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ARTICLE INFO ABSTRACT

Keywords: We investigate the sediment routing systems of the eastern Red Sea rifted margin by constraining the sediment
Red .Sea accumulation history of the offshore depositional domain from regional seismic sections, wells, and outcrops
Stratigraphy observations and comparing it to the denudation history of the onshore erosional domain (Arabian Shield -
Paleogeography

Delaunay et al. (2024, submitted in this issue). We show that the rift (28-16 Ma) was segmented into a northern
high-relief segment (28°N-21.5°N) under marine depositional environments and a southern low-relief magmatic
segment (21.5°N-13°N) under continental depositional environments. The late syn-rift (Transition period - 16-14
Ma) was associated with a decrease in the magmatic and tectonic activity of the rifted margins, marine flooding
of the entire basin, and the onset of the evaporitic sequence resulting from partial isolation from the global ocean.
During the early post-rift (14-5 Ma), the southern segment underwent an uplift and a significant increase of the
siliciclastic accumulation (15 fold), suggesting a rapid retreat of the escarpment initially corresponding to the
former rift shoulder. During the late post-rift (5-0 Ma) the siliciclastic accumulation dropped and carbonate
sedimentation returned suggesting a shift towards arid climatic conditions and a slowdown in the retreat of the

Sediment budget
Source-to-sink

onshore escarpment.

1. Introduction

The onshore morphology on many rifted margins is characterized by
great escarpments, corresponding to 1000-2500 m topographic steps,
sub-parallel to the coast, that separate the low relief higher plateau from
the lower rugged coastal plain. This type of morphology is commonly
considered to be sustained by the flexural isostatic rebound associated
with the erosion of an escarpment allowing the persistence of the
regional drainage divides through geological times (e.g., Braun and
Beaumont, 1989; Gilchrist and Summerfield, 1990; Kooi and Beaumont,
1994; Tucker and Slingerland, 1994). The remaining key questions
related to this topic include the timing of the plateau uplift (i.e. pre-
dating, concomitant, postdating the rifting); and the relative contribu-
tion of external factors (e.g., climate) on the rate and type of escarpment
evolution.

Studies combining numerical modeling with thermochronological
constraints suggest syn-rift vertical motions can explain the high-
elevated margin morphology (e.g., van der Beek et al., 1994; van der
Beek et al., 2002). On the other hand, studies based on offshore strati-
graphic observations revealed short-lived post-rift uplifts implying
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significant rejuvenation of margin reliefs and drainage reorganization
(e.g., Baby et al., 2018; Burke and Gunnell, 2008; Japsen et al., 2006).
One of the best-documented examples is the rifted margins of southern
Africa, where the present-day topography of the South African plateau
appears to have been acquired by mantle dynamics support, over 40 Myr
after the end of the South Atlantic rift (Baby et al., 2020; Braun et al.,
2014; Stanley et al., 2021). By comparison, climatic control on the
evolution of rifted margin reliefs (i.e. feedback between orographic
precipitations and erosional unloading) has received less attention (e.g.,
Partridge, 1997; Petit et al., 2007; Sternai et al., 2021; Stuwe et al.,
2022).

