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Abstract – We characterize the eastern Red Sea necking crustal domain through its north-south structural
and stratigraphic record. Along-strike margin segmentation occurred during rifting (∼28-14Ma), with tilted
blocks filled by siliciclastic sediments structuring the northern poor-magmatic segment (28°N-21.5°N),
while siliciclastic/volcanoclastic sediments and volcanic flows interpreted as SDRs characterize the
southern magmatic segment (21.5°N�13°N). Tectonic and magmatic activity stopped in this crustal domain
of the margin when a thick salt layer precipitated during the Middle Miocene (∼14-13Ma). The stratigraphy
of the margin then became similar between the two segments suggesting comparable post-salt subsidence
and common crustal characteristics throughout the Red Sea. By characterizing its tectonostratigraphic
record on a regional scale, this study tests two end-member scenarios for the tectonic evolution of the Red
Sea. It also provides new insights into the tectonostratigraphic record of a rift margin system by
simultaneously comparing the evolution of a magma-rich and a magma-poor segment.
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Résumé – L’enregistrement tectonostratigraphique latitudinal de lamarge orientale de laMerRouge.
Nous caractérisons le domaine crustale d’étranglement de la marge orientale de la Mer Rouge par une
analyse tectonostratigraphique de sa couverture sédimentaire. La marge est segmentée pendant la période de
rift (∼28-14Ma) entre : (i) un segment nord (28°N-21,5°N) structuré par des blocs basculés vers le continent
et remplis par des sédiments siliciclastiques ; (ii) un segment sud (21,5°N�13°N) associé à des prismes
sédimentaires à vergences opposées de type SDRs, de composition sédimentaire mixte (siliciclastiques/
volcanoclastiques) intercalée de coulées volcaniques. L’activité tectonique et magmatique de ce domaine
crustal s’est arrêtée lors du dépôt d’une épaisse couche de sel massive au cours du Miocène moyen (∼14-
13 Ma). La stratigraphie de la marge est alors devenue homogène entre les deux segments, suggérant une
subsidence post-dépôt du sel similaire et donc des caractéristiques crustales communes sur l’ensemble du
domaine distal de la Mer Rouge. En caractérisant son enregistrement tectonostratigraphique à une échelle
régionale, cette étude permet de tester deux scénarios opposés d’évolution tectonique de la Mer Rouge. Elle
fournit également de nouvelles observations sur l’enregistrement tectonostratigraphique d’un système de
marge de rift en comparant simultanément l’évolution d’un segment riche en magma et d’un segment pauvre
en magma.

Mots clés : Marge de rift / enregistrement tectonostratigraphique / segment riche en magma / segment pauvre en
magma / Mer Rouge
1 Introduction

The Gulf of Suez � Red Sea rifting initiated at ∼30 Ma
from the rotation of the Arabian Plate with respect to the
Nubian Plate. A major shift in the pole of rotation occurred at
ding author: baby.guillaume@gmail.com

nAccess article distributed under the terms of the Creative CommonsA
unrestricted use, distribution, and reproduction in any m
∼14 Ma leading to the individualization of the Sinai Plate and
the opening of the Red Sea sensu stricto (e.g., Courtillot et al.,
1987; Le Pichon and Gaulier, 1988; Bosworth et al., 2005).
Three symmetric crustal domains emerge across the Red Sea
from deep seismic data (wide-angle seismic profiles and
teleseismic data) : a ∼32-40 km thick proximal domain, a
∼100 km wide necking domain, and a 4.5 km to 10 km thick
distal domain, ranging in width from ∼100 km to ∼200 km
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Fig. 1. (A) Crustal thickness map constructed by subtracting the
basement from the moho depth maps (Supp. Data 1C and 1D). The
hatched line is the 10 km iso-thickness marking the transition between
the necking and the distal domains. (B) “Mainly rift” tectonic model
redrawn from Bosworth (2015). (C) Mainly ocean tectonic model
redrawn from Delaunay et al. (2023). A-DS-F: Aqaba-Dead-Sea
Fault; ZFZ: Zabargad Fracture Zone. Projection system: Ain el Abd
1970, Aramco, Lambert 2. Rotation: �26.75°.
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from north to south (Fig. 1A). Since the 1960s, two end-
member tectonic models have been debated about the nature of
the distal crustal domain. The “mainly rift” model (Fig. 1B)
specifies that hyper-extended continental crust and exhumed
continental mantle prevail throughout the Red Sea except for
young oceanic crust (<5 Ma) restrained to the axial region in
the south. In this scenario, the nature of the crust evolves
gradually from north to south (e.g., Bosworth et al., 2005;
Cochran, 2005; Stockli and Bosworth, 2019). The “mainly
ocean” model (Fig. 1C) suggests that the Red Sea is floored
from north to south by newly formed oceanic lithosphere since
∼14-13 Ma (e.g., McKenzie et al., 1970; Izzeldin, 1987; Stern
and Johnson, 2019; Augustin et al., 2021; Delaunay et al.,
2023).

