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Abstract The Red Sea is an ideal location for studying rifting processes, offering a young and active
intra-continental rift at the final stages of breakup. We explore the 3D lithospheric structure of the Red Sea

by analyzing the gravity response of four end-member models of rift architecture, including two end-member
types margin architecture Type [—narrow margins and exhumed lithospheric mantle, and Type I[I—(ultra)wide
margins and removal of lithospheric mantle. Additionally, we test two options for the distribution of the oceanic
crust (a) limited, that is, confined only to regions of magnetic stripes, and (b) extended, that is, available in vast
areas within the basin. South of latitude 23°N, our results suggest the presence of ultrawide margins and limited
oceanic crust. North of this latitude, the model of exhumed mantle and limited oceanic crust has minimized
residuals compared to the observed gravity field, and agrees with a previously published regional tomographic
model. Additionally, we find evidence for the presence of a high-density body along the southern Arabian
coast, probably associated with magmatic underplating. We discuss the lithospheric structure of the Red Sea
with respect to the nearby Afar plume, agreeing that the close proximity of the central-southern regions to the
plume promoted a reduction in the strength of the lithosphere, and led to the development of ultrawide margins
in these areas.

Plain Language Summary The Red Sea is a young example of continental break-up, a process

in which a continent disintegrate into smaller pieces and an ocean is formed between them. We explore the
sub-surface structure of the Red Sea, down to 140 km, aiming to better understand the mechanisms that allowed
the Arabian plate to separate from Africa ~23 million years ago. We examine the gravity response of four
end-member models of rift structures and compare them to the gravity signal measured in this region. We find
that the sub-surface structure in the central-southern region is different than in the northern regions. Toward the
south, the crust is thin and stretched, the lithospheric mantle is absent, and the asthenosphere is rising in a wide
region. In the north the lithospheric mantle is exhumed and the asthenosphere is rising in narrow regions below
the center of the basin. We discuss the reasons for these differences and support the possibility that the Afar
Plume, currently located to the south of the Red Sea, had a thermal weakening effect on the central-southern
regions of the Red Sea, which allowed the lithosphere to deform more easily, having direct implications in the
present-day architecture of the Red Sea.

1. Introduction

The lithospheric structure of successful rifts can shed light regarding the breakup process and the controlling
factors of the architecture of conjugate margins. Studying ancient rifts is difficult because the prolonged geolog-
ical history could overprint the spatial and temporal relations to geodynamic features, especially the activity of
nearby plumes. Thus, to examine the breakup process and the influence of the proximity of mantle plumes on
the rift architecture, a young and active case study is desired. The Red Sea offers a unique opportunity due to
its young age and its close proximity to the Afar plume (Figure 1). Evidence for rifting are found along the Red
Sea ~8 Myr after the massive deposition of the Ethiopian-Yemen traps, during the Early Oligocene (Bosworth
et al., 2005; Stockli & Bosworth, 2018).

Even though many factors influence the modes of crustal thinning, numerical simulations showed that the rheol-
ogy of the crust has a major influence on the final architecture of the rifted margins and may lead to the formation
of contrasting end-member types of rifted margins (Brune et al., 2017; Buck, 1991; Huismans & Beaumont, 2014).
Particularly, a strong crust can lead to a localized crustal thinning after a limited extension and to the formation
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40°N of Type I margins, like in the case of the Iberia-Newfoundland conjugate
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Figure 1. Tectonic setting of the study area showing the general plate
configuration (from USGS (2021) and from Viltres et al. (2020) in

the Afar region). Onshore volcanics are modified from Varet (1978),
Davison et al. (1994), Beyene and Abdelsalam (2005) and Bosworth and
Stockli (2016). Red dashed circle indicates the present-day Afar plume area.
White arrows indicate GPS velocities with respect to Nubia (modified from
Reilinger et al. (2006)). The black box indicates our modeling area.

margins (Péron-Pinvidic & Manatschal, 2009). This type of margin is outlined
by narrow regions (less than about 100 km wide) of thinned continental crust
and areas of exhumed (and serpentinized) continental mantle lithosphere
along the continent-ocean transition (Huismans & Beaumont, 2011). On the
contrary, a weak crust can lead to protracted crustal extension and to the
formation of Type Il margins, like in the case of the Brazil-Angola conju-
gate margins (Péron-Pinvidic et al., 2017). This type of margin is charac-
terized by (ultra)wide regions (up to 500 km) of thin continental crust and
the removal of the lithospheric mantle (Huismans & Beaumont, 2011). As
expected, the proximity to a mantle plume has shown to lead to a reduc-
tion in the strength of the lithosphere, and thus, may influence the rifting
process and the final architecture of the margins (Brune et al., 2013; Dang
et al., 2020; Frangois et al., 2018; Koptev et al., 2015). Moreover, the close
spatial and temporal coincidence of rifts and plumes allowed previous stud-
ies to suggest that the latter has a decisive role in the continental breakup
and even in the disintegration processes of supercontinents (Buiter, 2014;
Courtillot et al., 1999; Morgan, 1971; Storey, 1995).

Several models aimed to link the rifting in the Red Sea with deep litho-
spheric processes, including asthenospheric flow derived rifting (Lowell
& Geni, 1972), diffuse extension (Cochran, 1983) and magmatic expansion
(Bohannon & Eittreim, 1991). However, these models relied on limited data
that could not image the deep lithospheric structures. A recent seismic veloc-
ity model for the northern Red Sea revealed a narrow low-velocity anomaly
along the rift axis, which was interpreted as an evidence for a transition from
continental rifting to oceanic spreading (El Khrepy et al., 2021). However,
the lithospheric structure along the central-southern Red Sea is still unknown.