To gain further insights into the evolution of the relief of rifted
continental margins at geological time scale, we study the Red Sea, one
of the youngest rifted margins on the planet (~28-0 Ma). Recent studies
have shown that the Red Sea is mainly floored by oceanic crust accreted
since ~14-13 Myr (e.g., Augustin et al., 2021; Delaunay et al., 2023;
Tapponnier et al., 2013). We study the eastern rifted margin showing an
escarpment that separates the Arabian Plateau from the Red Sea coastal
plain. This escarpment is twice as high in the south than in the north (i.e.
mean elevation ~2000 m and ~ 1000 m respectively) (Fig. 1).
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Remnant marine sediments scattered across the Arabian Plateau
indicate that it was at sea level during the Eocene (e.g., Ziegler, 2001). A
regional Oligocene angular unconformity indicates a regional uplift of
the Nubian-Arabian plateau at the onset of rifting (i.e. Afro-Arabian
Dome - Avni et al., 2012). Numerical models from van der Beek et al.
(1995) constrained by thermochronological data suggest that the relief
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of the eastern rifted margin results from a local base-level fall during the
rifting followed by continuous retreat of the rift shoulder. Stuwe et al.
(2022) and Turab et al. (2023) proposed, from new thermochronological
data, an additional uplift of the margin at the onset of the oceanic crust
accretion driven by downward bending of the margin and additional
flexural updoming. Stuwe et al. (2022) also invoke climate currently
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Fig. 1. (A) Regional map of the Red Sea and its surroundings illustrating the main morphological domains of the ERSRM. Elevation data are from GEBCO (htt
ps://www.gebco.net/). (B) Maximum, minimum (gray), and mean elevation (dark green line) of the great escarpment of the ERSRM along a 20 km swath. Note
the elevation change at 21.5°N between the northern escarpment (~1000 m of mean elevation) and the southern escarpment (~2000 m of mean elevation). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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wetter in the south of the Red Sea to explain the contrasting topography accommodated by antithetic normal faults) (Fig. 3). These geometries
of the escarpment. suggest that the rifted margin relief was influenced by contrasted lith-
Baby et al. (2024, submitted) showed that the contrasted topography ospheric temperature and strength (i.e. effective elastic thickness).
of the escarpment along the rifted margin is perfectly mirrored offshore To constrain the evolution of the escarpments along the Eastern Red
in the structural segmentation of the margin (Fig. 2A). The northern Sea rifted margin (ERSRM), we reconstruct the sediment-routing sys-
segment geometry, where the escarpment elevation is relatively low, is tems that shaped the rifted margin relief since ~28 Ma. We focus on the
characteristic of a magma-poor rifted margin (i.e. tilted blocks separated offshore domain, in particular its stratigraphic architecture, paleogeo-
by synthetic normal faults). Conversely, the southern segment geometry, graphic evolution (lithologies and depositional environments) and
where the escarpment elevation is higher, is characteristic of a magma- accumulation histories from the Sinai triple junction to the southern tip
rich rifted margin (i.e. seaward dipping reflectors -SDR- wedges of the Red Sea (Fig. 2). To do this we analyze an extensive set of
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Fig. 2. (A) Syn-rift reconstruction of the Red Sea with major faults, volcanism/magmatism (from Baby et al. (2024, submitted)), and names of coastal basins along
the ERSRM. Neoproterozoic sutures and shear zones from Stern and Johnson (2019). (B) Regional tectonic map of the Red Sea and surrounding regions. GPS ve-
locities (red arrows) from Viltres et al. (2022). Areas floored with oceanic crust (dark gray) from Leroy et al. (2013) in the Gulf of Aden and from (Delaunay et al.,
2023) in the Red Sea. (C) Geological map of the Midyan and Duba Basins, from Baby et al. (2024, submitted). See location on Fig. 1. Gulf of Agaba faults are from
Ribot et al. (2021). (D) Geological map of the Tihama Basin (Jizan area), from Baby et al. (2024, submitted). See location on Fig. 1. Offshore bathymetry data after
GEBCO (https://www.gebco.net/). Refer to Fig. 4B, and C for the ages of the lithostratigraphic units. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Line drawings and interpreted cross-sections (from seismic reflection data) across the northern (A), the central (B), and the southern (C) parts of the ERSRM,

from the coastal basins to the mid-oceanic ridge. See location on Fig. 1.

subsurface data (seismic and wells) along with outcrop observations. In
a companion paper, (Delaunay et al. (2024, submitted in this issue), we
focused on the onshore domain and used remnant paleo-landforms of
the Arabian Shield to evaluate divides, catchment, and denudation
evolution of the source domain of the ERSRM.

2. State of the art
2.1. Tectonic evolution of the Red Sea

The Red Sea rifting was driven by the combination of the far-field
slab-pull extension of the subducting Arabian Plate below the Eurasian
Plate (Bellahsen et al., 2003) and the lithosphere thermally weakened by
the East-Africa hotspot (Vicente de Gouveia et al., 2018). The rifting
initiated in the Late Oligocene (~30 Ma) and extended from the Gulf of
Suez to the southern Red Sea (Bosworth et al., 2005). Its kinematics was
controlled by a pole of rotation located near 38.45°N-25.95°E (Delaunay
et al., 2023). The rifting was contemporaneous with continental flood
volcanism over northern Ethiopia/Eritrea, northwest Yemen, and
southwest Saudi Arabia (Bosworth and Stockli, 2016). Tectonic subsi-
dence in the rifted margin basins increased during the Early Miocene
(~24-21 Ma) (e.g., Moretti and Colletta, 1987) along with the denu-
dation along the rifted margins (e.g., Balestrieri et al., 2005; Bohannon
et al., 1989; Szymanski et al., 2016). Basaltic dikes, igneous complexes,
and a few volcanic fields were emplaced at the time, mainly along the
ERSRM (Sebai et al., 1991). During the Middle Miocene (~16-13 Ma), a
regional plate reorganization resulted in the abandonment of the Suez
Rift, the transfer of motion to the Agaba-Dead Sea strike-slip fault
(Courtillot et al., 1987; Le Pichon and Gaulier, 1988) and the individ-
ualization of the Sinai Microplate (Fig. 2A). This induced a shift from
normal to oblique extension between the Nubian and Arabian plates,
driven by a new pole of rotation around 31.7°N-24.62°E and the onset of

