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Abstract The obduction of the Tethys oceanic lithosphere is documented by the Semail ophiolite along the
northeastern Arabian continental margin. Although the ophiolite is continuous and of similar age across the
region, the eastern and western segments display distinct geological contrasts. To investigate the deep structural
mechanisms underlying these surface variations, we applied teleseismic traveltime tomography using an
advanced eikonal solver and a matrix‐free adjoint‐state approach on data from a dense seismic array. Our 3D
upper mantle P‐wave model reveals a significant velocity contrast, with positive anomalies in the west and
negative anomalies in the east, separated by a prominent fault zone. We propose that the continental lithosphere
beneath northeastern Arabia underwent thinning during the Permian breakup of Pangaea. This pre‐obduction
lithospheric segmentation likely influenced the subduction dynamics associated with the ophiolite obduction
process. Additionally, early Cenozoic thermal activity may have further amplified lithospheric thinning,
contributing to the observed structural variations.

Plain Language Summary The passive continental margin of northeastern Arabia documents the
Late‐Cretaceous thrusting process, capturing the obduction of Tethys oceanic lithosphere onto the Arabian
continental margin. Despite its significance, geophysical investigations in this region have been notably limited,
leading to a considerable gap in our understanding of the regional deep tectonic structure for decades. In
particular, high‐resolution seismic images of the mantle structure have been absent, which is critical for
interpreting tectonic processes and their manifestations on the Earth's surface. To address this issue, we
processed a database of teleseismic traveltimes recorded by a newly accessible dense seismic array deployed in
the Oman Mountains, utilizing a novel teleseismic traveltime tomography method to successfully image the
upper mantle structure. The resulting model provides new seismic evidence for the possible thinning of a cold
and stable lithosphere beneath the northeastern Arabian margin.

1. Introduction
The northeastern margin of the Arabian plate is located in the convergence zone between the northward
movement of the Arabian plate and the Eurasian plate (Figure 1a). This convergence led to the thrusting of the
Tethys oceanic lithosphere in the Late Cretaceous on the Arabian continental margin. Obducted oceanic rocks are
recognized as the Semail ophiolite in northeastern Arabia (Searle, 2019) and the largest and best‐exposed portion
of the oceanic lithosphere on land. Over the decades, different mappings have been carried out: geological
(Nicolas & Boudier, 1995), structural (Coleman, 1981; Searle & Cox, 1999), petrological (Kelemen et al., 1997),
geochronological (Hacker et al., 1996), and also geophysical explorations of the crust (Al‐Lazki et al., 2002; Ali
et al., 2020; Levell et al., 2021; Pilia et al., 2021), which have collectively enhanced our understanding of the
surface geology and tectonic evolution of the ophiolites.

The tectonic evolution of the Arabian passive margin can be divided into three periods with the well‐known
Semial ophiolite obduction: pre‐obduction (before 110 Ma), Semail obduction (95–75 Ma), and post‐
obduction process (after 75 Ma) (Weidle et al., 2023). The pre‐obduction process is primarily characterized by
the Neoproterozoic assembly including NNE‐striking terranes along major boundaries parallel to the western
Jabal Akhdar Zone (WJAZ), Semail Gap Fault Zone (SGFZ) and Ibera Zone (Stern & Johnson, 2010) (Figure 1a).
Subsequently, the breakup of Pangaea during the Permian‐Triassic separated Arabia from the continental blocks
of western Cimmeria through the evolution of the Neo‐Tethys Ocean in the north and Greater India through the
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evolution of the Batain Basin in the east (Schreurs & Immenhauser, 1999) (Figure 1b). During this rifting event,
substantial volumes of Permian mafic rocks were preserved in the Saih Hatat Dome (SHD), eastern of the SGFZ,
and only sparse occurrences in the Jabal Akhdar Dome (JAD) (Chauvet et al., 2009) (Figure 1a). Then, SW‐
directed obduction of Semail Ophiolite was initialized by intraoceanic subduction, followed by short‐lived
continental subduction (Yamato et al., 2007). Evidence of the continental subduction is recorded in meta-
morphic rocks, with burial depths 80 km in SHD (Searle et al., 2004) and <25 km in JAD (Grobe et al., 2019).
Lastly, the post‐obduction phase is marked by the uplift of the Oman Mountains, which may have resulted from
late Eocene extension (Scharf et al., 2019) possibly associated with the thermal activity during that period (Gaina
et al., 2015; Weidle et al., 2023). This tectonic extension may have facilitated the intrusion of basanites (indicated
in Figure 1a), which contain mantle xenoliths that suggest a shallow lithospheric base (Nasir et al., 2006).
Throughout the long‐term tectonic evolution, the Semail ophiolite has remained relatively continuous and ex-
hibits a consistent age along the strike (Rioux et al., 2013). In contrast, two large tectonic windows, JAD and
SHD, exhibit significant geological differences, as summarized in Table 1 of Ninkabou et al. (2021). However,
what causes the differential distribution of these surface features? The potential deep mechanics responsible for
these variations in surface characteristics remain ambiguous.

