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Mantle convection and the interaction of buoyant plumes with the lithosphere have been a
significant influence on plate tectonics. Plume-lithosphere interactions have been regarded
as a major driver of continental rifting, and have been linked to triple junction development
and major supercontinent break-up events. There are also many extensional tectonic
settings that lack evidence for a mantle plume and associated magmatism, indicating far-
field plate stresses also drive plate fragmentation. The Arabian Plate is a spectacular active
example where both amantle plume and far-field plate stresses interact to drive continental
break-up. Despite more than 80 years of geological research, there remains significant
conjecture concerning the geodynamic processes responsible for the plate motion and the
nature or onset of extension/deformation of the Arabian Plate. Complex structural patterns
within the Arabian Plate have been interpreted in the context of tectonic plate movements
and reorganization related to the subduction of the Tethys Oceanic plate, collision between
Arabian and Eurasian plates, and the superposition of Afar plume. These interactions have
accordingly resulted in different explanations or understanding of the geodynamic of the
Afro-Arabian rift system.We assess the relative influence of plume vs. far field influences by
reviewing the current views on the concept and models of these forces and highlighting
their significance and implications on Arabia. Our synthesis shows that most of the
geodynamical models proposed so far are not applicable to the entire Arabian Plate
and its surrounding boundaries.
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INTRODUCTION

Mantle plume represent perturbations influencing the lithosphere, which could cause a deformation
and variations in surface topography related to thermal buoyancy of the lithosphere and reflects low
Pn wave velocities and high seismicity (e.g. Burov and Cloetingh, 2009). This contrasts with the
negative buoyancy associated with slab-pull tectonic forces, caused by subduction of relatively cold
oceanic slabs at convergent plate margins (e.g., Schellart, 2004). The slab-pull force is significant and
represents up to 95% of the net driving forces of tectonic plates (e.g., Lithgow-Bertelloni and
Richards, (1995)), although plume force along with mantle convection also contribute to plate
kinematics (e.g., Yuen et al., 2007).

Afro-Arabian Rift System is well known as the Earth’s largest active rift system which contains the
only known incipient ridge-ridge-ridge type triple junction on Earth (e.g., Gerya and Burov 2018).
Various studies have connected the tectonic operations within and around the Arabian Plate in the
last 30 Ma with the Tethys Ocean closure and/or the Afar plume (e.g. Bellahsen et al., 2003; Bosworth
et al., 2005). Several authors have considered the importance of both the Afar plume and the closure
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FIGURE 1 | Geological and tectonic elements map of the Arabian Plate and surrounding region modified after Sharland et al. (2001). Geodetic observations
estimate extensional rates along the RS between 7 to 15 mm/yr from north to south, and between 15 to 19 mm/yr from west to east at the GOA, left lateral slip rates
along the southern Dead Sea Transform in the range of 4.5–4.7 mm/yr, and right lateral slip rates along the Owen fracture zone ranging from 3.2 to 2.5 mm/yr (e.g.,
ArRajehi et al., 2010). The remnant of Neo-Tethys (Makran) is subducting at 19.5 mm/yr beneath Eurasia (Vernant et al., 2004). Counterclockwise rotation of Arabia
relative to Eurasia was reported Reilinger et al. (2006) in the range of 20–30 mm/yr, leading to left lateral strike slip (East Anatolian Fault) along the northern boundary of
the Arabian Plate with GPS slip rates in the range of 17 –24 mm/yr from east to west Turkey. The slip rates increase eastward along the Zagros mountain belts from
18 mm/yr to 25 mm/yr (Walpersdorf et al., 2006).
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of the Tethys Ocean in the break-up of Africa (e.g. Jolivet and
Faccenna, 2000). The interplay of slab-pull and plume processes
is not fully resolved. Many reconstruction models of the Arabian
Plate and the surrounding region (e.g, Sultan et al. (1992);
Reilinger and McClusky, (2011)) provide a wide range of
possible evolutionary theories. This paper reviews the
historical and current views on the geodynamic setting of
Arabia in light with the latest findings from the region and
discusses possible implications of plume and far-field stress
conditions in order to improve our understanding of the
Arabian Plate geodynamic.