seafloor spreading along the full length of the Red Sea (Delaunay et al.,
2023). During the late Miocene (~11 Ma), the Danakil Block separated
from the Nubian Plate by a counter-clockwise rotation around a pole of
rotation located at the tip of the plate, partitioning the extension in the
southern Red Sea (McClusky et al., 2010; Reilinger and McClusky,
2011). After ~12 Ma, and mostly during the Plio-Quaternary, the
transitional-to-strongly-alkalic Harrat volcanic fields were emplaced in
a N-S trend over 1400 km in Saudi Arabia, Jordan, and Syria (Camp and
Roobol, 1992).

2.2. The Eastern Red Sea rifted margin

2.2.1. Crustal architecture

Wide angle seismic data (e.g., Egloff et al., 1991; Gaulier et al., 1988;
Mooney et al., 1985; Rihm et al., 1991), and teleseismic data (e.g.,
Ahmed et al., 2013; Al-Damegh et al., 2005; Hansen et al., 2007; Hosny
and Nyblade, 2016) can be used to broadly subdivide the Red Sea into
three types of crustal domains: an unthinned continental crust with an
average thickness of ~35 km, a narrow (~100 km wide) necking domain
accommodating the thinning of the continental crust down to 10 km
thick or less and an hyper-extended crust, between 4.5 and 7.5 km thick
and 150 to ~250 km wide, from North to South (Fig. 3). The nature of
the distal crustal domain is still debated with two end member hy-
potheses: (i) hyper-extended continental crust and/or exhumed conti-
nental mantle with the young oceanic crust (<5 Ma) restricted to the
axial region in the south (e.g., Ali et al., 2023; Bosworth et al., 2005;
Cochran, 2005; Stockli and Bosworth, 2019) and (ii) oceanic lithosphere
from north to south formed since ~14-13 Ma (e.g., Augustin et al., 2021;
Delaunay et al., 2023; Izzeldin, 1987).

Baby et al. (2024, submitted) show that the necking domain of the
ERSRM is segmented between a northern poor-magmatic segment
(28°N-21.5°N) with tilted blocks bounded by synthetic normal faults,
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and a southern volcanic segment (21.5°N-13°N) showing SDRs wedges
accommodated by antithetic normal faults (Figs. 2A and 3). The tran-
sition between the two segments is sharp. It is located in the middle of
the Red Sea (Baby et al., 2024, submitted), at the latitude of pre-existing
onshore lithospheric structures (i.e. Neoproterozoic sutures and shear
zones) that played a crucial role in the rift morphology (Molnar et al.,
2020). Indeed, these deeply rooted structures, mirrored offshore by the
Jeddah Fracture Zone (Fig. 2A), could have controlled the syn-rift
magma distribution and, in doing so, limited the influence of the East-
African hotspot to the southern segment of the rifted margin (Guan
et al., 2021).