Previous large‐scale seismic tomography studies (Celli et al., 2020; Koulakov et al., 2016; Pilia et al., 2020;
Priestley et al., 2012; van Herwaarden et al., 2023), gravity anomaly (Ravaut et al., 1997), magnetic modeling
(Geng et al., 2022) and thermochemical modeling (Fullea et al., 2021) have provided crude information on the
continental lithospheric thickness and Moho depth of the northeastern Arabian margin. However, these obser-
vations lack the necessary density to generate high‐resolution images of this complex region. The deployment of a
dense seismic network, named COOL (Crust of the Oman Ophiolite and its Lithosphere) project (Weidle
et al., 2013) (Figure 1c) offers an unprecedented opportunity to improve our understanding of the current
configuration of the Oman ophiolite and the underlying continental lithosphere. Using this data set, recent
research has delved into the shear velocity structure of the crust using ambient noise tomography (Weidle
et al., 2022; Wiesenberg et al., 2022), mapping of the Moho depth by receiver function analysis (Weidle
et al., 2022, 2023), exploring anisotropy through shear wave splitting (Komeazi et al., 2024) and investigating
seismicity and state of stress from focal mechanisms (Weidle et al., 2025). However, these studies offer little
information regarding the upper mantle velocity structure of the target region and limit the understanding of the
role of lithosphere structure on the difference of tectonic evolution along SGFZ in northeastern Arabia. Therefore,
a high‐resolution tomographic image of the upper mantle structure is essential for a comprehensive understanding
of the evolution of this area.

To investigate the upper mantle structure beneath the northeastern Arabian margin, we analyze teleseismic P‐
wave traveltime data collected during the COOL project (Weidle et al., 2013), implemented mainly in the
Oman Mountains (Figure 1c). Next, we employ a novel teleseismic traveltime tomography approach to image the
upper mantle structure. This method combines an efficient eikonal solver (Zhou et al., 2023) and quasi‐Newton
optimization with a matrix‐free adjoint‐state method for the computation of gradient and preconditioner of the
cost function (Guo et al., 2022). During the inversion process, a previously obtained crustal structure model
(Weidle et al., 2022) allows correction of the crustal effect to refine the images of the upper mantle. The resulting
P‐wave velocity model provides new evidence for the tectonic processes that possibly reshaped the Arabian
continental lithosphere. It also establishes a connection between surface geology and deep structure.