THE ARABIAN PLATE

The Arabian Plate (Figure 1) consists of Precambrian basement
exposure (Arabian Shield) along with Cenozoic alkalic volcanic
fields, and Phanerozoic sedimentary sequence (Arabian
Platform) (e.g., Stern and Johnson, 2010). There are well
known regional observable interior deformations within the
plate. Some of these deformation domains are located at the
western margin of the plate in the form of dikes, grabens, and
volcanic eruptions (e.g., Sharland et al. (2001)), while other
deformation domains are located within the Arabian platform
as defined by the central and northern Arabian structural systems
(Weijermars, 1998; Barrier, et al., 2014). The plate boundaries
comprise: 1) the Bitlis, Zagros and Makran sutures bounding the
plate from the north to the east, as a result of the closure of the
Tethys Ocean; 2) the Gulf of Aden (GOA) at the south which
represent one of the arms of the Afar rift system; 3) the Red Sea
(RS) to the west that forms the second arm of the Afar rift system;
and 4) the Dead Sea Transform (DST) to the northwest that
connects both the RS and the Bitlis.

Geodynamic Aspects
It is widely accepted that an initial collision between Eurasia and
Africa plates occurred at ca 40 Ma (e.g., Hempton, 1987). Apatite
fission track data suggest that collision took place at ca 20 Ma
along the Bitlis-Zagros zone Okay et al. (2010), though collision at
ca 27 Pirouz et al. (2017) or before 26 Ma Koshnaw et al. (2019)
has also been proposed. Closure of the Tethys Ocean was
interpreted to have been completed in the Miocene (e.g.,
Beydoun, (1999)), though no later than ca 10 Ma (e.g.,
McQuarrie et al., 2003). While the closure of Tethys Ocean
was taking place at the eastern boundary of the plate, the
proto-Arabian Plate had a counterclockwise rotation which
has been attributed to either the diachronous Arabia-Eurasia
collision (e.g., McQuarrie et al. (2003)), the activation of DST
Ben-Avraham et al. (2008), or to a regional mantle flow
(Faccenna et al., 2013). At the northern boundary of the
Arabian Plate, the boundary forces seems to have changed
from compression to strike slip style, due to the oblique
collision between Anatolian and Arabian plates (e.g., Beydoun
(1999)), which led to lateral escape tectonics of the Anatolian
Plate Figure 1 (Reilinger et al., 2006). This may have occurred
simultaneously with the crustal extension in the GOA and/or the
RS (e.g., Bosworth et al., 2005). Following the collision of Arabia

and Eurasia and the RS initiation, the strength contrast between
Afro-Arabia continent and the oceanic lithosphere of the
Mediterranean Steckler and Uri, (1986) may have initiated
movement along the DST at ca 20 Ma Nuriel et al. (2017),
soon after a dike intrusion event along the western margin of
the Arabian Plate (e.g., Sebai et al., 1991). This ultimately resulted
in the development of the Sinai micro-plate (e.g. Beydoun, 1999).

Beneath the Africa-Arabia lithosphere (Figure 2), it was
suggested that the arrival of the Afar plume at ca 30 Ma (e.g.,
Bosworth et al. (2005)) or the onset of extension at the RS
occurred during the same period with the onset of collision or
convergent between Arabia and Eurasia (e.g., Bellahsen et al.
(2003)), with possible interaction between plume and ridge that
could extend the influence of the plume up to the eastern GOA
(e.g., Basuyau et al., 2010). Plate reconstructions along with
geodetic data suggest that African motion relative to Eurasia
has been steady since ca 13 Ma but 70% slower than the rate that
occurred between ca 30 and 13 Ma (e.g., McClusky et al., 2010).
Thermal weakening of the Africa-Arabia lithosphere may have
been enhanced because of the slowing of the northwardmotion of
the Arabian Plate after collision (e.g., Almalki et al., 2015). It has
been suggested that plume interactions concentrate crustal
stretching and dike injection between proto-Arabia and Africa
during the late Oligocene (e.g., Cochran, (1983)) while the Indian
ridge at the southern boundary of the Arabian Plate was
propagating westward above the Afar plume (e.g., Jolivet and
Faccenna, 2000).

The Arabian Plate became an independent plate with the
formation of the RS and the GOA, after an extended period of
time of regional extensional deformation (e.g., Szymanski et al.,
2016). The RS is formed in response to separation of the African
and Arabian plates and represents an example of an orthogonal to
rotational extension system (e.g., Molnar et al., 2018). The
adjacent GOA also records the separation of the African and
Arabian plates but has evolved as an oblique ocean system (e.g.,
Leroy et al., 2013). An incipient plate boundary has also been
introduced to the region as a micro-plate at Danakil area; north of
Afar (e.g., Eagles et al., 2002).

