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The Red Sea provides an opportunity to study the processes during the transition from continental rifting to early-stage seafloor
spreading during ocean initiation. We delineate variations of lithospheric architecture and the nature of extension along the
Red Sea region through joint interpretation of gravity and geoid anomalies and gravity-topography transfer functions. We use
lithospheric-scale models to compare stretching factors with upper mantle gravity anomaly, residual mantle Bouguer anomaly,
and effective elastic thickness. Based on our observations, the Red Sea is divided into four segments; each having distinct
lithospheric characteristics and stretching styles. These are: (i) southernmost Red Sea and Danakil having regionally weak and
stretched lithosphere, (ii) southern Red Sea with fully developed seafloor spreading and asymmetric lithospheric architecture,
(iii) central Red Sea having discontinuous magma accretion with newly formed seafloor spreading, and (iv) northern Red
sea with a stronger lithosphere and limited stretching revealing a stage of continental rifting. In these segments, lithospheric
stretching correlates with regions of weak lithosphere, including a regime of sublithospheric plume channel beneath the southern
Red Sea. The Zabargad fracture zone between the central and northern segments is revealed as a major lithosphere-scale
boundary that may act as a barrier to the propagation of seafloor spreading into the northern Red Sea. The weak and highly
stretched lithosphere in this region may indicate the onset of a new spreading cell. Our results conclude that the evolution of
the Red Sea is more complex than the previously suggested kinematic models of simple “unzipping” and illustrate that several
extensional styles can exist within different segments during the initial stages of ocean formation.

1. Introduction

The Red Sea represents a divergent tectonic boundary that
is transitioning from a continental rift to an incipient
oceanic basin. Given its distinctive stage of development as
an oceanic basin, the Red Sea serves as a natural labora-
tory for investigating the intricate processes associated with
continental rifting and ocean initiation. Despite exten-
sive geological [1-4] and geophysical [5-10] studies, the
geodynamics and crustal architecture of the Red Sea remain
debated. Different propositions concerning the style and
mode of extension and subsequent basin formation in the

Red Sea include multistage pull-apart [11], asymmetric
[12-14], and symmetric [15] rifting. Similarly, there is no
consensus, from previous studies, on the extent of seafloor
spreading [5-9, 16-21], the influence of the Afar plume or
far-field forces in the Red Sea opening [22], and the role of
lithospheric heterogeneities in the basin evolution [23-25].
We delineate the lithospheric architecture along the
Red Sea through constrained topography-gravity-geoid
modeling and analyze the variations in crustal and
lithospheric stretching factors to understand the segmenta-
tion and modes of extension along the Red Sea. The results
are compared with maps of an estimated effective elastic
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thickness (Te), upper mantle gravity (UMG), and residual
mantle Bouguer anomalies (RMBA) to infer controls on
rifting in different segments of the Red Sea. Our results
provide insights into the ocean initiation process and a
link between Red Sea evolution, rheology and upper mantle
structure.

2. Datasets

We utilized regional and global topography, gravity, geoid,
seismic, seismological, and well data from the Red Sea
and the adjoining continents (Figure 1(a)-1(c)). Regional
topography data were extracted from the ETOPO1 global
relief grid with a 1'x1’ spatial resolution [26]. Gravity
anomalies were derived from the satellite global free-air
gravity grid from the V23.1 gravity database [27], and the
geoid data were taken from the Earth Geo-potential Model
EGM2008 grid [28]. These global grids have a 1'x1’ spatial
resolution and contain wavelength information sufficient
for regional geophysical investigations [29]. We compiled
available seismic reflection and refraction data, results from
receiver function studies, and well data for constraining
lithospheric geometry during 2D modeling (Figure 1(c) and
Table S1 in supporting information S1). The global upper
mantle shear-wave velocity model SL2013sv [30] was used
to compute UMG effects.