2. Method
Since the pioneering work of Aki et al. (1977), teleseismic tomography has undergone significant advancements,
progressing from traveltime tomography (Liu et al., 2018; Rawlinson et al., 2006) to finite‐frequency traveltime
tomography (Dahlen et al., 2000) and more recently, waveform tomography (Beller et al., 2018; Monteiller
et al., 2015; Wang et al., 2022). Among these techniques, waveform tomography is particularly notable for its
ability to achieve unprecedented resolution and utilize waveform information provided by teleseismic data.
However, its widespread application remains limited due to substantial computational costs and stringent re-
quirements for high‐quality seismic data. Currently, the widely used methods remain traveltime tomography and
finite‐frequency tomography because of their feasibility and low cost, while the improvement of finite‐frequency
kernels in resolution is limited when good data coverage is available (Tong et al., 2011). Thus, this study still
focuses on teleseismic traveltime tomography.
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Classical teleseismic traveltime tomography traditionally relies on ray‐tracing and explicit computation of the
Frechét matrix (Zhao et al., 1994). In the last decade, eikonal solvers based on the fast marching method (FMM)
(Rawlinson & Sambridge, 2004) and the fast sweeping method (FSM) (Lan & Zhang, 2013) have emerged as
more robust alternatives for traveltime computation, especially in the case of strongly heterogeneous media. In the
context of eikonal‐based tomography, ray‐paths are subsequently traced to compute the Frechét matrix (Liu
et al., 2018, 2019; Rawlinson et al., 2006). To avoid the computation and storage of this matrix, matrix‐free
traveltime tomography based on the eikonal solver and the adjoint‐state method has been proposed (Leung &
Qian, 2006). This framework has gained great popularity in the field of exploration seismology due to the
adaption to irregular grids, generalization to anisotropic media, and minimal memory requirements for massive
seismic data sets (Guo et al., 2022; Sambolian et al., 2019; Tavakoli et al., 2017; Tavakoli F et al., 2019).
Recently, this method has also been applied to local (Biondi et al., 2023; Tong, 2021) and teleseismic (Chen
et al., 2023) earthquake tomography, even to ambient noise tomography (Hao et al., 2024). Compared to previous
studies, our goal is to develop a novel teleseismic traveltime tomography using an advanced eikonal solver (Zhou
et al., 2021, 2023), a preconditioned adjoint‐state technique (Guo et al., 2022), and a quasi‐Newton iterative
algorithm for model estimation.

2.1. Efficient Eikonal Solver for Teleseismic Traveltimes

Under the high‐frequency approximation, the eikonal equation establishes the relationship of the traveltime T
from a source to any points x of the medium with seismic velocity v,

|∇T(x)|2 = 1/v2(x),x ∈ Ω and boundary condition T(xs) = f (xs),xs ∈ Γ, (1)

Figure 1. (a) Simplified tectonic map of the northeastern edge of the Arabian plate (Weidle et al., 2022) and location of the study area (delimited by a blue rectangle on
the inset map in the upper right corner). OM: Oman Mountains; SGFZ: Semail Gap Fault Zone; WJAZ: Western Jabal Akhdar Zone; JAD: Jabal Akhdar Dome; SHD:
Saih Hatat Dome. (b) Plate geometry during the breakup of Pangaea in the Permian (Weidle et al., 2023). (c) Topography and bathymetry of the northeastern Arabian
margin. White triangles with blue borders indicate the positions of temporary stations belonging to the COOL network. (d) Location of earthquakes selected for
teleseismic tomography on a polar map, where the red dots represent 513 teleseismic earthquakes and the central green triangle indicates the study area.
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where x = (r,θ,ϕ)with geocentric distance r, colatitude θ and longitude ϕ in a spherical coordinate system, Ω is
the target local model, Γ denotes the bottom of the local model and f (xs) represents traveltimes in the bottom
using analytical predictions, assuming a spherical symmetry reference model, AK135 (Kennett et al., 1995),
beyond the boundaries of the local model. The 3D local model is parameterized with the cubic B‐spline function,
and the eikonal solver is initialized from xs to calculate the traveltimes to the stations. The discretization of the
eikonal equation is performed using second‐order upwind finite‐difference and the locking sweeping method
(LSM) (Zhou et al., 2023) as a global scheme to compute teleseismic traveltimes. In comparison with FMM
(Rawlinson et al., 2006) and FSM (Chen et al., 2023), LSM exhibits significantly improved computational ef-
ficiency (Text S1 in Supporting Information S1).