In this study, we test four end-member models of the 3D lithospheric struc-
ture along the Red Sea (Figure 2), based on previously published geophysical

data sets. We explore their gravity response, aiming to distinguish between end-member types of rifted margins
following the classification presented in Huismans and Beaumont (2011): Type I—narrow margins outlined
by exhumed continental mantle lithosphere and confined asthenosphere upwelling (Figures 2a and 2b); and

Model 1

Type I margins and limited oceanic crust

Model 2
Type I margins and extended oceanic crust

b

Model 3

Type II margins and limited oceanic crust

Model 4
Type II margins and extended oceanic crust

LA LA
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Mantle lithosphere 500/900/1100 (°C)

B Oceanic crust OExhumed mantle
O Asthenosphere 1300 (°C)

[l Continental crust

Figure 2. Schematic representation of the four end-member types of lithospheric structures tested in this study.
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Figure 3. Data used in this study. (a) Surface elevation from GEBCO 2021 (GEBCO Compilation Group, 2021). (b) Free-air
gravity and, (c) Bouguer gravity anomaly derived from the XGM2019e model (Zingerle et al., 2020). Dashed area denotes the
positive gravity anomaly along the southern Arabian shoreline.

Type II—(ultra)wide margins outlined by removal of the mantle lithosphere and broad asthenosphere upwelling
(Figures 2c and 2d). In addition, as the extent and age of the oceanic crust in the Red Sea is still a matter of debate
(see Section 2.1), we include in our modeling two options for oceanic crustal distribution: limited—only where
magnetic stripes are observed (Schettino et al., 2016); and extended—where segmentation trails are observed
(Augustin et al., 2021) (Figure 4b). Lastly, we interpret our results considering other works about the seismic and
thermal structure of the upper mantle in this area, that allow us to further discuss the influence of the Afar plume
on the present-day rift architecture of the Red Sea.

2. Geological Setting
2.1. Morphology, Stratigraphy and Oceanic Accretion

The Red Sea is a ~2,000 km long intra-continental rift basin that cuts the Precambrian Arabo-Nubian shield
and separates Arabia from Africa (Figure 1). It is part of the Afro-Arabian rift system, including the rifts of the
Gulf of Aden and the Afar triangle. The Red Sea has a distinctive morphology, including elevated rift shoulders,
narrow marginal shelves, a wide main trough and a deep and narrow axial trough (Figure 3a). In the regions
southward of latitude 20°N, the coastal plains are rather wide and shallow. The main trough and the coastal
plains are covered by ~6.5 km of sediments including open marine facies and massive evaporitic sequences
(Bosworth et al., 2005). In the central and southern regions, the axial basaltic seafloor of tholeiitic composition
is exposed (Altherr et al., 1990; Haase et al., 2000; Moreira et al., 1996; van der Zwan et al., 2015) and typical
(ultra)slow-spreading mid-ocean ridge features are recognized in the bathymetry, including axial volcanos, over-
lapping spreading centers and second-order offsets (Augustin et al., 2016).

Magnetic stripes along the axial trough between latitudes 15.5°-17.5°N suggest that oceanic seafloor spread-
ing have occurred in the last 5 Myr (Cochran, 1983; Hall, 1989; Issachar, Ebbing, & Dilixiati, 2022; Schettino
et al., 2016). Nevertheless, the nature of the crust beneath the sedimentary cover in the main trough and coastal
plains is a matter of debate. Some authors argue that low amplitude magnetic anomalies indicate oceanic accre-
tion between the axial trough and the Precambrian Shield in the southern Red Sea, while others interpret those
as highly intruded transitional crust (see Almalki et al., 2015 for review). In the northern Red Sea, the lack of
magnetic stripes, the morphology of the bathymetry, together with seismic profiles and geochemistry of rock
samples suggest that this part of the basin is still in the stage of continental breakup and that oceanic accretion,
if any, only started at discrete locations (Cochran, 1983; Ligi et al., 2019). On the contrary, recent studies inter-
preted gravity lineament (Augustin et al., 2021), rock geochemistry (Follmann et al., 2021) and correlated pre-rift
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Figure 4. (a) Model-setup and geophysical constraints used to build the models. Geophysical data include seismic
lines, receiver function stations and boreholes (Table 1). Black lines and associated numbers, indicate the location of the
cross-sections defined in the modeling process. (b) segmentation trails (Augustin et al., 2021) and magnetic isochron
(Schettino et al., 2016) in the Red Sea. The dark gray region denotes the area of oceanic crust in the limited option (Model 1
and Model 3). The light gray region denotes the area of oceanic crust in the extended option (Model 2 and Model 4).
rocks from the flanks of the Red Sea (Stern & Johnson, 2018) as evidence that oceanic crust is present within
most of the basin. However, the lack of high-resolution seismic data and deep ocean drills makes it hard to prove
the nature of the crust beneath the thick sedimentary cover.
2.2. Timing of Rifting and Volcanism
Several indicators, including the emplacement of dikes and subsidence related sedimentation suggest that
during its initiation at Late Oligocene—Early Miocene (at ~23 Ma), rifting was present from Gulf of Suez
Table 1
Initial and Final Densities of the Lithospheric Models in kg-m=3
Initial Final
Layer All models Model 1 Model 2 Model 3 Model 4
Sediments 2,300 2,300 2,300 2,300 2,300
Continental crust 2,775 2,817 2,807 2,779 2,788
Oceanic crust 2,900 2,900 2,915 2,832 2,829
Mantle lithosphere at 550°C 3,330 3,330 3,330 3,330 3,330
Mantle lithosphere at 900°C 3,295 3,295 3,295 3,295 3,295
Mantle lithosphere at 1100°C 3,275 3,275 3,275 3,275 3,275
Asthenosphere at 1300°C 3,255 3,255 3,255 3,255 3,255
Exhumed mantle 3,000 3,000 3,000 - -
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down to the southern Red Sea (Morag et al., 2019; Plaziat et al., 1998; Stockli & Bosworth, 2018; Szymanski
et al., 2016). The rift was preceded and accompanied by different phases of volcanism, mainly within the
Arabian flanks (Aldaajani et al., 2021; Bosworth & Stockli, 2016). Nowadays, vast areas of elevated topogra-
phy in Ethiopia and western Yemen are covered by flood basalts (Figure 1), which started to deposit ~8 Ma
before of the rifting in the Red Sea (Prave et al., 2016) and are assumed to be associated with the arrival of the
Afar plume head (Furman et al., 2006). Concurrently to the flood basalt volcanism in Ethiopia, the rifting in
the Gulf of Aden started at the eastern parts (Almalki & Betts, 2021; Bosworth & Stockli, 2016; Manighetti
et al., 1997), rapidly propagated westward and a mid ocean ridge formed along most of this basin (Fournier
et al., 2010).