3. Methods of Analysis

Three independent approaches were adopted to ana-
lyze geophysical datasets to understand the lithospheric
structure and the rheological characteristics of the Red Sea.

3.1. Joint Topography-Gravity-Geoid Modeling. The joint
topography-gravity-geoid models provide different scales
of subsurface information. This approach, if properly
constrained, generates robust lithospheric models as the
geoid is sensitive to deeper mass anomalies, whereas
crustal-scale mass heterogeneities are reflected in the
gravity data [31]. To delineate the lithospheric architecture
and its variation both along and across the Red Sea region,
we extracted twenty profiles across the Red Sea (Figure
1(b)) for the seismically constrained modeling. Each profile
extends from the African to Arabian continental interior
perpendicular to the Red Sea margin. The profiles are ~700
km long and spaced 90-100 km apart.

We computed Bouguer gravity anomalies from the
free-air gravity grid by assuming average density values for
water, continental, and oceanic crust (Table S2 in support-
ing information S1). The residual geoid grid was prepared
by subtracting the long-wavelength contribution up to
degree 10 (referred to as degree-10 residual geoid) from
the full-spectrum grid to obtain information on lithospheric
mass variations. The forward modeling involved matching
the model responses with observed topography, degree-10
residual geoid, and the Bouguer gravity data. We mod-
eled the layers of water, sediments, oceanic crust, upper
and lower continental crust, and lithospheric and asthe-
nospheric mantle. Underplated crust and intrusions were
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included in several models to determine a suitable model fit.
The modeled underplate layers were incorporated into the
lower crust assuming that the associated igneous compo-
nent of the model formed during the rifting and requires a
similar mode of isostatic compensation as for the stretched
region [32]. Values of lithological properties used in the
modeling are given in Table S2 in supporting information
S1.

Seismic, seismological, and well data were used to
constrain the crustal structure and the Lithosphere-Asthe-
nosphere Boundary (LAB) depth. The seismic constraints
within a distance of 50 km from each of the profiles
were orthogonally projected. Sediment density values were
constrained from the seismic velocities using the velocity-
density relationship [33]. The average density values from
adjacent profiles were assigned to the corresponding layer
for the profiles without available velocity constraints. At
a few locations, deviations from seismic constraints were
made when the modeled responses significantly differed
from the observed data. Compiled seismic velocities and
corresponding densities of different lithospheric bodies are
given in Table S3 in supporting information S1. The model
output and its fit with the observed data are calculated using
Litmod2D v1.6 [34], which solves the heat conduction and
geopotential equations to infer the crustal and upper mantle
structure.

3.1.1. Calculation of Stretching Factors. We use the
modeled Moho and LAB geometries to evaluate the
crustal and lithospheric stretching variations along the
Red Sea region. The stretching factor for the whole
crust (Bc) and the whole lithosphere (Pr) is calculated
using the equation [35]

B=- (1)

where t; is the initial (pre-rift) and t¢ is the final
(present-day) thickness of the crust and the lithosphere.
The pre-rift thickness values were assumed from the
average thickness of undisturbed neighboring continental
regions. The initial crustal thickness (tcj) is taken as
43 km, which is the depth to Moho in the Arabian
shield as inferred from the deep seismic refraction line
of the United States Geological Survey (USGS) [36].
The initial lithospheric thickness (tr;) is assumed to be
120 km for the southern Red Sea and 110 km for
the central and northern Red Sea regions, which are
the values calculated using receiver function analysis by
Hansen et al. [37] for the Arabian shield. To account
for the uncertainty of the assumed initial thickness
values, B values were calculated for tc; £ 5 km and
tpi £ 10 km. The final thickness values are calculated
from the lithospheric models. The difference between
the crustal and lithospheric stretching factors (Bc — Pr)
was used to analyze the differential stretching of the
crust and mantle layers. We prepared the maps of Pc,
B, and Bc — Pr for the whole Red Sea region by
interpolating the values from the individual profile for a
holistic interpretation.
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F1GURE 1: (a) Onshore and offshore geology of the Red Sea overlain topography/bathymetry relief, with important tectonic and magmatic
features. (b) Bouguer gravity anomaly map of the Red Sea. White lines show profiles used for lithosphere modeling. (c) Degree-10 residual
geoid map of the Red Sea with locations of seismic and seismological constraints (see Table S1 in supporting information S1).