2.2. Relative Traveltime Residuals

For teleseismic traveltime tomography, the relative traveltime residual (Ds,r) from the source s to the receiver r is
expressed as follows (Rawlinson et al., 2006):

Ds,r = (Ts,r − Trefs,r ) −
1
Ns
r
∑

Ns
r

r=1
(Ts,r − Trefs,r ), (2)

where Ts,r and Tref
s,r denote absolute traveltimes from the theoretical and reference models, respectively, and Ns

r is
the number of observed arrivals for source s, Ts,r is sampled at stations from the 3D traveltime field Ts(x) using B‐
spline interpolation (Bs,r) ,

Ts,r = Bs,rTs(x). (3)

2.3. Adjoint‐State Method for Teleseismic Traveltime Tomography

The misfit function for teleseismic traveltime tomography is defined as the least‐squares norm of relative trav-
eltime residuals plus the zero‐order Tikhonov regularization:

J (v) = 1
2
∑

Ns

s=1
∑

Ns
r

r=1
(
D∗
s,r − Ds,r(v)

Cd
s,r

)

2

+
ϵ
2
∑
M

i=1
(
v(xi) − v(xi)ref

Cv
i

)

2

, (4)

where ∗ refers to the observed data, Ns is the number of teleseismic events, Cd is the prior data covariance matrix,
vref refers to the reference model,M is the number of model parameters,Cv is the prior model covariance matrix, ϵ
is the damping factor. This damped least‐squares problem can be solved by a gradient‐based local optimization
scheme. The model update for nth iteration in the vicinity of the model vn is given as:

vn+1 = vn − αnH(vn)− 1g(vn), (5)

where step length αn is estimated using the strong Wolfe condition and the inverse Hessian matrix H(vn)− 1 is
approximated using the preconditioned limited‐memory Broyden‐Fletcher‐Goldfarb‐Shanno (L‐BFGS) method
(Métivier & Brossier, 2016). Here, the gradient g(vn) of the data‐fitting term in the cost function is computed with
the adjoint‐state method (Plessix, 2006) free from the computation of the Fréchet matrix (see the explanation in
Text S2 in Supporting Information S1). First, we build the Lagrangian misfit function by augmenting the misfit
function Equation 4 with state Equations 1–3 following the strategy of Tavakoli F et al. (2019),
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L(v,u, ū) = J (v,u) +
1
2
∑

Ns

s=1
⟨λs(x)|(|∇Ts(x)|2 −

1
v(x)2

)⟩
Ω

− ∑

Ns

s=1
∑

Ns
r

r=1
ζs,r(Ds,r − ((Ts,r − Tref

s,r ) −
1
Ns
r
∑

Ns
r

r=1
(Ts,r − Tref

s,r )))

− ∑

Ns

s=1
∑

Ns
r

r=1
μs,r (Ts,r − Bs,rTs(x)).

(6)

In this equation, variables u = (Ds,r,Ts,r,Ts) and ū = (ζs,r,μs,r,λs) encompass both state and adjoint‐state
variables, respectively. According to the first‐order optimization condition, we proceed to enforce
∂L/∂u = 0, so that we have the following adjoint‐state equation:

∇ ⋅ (− λs(x)∇Ts(x)) =∑

Ns
r

r=1
BTs,r

Ds,r(v) − D∗
s,r

(Cd
s,r)

2 (1 −
1
Ns
r
). (7)

Similarly, the adjoint‐state algorithm combines a local finite difference operator and the FSM to propagate the
weighted residuals back to the model (Leung & Qian, 2006). We compute the gradient of the cost function to
model parameters with the expression:

g =
∂J
∂v

=
∂L
∂v

=∑

Ns

s=1

λs(x)
v3(x)

. (8)

The preconditioner is estimated by solving the same adjoint‐state Equation 7 using constant initial conditions
(Guo et al., 2022; Zhang et al., 2024). We use this scheme to compensate for uneven ray illumination from
teleseismic events to seismic stations (see numerical validation in Text S3 in Supporting Information S1).
Additionally, this preconditioner, or approximated diagonal Hessian matrix is a good proxy for the ray density
coverage (Zhu et al., 2020).