2.3. Deep Structure

Not much is known about the deep structure of the lithosphere beneath the Red Sea. The lack of modern active
seismic data, ocean bottom seismometers and seismic networks on the western flanks limit the knowledge regard-
ing the deep lithospheric configuration. Nevertheless, seismic tomography and receiver function studies have shed
light on the lithospheric structure underneath the northern Red Sea and the Arabian shoulders (e.g., El Khrepy
et al., 2021; Hansen et al., 2007; Mai et al., 2019; Yao et al., 2017). For instance, the source of the Cenozoic
volcanism in Arabia has been attributed to a lateral heat flow from the Afar plume area, rather than from distinct
deep mantle sources underneath the volcanic fields (Faccenna et al., 2013; Mai et al., 2019). Recent studies
suggest a thin and hot lithosphere beneath the western Arabian shield (Hansen et al., 2008; Yao et al., 2017). In
the northern Red Sea, the upwelling asthenosphere was imaged beneath the center of the basin, which deviates
westward in the southern parts of the northern Red Sea (El Khrepy et al., 2021).

Rayleigh-wave tomography models using data from a dense seismic network in Afar triangle revealed low seismic
velocity patterns associated with melt production, down to depths of 100 km (Gallacher et al., 2016). Segmented
anomalies observed below the Afar triangle are connected to the Main Ethiopian Rift and to the Gulf of Aden,
suggesting that mantle segmentation beneath the oceanic rifts initiated early during continental rifting (Gallacher
etal., 2019).

2.4. Rifting Models for the Red Sea

Early works already proposed that a divergent convective flow in the asthenosphere derived the extension along
the Red Sea, which resulted in a thinned continental lithosphere during the initial stages of the rifting (Lowell &
Geni, 1972). Other models proposed that a short initial stage of mechanical thinning of the crust was followed by a
long stage of magmatic expansion, which resulted in an extremely thin continental lithosphere at the central-southern
Red Sea and the formation of broad shelves (Bohannon & Eittreim, 1991). In contrast, other works suggested that a
diffuse extension resulted in a significant thinning of the continental crust, while the lithospheric mantle was exhumed
and thickened before breakup was achieved (Cochran, 1983). Later models even proposed the existence of exhumed
mantle rocks along wide areas in the basin, which was achieved by the activity of low-angle detachment faults that
reach the lower lithosphere (Voggenreiter et al., 1988). In spite of many years of debates, these different suggestions
were never settled, mainly because of the lack of reliable seismic data that can image the deep lithospheric structure.

3. Data and Methods

In order to distinguish between Type I and Type II margins, we examine the gravity response of four end-member
models of lithospheric configurations, and evaluate their misfit with respect to the observed gravity anomalies in
the Red Sea and in the African-Arabian flanks. Therefore, the deep structure of the rift, down to depths of 140 km
is the main focus, and resolving fine details in the crystalline crust and sedimentary cover is not within the scope
of this study. The four end-member models (Figure 2) were designed to test different hypotheses regarding margin
types and the distribution of the oceanic crust together, as described in the next subsections.

3.1. Gravity Data Set

The 3D models were fitted to the Bouguer gravity anomalies which was derived from the XGM2019e data set
(Zingerle et al., 2020). The XGM2019e is a global gravity field model combining satellite and terrestrial gravity
measurements with a spatial resolution of ~25 km in the onshore domains and of ~4 km in the offshore domain.
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For the aim of the study, we obtained the XGM2019e in a spatial resolution of 0.2° (~20 km) using ICGEM (Ince
et al., 2019). Further, a simple Bouguer correction (Agg) was calculated using the conventional term:

Ags =27pGH, ey

where p is the density, G is the gravitational constant and H is the elevation. For onshore domains we used the

3, which is

the difference between the sea water density of 1,025 kg-m~3 and the offshore sediments density of 2,200 kg-m~3.

common value of p = 2,670 kg-m~3. For the offshore domains we used an infill density of 1,175 kg-m~

These values are used to avoid large density contrast between water and sediments in the modeling process, and is a
standard method used for offshore modeling (e.g., Haase & Ebbing, 2013). Elevations were derived from the Gebco
compilation (GEBCO Compilation Group, 2021) (Figure 3a). The next step was to subtract this correction from the
XGM2019e free-air anomalies (Figure 3b), obtaining the Bouguer gravity anomalies used in this study (Figure 3c).

3.2. Available Geophysical Data
3.2.1. Borehole Data

To estimate the thickness of sediments in the offshore domain we used data from 21 wells, drilled between the early
50's to the early 90's (Almalki et al., 2015; Izzeldin, 1987) (Table 2 and Figure 4a). Eleven wells reached the basement
rocks and thus provide a direct observation of the sedimentary thickness, while the others only provide minimum
values. Most of the wells were drilled close to the shoreline and suggest a maximum sediment thicknesses of ~4 km.

3.2.2. Seismic Observations

To better constrain sediment and crustal thicknesses in the study area, we used seismic data from five different
experiments (Figure 4a). A survey from the northern Red Sea (Gaulier et al., 1988) suggests sedimentary sequences
of ~6 km thick offshore Egypt, underlaid by eastward dipping normal faults and an overall crustal thickness of
~13 km. Three reflection lines offshore Sudan (Egloff et al., 1991) indicate ~6 km sedimentary thickness in the
coastal plains and a crustal thickness of ~15 km. The sedimentary thickness is significantly thins toward the axis
of the Red Sea and a Moho shallowing (~7 km) is marked at ~100 km from the shore line. Two profiles offshore
northern Yemen (Egloff et al., 1991; blue lines in Figure 4a) suggest a sediment thickness of ~4 km and Moho
depths of ~12 km. A stepwise Moho topography thickens the crust up to 35 km on the onshore Yemen (blue line
in Figure 4a). Complementary to borehole and seismic data, we used the GlobSed global compilation (Straume
etal., 2019) to estimate sediment thickness in the entire offshore region (Figure S1a in Supporting Information S1).