3.2. Estimation of Effective Elastic Thickness. Effective
elastic thickness (Te) indicates the thickness of a
thin elastic plate overlying an inviscid substrate whose
response to an applied load is equal to that of a
real lithosphere under the same load and is consid-
ered a proxy of the integrated strength of the litho-
sphere [38]. We estimated Te using a joint inversion
of admittance and coherence of topography/bathymetry
and Bouguer anomaly using the code PlateFlex [39]. In
oceanic regions, bathymetry was converted to effective
bathymetry to maintain consistency with the offshore
Bouguer gravity anomaly by converting the water load
to a rock column of average crustal density and adding
this column to the bathymetry [40].

3.3. Computation of UMG and RMBA. The gravita-
tional effect of the upper mantle density structure was
calculated using the approximate quantitative relation-
ship between density (p) and shear wave velocity (Vs)
[41] using the equation

_ Inp-Inpg
RE T InVg-InVg (2)

where R,/s is the scaling ratio, py is the reference
density, and Vg is the reference shear wave velocity. We
used the shear wave tomography model, as Vg, Global
1-D Earth model ak135-F [42, 43] as pg and Vg, and
the model by Forte et al. [44] for the depth-depend-
ent variation of Ry/. The modeled density perturbation
is converted into the UMG effect using Parkers [45]
forward modeling equation.

The mantle Bouguer anomaly (MBA), representing the
variations in crustal thickness and crustal and/or mantle
density, was computed by correcting the Bouguer anomaly
for the crust-mantle interface assuming a reference crust of
6 km thickness and using forward modeling technique [45].
The RMBA is determined by subtracting the UMG from
the MBA to remove the effect of deeper density variations,
yielding a more accurate representation of crustal-scale
density variations.
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4. Results

The lithospheric architecture modeled for twenty profiles
(Figures 2-6) across the Red Sea region reveals Moho and
LAB geometry variations within different basin segments.
The calculated values for B¢, P, and pc — Pr. for all twenty
profiles are presented in Figure 7. A detailed description
of the lithospheric models and stretching factors along the
twenty models is given in Text S1 in supporting information
(S1). The Bc, Pr, and B¢ — P, (Figure 8) and Te, UMG, and
RMBA maps for the Red Sea region (Figure 9) are ana-
lyzed and mutually compared to interpret the links between
extension and lithospheric architecture along the Red Sea.

In general, the Pc map (Figure 8(a)) has a close
resemblance with the RMBA map (Figure 9(c)). The long,
narrow axial zones of B¢ (<6) and RMBA (>240 mGal) in
the southern and central part of the Red Sea suggest that
the most intense crustal thinning coincides with the axial
magma chambers of crustal accretion in this region. The
(Figure 8(b)) map correlates well with the Te map (Fig-
ure 9(a)), indicating that the largest lithospheric stretching
is observed in the regions of the weak lithosphere. The
identified regions of weak and stretched lithosphere include
the Afar Triple Junction (Te = 5 km, Py, ~2.75), the southern
Red Sea (Te = 5-10 km, Py >3), and Zabargad Fracture
Zone (ZFZ; Te = 10-15 km, Py ~2.75). Furthermore, the
entire Red Sea region is characterized by negative UMG
(Figure 9(b)). A zone of highly negative UMG (<-200
mGal) extends from the Afar region toward the Arabian
shield, crossing the southern Red Sea region obliquely
(Figure 9(b)).