2.2.2. Lithostratigraphy

The sedimentary record of the margin in Saudi Arabia has been
divided into lithostratigraphic units based on surface outcrops and well
data (e.g., Al-Shanti, 1966; Dullo et al., 1983; Gillman, 1968; Hughes
et al., 1999; Ouf and Gheith, 1998; Schmidt and Hadley, 1985; Schmidt
et al., 1983) summarized by Hughes and Johnson (2005) (Fig. 4). The
oldest unit of continental clastic sediments (Al Wajh Formation), is
locally exposed in the coastal basins of the northern segment of the rifted
margin, and the volcanoclastic series of the Jizan Group are well
exposed along the Tihama Plain in the southern segment (Fig. 2C and D).
This unit has been assigned to the Late Oligocene-Early Miocene based
on vertebrate fossils (Schmidt et al., 1983; Zalmout et al., 2010) and
radiometric ages of volcanic rocks (Sebai et al., 1991). The first docu-
mented marine sediments include the Aquitanian carbonate platform of
the Musayr Formation and the evaporites of the Yanbu Formation
exposed in the Midyan Basin (Dullo et al., 1983). The later were dated by
strontium isotopes from well samples in the Yanbu Basin between 23
and 21 Ma (Hughes and Johnson, 2005). The following Burqan For-
mation recorded marine clastic sediments (mainly turbidites and debris
flows), exposed in the Midyan Basin and in the wells of the Duba Basin
(Fig. 2C). The Burqan Formation unit was dated between biozones N5
and N8 (~22-16 Ma) (Hughes and Varol, 2021). Afterwards, three
successive evaporite-rich units were deposited unconformably on the
previous units and the basement: the Magna Group composed of clastic,
carbonate, and evaporite marine sediments dated between N8 and N9b
biozones (~16-14 Ma) (Hughes and Varol, 2021); the Mansiyah For-
mation composed of massive evaporites (mainly halite), and the
Ghawwas Formation composed of continental to transitional clastic
sediments interbedded with evaporites and dated between biozones N14
and N18 (Hughes and Johnson, 2005). Recent strontium isotope dating
of the Ghawwas Formation has suggested an older age for the onset of its
deposition and constrained the Mansiyah evaporite between 14 and
13.2 Ma (Pensa et al., 2023). Above, the unconformable Plio-Pleistocene
Lisan Group unit consists of open marine clastic sediments and
aggrading carbonate platforms (Fig. 4).

2.2.3. Tectonostratigraphy

The subsurface stratigraphic architecture of the Saudi part of the
rifted margin was first described at its northern end, in the Midyan Basin
(Tubbs et al., 2014). 3D reflection seismic data from Tubbs et al. (2014)
reveal a half-graben structure mainly active during the deposition of the
Al Wajh Formation and reactivated in strike-slip during deposition of the
Mansiyah Formation evaporites. In the absence of well data, the age of
the filling of the half-graben is not well constrained and has been
recently reinterpreted as part of the Burqan Formation based on seismic
correlations with the offshore Duba Basin (Baby et al., 2024, submitted).
Bayer et al. (1988) showed that strike-slip deformation recorded in the
Midyan Basin resulted from the initiation of the Aqaba-Dead Sea strike-
slip fault system, which was accompanied by an uplift of the western
edge of the basin (Fig. 2C).

Along the southern margin, in Yemen, several studies identified the
three stages in the rifted margin evolution (Davison et al., 1994; Davison
et al., 1998; Doornenbal et al., 1991; Heaton et al., 1995): a syn-rift unit
s.s. affected by basement faults, a transition unit composed of massive
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evaporites equivalent to the Mansiyah Formation in Saudi Arabia, little
or not affected by basement faults, and a post-rift unit. Although poorly
constrained, this tectonostratigraphic subdivision challenged the”-
mainly rift” end member tectonic model that suggest that the Red Sea is
a still-active rift system (Bosworth et al., 2005).

Recently, Baby et al. (2024, submitted) defined six tectonic units for
the ERSRM:

(1) The Syn-rift Unit 1 (28-21 Ma) corresponds to the rift initiation
and has been interpreted as a “diffuse” deformation phase forming a
network of small half-grabens, some of which are preserved on the
proximal domains of the northern margins of the Red Sea (Bosworth,
2015). The Azlam and Hamd-Jizl basins (Fig. 3) are possible relics of this
initial phase of Red Sea rifting, resulting from the reactivation of the
Neoproterozoic Najd fault system (Bosworth, 2015; Szymanski et al.,
2016).

(2) The Syn-rift Unit 2 (21-16 Ma) corresponds to the rift climax
focusing deformation along the axis of the rifts of the proto-Red Sea and
Suez (Fig. 3). In the Gulf of Suez, 60% to 90% of the total tectonic
subsidence of the basin was accomplished during this second stage of the
rifting (Moretti and Colletta, 1987).

(3) The Transition Unit (16-14 Ma) is marked by a progressive
migration of the deformation through the outer necking domain (Baby
etal., 2024, submitted) as indicated by a regional unconformity overlain
by sag-type geometries in the inner necking domain and persistence of
wedging (i.e. growth-strata) in the outer necking domain (Fig. 4).

(4) The Salt Unit (14-13 Ma), little or not affected by basement faults
(Fig. 3), marks the onset of the post-rift subsidence in the necking
domain and the beginning of the formation of the distal crustal domain
(Baby et al., 2024, submitted).