Interpretation of a 1,000 km long seismic refraction profile in the southwestern Arabian flanks, collected in 1978,
suggests ~40 km thick crust beneath the Arabian Shield that rapidly thins to less than 10 km offshore (Mooney
et al., 1985). Seismic refraction lines in the Afar triangle, collected in the early 70's and re-interpreted by Makris
and Ginzburg (1987) indicate thinned crust in northern Afar with Moho depths of ~15 km, and lack of crustal
thinning in southern Afar with Moho depths of ~25 km. Notwithstanding the importance of these surveys, the
interpretations are quite controversial due to the low quality of the data (in comparison to modern surveys) and
the masking effect of the thick salt layers within the sediments in the offshore regions (e.g., Cochran, 2005).

In addition to active seismics, recent receiver function studies from Saudi Arabian stations indicate ~35—40 km
thick crust beneath the Arabian shield and a rapid thinning with the proximity to the Red Sea (Hansen et al., 2007).
These observations also provide information regarding lithospheric thickness, suggesting an LAB (Litho-
sphere Asthenosphere Boundary) depth of ~90-110 km beneath the Arabian shield (Hansen et al., 2007; Park
et al., 2008), although a recent seismic tomography suggests the lithosphere might be thinner in the western parts
of the shield (Yao et al., 2017). In the northern Red Sea, the recent tomographic model of El Khrepy et al. (2021)
shows high-velocity anomalies coinciding with the Red Sea basin and a narrow low-velocity anomaly centered
beneath the rift axis, interpreted as a transition of the lithospheric extension from continental rifting to oceanic
spreading. In the central southern regions of the basin, the diluted seismic network in the western flanks hampers
the accuracy of seismic tomography models.

3.2.3. Global Compilations

Several global compilations that infer the Moho topography in the study area are available (e.g., Afonso et al., 2019;
Fullea et al., 2021; Reguzzoni & Sampietro, 2015; Szwillus et al., 2019). For the initial model set-up, we used data
from Szwillus et al. (2019) (alongside the available seismic lines described above) as they provide a fully transparent
workflow and do not rely on a priori geological assumptions. In later stages of the study, we compared our results to
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other compilations which are based on gravity data. For the initial LAB topography we relied on the LithoRef global
model (Afonso et al., 2019), which integrates different types of satellite gravity measurements (gravity anomalies,
geoid height and satellite-derived gravity gradients), as well as on receiver function data from Hansen et al. (2007).

3.3. Models Set-Up

The end-member models were set-up in an area including the entire Red Sea, plus ~200 km from each of the African
and Arabian flanks, and range between 0 and 140 km depth. The initial model included four horizons: sediments,
top of crystalline crust, Moho and LAB (Figure S1 in Supporting Information S1). In particular, as the Moho and
LAB data sets are based on globally available geophysical data, they generally lack the resolution required for the
current study. Further, to simulate the four end-member types of rifted margins, we modified the Moho and LAB
geometries below the rift area. The four end-member models consist of six layers: sediments, continental crust,
oceanic crust, lithospheric mantle, exhumed mantle (in models 1 and 2) and asthenosphere. We assigned a starting
density values based on representative lithologies for each layer (Table 1). As there is not enough available data to
account for specific density variations in the entire basin, we assigned the common average density values to each
layer of 2,300 kg-m~ for the sediments, and 2,775 kg:m~> and 2,900 kg-m~> for the continental and the oceanic
crust, respectively. For the upper mantle, we assigned an average value of 3,330 kg-m~ (Mooney & Kaban, 2010;
Poudjom Djomani et al., 2001) and added a vertical density gradient considering four steps of temperatures at 500,
900, 1100 and 1300°C, aiming to simulate an heterogeneous mantle configuration (Fischer et al., 2010). The effect of
the temperature on the density, assuming a constant composition, was calculated as (e.g., Chappell & Kusznir, 2008):

Ap = —apAT, )

where o is the thermal expansion coefficient, which we assumed as 3.28 x 1073 K=, typical for young plates
and oceanic domains (Afonso et al., 2005). For the exhumed mantle (in models 1 and 2), a constant density of
3,000 kg-m~3 was assigned, considering the effect of density reduction due to serpentinization (Bonnemains
et al., 2016; Hyndman & Peacock, 2003; Liu et al., 2021; Riipke et al., 2013; Toft et al., 1990). Table 1 summa-
rizes the starting densities assigned to the different layers.

3.4. Modeling Approach

We implemented an interactive forward modeling approach to fit each of the 3D lithospheric density structures
to the measured gravity anomalies, using the software package IGMAS+ (Gotze & Lahmeyer, 1988; Schmidt
et al., 2011, 2020). To explore the gravity response of the models, we defined 10 cross-sections perpendicular to
the rift axis, 200 km apart from each other (Figure 4a).

Figure 5 presents the forward modeling approach followed in this study. First, we calculated the gravity response
of the initial model, focusing on the gravity residuals, that is, subtracting the calculated from the observed gravity
at each grid point. In the next step, we interactively modified the Moho and LAB geometries according to the
end-member type of margins, attempting to minimize the residuals at each cross-section, while at the same time
avoiding large deviations from the constraints. For example, we did not change the initial geometries of the sedi-
mentary layer, nor the lateral extent of the oceanic crust. Additionally, we restricted the thickness of the oceanic
crust to a maximum of 10 km, as considered realistic in other oceanic basins (Perfit, 2001). After modifying the
geometries of the Moho and LAB, we optimized the densities of the continental and oceanic crystalline crusts,
using the minimum mean square error linear inversion, available in IGMAS+ (Haase, 2008). These steps were
repeated till the best fit to the observed gravity was achieved. The initial and final densities are presented in
Table 1, and the initial and final model horizons are presented in Figures S1 and S2 in Supporting Information S1.