Based on the variations in these relationships along the
basin length, we identify four segments of the Red Sea with
distinct geophysical characteristics and use these differences
to highlight variations in the extensional style and rifting
mechanism.

4.1. Red Sea Segments

4.1.1. Southernmost Red Sea and Danakil. Our models
reveal that the southernmost Red Sea and Danakil
region are characterized by stretched continental crust
and lithosphere (Figure 2) with By > Pc (Figure 6).
The calculated Pc values are comparable with previous
studies in Afar (~2.0) [46], as well as the Yemen margin
(onshore: 1.6—1.8; and offshore: 2.4 [47]). The lack of axial
RMBA high suggests the absence of seafloor spreading
and substantiates the previous continental rifting interpre-
tations for this segment of the Red Sea [16, 48]. Our
models show a domed LAB and magmatically intruded
crust in the Danakil region, which can be attributed to
the upwelled asthenosphere due to the proximity of the
Afar plume [49, 50]. The region of this segment character-
ized by high P (~2.4-2.7) and low Te (<7 km) coincide
with a highly negative UMG anomaly (<-200 mGal). We
interpret this to indicate the influence of upper mantle
density and/or temperature heterogeneities, weakening the
lithosphere and promoting elevated lithospheric stretching.
Thermal perturbations by mantle plumes can be sufficient
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to reduce the mechanical strength of the lithosphere [51].
The plume-driven thermal erosion of the lithosphere can
decrease the total lithospheric thickness, whereas magma
intrusion and underplating increase the crustal thickness
[52], yielding elevated Py and lower P values. The results,
altogether, suggest mechanical stretching and thinning of
the lithosphere in this area which is magmatically affected
and thermally weakened by the Afar mantle plume. Our
modeling does not consider stretching caused by magma
injection [53]

4.1.2. Southern Red Sea. Previous investigations in this
region provided evidence of seafloor spreading with an
active spreading ridge with magnetic lineations, seismicity,
and rift shoulder uplift [5, 16, 54-56]. The RMBA map
(Figure 9(c)) shows the presence of a continuous narrow
axial high zone. The Py, and Te (figures 8(b) and 9(a)) maps
reveal a weak but highly stretched lithosphere centered at
the axis of this segment. The lithospheric models (figures
2-4) reveal significant crustal stretching and asymmetry
in the Moho and LAB geometry. The Arabian margin is
characterized by a thicker oceanic crust, which is related
to a combination of downward bowing of the oceanic
lithosphere and a relatively thick sedimentary pile overly-
ing the oceanic crust (see also Reference 57). The extent
of the oceanic crust is wider in this segment of the Red
Sea, extending from the present-day spreading center to the
Arabian Escarpment. The Miocene sediments are deposited
atop the oceanic crust [57], indicating its earlier formation.

Mafic underplate is modeled at the location of crustal
necking beneath the Arabian escarpment (Figure 4), while
crustal necking is not evident on the African margin.
Upwarping of the LAB is significantly greater on the
Arabian margin compared with the southernmost and
central Red Sea. Numerical modeling suggests that this
lithospheric behavior is promoted by a weaker and/or
hotter lithospheric mantle [58]. Bc on the Arabia margin
is less than the African margin, which we attribute to the
thicker oceanic crust and sediment pile. An asymmetry
in lithospheric extension is revealed by the greater extent
of elevated Py values that extend beneath and beyond
the Red Sea escarpment beneath the relatively thick crust
of the Arabian Shield (fr ~2.5). In contrast, the African
Lithosphere is thicker and undergoes less stretching (Br
~1.8-2.0; Figure 7). The stretched lithosphere beneath the
Arabian margin coincides with a low gravity anomaly zone,
as indicated in the UMG map (Figure 9(b)), which extends
from the Afar region toward the Arabian shield, crossing
the southern Red Sea obliquely.