(5) The Post-rift Unit 1 (13-5 Ma) is marked by a homogenization of
the stratigraphic architecture of the margin form north to south (Fig. 4).
This suggests a similar mechanism driving the tectonic subsidence and
accordingly a comparable type of crust throughout the distal domain of
the margin (Baby et al., 2024, submitted). This observation is consistent
with the “main ocean” end member model (oceanic lithosphere
distributed over the entire Red Sea) of e.g., Delaunay et al. (2023) and
therefore suggests that accommodation since ~13 Ma was driven at first
order by the thermal subsidence of a progressively accreted oceanic
crust.

(5) The Post-rift Unit 2 (5-0 Ma) is bounded by a regional uncon-
formity (Fig. 4) known as the Messinian unconformity (Afifi et al., 2014;
Mitchell et al., 2021), formerly referred to as the “S reflector” (Phillips
and Ross, 1970). This unit is contemporaneous with the oceanic crust
exposed along the axial region in the southern Red Sea.

2.2.4. Paleoceanography

The Red Sea is a semi-enclosed basin connected to the Indian Ocean
through the strait of Bab el Mandeb (Fig. 1). Pliocene foraminiferal
assemblage from the Deep Sea Drilling Project (DSDP) wells in the Red
Sea have an Indo-Pacific affinity suggesting a perennial connection be-
tween the Red Sea and the Indian Ocean since ~5 Ma (Fleisher, 1974).

Coastal outcrops along the ERSRM indicate continental depositional
environments at initiation of the rift and the occurrence of marine
depositional environments in the north of the ERSRM during the Aqui-
tanian (23-21 Ma, i.e. Musayr Formation) (Fig. 4). This suggests a
connection of the Red Sea with the global ocean through a marine strait
to the Neothetys during rifting. This is supported by the Middle Miocene
coral faunas of the Egyptian conjugated rifted margin, which show an
affinity with Mediterranean faunas without overlap with Indo-Pacific
faunas (Perrin et al., 1998). Conversely, based on offshore well data,
Hughes and Beydoun (1992) suggested a connection to the open ocean
in the south, with a gradual flooding from the Indian Ocean since the
Late Oligocene (~28 Ma). In both cases, the connection with the global
ocean was restricted from the Middle Miocene to the Pliocene, as indi-
cated by the precipitation of the Red Sea evaporitic sequence from ~16
Ma to ~5 Ma comprising the Maqna Group, and the Mansiyah and
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Ghawwas formations (Fig. 4). Several authors have argued that this
paleoenvironmental change was linked to the regional plate reorgani-
zation in the Middle Miocene (see above). The activation of the Aqaba-
Dead Sea strike-slip fault system would have slightly uplifted the
northern part of the Gulf of Suez and significantly reduced the northern
connection with the Neothetys (e.g., Bosworth et al., 2005; Perrin et al.,
1998).

2.2.5. Relief and drainage of the ERSRM

The onshore morphology of the ERSRM is typical of an elevated
rifted margin, with an escarpment delimiting a dissected low coastal
plain from a high-elevation plateau gently tilted to the east (landward).
Along the north segment (north of 21.5°N), the escarpment (“Arabian
Escarpment”) is discontinuous with a mean relief of ~1000 m. Along the
southern segment (south of 21.5°N), the escarpment is steep and
continuous with a mean relief of ~2000 m (e.g., Delaunay et al., 2024,
submitted in this issue). The ERSRM is drained by (1) relatively linear
rivers crossing the coastal domain from headwaters in the Arabian
Escarpment region as well as (2) the catchment of the Hamd and Jizl
wadis draining a portion of the plateau (Fig. 1). The offshore bathymetry
is segmented as well between the southern and northern ERSRM. The
continental shelf is narrow (25-50 km) north of 20°N and widens
(100-150 km) to the south, where oceanic crust is exposed in the central
trough (Figs. 1 and 2D).

2.2.6. Denudation history of the ERSRM from thermochronology

Apatite fission track (AFT) and (U—Th)/He data are relatively scarce
along the rifted margin and mostly limited to the southern segment
(Bohannon et al., 1989; Menzies et al., 1992; Menzies et al., 1997; Turab
et al., 2023), with the exception of the study by Szymanski et al. (2016)
at the latitude of the Umluj Basin (Fig. 2A). All of these studies highlight
a period of accelerated denudation at ~25-20 Ma, i.e. coeval of the
rifting. In the southern segment, denudation was mainly confined to the
~75 km wide coastal plain, while it affected a ~ 150 km wide area in the
northern segment (Szymanski et al., 2016) by reactivation of the Neo-
Proterozoic Najd fault system (Stern, 1985) and formation of the
Azlam and Hamd-Jizl rift basins (Figs. 2A). Assuming a geothermal
gradient of 30-40 °C/km, the average total denudation along the
northern segment was about 1.5-2 km (Szymanski et al., 2016). In
contrast, assuming a geothermal gradient of 22 °C/km, Bohannon et al.
(1989) estimated a total denudation of 3-4 km along the southern
segment. Turab et al. (2023) suggested a second stage of denudation of
the southern segment at ~13 Ma that they related to the onset of oceanic
crust accretion.