This ongoing debate on the nature of the distal crustal
domain in the Red Sea is of significant scientific importance
for a better understanding of rift-ocean transition processes.
Beyond its scientific relevance, it also has important economic
implications. A mainly continental distal crustal domain, as
proposed by the “mainly rift” model, could potentially contain
pre-rift sediments serving as source rocks for a petroleum
system. This would significantly enhance the potential for
hydrocarbon exploration of the northern Red Sea compared
with the “mainly ocean” model, which assumes a neo-formed
distal crustal domain. To date, investigations into the nature of
this crustal domain have primarily relied on interpreting and
modeling potential field data, leading to non-unique solutions
(e.g., Cochran, 2005; Augustin et al., 2021; Le Magoarou
et al., 2021; Issachar et al., 2023), and local studies based on
the interpretation of deep seismic data (e.g., Gaulier et al.,
1988; Egloff et al., 1991; Ahmed et al., 2013) and seismic
reflection data with varying degrees of quality (e.g., Izzeldin,
1987; Ali et al., 2023a; Sang et al., 2023; Delaunay et al.,
2023). No study has focused on the analysis of the sedimentary
record of the Red Sea Basin on a regional scale that could bring
new insights into the state of crustal thinning under the basin.

It is generally acknowledged that the tectonostratigraphic
evolution of a rifted margin is separated into tectonic
sequences with specific structural geometries and stratigraphic
patterns (e.g., Bally and Snelson, 1980; Aslanian et al., 2009;
Haupert et al., 2016; Neuharth et al., 2022). (I) The syn-rift
sequence, related to crustal thinning, normal faulting, and
growth strata during which two periods with specific
accommodation rates are recognized (e.g., Prosser, 1993;
Gawthorpe and Leeder, 2000; Nutz et al., 2022): (i) the rift
initiation period, where the accommodation created by
basement fault displacement is filled by sedimentation; and
(ii) the rift climax, which corresponds to the period of
maximum rate of displacement on a fault, where sedimentation
is outpaced by the accommodation induced by the tectonic
subsidence. (II) The transition sequence, marked by a
progressive migration of the deformation towards the distal
necking crustal domain. Post-tectonic geometries prevail in the
proximal part of the necking domain while growth strata are
deposited basinward (e.g., Masini et al., 2013; Pérez-Gussinyé
et al., 2020; Chenin et al., 2022). (III) The post-rift sequence,
where sedimentary accommodation is primarily driven by
thermal subsidence of the oceanic lithosphere (e.g., Steckler
and Watts, 1978; Stein and Stein, 1992).

In theory, the characterization of these tectono stratigraphic
sequences along the Red Sea margins could therefore provide
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constraints on the state of crustal and lithospheric thinning
beneath the Red Sea Basin over time and space, and highlight
latitudinal variations as suggested by the “main rift” model. In
practice, twochallenges stand in theway.Thefirst is the lithology
of the basin, which includes an evaporite-rich interval with a
thick layer of massive salt, deposited between ∼16 and ∼5 Ma
(e.g., Guennoc et al., 1988; Beydoun, 1989; Mitchell et al., 1992).
By hampering geophysical signals, this evaporite unit will render
difficult the interpretation of pre-salt and crustal geometries. The
second is its territorial extension across five countries with
overlapping economic interests, making it difficult to look at this
system as a whole with a homogeneous dataset.

For the first time, we had access to a complete set of
seismic reflection and well data in the Saudi waters, which
penetrated the entire syn-rift pre-evaporites series. Combined
with a review of the surface geology and previously published
studies, these new data allow us to propose a comprehensive
and coherent tectonostratigraphic evolution model at the
regional scale for the entire eastern margin of the Red Sea.
Although we are unable to conclude on the exact nature of the
distal domain, we compare the evolution of the southern and
northern Red Sea, providing new insights into the understand-
ing of its geology and morphology.
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2 Geological setting

2.1 Basement nature of the Red Sea

The uplifted Nubian-Arabian margins expose the Neo-
proterozoic continental basement made of amalgamated
magmatic arcs overlain by sedimentary and volcanic basins,
intruded by granitoids, and segmented by orthogonal to
oblique shear zones and sutures (Fig. 2C) (e.g., Stern and
Johnson, 2019). These structures significantly affect the Red
Sea rift geometry and are precursors to large-offset oceanic
transform fault zones in the northern and middle Red Sea
known respectively as the Zabargad and Jeddah fracture zones
(Fig. 2B) (Molnar et al., 2020 and references therein).