DISCUSSION

Despite extensive body of research, there remains conjecture
about the timing of collision between the Arabian and
Eurasian plates (e.g., Pirouz et al. (2017)), the onset of
extension between the Arabian and African plates (e.g., Ligi
et al. (2015)), and the extent to which the plume and slab-pull
forces played in initiating and/or driving extension (e.g., Koptev
et al., 2018). Lack of data has also provided gaps and
inconsistencies in plate motion and interior deformation
estimates (e.g., Tesauro et al., 2018). The interior deformation
architecture of the plate may represent the interaction between
far-field forces with the pre-existing zones of weakness, which
casts additional uncertainty on linking the observed deformation
to a defined set of regional forces.

There is still uncertainty about whether the RS and the GOA
formed as a whole-sale tearing of the continental crust or as an
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episodic or diachronic extension (e.g., Almalki et al., 2016; Nonn
et al., 2019). Various models have been proposed for the opening
of the RS and the GOA including asymmetric, symmetrical
extension and pull-apart models (e.g., Sultan et al., 1992;
d’Acremont et al., 2005). The mechanism of opening may
involve intrusive magmatic activity as a major role in thinning
the continental lithosphere prior to the inception of spreading

[e.g., Bohannon and Eittreim, (1991)), a mechanical stretching of
the lithosphere (e.g., Martinez and Cochran, (1988)], or simply a
localization of the ocean crust formation (e.g., Makris and Rihm,
1991). Consequently, geodynamic models for the divergent
boundaries between the Arabian and African plates have fallen
into two main categories. Several authors have suggested active
rift models with the arrival of the Afar plume (e.g., Leroy et al.

FIGURE 2 | Simplified cross-sections along the Arabian Plate and its boundaries illustrating possible sub-crustal relationships, structural architectures and the
extent of the regional forces that have been developed since ca 30 Ma. Inset shows the approximate section’s location. Cross section (A) highlights the wide rifting in the
northern Red Sea, northern Arabia structural system Litak, et al. (1998), and the slab-pull in northwestern Zagros (Mouthereau, et al., 2012). Cross section (B) shows the
central Red Sea along with western Arabia volcanic province Bosworth and Stockli, (2016), central Arabia structural systemWeijermars, (1998), and slab-pull forces
along central Zagros (Mouthereau, et al., 2012). Cross section (C) presents Afar region, southern Red Sea, and slab-pull forces in Makran (Penney, et al., 2017). Cross
section (D) links the central Gulf of Aden with the central segment of Zagros (Mouthereau, et al., 2012). Refer to Figure 1 for structural features locations. The time-line
table shows major geological events occurred from 30 Ma to present. The time span extent of these events are not unique, but it is based on our evaluation of the
geologic reasonableness of the historical and current observations in an attempt to provide better understanding. The addition of more data in the future will allow for
better constraint to arrive at the most plausible geological scenario.
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(2013); De Gouveia et al. (2018)), whereas other authors have
linked extension with passive rifting processes driven by the onset
of collision or convergent between Arabia and Eurasia imbricated
on a lithospheric weakness zone (e.g., Brune and Autin 2013;
Almalki and Betts, 2021). These are end model interpretations
and hybrid processes have also been considered (e.g., Ebinger and
Belachew, 2010).

Early interpretations of the Afro-Arabian rift System
suggested the major driver of lithospheric extension was the
arrival of the Afar plume based on geological, geophysical and
geochemical observations (e.g., White and McKenzie, 1989;
Zeyen et al., 1997; Rogers, 2006). These observations include
1) flood basalts that illustrate a major plume reservoir initiated
in the Oligocene and declined during the Miocene (e.g.,
Rooney et al., 2013); 2) crustal velocity models that suggest
thinning of the Arabian Plate from ∼40 km thick crust to about
10 km towards the RS (e.g, Mechie et al., 2013); 3) regional
topographic patterns, which have been interpreted to be
caused by thermal buoyancy associated with arrival of the
Afar plume (e.g., Gvirtzman et al., 2016); 4) seismic
tomography data that reveal shear wave splitting azimuths
Faccenna et al. (2013) where basal tractions suggest northward
mantle flow emanating from the Afar region and slightly
oblique to the RS rift axis (e.g., Chang et al., 2011); 5)
isotopic data which suggest that the mantle source can be
separated into Pan-African continental lithosphere, mantle
plume and depleted asthenosphere (Schilling et al., 1992); and
6) results from the volcanic suites sited on the stable shield
which compared with other results from the Arabian Plate to
conclude that it did not rotate significantly following closure of
the Bitlis Suture until Late Miocene–Early Pliocene times since
when it has rotated anticlockwise at a rate of ∼1.0 /Myr
(Gürsoy et al., 2009).