3. Results
3.1. Data Configuration

Teleseismic waveforms were recorded by 49 temporary seismic stations deployed for the COOL project in
operation between November 2013 and February 2016 (Figure 1c). The raw waveforms were processed by
removing the instrument response and the mean and linear trend. Next, the data were bandpass filtered with corner
frequencies between 0.1 and 2.0 Hz. We specifically chose earthquakes with magnitudes >4.8, ensuring that
direct P‐waves were recorded by at least four stations at epicentral distances of 30°–90° (Figure 1d). The data set
comprises 11,334 direct P‐wave relative traveltime residuals obtained from 513 teleseismic events. Most of the
earthquakes have back azimuths between 25° and 125° and epicentral distances between 60° and 90°, and
originate mainly in the subduction zones of the Western Pacific and Eurasian plates. Teleseismic relative trav-
eltimes were manually picked using stacking correlation and multi‐channel cross‐correlation (MCCC) methods
(Lou et al., 2013; VanDecar & Crosson, 1990). Lateral P‐wave velocity variations are directly indicated by
azimuthally averaged relative traveltime anomalies (D∗

s,r − Ds,r(v)) at each station before (Figure 2a) and after
(Figure 2b) tomographic inversion. The observed differential traveltimes (Figure 2a) already highlight a main
characterization of the final model: a negative delay time means a positive velocity anomaly in the western region,
while a positive delay time indicates a negative velocity anomaly in the eastern region. The inversion stops after
15 iterations when the misfit reduction is more than 80% (Figure 2d) and final data residuals are significantly
minimized and show a Gaussian distribution (Figure 2c) (see Text S4 in Supporting Information S1 for the crust
correction and model setting and S5 for the configuration of inversion).
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3.2. Resolution Assessment

To evaluate the resolution and main characteristics of the final model derived from the data set, we conducted two
essential synthetic validations, namely: checkerboard resolution tests (Text S6 in Supporting Information S1) and
recovery tests (Text S7 in Supporting Information S1). As shown in Figure S11 in Supporting Information S1, the
output checkerboard models exhibit successful retrieval on well‐sampled regions, although smearing effects
become evident near the periphery of the study region due to limited ray path coverage. The results obtained from
the synthetic recovery tests (Figure S12 in Supporting Information S1) confirm the feasibility of resolving low‐
velocity and high‐velocity perturbations similar to those shown in Figure 3. Furthermore, the ray‐density from the
approximated diagonal Hessian also serves as validation for the illumination of major anomalies (Figure S13 in
Supporting Information S1).

3.3. Tomographic Results

Figure 3 shows the P‐wave velocity perturbations in percentage (δvp/ vp) relative to the reference AK135 model.
The color scale is set to ±4% to show a weaker smearing effect. These slices are superimposed by the contour of
ray density to indicate the ray illumination (Text S8 in Supporting Information S1). For comparison, Figure S14 in
Supporting Information S1 displays the results with a color scale of ±2% to highlight the weak anomalies in the