2.2 Geodynamic evolution of the Red Sea

The two main proposed drivers triggering Red Sea rifting
are the slab-pull far-field extension of the subducting Arabian
Plate below the Eurasian Plate (Bellahsen et al., 2003) and the
thermal weakening of the lithosphere due to the East-Africa
hotspot track (Vicente de Gouveia et al., 2018). Rifting started
during the Oligocene and extended from the Gulf of Suez to the
southern Red Sea (Bosworth et al., 2005), contemporaneous
with continental flood volcanism over a large part of north
Ethiopia/Eritrea, northwest Yemen, and southwest Saudi
Arabia (Bosworth and Stockli, 2016) at the triple junction
between the Red Sea, the Gulf of Aden and the East-Ethiopian
Rift (Fig. 2C). Backstripping methods applied to the Gulf of
Suez show subsidence rates increase during the Early Miocene
(∼24-21 Ma) (e.g., Moretti and Colletta, 1987) along with
accelerated denudation along the Red Sea rift shoulders
(e.g., Bohannon et al., 1989; Szymanski et al., 2016), and
intrusion of basaltic dikes and igneous complexes, and
extrusion of several volcanic fields mainly along the eastern
margin (e.g., Sebai et al., 1991; Korostelev et al., 2015).
Subsequently, during the Middle Miocene (∼16-12 Ma), a
plate reorganization resulted in the abandonment of the Gulf of
Suez rift and motion transfer to the Aqaba-Dead Sea fault (e.g.,
Courtillot et al., 1987). This shift from normal to oblique
extension coincides with the formation of the distal crustal
domain of the Red Sea margins (Ali et al., 2023a; Delaunay
et al., 2023). According to the two end-members scenarios
about the nature of the crust in this domain, it would coincide
with either the onset of seafloor spreading throughout the Red
Sea (“mainly ocean” model � e.g., Le Pichon and Gaulier,
1988; Delaunay et al., 2023), or with the onset of
hyperextension and eventually mantle exhumation (“mainly
rift” model � e.g., Ali et al., 2023a). During the late Miocene
(∼13-8 Ma), the Danakil Block individualized from the
Nubian Plate by a counter-clockwise rotation, partitioning the
extension in the southern Red Sea (e.g., McClusky et al., 2010;
Rime et al., 2023). After ∼12 Ma, and mostly during the Plio-
Quaternary, the transitional-to-strongly-alkali volcanic fields
(harrats) emplaced in a N-S trend over 1400 km in Saudi
Arabia, Jordan, and Syria (e.g., Camp and Roobol, 1992).

2.3 Tectonostratigraphic evolution of the Red Sea

The syn-rift and post-rift infill of the Red Sea is separated
into three major sedimentary units that share similarities with
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the Gulf of Suez (e.g., Montenat et al., 1988; Purser and Hötzl,
1988; Beydoun, 1989; Mitchell et al., 1992; Bosworth et al.,
2005).

2.3.1 Pre-evaporite Unit � Late Oligocene to Middle
Miocene (∼28-16 Ma)

This unit is associated with tilted blocks in the Gulf of Suez
(Bosworth, 1995) locally imaged in the subsurface data from
the Saudi margin of the northern Red Sea in: the Midyan Basin
(Tubbs et al., 2014), the Umluj Basin (Hughes and Johnson,
2005), and the offshore Azlam (Rowan, 2014) and Umluj
(Mohriak, 2019) basins (Fig. 2A). In the southern Red Sea,
Bohannon (1987) showed that the syn-rift sediments are
concordant on the basement and tilted seaward. Seismic data
available along the Tihama Plain confirms the absence of tilted
blocks in this proximal domain of the margin (Doornenbal
et al., 1991; Davison et al., 1994; Davison et al., 1998). A
recent study carried out at the southern end of the margin
(Chauvet et al., 2023) confirms that the syn-rift series were
deposited as seaward-dipping reflector (SDR) volcanic
wedges, commonly observed along passive volcanic margins.

Two syn-rift sequences locally separated by an Early
Miocene-Middle Miocene unconformity are recognized in the
Gulf of Suez and the Red Sea. The oldest is Late Oligocene to
Early Miocene in age and is composed of alluvial “red beds”,
locally exposed in the coastal basins of the northern Red Sea.
It is known as the Al Wajh Formation in Saudi Arabia
(Hughes and Johnson, 2005), the Hamamit Formation in
Sudan (Bunter and Abdel Magid, 1989), and the Abu Zemina
Formation in Egypt (Bosworth, 1995). In the southern Red
Sea, the early syn-rift sediments are exposed along the
Ghawwas and Tihama coastal basins. They are composed of
siliciclastic and volcanoclastic sediments (lacustrine deposits
and pyroclastics) interbedded with lava flows, known as the
Jizan Group in Saudi Arabia (Schmidt et al., 1983) and as the
Dogali Formation on the conjugate Eritrean margin (Sagri
et al., 1998). This early syn-rift period is interpreted as a
“diffuse” deformation phase that resulted in a network of
small grabens preserved on both sides of the northern Red Sea
and Gulf of Suez (e.g., Bosworth, 2015).

The second syn-rift sequence is Early to Middle Miocene
and is marked by the installation of open marine environ-
ments in the Gulf of Suez together with an acceleration of the
subsidence along the axis of the rift (e.g., Moretti and
Colletta, 1987; Evans, 1988; Rohais et al., 2016). The first
documented marine sediments in the eastern margin of the
northern Red Sea include the Aquitanian carbonate platform
of the Musayr Formation and the evaporites of the Yanbu
Formation exposed in the inverted Midyan half-graben (Dullo
et al., 1983). These evaporites were dated by strontium
isotopes in well samples from the Yanbu Basin at 23-21 Ma
(Hughes and Johnson, 2005). Above, the Burqan Formation
recorded marine clastic sedimentation (mainly turbidites and
debris flows), exposed in the Midyan Basin and dated
between biozones N5 and N8 (∼22-16 Ma) (Hughes and
Johnson, 2005). Similar marine series were drilled offshore in
Egypt (Rudeis Formation) (e.g., Bosworth et al., 2005) and
Sudan (Maghersum Group) (Bunter and Abdel Magid, 1989).
Although poorly dated, potentially similar marine series were
also drilled in Eritrea (Habab Formation) (Savoyat et al., 1989).
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Fig. 2. (A) Morphologic elements and topography. The onshore basins of the eastern Red Sea rifted margin are named. (B) Offshore tectonic
map (modified fromDelaunay et al. (2023)) overlying magnetic survey. (C) Geological map and depth of the acoustic basement based on seismic
reflection data. Shear zones and sutures from Stern and Johnson (2019). D: Ad Damm shear zone. F: Fatima shear zone. Bu: Bi’r Umq suture. Y:
Yanbu suture. (D) Maximum, minimum, and mean elevation of the main escarpment over a 20 km swath profile. Digital elevation data from
GEBCO (https://www.gebco.net/). Projection system: Ain el Abd 1970, Aramco, Lambert 2. Rotation: �26.75°.
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However, no equivalence is known along the eastern margin of
the southern Red Sea.