We interpret these data to reflect the presence of a
shallower, buoyant, and presumably hotter sublithospheric
mantle beneath the Arabian margin of the southern Red
Sea. Upwarping of the LAB promoted thermal erosion at
the lithospheric base and higher lithospheric stretching. The
coincidence of the thinned lithosphere, mafic underplating,
and LAB upwelling beneath the zone of elevated topogra-
phy along the Arabian escarpment is interpreted to reflect
dynamic support from the upper mantle structure [59].
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Thickening of the crust in this domain reflects necking
during crustal stretching in combination with intrusion-
assisted crustal thickening.

4.1.3. Central Red Sea. The lithospheric models across the
central Red Sea (figures 4-5) reveal a narrow axial zone of
oceanic crust (or transitional crust) and highly thinned and
stretched continental crust flooring overlain by sediments.
Unlike the southern Red Sea, the extension of the crust
and the lithosphere is relatively symmetrical in this region,
suggesting a transition to a pure-shear extension mode. The
overall higher crustal stretching (Bc ~5-7) compared with
the lithospheric stretching (By~2.5; Figure 8) in the basin
interior suggests depth-dependent lithospheric stretching
[58], in which crustal extension is promoted over litho-
spheric extension. This type of extension would require
decoupling at the crust-mantle interface and increased
mantle strength [58]. A strong lithospheric mantle is
supported by our moderate Te values (~20 km) for the
central Red Sea compared with the Te values from the
southern Red Sea. This segment is also characterized by a
series of discontinuous axial gravity highs in the RMBA
map (Figure 9(c)), which have a similar amplitude and
wavelength to anomalies associated with seafloor spreading
in the southern Red Sea. The shorter wavelength of mantle
upwelling and the geophysical evidence suggest a discontin-
uous spreading ridge.

4.1.4. Northern Red Sea. The boundary between the central
and the northern Red Sea region is defined by the trans-

tensional NE-SW-trending transverse ZFZ (Figure 1). This
fracture zone is interpreted as a first-order structure [17]
that bounds segments of differential extension between the
northern and the central Red Sea [13, 60]. It is expressed
by a prominent (~100 km) dextral offset of high amplitude
gravity anomalies in the RMBA map (Figure 9(c)) and is
also been imaged in compilations of magnetic data [23].
Previous studies have revealed the development of localized
pull-apart basins along this structure [23, 60, 61], and it
defines the location of the most recently developed “deep”
along the axial zone of the central Red Sea [20]. Our Te map
reveals a low elastic thickness (~10 km) adjacent to the ZFZ
compared with regions to the north and south, highlight-
ing a localized zone of lithospheric weakness (Figure 8(a)).
This weak lithosphere is also characterized by increased
lithospheric stretching compared with the central Red Sea
and regions to the north (Figure 8(b)).

Numerous previous studies suggest that the north-
ern Red Sea is characterized by continental rifting [9],
significant extension and thinning of the continental crust,
limited formation of new oceanic crust [62-64], and no
magnetic evidence for a linear spreading ridge [19]. This
contrasts with some recent studies [17, 23, 65, 66] which
propose continuous spreading along the entire Red Sea
based on gravity data. The lithospheric models in this
segment (Figure 6) reveal the presence of continental crust
with reduced crustal (B¢ ~2) and lithospheric (Bp ~2)
stretching. The similarities between Bc and P suggest a
relatively strong coupling between the crust and upper
mantle compared with the remainder of the Red Sea. The
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axial spreading ridge, which was evident from the RMBA
map (Figure 9(c)) in the southern and central Red Sea, is
absent in the northern Red Sea. The modeled Moho and
LAB geometries suggest pure-shear lithospheric extension,
which is generally supported by the ¢ and By, maps (Figure
8), which shows a slight increase in the stretching factor
in the center of the basin. This interpretation is consistent
with numerous previous studies [15, 63, 67]. The northern
Red Sea shows higher (>30 km) Te values (Figure 9(a))
indicating the presence of a mechanically stronger and
cooler lithosphere in this region, which is supported by
the reduced heat flow compared with the southern part of
the Red Sea [68], and the high amplitude UMG anomalies
along this northern segment (Figure 9(b)). We note that
the northernmost part of this segment (profiles 19 and
20 in Figure 7) shows a minor asymmetry with higher
lithospheric extension along the African margin compared

with the Arabian Margin, while f¢c remains to be symmet-
ric. This relationship is attributed to asymmetric extension
along the Gulf of Suez [67, 69].

