evidence of subduction along the Hel-
lenic and Cyprus arcs with potential slab detachments,
as well as the imprint of the collision along the Bitlis-
Zagros suture zone following the closure of the Tethys
Ocean. The observed slow P-wave anomalies in Eastern
Anatolia and along the Zagros fold are likely related to
the absence of the lithospheric mantle, which was pre-
viously interpreted by the attenuation of Sn waves.

In future studies, our goal is to assimilate the wave-
forms from the SGS network in an adjoint tomography
setup to further improve the resolution through the si-
multaneous inversion of the crust and upper mantle
for geological and tectonic interpretations as well as
providing 3D reference models for source location and
characterization studies. Ultimately, a framework that
combines all available data (i.e., including arrival times
in full-waveform inversion workflows) would be bene-
ficial to improve the resolution of P-wavespeed models,
which could potentially be extended to oceanic domains
as well.
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