2.3.2 Evaporite Unit � Middle Miocene to Late Miocene
(16-5 Ma)

Three successive evaporite-rich sub-units were deposited
unconformably on the previous syn-rift sediments and the
eroded basement. The first sub-unit is poorly defined in the Red
Sea except in Saudi Arabia where it is known as the Maqna
Group, well exposed in the Midyan Basin (Hughes and
Johnson, 2005). It is composed of restricted marine deposits
including clastics, carbonates, and evaporites (anhydrite). The
proportion of evaporites increases through time indicating
increasingly restricted marine environments. This unit is dated
between N8 and N9b biozones (∼16-14 Ma) (Hughes and
Johnson, 2005). The equivalent formations from the Gulf of
Suez are known as the Kareem and Belayim formations (e.g.,
Evans, 1988).

The second unit is composed of massive halite only
observed in subsurface data except locally with diapirs
exposed along the Tihama Plain in the southern Red Sea
(Davison et al., 1996; Bosence et al., 1998). It is known as the
Mansiyah Formation in Saudi Arabia (Hughes and Johnson,
2005), South Garib Formation in Egypt (e.g., Evans, 1988),
Dungunab Formation in Sudan (Bunter and Abdel Magid,
1989), and Amber Formation in Eritrea (Savoyat et al., 1989).
This layer acts as a major detachment level that formed
spectacular salt tectonics-related structures during the Late
Miocene (e.g., Heaton et al., 1995; Rowan, 2014; Ali et al.,
2023b). It is little or not affected by basement faults and
therefore interpreted respectively as a post-rift (Davison et al.,
1994) or a transition unit (Heaton et al., 1995).

The third unit is composed of Middle to Late Miocene
continental to transitional clastic sediments interbedded with
evaporites (anhydrite) known as the Ghawwas Formation in
Saudi Arabia (Hughes and Johnson, 2005), and Zeit
Formation in Egypt (Evans, 1988). Its accommodation was
highly controlled by salt tectonics. It is not affected by
basement faults, except locally by strike-slip faults in the
extension of the Gulf of Aqaba to the north of the Red Sea (e.g.,
Stockli and Bosworth, 2019; Afifi et al., 2023). This unit was
dated between biozones N14 and N18 (Hughes and Johnson,
2005). Recent strontium isotope has suggested an older
age for the onset of its deposition and constrained the
Mansiyah massive salt layer between 14 Ma and 13.2 Ma
(Pensa et al., 2023).

2.3.3 Post-evaporite Unit � Pliocene to recent (5-0 Ma)

An uppermost Miocene (Messinian) regional erosional
unconformity, previously defined throughout the Red Sea as
the “S reflector” (Phillips and Ross, 1970), truncates the
Evaporite Unit (e.g., Mitchell et al., 2021). Above, the Plio-
Pleistocene sediments consist of open marine clastic
sediments and aggrading carbonate platforms. They are
defined as the Lisan Group in Saudi Arabia (Hughes and
Johnson, 2005), the Post-Zeit Group in Egypt (e.g., Evans,
1988), and the Abu Shagara Group in Sudan (Bunter and
Abdel Magid, 1989). This post-rift unit is contemporaneous
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in age with the exposed oceanic crust along the axis of the
southern Red Sea.

3 Data and method

New subsurface data coupled with geological mapping,
previously published deep geophysical data, and magnetic data
were used to study the eastern margin of the Red Sea and to
unravel the architecture of its necking domain. Picking of
regional seismic horizons and structural modeling were made
with Move software. The various seismic surveys used in this
study are located in Supp. Data 1.

3.1 Geological maps

The geological maps presented in this study (Figs. 2 and 3)
are based on field observations, satellite images (Google
Earth), and existing geological maps (Saudi National
Geological Database (https://ngd.sgs.gov.sa/en) and the
Geological Map of the Republic of Yemen (Kruck et al.,
1996)). The eastern Red Sea bounding faults were mapped
using seismic reflection data. The dikes were mapped using
aeromagnetic data from the Saudi Geological Survey (Zahran
et al., 2003). Neoproterozoic sutures/shear zones are from
Stern and Johnson (2019).