Figure 2. (a and b) Sector diagrams of azimuthally averaged relative traveltime anomalies before (a) and after (b) teleseismic tomographic inversion. Every sector
diagram denotes the normalized relative traveltime anomalies in the range of 30° back‐azimuth at each station, where the length of the sector represents the number of
measurements and the color of the sector is the average of the relative traveltime anomalies (Liang et al., 2016). (c) Histograms of relative traveltime anomalies before
(blue) and after (red) tomographic inversion, where the mean and standard deviations of anomalies are shown using the same color as the bars. (d) Convergence curve of the
normalized cost function during the inversion process.
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deeper regions (Text S9 in Supporting Information S1). Based on the results of the checkerboard and recovery
tests, we believe that the resolution for depth above 200 km is optimal, so we present four horizontal slices at
depths of 80, 120, 160, and 200 km (Figures 3a1–3a4). An initial observation is the existence of significant high‐
velocity anomalies in the west, in contrast to low‐velocity zones in the east of the study area. As the depth in-
creases, the velocity contrast boundary rotates from the northwest (at approximately <160 km depth) toward the
north (within the range of 160–200 km depth) and further toward the northeast (at approximately >200 km depth
with poor resolution). For the depth above 200 km, there is a concentrated high‐velocity (HV) anomaly that
persists at deeper levels, extending widely to the north and east. At the same time, a low‐velocity (LV) anomaly
concentrates along the eastern coastline of the target zone. This pattern suggests clear segmentation and het-
erogeneity of the northeastern Arabian margin at the upper mantle scale. For further illustration in Figures 3b1–
3b3, we include two west‐to‐east vertical slices and one south‐to‐north vertical slice extracted from the P‐wave
velocity model. Nevertheless, due to the possible smearing effects in the NNE direction of the ray paths, the
dipping structure between high‐velocity and low‐velocity anomalies has not yet been resolved by teleseismic
traveltime tomography unequivocally. Addressing this limitation may require applying the receiver function or
tele‐FWI to refine the representation of the dipping structure.

4. Discussion and Interpretation
4.1. New Evidence for the Lithospheric Thinning in the Northeastern Arabian Margin

Our interpretation focuses on the first‐order characteristics of the velocity pattern above 200 km depth with good
resolution. The western section of the Oman Mountains and Oman Sea display significant high‐velocity
anomalies, which contrast sharply with low‐velocities beneath the eastern section. This clear velocity transi-
tion likely delineates the boundary between the continental and oceanic lithospheres beneath the Oman Sea. The
high‐velocity structure in the western part of the Oman Mountains and Oman Sea is associated with a cold, thick
(about 150–200 km) and mechanically strong Arabian continental lithosphere. In contrast, the eastern section may
represent a low‐velocity asthenospheric structure underlying a thin lithosphere, indicating the thinning of con-
tinental lithosphere beneath the eastern Oman Mountains or oceanic lithosphere beneath the Oman Sea,

Figure 3. Velocity perturbations in percentage δvp/ vp beneath northeastern Arabia revealed by teleseismic traveltime tomography. (a1‐4) Horizontal P‐wave velocity
slices showing velocity variations at depths from 80 to 200 km. (b1‐3) West‐to‐east (b1‐b2) and south‐to‐north (b3) vertical sections of P‐wave velocity. The locations of
these profiles (A1‐A2, B1‐B2, and C2‐C2) are indicated in panel (a1‐4). HV means high velocity and LV means low velocity. The velocity slices are muted according to
the 0.2 contour of the approximated diagonal Hessian (ray density) in Figure S13 in Supporting Information S1. The contours of the approximated diagonal Hessian are
superimposed on the velocity patterns to indicate the ray illumination. The contour interval is 0.2, with a minimum contour value of 0.2. Pink triangles indicate the
positions of temporary stations of the COOL array. The red lines denote the thrust fronts, which are the same as in Figure 1a. The SGFZ is represented by a black dotted
line.
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respectively. In the following, our interpretation is focusing on the lithospheric thinning in this region. Notably,
the nature of these low‐velocity anomalies, including their association with a potential new mantle plume, was
discussed in a recent preprint of Pilia et al. (2024), which utilized a larger data set.