5. Discussion

The Red Sea represents the modern archetype of evolv-
ing juvenile rift systems and offers critical insights into
how continental rifts evolve into ocean basins. There
have been many different models proposed to explain the
evolution and the lithospheric architecture of the Red Sea,
and debate continues about the role of the Afar plume
versus far-field forces (see Reference 22), the timing and
extent of seafloor spreading [5, 16, 17, 54, 55, 55, 56, 70—
74], and the mode of crustal extension (i.e., pure shear
versus simple shear versus strike-slip) [11, 55, 75-79]. The
variability in evolutionary models is often a consequence of
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interpretations from relatively localized and shallow crustal
data that then proliferated along the entire length of the
Red Sea. Our approach investigates the lithospheric-scale
structure of the entire length of the Red Sea and uses data
from multiple and independent data sets to inform our
analysis and interpretation.

Our analysis reveals that the Red Sea is highly
segmented at both a crustal and lithospheric scale
and does neither support the notion that the seafloor
spreading is continuous along the axial zone nor that
the Red Sea is completely floored by oceanic crust. This
substantiates earlier interpretations of discrete spread-
ing segments from geophysical data [16, 80] as well
as numerical and analog experiments [81, 82]. We
have identified four distinct segments of the Red Sea,
each with a distinct lithospheric architecture, which can
be correlated with the elastic thickness and subcrus-
tal lithospheric mantle structure. Primary observations
regarding the lithospheric structure and extensional
styles of these four segments are summarized in Figure
10. The southernmost and northern Red Sea has not yet
evolved into active spreading. Both areas have compara-
ble Bc and Pr values (~1.5-2), indicating a state of
mechanical coupling during the stretching of the crust
and lithospheric mantle. However, the zone of litho-
spheric extension is significantly wider in the southern-
most Red Sea compared with the northern segment
(Figure 8). This may be explained by the relatively weak
and hot buoyant lithosphere, which is conducive to
conditions that favor wide rift modes [83]. In con-
trast, the relatively strong and cool lithosphere in the
northern Red Sea favors narrow rifting [83]. Addi-
tionally, the models indicate a significant presence of
magmatic intrusion in the Danakil region, which could
potentially be a contributing factor to the lithospheric
extension [84, 85] and lithospheric weakening [86-88].

Our models show the presence of thick sediment
deposits throughout the entire Red Sea. In the northern
Red Sea, a continuous salt layer is present between the
coastlines. In the central Red Sea, sedimentary deposits are
thick and cover the stretched continental crust underly-
ing most of the basin, with narrow axial troughs lacking
significant salt deposits. In the southern Red Sea, thick
sediment deposits are found along the margins and partially
overlie the wide oceanic crust. The results are consistent
with various drilling [1-3] and seismic studies [4-8] and
other sources listed in Table S1, which revealed extensive
sedimentary layers, some up to 4 km thick, dating from the
Early Miocene to the Pleistocene period.