3.2 Seismic reflection and well data

Four seismic reflection datasets were used to unravel the
geometry of the margin (Supp. Data 1B). The first survey
(proprietary, Saudi Arabia) was acquired with a set of 8 to
10 km-long streamers and processed through prestack depth
migration. It has a spacing of ∼30 to 50 km and extends from
the coastal basins to the mid-oceanic ridge (total length
∼11 000 km). The time depth conversion of this dataset was
done using a multi-layered velocity model in order to
illuminate subsalt targets. The second survey was acquired
by CGG in 1976 and their interpretation was published
by Izzeldin (1987). It consists of 16 cross-profiles, oriented
N60 and spaced ∼40 km apart, covering the central part of
the Red Sea. The interpretation of these profiles was
converted to depth by Mitchell et al. (2021) using a 3-layer
velocity model. The third survey consists of interpolated
depth-converted seismic data covering the northern half of
the Yemeni part of the margin (Davison et al., 1998). The
fourth survey consists of 11 regional depth-converted
sections, oriented N70 and spaced ∼20 to 30 km apart,
covering the Yemeni part of the margin (Doornenbal et al.,
1991). We used 84 exploration wells (located onshore and
offshore mainly in the shelf domain), 61 shallow wells
(located onshore), and outcrops for the calibration of
geometries, ages, and sedimentary facies.

3.3 Deep geophysical data

The Moho and Conrad discontinuities along crustal-scale
cross-sections were constrained on previously published data-
sets including wide-angle seismic profiles (Gaulier et al., 1988;
f 15

https://ngd.sgs.gov.sa/en


Fig. 3. Geological maps of the Midyan and Duba basins (A), and the
Tihama Basin (B). Gulf of Aqaba faults from Ribot et al. (2021). See
Figure 2C for location. The red lines show trace of the two crustal-
scale cross-sections presented in this study. Projection system: Ain el
Abd 1970, Aramco, Lambert 2.
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Rihmet al., 1991;Voggenreiteretal., 1988), and teleseismicdata
(Ahmed et al., 2013; Al-Damegh et al., 2005; Hansen et al.,
2007). The datasets used to estimate the crustal thickness of the
Red Sea (Fig. 1A) are referenced and located in Supp. Data 1.

3.4 Magnetic data

The magnetic anomaly maps used in this study are a
compilation of several published datasets, including Cochran
(2005) in the northern Red Sea, Zahran et al. (2003) for the
central Red Sea and the Arabian Shield, and Hall (1979) for the
southern Red Sea.
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4 Results

4.1 Surface observations
4.1.1 Topography

Onshoremorphology is typical ofanelevatedpassivemargin
with an escarpment delimiting a flat coastal plain from a high
plateau gently tilted to the east (Fig. 2A). The escarpment is
highly dissected in the north with a mean elevation of∼1000m,
whereas a steep, linear escarpment with a mean elevation of
∼2000m characterizes the south. The transition at the latitude of
Jeddah (21.5°N) is abrupt (Fig. 2D). Offshore, a similar
segmentation is shown by the bathymetry, with a narrow (25–
50km) continental shelf in the north widening to 100–150 km
south of Jeddah, where young oceanic crust (<5Ma) is exposed
in the central trough (Fig. 2A).

4.1.2 Magnetic survey

In the southern Red Sea, the magnetic data shows short-
wavelength magnetic anomalies along the central trough,
flanked by broader, symmetrical anomalies that extend beyond
the distal crustal domain up to the coastal plain (Fig. 2B).
These so-called marginal magnetic anomalies below the
coastal plain terminate at the latitude of Jeddah, with a sharp
transition (�10 km) to the northern highly faulted segment
where the anomalies are small, discontinuous, and chaotic
(Figs. 2B and 2C).

4.2 Subsurface observations

Major rift faults onshore were mapped by integrating field
geology with seismic reflection data (Figs. 2C and 4). It shows
that, north of Jeddah (21.5°N), the proximal necking domain
along the margin consists of half-grabens tilted towards the
continent. To the south, the bounding normal faults disappear
and the syn-rift sedimentary strata are tilted seaward in a long-
wavelength flexure along the coastal plain (Ghawwas and
Tihama basins). This shift in rift polarity coincides with
northeast-trending shear zones and sutures in the continental
basement (Ad Damm shear zone, Fatima shear zone, and Bi’r
Umq suture) mirrored offshore by the Jeddah Fracture Zone
(Figs. 2C and 4), and it emphasizes the along-strike
segmentation in the topography (Fig. 2D).

4.3 Structural and stratigraphic architecture

We constructed two cross-sections detailing the structural
architecture and sedimentary geometries of the northern and
southern necking domains of the eastern margin (Figs. 5 and
6). These illustrate the evolution stages of a rifted margin as
tectonic sequences defined by seismic units whose distinction
is based on their geometry (e.g., growth wedges, sealing faults,
reflector terminations). The seismic data generally illuminates
the entire sedimentary section, but volcanic sequences and the
transition to the distal domain are poorly resolved. The
northern section (Fig. 5) is built from four seismic reflection
profiles projected orthogonally along the trace (Fig. 3A). It is
constrained by four wells (with well logs, cuttings, and
biostratigraphic reports) penetrating the entire sedimentary
succession from pre-rift to post-rift strata (Fig. 5D). The
f 15