The NNE trending contrast has been previously documented by other geophysical investigations. In the COOL
project, a high‐resolution crustal shear‐wave velocity model was obtained using ambient noise tomography
(Weidle et al., 2022, 2023). An increase in shear‐wave velocity in the lower crust beneath the east of the SGFZ
was observed, potentially indicating cooling and contraction following the intrusion of significant amounts of
molten mafic material into the crust. Using the same data set, shear wave splitting analysis revealed one‐layer
anisotropy in the western region, possibly indicative of an old and thick lithospheric mantle, and two‐layer
anisotropy in the eastern region, suggesting asthenospheric thickening beneath a thinning lithosphere
(Komeazi et al., 2024). Furthermore, negative residual gravity anomalies indicate low upper mantle density at the
western margin (Kaban et al., 2016). This contrast variation is also somewhat visible along northeastern Arabia
(Priestley et al., 2012; van Herwaarden et al., 2023) for large‐scale seismic models though with rather poor
resolution. Especially, a recent continental‐scale African‐Arabian shear‐wave velocity model further favors the
occurrence of widespread lithospheric erosion and thinning during the past 200 Ma (Celli et al., 2020). These
independent validations are particularly noteworthy since our inversion study is based solely on teleseismic
arrival data. The convergence of these various lines of evidence collectively supports the presence of thinning of
the continental lithosphere beneath the northeastern Arabian margin.

4.2. Implications for the Tectonic Evolution of the Northeastern Arabian Margin

Combining our upper mantle velocity model and prior geological and geophysical evidence, we propose a
schematic representation of this continental lithospheric thinning beneath the northeastern Arabian margin, as
shown in Figure 4. This model serves as a basis to discuss the potential mechanisms and implications of this
lithospheric thinning for the tectonic evolution of this region, as reviewed in the introduction.

The main tectonic event before the Ophiolite obduction is the Late Proterozoic Pan‐African plate assembly and
Permian Pangaea rifting and breakup. From the shear‐wave velocity model, Weidle et al. (2023) suggested that
crustal segmentation along the main NNE boundary, including WJAZ, SGFZ, and Ibra zone, likely was estab-
lished during the Pan‐African orogeny and the high‐velocity in the lower crust beneath the eastern SGFZ may
reflect Permian mafic intrusions. Building on this perspective, we propose that the low‐velocity anomaly in the
upper mental scale may result from lithospheric thinning and upwelling of asthenospheric material (Xu &
Zhao, 2009) during the rifting of Pangaea in the Permian (Figure 1a). Several geological investigations support
the hypothesis of lithospheric thinning along the northeastern Arabian margin during the Middle‐Permian rifting.
Paleomagnetic data (Besse et al., 1998) indicates that the opening of Neo‐Tethys occurred during the Permian,
situated between the Cimmerian fragments in the north and the Arabian margin in the south (Figure 1b). The
breakup of Pangaea that began in the mid‐Permian might have thinned the lithosphere, particularly southeast of
the SGFZ. The presence of abundant Permian mafic rocks within the Arabian margin of the SHD has been

Figure 4. Schematic illustration showing the thinning of continental lithosphere on the margin of northeastern Arabia. The black dashed lines represent the present‐day
lithosphere‐asthenosphere boundary (LAB) inferred from our tomographic images, while the white dashed lines indicate the possible LAB before the Permian rifting of
Pangaea. The red arrows denote possible Cenozoic thermal activity from possible mantle plume. Velocity slices are interpreted for (a) profile B from west to east and
(b) profile C from south to north, respectively. Due to the limited illumination of the crust in this study, the interpretation is mainly based on the model of Weidle
et al. (2023).
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attributed to Permian rifting (Chauvet et al., 2009), whereas the JAD appears to have been minimally impacted by
mafic intrusions (Figure 1a). The spatial distribution of Permian mafic rocks further supports the view that the
SGFZ may have been an active boundary during rifting (Ninkabou et al., 2021; Scharf et al., 2019).