2.2.7. Denudation history of the ERSRM from geomorphic mapping
Delaunay et al. (2024, submitted in this issue) mapped and dated the
onshore remnant landforms and planation surfaces of the ERSRM. They
showed that pre- and syn-rift landforms are only preserved on the
elevated Arabian Plateau, indicating minimal erosion of the plateau
since the Lower Miocene. Erosion of the Red Sea coastal plain started at
~16 Ma when tectonic activity slowed. This allowed the retreat of the
escarpment along the northern segment, resulting in the capture of the
Hamd-Jizl Basin, and the formation of an important watershed (Fig. 1).
The erosion of the coastal plain in the southern segment was more
complex. It started with downward erosion before rapidly shifting to
scarp retreat erosion driven by the flexural response to denudation. They
estimated that the rate of vertical erosion since ~16 Ma was around 5
m/Myr on the Arabian Plateau and 40 mm/Myr on the coastal plain.
Along the northern segment, where paleo-landforms are better pre-
served in the coastal plain, the rate of vertical erosion has been better
defined. It was ~60 m/Myr between ~16 to ~5 Ma and dropped to ~5
m/Myr afterwards (Delaunay et al., 2024, submitted in this issue).
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3. Data and method
3.1. Data set

To establish the stratigraphic architecture of the ERSRM basins, we
interpreted a dense grid of proprietary seismic reflection profiles
(spacing ~30-50 km) and extending from the coastal basins to the mid-
oceanic ridge (total length ~ 11,000 km). We used 84 exploration wells
(located onshore and offshore mainly in the shelf domain), 61 shallow
wells (located onshore), and outcrops for calibration of geometries and
sedimentary facies.

3.2. Stratigraphic framework

We used the tectonostratigraphic framework of Baby et al. (2024,
submitted), who defined six seismic units along the rifted margin (see
section 2.2.3, Fig. 4). These include two syn-rift units corresponding to
the initiation (Syn-Rift Unit 1) and the climax (Syn-Rift Unit 2) of crustal
thinning in the necking domain, a transition unit (Transition Unit)
sealing the syn-rift structures in the proximal necking domain while
crustal thinning migrated to the distal part of the margin, a thick layer of
massive evaporites (Salt Unit) marking the onset of post-rift subsidence,
and two post-rift units (Post-Rift Unit 1 and Post-Rift Unit 2) separated
by the Messinian unconformity. We reconstructed the depositional en-
vironments from the seismic stratigraphy interpretations (Fig. 5), well
data and outcrop observations (Fig. 6). To analyze facies variations
along the strike of the margin, we correlated the interpreted sedimen-
tary units along a north-south transect of wells and outcrops (Fig. S1).

3.3. Paleoenvironmental maps

From the exploration wells, coastal shallow wells, and outcrop data
along the ERSRM, we constructed four depositional environment maps
(Fig. 7). Continental environments include fluvial and lacustrine facies,
transitional environments include coastal and deltaic plain facies, as
well as carbonate platforms, shallow marine environments include
continental platform facies (<200 m), and deep marine environments
include abyssal facies (>200 m).

3.4. Accumulated volumes and rates of siliciclastic sediments

To determine the volumes and accumulation rates of siliciclastic
sediments preserved within each tectonostratigraphic unit, we con-
structed regional geological cross-sections for the whole depositional
area by combining regional seismic sections calibrated in age and li-
thology. We depth-converted the cross-sections using a multi-layered
velocity model. Examples of detailed line drawing of geological cross
sections are shown in Fig. 3. Fig. $2 shows all the sections constructed.
We used the method of Baby et al. (2020); Guillocheau et al. (2012);
Rouby et al. (2009) to estimate the accumulated volumes and accumu-
lation rates during each time-step from a linear interpolation between
sections (Fig. 8 and Table 1). We also used the method of Guillocheau
et al. (2012) and Rouby et al. (2009) to estimate the associated com-
bined variability related to uncertainties on the (a) depth conversion
parameters, (b) calibration in absolute ages of the interpreted strati-
graphic horizons, the corrections for (c) in-situ content as opposed to
siliciclastic content (i.e. carbonates, evaporites, and volcanism) and (d)
remaining porosity. Details of the approach and the uncertainty esti-
mation can be found in Supplementary Section S3.