However, comprehensive investigation of regional and local-
scale geologic, geochronological and geophysical data over the
whole collisional plate boundary suggest slab-pull force
dominated at least until 12 Ma (Mouthereau et al., 2012).
Observations that do not support an active rift model or limit
the influence of the plume include the absence of high surface
heat flow of the uplifted shield due to the temperature increase in
the mantle upwelling McGuire and Bohannon, (1989) along with
the lack of sign of an increase in geothermal gradient prior to rift
initiation (Szymanski et al., 2016). Stretching and lithospheric
thinning of the Arabian margin along the RS is asymmetrical
(Figure 2) Yao et al. (2017), which are inconsistent with plume
models. Further, topographic relief along the southern RS margin
is a lithospheric flexural response related to a combination of
sediment loading and magmatic underplating at the edge of the
margin (e.g., Watts, 2001). A more comprehensive data set for
shear wave splitting shows a uniform regional pattern within
Arabia in agreement with the earlier reported azimuths Qaysi
et al. (2018), suggesting potential regional mantle convection
flow. Geodetic and plate tectonic observations affirm the pre-
existing argument that attribute the rotation to the subduction of
the Tethys oceanic lithosphere beneath the Eurasian Plate
(Reilinger and McClusky, 2011). Recent crustal-thickness and
Vp/Vs ratios estimates across the Arabian P late suggest a

uniform extension (Blanchette et al., 2020). The propagation
of the GOA toward Afar and the absence of oceanic crust at
the Afar triple-junction zone Almalki and Betts, (2021) along
with mantle flow divergent from the extension axis (Figure 2)
Petrunin et al. (2020) add additional uncertainty about the extent
and influence of the plume.

The RS opening is interpreted to have initiated at ca 24 ±
2 Ma, whereas the GOA is interpreted to have opened at ∼
17 Ma (e.g., Fournier et al. (2010)), with 14.2–18.6 mm/yr
motion between Arabia and Eurasia plates (e.g., ArRajehi
et al., 2010). However, motion rate estimate at ∼1 Myr
intervals between Africa-Somalia plates since 20 Ma DeMets
and Merkouriev, (2016) is inconsistent with previous open
estimates along the GOA, which highlight the idea of either
a coincide formation along both divergent margins (e.g.,
Bellahsen et al. (2013)) or later timing for the opening of the
GOA. The history of the RS extension may have been preserved
in dike intrusions that manifested mainly along the Arabian
margin (Figure 2) (e.g., Roobol and Stewart, 2019). These dike
intrusions potentially resulted from regional stress rotation,
though this regional change is still debatable (Bosworth and
Durocher, 2017). The slowing of the convergence or the onset of
collision between Arabia and Eurasia may be reflected by a
stepping of the locus of extension from the spreading axis to off-
axis dikes along the western Arabian margin between 24 and
22 Ma (Almalki et al., 2015). Similarly, the change in Africa-
Eurasia motion at 13 Ma is temporarily correlated with the
onset of volcanism within the western Arabian margin
(Figure 2) Camp and Roobol (1992) and resumption of the
Sirhan rift volcanism (Figure 1) (Bosworth and Stockli, 2016).
This seems to be synchronized with the recently suggested RS
spreading initiation age at 13 Ma (Augustin et al., 2021). The
combination of asymmetrical closure of the Tethys Ocean, and
escape tectonics of the Anatolian Plate may have contributed to
the rifting and rupturing of the RS and the GOA. However, this
correlation assumes that the Arabian Plate is rigid as it transits
the regional stresses, which is an assumption that needs to be
validated.