A wide zone of oceanic crust underlies the southern
Red Sea compared with the rest of the Red Sea, which
is partially overlain by Miocene sediments. Almalki et
al. [57] attributed this to an episode of Oligocene
spreading followed by a spreading hiatus and then
renewed Pliocene spreading initiation. Alternatively, it
may reflect continuous spreading since the Miocene,
as proposed by Augustin et al. [17]. Regardless of
the preferred interpretation, the oceanic crust is more
extensive in the southern segment than in the central

Lithosphere

Red Sea (see also Reference 16). The continuity in
the axial seafloor spreading is evident in the B¢ and
RMBA maps (figures 8(a) and 9(c)). Variations in the
Bc and P values in the southern Red Sea suggest a
decoupling of the crust and lithospheric mantle. Crustal
extension in the axial zone is more than twice that
of the lithosphere, suggesting that lithospheric extension
may have been accommodated by magma intrusion
[89]. Pr is more diffuse with maximum stretching in
the central part of the segment and tapers off more
moderately on the Arabian margin compared with the
African margin (Figure 8(b)), revealing an asymmetry
that is further evidenced by crustal necking, under-
plating (Figure 3), and topographic uplift along the
Arabian Escarpment [90]. The coincidence of maximum
lithospheric extension and a significant Te low in
the central part of the segment points to lithospheric
strength as a major control on the seafloor spreading.
The UMG map shows this part of the Red Sea is
obliquely intersected with an elongated regional low
(-200 mGal), which may be imaging a low-density
mantle channel [91-93] that extends from the Afar
mantle plume across the southern Red Sea. This may
be conducive to the post-rift evolution of the elevated
Arabian margin [94] and the formation of a chain
of volcanic fields (Harrats) in the Arabian shield as
the surface expression of decompression melting of the
plume channel [95]. This is further supported by low
velocities beneath the Arabian escarpment in the global
[30] and local tomography models [96].

There are some similarities between the central and the
southern Red Sea segments, particularly in terms of the
crustal extension along the axial zone, which is significant,
although slightly less. The RMBA response in the central
segment is also similar in wavelength and amplitude to
the southern segment, but the anomalies are less contin-
uous. A decoupling of crust and lithospheric mantle is
still apparent in the Pc and Py values, suggesting magma
intrusion-assisted lithospheric extension. These findings are
consistent with the depth-dependent extension model [97,
98] which suggests that the decoupling of the lithosphere
leads to crustal-necking breakup following the lithospheric-
mantle necking breakup. The Red Sea break-up model, as
presented by Mohriak and Leroy [99], which suggests a
rapid thinning of the continental crust from onshore to
offshore and the initiation of spreading in the axial trough,
thereby separating two Late Miocene salt basins, aligns well
with this interpretation. The central Red Sea is symmetrical
in comparison to the southern Red Sea, and the oceanic
crust is significantly narrower, suggesting that this segment
is more juvenile. This is supported by interpretations of
localized upwelling mantle diapirs impingement, emplaced
oceanic crust, and development of isolated bathymetric
deeps along the axial zone [18, 20, 21, 73] and marked
change in the signal of marine and satellite magnetic
anomalies away from the axial zone [16, 23]. The Te map
suggests that the lithosphere is stronger and less stretched
beneath this segment compared with the southern Red Sea
segment, which highlights the diminishing influence of the
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Figure 10: Illustrative summary of the lithospheric structure and extensional styles of the four Red Sea segments. Dashed lines indicate
representative boundaries between the upper and lower continental crusts.

Afar mantle plume. The narrowness of mantle upwelling
in this section compared with the southern Red Sea could
be attributed either to the immaturity of the spreading
compared with the south, or the relatively high strength
of the lithosphere, noting this condition would promote
narrow rifting [83]. In either case, the present results
support earlier observations of a transition zone in the
central Red Sea [10, 16, 19, 73].

An intriguing observation along the axis of the Red Sea
is the coincidence between the first-order ZFZ [17] at the
boundary between the central and northern segments. In
the upper crust, the ZFZ is revealed as offsets in the RMBA.
However, the fracture zone is also imaged in the Py map
and is defined in the Te map as a significant low. These
observations suggest that the ZFZ is a lithospheric scale
boundary that has locally weakened the lithosphere and
imparts significant control of lithospheric stretching and
rifting. The ZFZ also coincides with the terrane bounding
AHOSH - Yanbu sutures (Figure 1(a)) [100], and inherited
lithospheric rheology contrasts across this suture may have
imparted control on the mode of extension between the
central and northern Red Sea segments. This boundary
may be a barrier to seafloor spreading propagation, as
evidenced by numerous rotational rifting analog experi-
ments with deep-seated heterogeneities [101]. This zone of
the weak lithosphere and higher lithospheric extension may

be recording the onset of a new oceanic spreading cell with
different characteristics to the central Red Sea.