4. Results
4.1. Sediment accumulation history of the ERSRM

4.1.1. Early rifting (28-22 Ma) — Syn-rift unit 1
Along the northern segment, the earliest tectonic evidences are
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sedimentary wedges showing growth structures and thickening towards
seaward-dipping normal faults bounding the coastal basins (Figs. 3A,
4A, and 5J). In contrast, along the southern segment, the normal faults
and the syn-rift strata dip landward (Figs. 3C, and 4B). The nature of the
half-graben infill is also different (Fig. 4). Along the northern segment, it
is mainly composed of the fluvial deposits of the Al Wajh Formation,
which are well exposed in the Midyan Basin (Figs. 2C, and 6F). Along the
southern segment, it is composed of lacustrine sediments with inter-
bedded lava flows and pyroclastic/tuffaceous layers. This assemblage
forms the Jizan Group which is well-exposed along the Tihama Plain
(Figs. 2D, and 6G). These volcanoclastic series have been interpreted as
inner SDRs (Baby et al., 2024, submitted) also described in the Yemeni
part of the segment (Chauvet et al., 2023), where they conformably
overlie the Oligocene Yemeni-Ethiopian traps. The estimated siliciclastic
supply rates were low along the entire rifted margin (<1000 km®/Myr)
with ~3884 km® of siliciclastic sediments preserved along the northern
segment and ~ 4384 km® along the southern one (Table 1 and Fig. 8).

4.1.2. Rift climax (22-16 Ma) — Syn-rift unit 2

The rifting climax can be identified by an increase in tectonic sub-
sidence rates in the northern segment (Baby et al., 2024, submitted)
(Fig. 5J), as well as by an increase in accumulation rates and volumes
(~1750 km3/Myr and ~ 10,450 km? respectively) (Table 1 and Fig. 8).
This acceleration of the tectonic subsidence is associated with a major
change in depositional environments (Fig. 4A) driven by a northward
flooding of the Red Sea rift (Fig. 7). This is indicated by the deep marine
depositional environments in the Midyan, Duba, and Umluj basins with
the deposition of marine turbidites of the Burqan Formation (Figs. 6D).
To the south, depositional environments shift to transitional (coastal) in
the Yanbu Basin, and to continental in the Jeddah Basin (Fig. 7 and
Fig. S1). The transitional (coastal to alluvial) sediments are barren of
fossils and have been attributed to the Oligocene-Early Miocene Al Wajh
Formation (Hughes and Johnson, 2005). As the difference, in the
southern segment, the accumulation rate increased only marginally
(<1000 km®/Myr; Table 1 and Fig. 8), the depositional environments
remained unchanged, and the continued emplacement of SDRs indicate
a sustained magmatic activity (Fig. 4B, and 5I).
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Fig. 6. Field observations illustrating part of the geometries and depositional environments of the ERSRM sedimentary infill. (A) Middle Miocene reef limestones
(Wadi Wagb Member) unconformably overlying tilted continental rift sediments (Al Wajh Formation). (B) Northeastern flank of a evaporite diapir deforming Late
Miocene transitional (coastal) sediments (Ghawwas Formation). The evaporites are Middle Miocene in age (Mansiyah Formation). Picture after Davison et al. (1996).
(C) Middle Miocene carbonate platform (Wadi Wagb Member) unconformably overlying the peneplanated basement at the edge of a tilted bloc. (D) Early to Middle
Miocene deep marine sediments (Burqan Formation). (E) Middle Miocene restricted marine sediments with evaporites interbedded within distal marine deposits (Kial
Member). (F) Late Oligocene to Early Miocene continental alluvial fans (Al Wajh Formation) unconformably overlained by an Early Miocene carbonate platform
(Musayr Formation). (G) Tilted Late Oligocene to Early Miocene continental (lacustrine) deposits (Baid Formation) interbedded with lava flows and tuffaceous
sandstones. The whole is intruded by Early Miocene volcanic dikes and forms the Jizan Group. Refer to Fig. 4B, and C for the ages of the lithostratigraphic units. See

locations on Fig. 2A, C, and D and corresponding seismic facies on Fig. 5.