Regardless of the tectonic drivers, several studies have
suggested that separation of the Arabian and African plates
was focussed on zones of lithospheric weakness (e.g., Molnar
et al. (2020)), which could include heterogeneities in the
lithosphere caused by a mantle plume (e.g. Molnar et al.,
2017). Other modelling results require unreasonable scale of
the plume to generate the architecture of the African-Arabian
rift systems (Koptev et al. (2018)) or show that the lithospheric
weakening caused by a circular plume is insufficient to drive
extension alone (Khalil et al., 2020). These studies support
interpretation that the plume may only weaken the lithosphere
and so may play a localized force and that extension was mainly
influenced by slab-pull forces that were transferred for a large
distance into the interior of the Arabian Plate (e.g., Bellahsen
et al., 2003). Determining the deformation architecture of the
plate interior may provide insights into the role of far-field forces
and how they are superimposed on zones of pre-existing
weakness (e.g., ancient sutures zones and mantle
heterogeneities such as the Afar plume).
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Interior Deformation Implication
Although the interior deformation of the Arabian Plate is well
documented, there is still uncertainty about their driving forces.
Tesauro et al. (2018) suggested that most of the Arabian Plate is a
long-term stable tectonic feature, though regional sequences of
graben and anticlines systems were reported in Arabia (Barrier,
et al., 2014; Bamousa et al., 2020). These systems have an oblique
angle with the regional plate motion direction (Figure 1). Recent
study shows spatial variability of plate velocities suggesting an active
plate interior deformation (Aldaajani et al., 2021). The conjugate
systems of extensional and compressional structures formed at
Cenozoic would cast doubts on the influence of far-field or
plume forces on the interior deformation within Arabia.

The role of basal tractions, linked with the Afar plume, on the
western Arabia volcanism (Figure 2) is argued in many studies (e.g,
Murcia et al., 2013). However, geochemical observations show that
the plume did not play a significant role (Konrad et al., 2016; Altherr
et al., 2019). It has been suggested that some of the volcanic fields are
typical of lithospheric and/or asthenospheric sources (Sgualdo et al.,
2015). The absence of elevated rifting axis along the RS and GOA
suggests a negligible force on the interior deformation within the
plate (Figure 2). On the opposite margin, slab tear migration along
Zagros westward and southeastward until ca 10–5Ma (Omrani et al.,
2008; Agard et al., 2011) may trigger toroidal mantle flow and
promote slab steepening and associated slab pull forces (i.e. collision)
that could be driving structural architecture within central Arabia
and its eastern margin (Bamousa et al., 2020).

Interpretation of width variations of the Arabian extensional
margins (e.g., Stockli and Bosworth, (2019)) have not included the
reported strain in the plate interior (e.g., Weijermars, 1998). This
raises the potential for localised lithospheric body forces, such as
those documented in the East African Rift system Stamps et al.
(2015), as the driving mechanism for the observed deformation.
These forces are driven by the horizontal gradient of the
gravitational potential energy (GPE) that is associated with the
lithospheric strength/thickness variations across the continent
(Ghosh and Holt, 2012). There is no published GPE model for

the Arabian Plate, thus limiting assessment of the effect of local vs.
mantle forces on the Arabian Plate interior.

Consequently, acting tectonic forces on the Arabian Plate can be
fallen into three origins: 1) Edge forces (i.e. plate boundaries such as
the RS or GOA and far-field stresses), 2) Lithospheric body forces (i.e.
driven by the horizontal gradient of GPE), and 3) Mantle-related
tractions (i.e. Afar plume or other mantle flow) (Figure 2) (Warners-
Ruckstuhl et al., 2010). However, thermal variability across the
Arabian Plate Rolandone et al. (2013) may reflect in the strength
variations of the Arabian lithosphere, which is assumed to control the
tectonic processes at plate boundaries Steckler and Uri, (1986) and in
the plate interior. This emphasizes the challenge of considering
multiple driving forces with spatial lithospheric strength variability.

Lack of Data
Most of the previous studies have not always interpreted the data
with the whole area in mind. It is quite clear that our firm
comprehension of the plate margins evolution and extent along
with the interior deformations would improve our understanding
of the extent and impact of the regional forces. To that end, there
is a need for more and higher-resolution geodetic, geophysical,
and geochemical data in order to provide a coherent image about
the geodynamical aspects of the Arabian Plate.
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