Overall, our analysis suggests that the Red Sea has not
evolved by simply “unzipping” due to the rotation of Arabia
with respect to Africa which was suggested by previous
kinematic models [54, 102]. Rather, the origin of this young
ocean basin is complex, with both the far-field tectonic
forces and the Afar mantle plume having a significant
effect by promoting a wide rift mode of extension, strong
decoupling of the upper mantle and crust, and commensu-
rate asymmetric lithospheric geometry.

6. Conclusions

The residual gravity anomalies, along with the derived
lithospheric structure and rheology along the Red Sea
region, reveal varying styles of lithospheric extension along
the Red Sea. Based on the lithospheric architecture and
extensional styles, four distinct segments are suggested.

The segment comprising the southernmost Red Sea
and Danakil region is characterized by a hot, weak, and
stretched lithosphere. The extension within the Danakil
region shows the characteristics of the lithosphere which
is highly influenced by the Afar mantle plume.

The southern Red Sea is revealed as a region of
a continuous spreading ridge and a wider zone of
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oceanic crust. Our results reveal a weaker lithosphere
with significant crustal stretching Pc and differential
stretching between the crust and lithospheric mantle.
The Arabian side of the margin reveals a thicker
crust with underplating material and up-warped LAB
with higher lithospheric stretching. We attribute this
asymmetric extension to the sublithospheric channeling
of the Afar mantle plume.

The central Red Sea is stretching in a pure-shear
mode with moderately depth-dependent stretching. This
segment is characterized by an axial region of discontinu-
ous emplacement of oceanic crust and may represent a less
mature spreading center compared with the southern Red
Sea. The influence of the Afar mantle plume is minimal in
this segment compared with the southern Red Sea.

The northern Red Sea’s lithosphere is stronger, colder,
and less stretched than other Red Sea segments, exhibiting
characteristics consistent with a continental rift. Addition-
ally, the crust and lithospheric mantle have comparable
amounts of stretching, indicating mechanical coupling
between these layers during the process.

The ZFZ bounding the central and northern Red Sea
region is a significant lithospheric boundary with a weak
and stretched lithosphere, which may be acting as a
barrier to seafloor spreading propagation toward the north.
Furthermore, this zone may be recording the onset of a
future oceanic spreading cell with different characteristics to
the central Red Sea.

The varying lithospheric architecture and extensional
styles within the Red Sea segments suggest that the opening
of this nascent ocean basin is not due to a simple “unzip-
ping” caused by the rotation of the Arabian plate but
evolved in a more complex setting influenced by both the
Afar mantle plume, far-field tectonic forces, and rheological
variations.
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available at https://topex.ucsd.edu/cgi-bin/get_data.cgi/.
EGM2008 geoid grid is available at http://icgem.gfz-pots-
dam.de/home/. Tomography model SL2013sv is available at
https://schaeffer.ca/tomography/sl2013sv/.
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The supplementary file contains three supplementary tables
(S1-S3) and a supplementary text (S1). Table S1 includes
the sources of various seismic, seismological, and well
constraints used in the modeling. Table S2 contains
average density, thermal conductivity, and volumetric heat
production values assumed for various lithospheric bodies
during computation. Table S3 contains the compiled seismic
velocities and corresponding densities of different litho-
spheric bodies used in the modeling. Supplementary text
S1 provides a detailed description of the lithospheric models
and stretching factors along twenty profiles.
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