The Semail Ophiolite, formed during the obduction process, appears to be roughly continuous and unaffected by
the SGFZ, with similar ages observed along its strike (Rioux et al., 2013). This continuity suggests that the
obduction process might have had minimal impact on the upper mantle structure beneath the northeastern Arabian
margin. However, pre‐obduction lithospheric thinning is likely linked to obduction‐related continental subduc-
tion. Evidence for the depth of continental subduction is provided by high‐pressure rock units exhumed after a
potential slab break‐off event (Searle et al., 2004). For instance, metamorphic rocks in the SHD, with burial
depths of approximately 80 km, are situated at the same structural level as the mildly metamorphosed rocks of the
JAD with burial depths of less than 25 km (Grobe et al., 2019; Searle et al., 2004). Furthermore, the denser
distribution of normal faults on the eastern side of the SGFZ compared to the JAD indicates more significant
exhumation processes (Agard et al., 2010). These observations suggest different amounts of subducted conti-
nental materials between the SHD and JAD (Ninkabou et al., 2021). We propose that pre‐obduction lithospheric
thinning may have facilitated greater continental subduction on the SHD side. Additionally, a potential break‐off
of the subducted slabs may have influenced the lithospheric structure but is worth more focused research in future.

During the post‐obduction period, the lithosphere in this region may have experienced further erosion due to
thermal activity in the early Cenozoic. This interpretation aligns with evidence of late Eocene lithospheric
extension, as indicated by lower crustal azimuthal anisotropy (Weidle et al., 2023) and offshore seismic stra-
tigraphy (Ninkabou et al., 2021). Geologically, the mantle xenoliths found in basanite rocks in coastal areas of the
eastern SGFZ (Figure 1a) support a thinned lithosphere (about 80 km) at that period. Thermal thinning could also
explain the late Eocene uplift of the Oman Mountains (Scharf et al., 2019). Weidle et al. (2023) propose that
during the early Cenozoic, the eastern Arabian plate was positioned near the present‐day Afar triple junction
(Gaina et al., 2015). Hot material from the Afar plume likely spread outward, thinning the lithosphere through
partial melting and thermal erosion of the lithospheric basement. Additionally, lithospheric delamination driven
by small‐scale convection (Xi et al., 2024) might have further modified the lithospheric structure along the
Arabian continental margin. All these processes could contribute to mantle and lithospheric alterations, though
additional observations are required to validate these hypotheses fully.

5. Conclusions
We have developed a new 3D P‐wave velocity model for the upper mantle beneath the northeastern Arabian
margin using newly available seismological data and a novel form of teleseismic traveltime tomography. The
results reveal two column‐shaped anomalies: a high‐velocity anomaly in the western part and a low‐velocity
anomaly in the eastern part. These findings may suggest modification and thinning of the cold, thick Arabian
continental lithosphere during the Permian rifting of Pangaea. This pre‐obduction lithospheric segmentation may
have influenced the subduction dynamics during the ophiolite obduction process and the amounts of subducted
continental materials. Additionally, potential thermal erosion during the early Cenozoic may have further
modified the already thinned lithosphere. To better understand the mechanisms behind this lithospheric thinning,
we aim to refine the deeper structures by integrating other data sets provided by recently deployed seismic arrays
spanning the Zagros‐Makran‐Oman collision zone.

Data Availability Statement
The event catalog and all seismic waveforms of the COOL project recorded by network 5H were downloaded
from GEOFON (http://eida.gfz‐potsdam.de/webdc3/). The following software packages were used: AIMBAT
(https://github.com/pysmo/aimbat) for picking teleseismic traveltimes, ObsPy (https://github.com/obspy/obspy)
for data processing, and GMT (https://www.generic‐mapping‐tools.org) for data visualization. The 3D crustal
shear‐wave velocity model of the Oman Mountains was downloaded from IRIS (http://ds.iris.edu/ds/products/
emc‐orla2022). The teleseismic traveltime tomography package is accessible from the WDC for Geophysics in
Beijing (https://doi.org/10.12197/2024GA020).
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