Fig. 4. Interpreted seismic profiles and cross-section illustrating the along-strike structural variability of the necking domain of the margin. To
the right, palinspastic restoration of the Red Sea at ∼14 Ma showing the main structural elements from Figure 2 and the location of the sections.
Black arrows show the dip direction of the syn-rift sediments. Nubia is considered as fix in this reconstruction. Rotation pole fromDelaunay et al.
(2023) (Nubia-Arabia) and Reilinger and McClusky (2011) (Nubia-Danakil).
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Fig. 5. Structural interpretation of a depth-converted composite seismic reflection profile (line drawing (A)) across the eastern necking domain
of the northern Red Sea. The section is calibrated by four exploration wells. The transition between the necking and the distal crustal domains is
constrained by the tectonic model of Delaunay et al. (2023). The correlation (D) is flattened at the base of the Salt Unit (Mansiyah Fm). See
Figure 3A for location.
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southern section (Fig. 6) is built from three seismic reflection
profiles (Fig. 3B). It is constrained by one well (with well logs,
cuttings, and biostratigraphic reports) reaching the upper syn-
rift as well as two shallow wells (with cuttings, and
biostratigraphic reports) and onshore outcrops of the Tihama
Basin (Fig. 6D).
Page 8 o
4.3.1 Northern segment

The composite seismic profile (Fig. 5A) shows two tilted
blocks bounded by synthetic normal faults affecting pre-rift
sediments and the upper crust that are interpreted as rooted in a
mid-crustal detachment (Fig. 5B). To the west, syn-rift
f 15



Fig. 6. Structural interpretation of a depth-converted composite seismic reflection profile (line drawing (A)) across the eastern necking domain
of the southern Red Sea. The section is calibrated by one exploration well, two shallow wells and outcrop observations. The transition between
the necking and the distal crustal domains is constrained by the tectonic model of Delaunay et al. (2023). Outcrop synthetic section fromGillman
(1968) and Schmidt et al. (1983). The correlation (D) is flattened at the base of the Salt Unit (Mansiyah Fm). See Figure 3B for location.
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sediments unconformably overly a hyper-thinned crust of
unknown nature.

We hereby define two syn-rift units (Fig. 5B). While the
occurrence of syn-rift unit 1 in the western half-graben is
unclear, in the easternmost half-graben, it consists primarily of
∼1400m thick fluvial to marginal marine deposits along the
hanging-wall. This unit, barren of fossils, is correlated to the
Late Oligocene-lowermost Miocene Al Wajh and Musayr
formations (Fig. 5D) outcropping in the Midyan Basin
(Fig. 3A), recording 8 Myr of sedimentation at a mean rate
of 0.175 km/Myr. The syn-rift unit 2 consists of ∼5000m thick
siliciclastic turbidites deposited along the hanging-wall in a
deep marine environment. This Early Miocene unit (N5 to N8
biozones) corresponds to the Burqan Formation (Fig. 5D) with
a duration of about 5 Myr and therefore a mean sedimentation
rate of 1 km/Myr. The abrupt change from marginal to deep
marine environment and the increase of sedimentation rate
indicate a significant increase in accommodation rates in the
basin. This probably reflects higher tectonic subsidence rates,
indicating the climax of the rifting phase.

Above, the sediments show sag-type geometries that
unconformably overlie syn-rift sediments in the eastern half-
graben (Fig. 5C) while in the western one, wedging persists.
We define this unit as a transition unit. Silts with interbedded
evaporites dominate the lithology, suggesting a restricted
marine environment. Biostratigraphic data indicated a Middle
Miocene age (N8 to N9 biozones) that correlates onshore with
the Maqna Group (Fig. 5D). The massive salt of the Mansiyah
Formation, highly remobilized into diapirs and rollovers, seals
the basement faults and unconformably overlies the previously
deposited sediments. The good preservation of the upslope
extensional domain suggests an initial sag-type geometry with
a thickness of >1000m in the proximal area.

Above sediments are not affected by basement faults and
are therefore interpreted as post-rift. The post-rift unit 1 is
made of interbedded coarse-grained sandstones and anhydrites
(layered evaporites) deposited in a restricted, shallow marine
environment. It correlates with the Middle-Late Miocene
Ghawwas Formation recently dated between 13.2 Ma and
5 Ma (Pensa et al., 2023). Unconformably above, the post-rift
unit 2 consists of Plio-Quaternary massive carbonate platforms
growing above the eastern half-graben, defined as the Badr
Formation, laterally passing to siliciclastic and pelagic
sediments (Fig. 5D).

4.3.2 Southern segment

Contrary to the north, the southern segment is characterized
by seaward tilted wedges accommodated by antithetic normal
faults rooted in a mid-crustal detachment (Figs. 4 and 6). The
proximal wedges show low arcuate reflectors characteristic of
inner SDRs. The eroded top of this inner SDR system outcrops
along the Tihama Basin as the Jizan Group (Fig. 3B), which is
composedof lacustrinedeposits interbeddedwithvolcanoclastic
sediments and basalt flows (Fig. 6D). Mammal and fish fossils
(Madden et al., 1983) combined with radiometric ages on dikes
intruding the series (Sebai et al., 1991) suggest anOligocene age
contemporaneous to syn-rift unit 1 (Al Wajh Formation) of the
northern segment (Fig. 6D).

Westward, the wedges show more arcuate geometries
(Fig. 6C). The Well E shows similar lithologies and
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environments as the inner SDRs (Fig. 6D). Unconformably
above, the first post-SDRs unit shows sag-type geometries
(Fig. 6C), made of silty sediments interlayered with evaporites
at the base passing upward to slope deposits suggesting a
retrogradational trend in a restricted marine environment
(Fig. 6D). These sub-horizontal geometries pass to prograda-
tional geometries to the east, suggesting more proximal
(deltaic) environments. Biostratigraphic data indicate a Middle
Miocene age (N8-N9 biozones) equivalent to the transition
unit defined for the northern section (Maqna Group). As
observed in the northern segment, wedging seems to persist to
the west of the section suggesting the emplacement of more
distal SDRs contemporaneous with a slowdown of the
tectonic/magmatic activity in the proximal necking crustal
domain. Similarly to the northern segment, salt-related
structures, controlling the post-rift geometries of the basin
at the second order, unconformably overly the syn-rift SDRs
and the transition unit.