Last but not least, to validate whether our modeling approach is sensitive to heterogeneities in the upper mantle,
we performed a sensitivity test to the end-member models. This was done by analyzing the gravity response to
lateral density heterogeneities at depths below 40 km (e.g., Fullea et al., 2021). For details regarding the technical
aspects of this test see the Supporting Information S1. The four end-member structural and density models tested
in this research are available in the data repository Issachar, Gdmez-Garcia, and Ebbing (2022).

4. Results

Figure 6 shows the lithospheric configuration and the associated gravity response for each end-member model
along cross-section #5 (see Figure 4a for location). The models fit the observed gravity along the rift shoulders
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Figure 5. Methodological scheme for the modeling process.

and the coastal plains; however, there are significant misfits within the basin in some of the models. Models 1,
2 and 4 fail to fit the narrow anomaly above the axial trough in the center of the basin. In these models, both the
high-density oceanic crust and exhumed mantle have a high gravity response. Model 3, on the contrary, fits the
observed gravity within the basin more accurately (Figure 6¢). Here, the low gravity signal above the coastal
plains implies a ~15 km thick rifted continental crust, while the pronounced anomaly above the axial trough is
related to a high-density oceanic crust and a shallow asthenosphere (Table 2).

Figure 7 depicts the gravity residuals of the four tested models. Model 3 has the lowest residual values for the
entire Red Sea, with a standard deviation of +17.6 mGal. The residuals histogram is less skewed and centered
around zero mGal (Figures 7c and 7e).

In the central-southern regions of the basin, south of latitude 23°N (approximately corresponding to cross-section
#7), Model 3 is clearly preferable, as the residuals are minimized (Figure 7) and the intra-basin anomalies are well
fitted (Figure 6¢). This model is characterized by ultrawide margins, which extent along most of the width of the
rift (Figure 8), and includes crustal thinning in the Afar region. In the other models, there are two basin parallel
negative residuals along the middle of the basin, more prominent in models 2 and 4, which have an extended
oceanic crust distribution (Figures 6 and 7). It is worth noting that in all models, we obtain persistent positive
residuals along the shoreline of the southern Arabian flank.

In the region north of latitude 23°N, all models have comparable low residuals (Figure 7). Nevertheless, in the
offshore area, Model 1 (Figure 9) shows a very good correlation to the recent body wave tomography model of
El Khrepy et al. (2021) (Figure 10). Particularly, the regions of asthenosphere upwelling below the middle of the
basin spatially correlate with the low velocity zones in the tomographic model. Hence, we consider Model 1 as
preferable in the northern regions of the Red Sea. This end-member model is characterized by an exhumed mantle
lithosphere and a narrow asthenosphere upwelling below the center of the basin (Figure 9).

The sensitivity test indicates that end-member models are sensitive to lateral changes in the upper mantle. A
significant gravity effect of up to 25% is observed by introducing lateral heterogeneities of ~1% (Figures S3a and
S3b in Supporting Information S1), suggesting that our modeling approach is capable to reflect deep lithospheric
structures, for example, the LAB geometry beneath the rift shoulders.

5. Discussion
5.1. Lithospheric Structure in the Red Sea
5.1.1. The Central-Southern Red Sea

Our modeling suggests that in the central-southern parts of the Red Sea, south of latitude 23°N, a model of Type
II margin architecture better explains the Bouguer anomalies (Model 3, Figure 8). In this region, the anom-
alies have a positive peak of more than 150 mGal above the axial trough, which symmetrically drops to —25
mGal toward the coasts (Figure 3c). Considering that the axial trough is the deepest area in the Red Sea, the
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pronounced Bouguer gravity high observed over the axial trough (Figure 6) indicates a mass surplus at depth.
Thus, a lithospheric model, which considers exhumed mantle rocks close to the rift flanks, like in Model 1 and
Model 2 (Type I margin), fails to fit the gravity trend (Figures 6a and 6b). By significantly reducing the density
of the exhumed mantle rocks in Model 1 and Model 2, it is possible to fit Type I margins to the observed gravity;
however, it implies a complete serpentinization (density of 2,500 kg-m~3; Hyndman & Peacock, 2003) down to
depths of ~15 km, which is unrealistic (e.g., Liu et al., 2021). Moreover, a significant mantle serpentinization
in rifts is expected to occur mainly for thin sedimentary cover and high stretching factors (Riipke et al., 2013),
which is not the case in the southern Red Sea. Furthermore, a model that considers an extended distribution of
oceanic crust in the southern regions, that is, thin and dense crust beneath the coastal plains like in Model 4,
also fails to fit the pronounce gravity high along the axis of the rift (Figure 6d). By allowing oceanic crustal
thicknesses of ~15 km beneath the coastal plains in Model 4, it is possible to fit also the extended oceanic crust
distribution; however, an oceanic crust of such thickness has not been reported along other slow-spreading ridges
(Klingelhofer et al., 2000). For example, in the mid-Atlantic (35°N), maximal crustal thickness of 8§ km was
observed in seismic profiles, ~50 km from the current ridge (Carbotte, 2005). Therefore, we find no reason to
suppose a ~15 km thick oceanic crust in the Red Sea. Thus, Model 3 that is characterized by ultrawide margins,
the removal of mantle lithosphere and a broad asthenosphere upwelling (Type II; Figure 8), is the only option
which realistically resolves the Bouguer gravity anomalies in the central-southern Red Sea.

5.1.2. The Northern Red Sea

In the northern Red Sea, the characteristics of the gravity field are different than those of the central-southern region.
North of latitude 23°N, the Bouguer gravity anomalies are moderately positive within the entire region, with some
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Table 2

Borehole Data Used in This Study

Sedimentary thickness

Borehole name Location (Lat/Lon) (m) Bottom rock and lithology remarks Reference
Bargan-1 (1)* 27.9/34.9 2,900 Granite Izzeldin (1987)
Bargan-2 (2)* 27.9/34.9 2,786 Granite Izzeldin (1987)
Yuba-1 (3)* 27.7/35.2 2,271 Granite Izzeldin (1987)
Badr-1 (4) 23.6/38.4 >3,348 Shale Izzeldin (1987)
Dungunab-1 (5)* 21.1/37.1 1,615 Volcanic tuff overlying granite basement. Basalt sill at 1,094-1,118 m Izzeldin (1987)
Abu shagara-1 (6)* 21.3/37.3 2,000 Igneous at 2,000 m 1zzeldin (1987)
Suakin-1 (7) 18.9/38 >2,745 Sandstone Izzeldin (1987)
Durwara-2 (8)* 18.8/37.7 4,152 Basalt Izzeldin (1987)
Bashayr (9) 18.6/38.1 >2,787 Anhydrite 1zzeldin (1987)
South suakin-1 (10) 18.4/38.5 >3,712 Limestone, silt stone with Lignite Izzeldin (1987)
Mansiyah-1 (11) 17.2/42.3 >3,939 Sandstone and shale. Volcanic interbeds between 1,981 and 2,195 m Izzeldin (1987)
C-1(12) 16.8/39.2 >3,010 Sandstone Izzeldin (1987)
B-1 (13)* 16.6/40.4 1,323 Basalt interbedding Izzeldin (1987)
Amber-1 (14)* 16.4/40 3,557 Metamorphics Izzeldin (1987)
Dunishub-1 (15) 15.8/40.5 >3,607 Salt and shale Izzeldin (1987)
Suri-7 (16) 15.7/40 >2,553 Salt and anhydrite Izzeldin (1987)
Adal-2 (17) 15.6/40.3 >2.475 Salt anhydrite and shale Izzeldin (1987)
Secca Fawn-1 (18) 15.4/40.2 >3,363 Shale dolomite and anhydrite. Penetrate several volcanic horizons 1zzeldin (1987)
Hareed South 3 (19)* 27.3/34.1 1,683 Granite Almalki et al. (2015)
Abu Shiban-2 (20)* 27.3/33.9 2,836 Granite Almalki et al. (2015)
227 (21)* 20.7/38.4 359 Salt, Basalt (bottom) Almalki et al. (2015)

Note. See Figure 4 for well locations.

aWell that reached basement. Numbers after the borehole name indicate the location of the well in Figure 4a.

isolated peaks of up to 85 mGal (Figure 3c). In this region, all four models could fit the observed gravity with relatively
low residuals (Figure 7). In Model 2 and Model 4, which have an extended oceanic crust distribution, we obtained
similar Moho depths to those interpreted by Gaulier et al. (1988) from seismic lines, but we had large disagreements
with Hansen et al. (2007) who inferred ~30 km of crustal thickness close to the Arabian shore from receiver function
data. Taking this into account, together with the very good agreement of Model 1 to the recent tomography model of
El Khrepy et al. (2021) (Figure 10), we suggest that the limited oceanic crust option is more realistic for the northern
Red Sea. Although segmentation trails were inferred from the vertical gravity gradient data to support an extended
oceanic crust distribution in this area (Augustin et al., 2021), previous gravity interpretations are also in disagreement
regarding such lithospheric setting (e.g., Almalki et al., 2016; Saada et al., 2021; Saleh et al., 2006).

Changes of lithospheric structure along the axis of the Red Sea have also been inferred from earthquake hypocen-
tral analyses (e.g., El-Isa, 2015; Mitchell & Stewart, 2018). The northern region of the rift shows a decrease in
seismicity rates compared to the central-southern regions, with an abrupt drop in the occurrence of earthquakes
at a transition zone around 21° to 23°N. Several hypotheses could explain the modest seismicity of the northern
basin, including: the presence of a weak serpentinized upper mantle (Mitchell & Sofianos, 2018), which was
also inferred from deep Curie depths (Ravat et al., 2011); the increase in lithospheric temperatures due to the
thermal blanketing effect caused by the thick sedimentary units in this region; and lastly, the decrease of effective
stress associated to the high fluid pressure underneath the thick evaporite sequence (Mitchell & Stewart, 2018).
Although our modeling result may support the presence of a serpentinized upper mantle, suggesting an exhumed
mantle lithosphere and Type I margins in the northern Red Sea (Figure 9), the temperatures at which serpen-
tinized material is stable (<400°C) might imply proper conditions for seismogenesis, which is not currently
observed in the seismic records.

ISSACHAR ET AL.

10 of 20

85UB017 SUOWIWIOD BAER.D 3ot [dde auy Aq peusenob aJe sejole O ‘85N JO Sa|nJ 10} Afeiqi8UlUO 4|1 UO (SUORIPUOD-PUR-SLLIBI W00 A3 1M AReq 1 Ul JU0//Schiy) SUORIPUOD pue WL | 8U) 88S *[5202/80/50] U0 Akeiqiaul|uo AB|iMm ‘BISIeAIIN-SIRIG |-t s LIuD AQ 85¥S208rz202/620T 0T/I0p/woo A im Akeiqjputuo'sqndnfe//sdny woly pepeojumod ‘G ‘€202 ‘95866912



I Y ed N | . .
N\ Journal of Geophysical Research: Solid Earth 10.1029/2022JB025458
AND SPACE SCIENCE
Model 1 Model 2
Type I margins and limited oceanic crust Type I margins and extended oceanic crust
e — 100 ‘ 1 R el
] Al 1 Al
o00 = G0y b | 800 14 = oee | |
= Central-South J J i Central-South J J
500 (-5.2£22.7) |8 Q \ 50 500 (-5.3£25.6) |8 < \ 50
North North
B3 172135 P B3 (2.3x16.8)
400 A g 14
, ol | | .
= i . < é
3 300 s{L'\, OE 3 300 s[! K OE
3l ) a0
B 200 + 4
( | \‘ -50 | { \. -50
100 1 \ / . 100 1 \ ’ i
| LA | ARV,
0 - -100 0- L -100
a =50 =25 0 25 50 75 b =50 =25 0 25 50 75
Gz (mGal) Gz (mGal)
Model 3 Model 4
Type II margins and limited oceanic crust Type II margins and extended oceanic crust
: N — 100 (O e e
] All ] All
e00 B (02+176) |o ( l 600 B (413+209) | ( t
Central-South J j Central-South { J
500 A (-2.0£19.3) |8 < \ 50 500 - (-6.5£23.5) |8 Q \ 50
North North
 — iZ [ ]
(3.1+13.5) (-0.4+14.5)
400 4 ! 400 4 ‘
g | g / < 08 - / < o &
3 300 | 5 E 33004 s Al E
200 | q ) ? : 200 7 ) 2
J—»%—%— -50 FAEE 1N -50
100 1 : 2 100 ’
ol VLN
0 t T t =l -100 - - -100
C -75 -50 =25 0 25 50 75 d =75 0 25 50 75
Gz (mGal) Gz (mGal)
Model 1 m Al
] —
P . i Central-South
North
Model 2
.
1
Model 3
I
I
Model 4
[
1 ]
e ~30 ~20 ~10 0 10 20 30