The marginal magnetic anomalies mapped on Figure 2B
along the Ghawwas and Tihama coastal basins are likely related
to the progressive east-west emplacement and cooling of the
SDR wedges during the rift and the transition stages of the
necking domain of the margin. Seismic sections and field
observations of the Yemen coastal plain also reveal SDRs
geometries (Davison et al., 1994; Davison et al., 1998; Chauvet
et al., 2023) proving that the southern segment of the easternRed
Sea margin is magma-rich along its entire length (Fig. 4).

5 Discussion

5.1 Segmentation of the eastern Red Sea margin

The eastern necking crustal domain of the Red Sea is
divided into two distinct segments, each characterized by
specific structural geometries and stratigraphic patterns
(Fig. 4). The northern segment (28°N-21.5°N) shows 2-3
tilted blocks separated by synthetic normal faults filled with
siliciclastic sediments (Fig. 5). In contrast, the southern
segment (21.5°N�13°N) displays seaward tilted sedimentary
wedges accommodated by low-angle antithetic faults inter-
preted as SDRs (Fig. 6A). Field observations and well data
show that these wedges are mainly composed of siliciclastic
and volcanoclastic sediments with interbedded lava flows
(Fig. 6B). Geological observations on the western conjugate
margin are consistent with these findings. In the northern Red
Sea, seismic reflection and well data confirm the presence of
landward-tilted blocks with siliciclastic-dominated syn-tec-
tonic sedimentation (Ali et al., 2023a). Conversely, in the
southern Red Sea and Afar region, surface geological
observations reveal seaward-tilted syn-rift series composed
of siliciclastic/volcanoclastic deposits interbedded with volca-
nic flows (e.g., Sagri et al., 1998; Stab et al., 2016; Chauvet
et al., 2023).

Surface observations indicate that the structural segmen-
tation of the eastern necking crustal domain of the Red Sea is
imprinted in the present-day morphology of the continental
shelf (Fig. 2A). The stepped configuration of the northern
segment is controlled by the location of the 2–3 tilted blocks,
with the first defining a narrow continental shelf with
aggrading carbonate platforms (Fig. 5). In contrast, the flatter
topography inherited from the magma-rich southern segment
of 15



Fig. 7. Synthetic chart with the latitudinal tectonostratigraphic evolution of the necking crustal domain of the eastern margin of the Red Sea
showing the main environments, lithologies and basin architectures through time. Seismic units and onshore volcanism are also shown. See
Figure 2A for coastal basin location. M: Midyan, D: Duba, A: Azlam, U: Umluj, Y: Yanbu, J: Jeddah, G: Ghawwas, T: Tihama.
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results in a much wider continental shelf (Fig. 6). The
widening of the western continental shelf towards the south
corroborates these observations, suggesting, when combined
with geological observations, a first-order symmetric structural
pattern of the Red Sea.

The transition between the northern and southern Red Sea
segments is sharp and occurs at the latitude of a pre-existing
lithospheric structure (Ad Damm shear zone, Fatima shear
zone, and Bi’r Umq suture, Fig. 2C) that plays a crucial role in
the rift morphology (e.g., Molnar et al., 2020; Stern and
Johnson, 2019). The dip reversal in the rift faults is coincident
to the latitudinal magmatic budget of the margin. Guan et al.
(2021) suggested that these deeply rooted basement structures
evolving offshore in the Jeddah Fracture Zone could act as a
physical barrier, limiting the northward extension of the East-
Africa hotspot influence and thus controlling the distribution of
magma. Although more gradual in the magmatic intensity
along the margins, a similar magmatic gradient has been
documented from west to east in the Gulf of Aden (Tard et al.,
1991; Nonn et al., 2019).

5.2 Tectonostratigraphic evolution of the eastern Red
Sea margin

Four tectonostratigraphic sequences have been recognized
over the entire eastern Red Sea necking crustal domain. On
both segments, it can be summarized as follows (Fig. 7):
1
 28-21 Ma � Rift initiation, in a continental environment,
accommodated by seaward dipping normal faults in the
northern segment, while inner SDRs were established on
the southern segment (Jizan Group).
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2

f 1
21-16 Ma � Rift climax, marked by an increase of the
accommodation rates along the northern segment leading to a
progressive marine flooding from the north (Burqan Forma-
tion). At the same time, more distal SDRs were formed along
the southern segment in continental environments.
3
 16-13 Ma � A transition stage, during which the entire
margin passes to a marine environment, although
confined, as indicated by the presence of evaporites
(Maqna Group). Sag-type geometries deposited above a
regional unconformity mark a slowing of upper crustal
deformation in the proximal part of the necking crustal
domain, while syn-rift geometries persist in its
distal part. This transitional period ends with the
precipitation of massive salt throughout the basin
(Mansiyah Formation).
4
 13-0 Ma � A post-rift stage where sediments are not
affected by basement faults (Ghawwas Formation). The
Salt Unit is remobilized and controls the second-order
geometry of the post-rift sedimentation.
5.3 Implications for the nature of the distal crustal
domain of the Red Sea