Gz (mGal)

Figure 7. (a—d) Residual maps and histograms of the four end-member models. The residuals are defined as observed minus calculated gravity fields. Black solid lines
and associated numbers on the maps indicate the location of the cross-sections defined in the modeling process. The gray histograms represent the residuals of the entire
study area, the orange correspond to the areas between cross-section #1 and cross-section #7, and the yellow ones to the regions north of cross-section #7. (e) Standard
deviations of the residuals of the four models. White bars indicate average residual value.

5.1.3. Magmatic Underplating

Another distinct feature of the gravity field is a positive anomaly trend of ~30 mGal along the Arabian coast in the
central-southern regions (dashed polygon in Figures 3b and 3c). This ~700 km elongated feature also appears in the
free-air anomalies but does not show a topographical correlation. Although this anomaly could be compensated by
reducing the crustal thickness, a likely explanation in line with the seismic constraints on crustal thickness would be a
high-density crustal feature. Large magmatic intrusions, such as magmatic underplating or mafic intrusions (sills and
dikes) are frequently observed along magma-rich margins (Geoffroy, 2005). The gravity modeling suggests that this
anomaly could be correlated to a high-density body at the base of the crust (Figure 11). By introducing a body with
a density of 2,900 kg:m~ beneath the Arabian shoreline, Model 3 fits the observed gravity with no additional crustal
thinning. This body may imply the presence of underplated magma in the lower crust, which is often characterized by
high seismic velocities (Kelemen & Holbrook, 1995; Sapin et al., 2021). Indeed, a high velocity zone was observed
beneath the western Arabian shield, underlaid by a low-velocity zone in the upper mantle (Yao et al., 2017). Moreover,
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Figure 8. Model 3 (Type II margins and limited oceanic crust) - Best fitting model for the central-southern regions of the
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Three-dimensional representation of the model.
the proposed underplated body fits the general pattern of magmatism in this region, including vast regions of exposed
magmatic fields and basaltic dike swarms of Late Oligocene and younger along the Arabian flanks (Figure 11a).
5.2. Influence of the Mantle Plume
The results of the gravity modeling show a contrasting rift architecture in the central-southern regions and in the
northern region of the Red Sea. In the central-southern regions (south of 23°N), the rift architecture is characterized
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Three-dimensional representation of the model.
by ultrawide margins (Type II), in which the mantle lithosphere is absent below a thinned continental crust (Figure 8).
Such an architecture implies the breakup of the mantle lithosphere during earlier stages of rifting, while the upper
crust experiences a protracted extension. This architecture is observed along conjugate margins worldwide, for
example, Brazil-Angola conjugates (Moulin et al., 2005; Péron-Pinvidic et al., 2017; Unternehr et al., 2010). Numer-
ical studies point the rheology of the lower crust as a prime factor allowing the development of this rift type, where
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Figure 10. Profiles showing the structural and density distribution of Model 1 and their spatial correlation with the seismic
tomography model of El Khrepy et al. (2021), as regions of asthenosphere upwelling below the basin correlate with low
velocity zones. We suggest this model is representative of the rift architecture in the northern Red Sea (see Figure 3 for
locations). The gray lines indicate the lithosphere geometries of Model 1, where the thick lines are the Moho (top) and the
LAB (bottom).

a weak lower crust acts as ductile decoupling layer, allowing large timespan differences between the breakup of the
mantle lithosphere and the breakup of the upper crust (Brune et al., 2017; Huismans & Beaumont, 2011, 2014).

We propose that the proximity to the Afar plume could explain the development of this rift architecture in the
central-southern Red Sea, by a reduction of the strength of the lower crust after the arrival of hot mantle material.
The recent seismic tomographic model of Celli et al. (2020) shows low S-wave seismic velocities in the upper
mantle parallel to the Red Sea, which are generally correlate with onshore volcanism (Figure 12a). A profile
along the axis of the Red Sea (Figure 12b) shows that the central-southern region is characterized by low seis-
mic velocities up to depths of 30 km, in contrast to the northern region, where the S-wave velocities are higher.
Considering that the S-waves are highly sensitive to temperature, such trends indicate that the upper mantle in the
south is hotter than in the north.

Figure 12c presents the +25% temperature contour (3T) down to depths of 100 km, obtained from the thermal
model of Fullea et al. (2021). Here, it is possible to observe a spatial correlation between the temperature field and
the suggested margin types, with the Type II region associated with the hotter lithosphere. The high temperature
gradients seem to have a long influence of more than 1,000 km from the present-day plume location. A long
distance impact of a plume on a rift was also suggested for the north Atlantic by the propagation of hot material
at the base of the lithosphere (Koptev et al., 2017). This mechanism could also explain the different architectures
along the Red Sea, as suggested by our results. In fact, by introducing a weak lithospheric mantle along the
central-southern regions, Molnar et al. (2020) managed to reproduce first order features of the rift, including the
associated kinematics, the rapid south to north propagation and the associated topography. By this, they proposed
that a weak zone in the lithospheric mantle affected the overall mechanical behavior of the rifting process.

The western Gulf of Aden also developed in a close proximity to the Afar plume, although this rift initiated from
the Indian ocean on the east (Manighetti et al., 1997). In contrast to the central-southern Red Sea, the Gulf of Aden
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Figure 11. Suggested underplated magmatic body along the southern Arabian coast. (a) Gray polygons mark the mapped
terrains of surface exposed Cenozoic volcanism (see Figure 1 for details). Red polygon denotes the modeled high-density
body located at the base of the crust. (b) Profile along A—A’ showing from bottom to top (Model 3): lithosphere geometry,
associated gravity values and surface elevation. The model includes magmatic underplating (red), oceanic crust (blue)
continental crust (brown), mantle lithosphere (green) and asthenosphere (yellow). Densities are specified in kg-m~.

margins appear extremely short (e.g., Autin et al., 2010). Here, the basin deeps abruptly close to the shoreline

(Figure 3a) and magnetic isochrones (Fournier et al., 2010) and seismic profiles (Gillard et al., 2021) suggest a

nearly margin-to-margin seafloor spreading. Bellahsen et al. (2013) inferred that the thermal anomaly of the Afar

plume may helped in the localization and the development of the rift-parallel faulting in the western Gulf of Aden.

We suggest three main factors to explain the difference between the ultrawide architecture of the margins in the
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Figure 12. (a) Shear wave velocities at 80 km depth (after Celli et al., 2020). Black shades indicate Cenozoic volcanism exposures (see Figure 1 for more details).
(b) Tomographic profile (A—A’) along the Red Sea axis (after Celli et al., 2020). Dashed line demarks latitude 23°N. (c) Three-dimensional representation of the
temperature field, calculated from WINTERC-G data (Fullea et al., 2021). The +25% ST contour is plotted between depths of 10 and 80 km. The view is looking from

the west.
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central-southern Red Sea and in the narrow margins in the western Gulf of Aden: (a) the timing of the rifting
relative to the plume activity. Rifting in the Gulf of Aden began at early to mid-Oligocene (~31 Ma) (Bosworth
et al., 2005), simultaneously to the deposition of flood basalts in Ethiopia (Prave et al., 2016), whereas, in the Red
Sea the rifting initiated ~8 Myr later at Late Oligocene-Early Miocene (~23 Ma) (e.g., Stockli & Bosworth, 2018).
This time span could result in a significant difference in the pre-rifting weakening of the lithosphere in the Red Sea
versus the Gulf of Aden (e.g., Francois et al., 2018). (b) The thermal blanketing effect of the sedimentary cover.
Contrary to the Gulf of Aden, which always had a wide and deep marine connection to the Indian ocean, the Red
Sea had only an episodic narrow and shallow marine connection via the Gulf of Aden and/or the Mediterranean.
This resulted in over 6 km of a syn-rift sedimentary column throughout the Red Sea basin, including massive
evaporite sequences (Bosworth et al., 2005). The blanketing effect of sediments has shown to be significant in the
thermal history of rifted margins (Clerc et al., 2016; Lagabrielle et al., 2016), and can highly vary from a margin
to another, depending on the sediment thickness and its nature (Clerc et al., 2018). The thick and rich evaporitic
sediments in the Red Sea probably increased the geothermal gradients, contributing to the weakening of the lith-
osphere (Theissen & Riipke, 2010). (c) The rift kinematics and structural inheritance. Rifting in the Gulf of Aden
is characterized by higher extension rates than in the Red Sea, especially during the early rifting stages (~22 vs.
~14 mm/yr; DeMets & Merkouriev, 2016). In addition, the Gulf of Aden opened in an orthogonal orientation to
the pre-existing structures, which probably had a major influence on the development of the intra-rift structures
compared to the plume-induced weakening of the lithosphere (Autin et al., 2013; Brune & Autin, 2013).

In summary, the close proximity of the Afar plume, together with the prolonged time span between the arrival
of the plume and the rifting in the Red Sea, plus the aid of the thick sedimentary cover could contribute to the
thermal weakening of the lithosphere and to the development of ultrawide margins in the southern-central Red
Sea. In contrast, the lithospheric mantle in the northern Red Sea is colder and less affected by the plume-related
thermal anomaly, as can be observed in the present-day thermal field (Figure 12c¢). Latitude 23°N demarks the
transition zone between Type I and II margin architectures, suggesting a direct implication of the plume dynamics
in the development of the Red Sea rifting styles.

6. Conclusions

We explored the lithospheric structure and the architecture of the rifted margins in the Red Sea by modeling the
Bouguer gravity anomalies of four end-type rifting models. We adopted a 3D modeling approach in which we
interactively modified the Moho and the LAB geometries along the entire Red Sea and the associated African and
Arabian shoulders. Our main conclusions are:

1. An ultrawide margin architecture (Type II) fits the Bouguer gravity anomalies and the geophysical constraints
in the central-southern regions, south of latitude 23°N. In this region, a thinned continental crust is under-
laid by a broad asthenosphere upwelling, implying an early breakup of the mantle lithosphere alongside a
protracted extension of the upper crust. We speculate that this kind of architecture is the result of a lithospheric
weakening due to the proximity to the Afar plume, an extensive syn-rift sedimentation, and a long-time span
(~8 Myr) between the arrival of the plume and the initiation of rifting.

2. In the northern region of the Red Sea, north of latitude 23°N, the results suggest a rift architecture of an
exhumed mantle lithosphere and a narrow asthenospheric upwelling (Type I).

3. A high-density body is present at the base of the crust along the southern Arabian coast, probably associated
with magmatic underplating processes.

In order to better correlate the rift structure with the thermo-mechanical state of the lithosphere and the activity
of the Afar plume, an integrated approach is required. This is particularly true given the tectonic setting of the
Red Sea, because a thick sedimentary layer could overprint the mantle temperatures at shallow depths, affecting
the final rheological behavior of the lithosphere.

Data Availability Statement

The IGMAS + models produced in this study are available at Issachar, Gdmez-Garcia, and Ebbing (2022).

The XGM?2019e gravity data set is available at http://icgem.gfz-potsdam.de/calcgrid.

The Gebco bathymetry and topography compilation is available at https://www.gebco.net/data_and_products/
gridded_bathymetry_data/#global.

The GlobSed Version 3 is available at https://ngdc.noaa.gov/mgg/sedthick/.
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