Some of our key observations include (1) a progressive
cessation of basement fault activity and magmatism in the
necking crustal domain of the eastern margin of the Red Sea
from 16 to 13 Ma as the Transition and the Salt units deposited
followed by (2) a synchronous stratigraphic evolution since
then (Fig. 7). The seismic data available in the literature on the
conjugate margin (e.g., Izzeldin, 1987; Sang et al., 2023; Ali
et al., 2023a,b) shows a similar trend, with an omnipresent
5
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layer of massive salt and post-salt sediments, not affected by
basement faults except locally by strike-slip faults in the
northern Red Sea, related to the Aqaba-Dead Sea strike-slip
system (e.g., Stockli and Bosworth, 2019; Afifi et al., 2023).
This suggests that the tectonic subsidence mechanism is
comparable on the two conjugate margins of the Red Sea since
16-13 Myr. This implies that from north to south of the Red
Sea, (i) the distal crustal domain has formed since the Middle
Miocene, and (ii) the nature of the crust of this domain may
share similarities.

The magnetic data available in the region suggest
conversely a segmentation of this crustal domain between
the northern Red Sea, characterized by chaotic and discontin-
uous magnetic anomalies, and the south, characterized by
symmetrical magnetic anomalies on both sides of the axial
ridge (Fig. 2B). As the magnetic data provides information on
the nature of the crust, it is difficult to reconcile a homogeneous
crust throughout with such different magnetic patterns.

This problematic was addressed in previous studies,
suggesting that, the low-amplitude anomalies observed away
from the ridge axis were due to magma extrusion below a thick
sediment cover (e.g., Levi and Riddihough, 1986; Okwokwo
et al., 2022), and that the chaotic pattern observed to the north
was a combination of intrusions below a sediment cover
associated with intense segmentation of the seafloor by
transform faults (Delaunay et al., 2023).

In our opinion, other possibilities could also reconcile the
pattern of the magnetic anomalies with our observations by
considering that the distal crustal domain could be segmented
similarly to the necking crustal domains. For example, and
following the “main rift" model, we can assume that this
crustal domain is hyper-extended continental crust with a true
oceanic crust limited to the axis of the Red Sea. In this case, the
magnetic anomalies of the southern Red Sea would be due to
intensive magma intrusions, in light for example with what
was described in the Iberia-Newfoundland magma-poor rifted
margin system (Bronner et al., 2011) and on the Namibian
magma-rich rifted margin of the South Atlantic (Geoffroy
et al., 2022). The northern segment, away from the influence of
the East-African hotspot would have been less intruded, not
allowing for the onset of linear magnetic anomalies.
Alternatively, and following the “main ocean” model, the
distal crustal domain of the southern Red Sea could be entirely
made-up of oceanic crust, while a proto-oceanic crust could
form the distal crustal domain of the northernRed Sea. This type
of oceanic crust with anomalous vertical velocities and chaotic
magnetic patterns has been previously described in the Gulf of
Lyon margin (e.g., Moulin et al., 2015), the Brazilian margin
(e.g.,Klingelhoeferetal., 2015), and theNorthAmericanmargin
(e.g.,Béceletal., 2020). It is interpreted to formduringaphaseof
transient andunfocusedmelt supply at very slowspreading rates,
compatible with the ultra-slow spreading rates of the northern
Red Sea (Chu and Gordon, 1998).

The complexity of the nature of the transitional domains of
the rifted margins, which is increasingly well documented by
recent geophysical data (e.g., Sapin et al., 2021), is enhanced in
the Red Sea by the evaporite-rich sedimentary cover and the
structural complexity of the Jeddah and Zabargad fracture
zones. Therefore, concluding on the nature of the Red Sea
distal crustal domain would ultimately lead to oversimplifi-
cations. This debate can only be properly addressed with a
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dense set of combined multi-channel and wide-angle seismic
profiles across the northern, central and southern Red Sea.

6 Conclusions

The eastern necking crustal domain of the Red Sea formed
between ∼28 and ∼13 Ma. This domain is segmented between
a magma-poor northern segment with tilted blocks filled with
siliciclastic sediments, and a magma-rich southern segment
with SDRs. Deformation and magmatic activity migrated
towards the distal necking crustal domain from ∼16 to
∼14 Ma. The precipitation of a thick layer of massive salt
between ∼14 and ∼13 Ma marks the onset of the formation of
the distal crustal domain along the margin and the cessation of
tectonic and magmatic activity in the necking domain. The
stratigraphy becomes similar from north to south suggesting
similarities in the subsidence mechanisms and therefore in the
nature of the crust, discarding the hypothesis that the Red Sea
is at different stages of rifting from north to south.

Supplementary material

SUPPLEMENTARY DATA 1: A) Seismic refraction surveys and
teleseismic data location. B) Seismic reflection surveys location.
C) Moho depth map. D) Top to the acoustic basement depth map.
Offshore Eritrea area (speculative) is extrapolated by symmetry
from the eastern Red Sea margin. E) Crustal thickness map
constructed by subtracting the top to the basement map (D) from
the Moho depth map (C).

The Supplementary Material is available at https://www.bsgf.fr/
10.1051/bsgf/2024009/olm.
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