4.1.3. Transition (16-14 Ma) — Transition unit

The transitional period is marked by a major angular unconformity
spanning the entire rifted margin (Fig. 4), sealing the syn-rift structures
in the proximal necking domain, and indicating a significant decelera-
tion in tectonic and magmatic activity of the rifted margin (Baby et al.,
2024, submitted). This unconformity is well imaged along the northern
segment, where the Middle Miocene carbonate platforms of the Wadi
Wagb Member of the Magna Group (Hughes, 2014) lie unconformably
on the syn-rift deposits and the eroded basement (Fig. 6A, C). Sag-type
geometries with deltaic clinoforms in the hanging-wall of the major
basin-bounding faults are consistent with a significant decrease in the
accommodation available in the basins (Fig. 5H). These deltaic deposits
evolve laterally to shelf deposits, which are well exposed in the Midyan
Basin and are mainly composed of silts interbedded with evaporites,
indicating restricted marine environments (Fig. 6E). These alternating
layers of silt and evaporites form the Kial Member of the Magna Group.
The carbonate platforms of the Wadi Waqd Member develop

contemporaneously on the crests of the tilted blocks (Fig. 5H) and on the
eroded footwall of the basin-bounding faults (Koeshidayatullah et al.,
2016; Pensa et al., 2022). Along the southern magmatic segment, ge-
ometries and depositional environments are similar to those of the
northern segment. They lack however carbonate platforms, which is
probably related to the opposite dip of crustal faults that prevented the
formation of structural highs in the proximal necking domain and to the
high intensity of volcanism, which filled the accommodation available
(Fig. 5G). Overall, this period marks the first complete flooding of the
Red Sea, with marine environments identified along the entire rifted
margin (Fig. 7). The siliciclastic accumulation rates slowed down, along
with the tectonic and magmatic activity (Table 1 and Fig. 8).

4.1.4. Early post-rift (14-5 Ma) - Salt unit and Post-rift unit 1

The early post-rift infill is thick (>2 km), with a massive layer of
evaporites (mainly halite) across the rifted margin known in Saudi
Arabia as the Mansiyah Formation (Fig. 4). By analogy with other giant
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salt provinces like the Gulf of Mexico (e.g., Pindell et al., 2014) or the
South Atlantic (e.g., Chaboureau et al., 2013; Laspatzis et al., 2023), it is
likely that it precipitated in <1 Myr, contemporaneously with the first
oceanic crust accretion. Recent strontium dating of the evaporites from
well samples support this hypothesis (ages from 14 Ma to 13.5 Ma)
(Pensa et al., 2023). These evaporites were remobilized and controlled
the second-order geometries of the post-rift infill (Fig. 4) with an
extensional domain made of salt rollers (Fig. 5C and F), a canopy/
extensional diapir domain (Fig. 5B and E), and a compressional domain
(Fig. 5A and D). The Mansiyah Formation is not exposed except in small
diapirs along the Tihama coastal plain (Fig. 6B). The post-salt Miocene
infill of the Ghawwas Formation consists mainly of clastic transitional
(coastal) to shallow marine sediments interbedded with evaporites
(Figs. 4 and S1). The siliciclastic accumulation rates and volumes
increased significantly at the time on both segments of the margin
(~20,000 krnS/Myr; ~200,000 km?® in each segment) (Table 1 and
Fig. 8).

4.1.5. Late post-rift (5-0 Ma) — Post-rift unit 2
The late post-rift period begins with the Messinian unconformity
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(Fig. 4) followed by carbonate deposition with the aggrading platforms
along the edge of the shelf. Along the northern segment, the platforms
are restricted to the proximal necking domain, growing above the
topography inherited from the tilted blocks (Fig. 2C, and 5C). In
contrast, along the southern segment, carbonate platforms developed
over the entire shelf and down to the edge of the central trench where
oceanic crust was exposed (Figs. 2D, 5D, and E). The siliciclastic accu-
mulation decreased significantly during this time interval with a total of
~50,000 km?® of siliciclastic sediments deposited whole of the rifted
margin (Table 1 and Fig. 8).

4.2. Evidence for post-rift uplift of the southern segment of the ERSRM

Along the onshore part of the southern segment on the Tihama Plain,
syn-rift deposits dip seaward with an average of 25-30° (Bohannon
et al., 1989; Chauvet et al., 2023; Fedorik et al., 2023; Schmidt and
Hadley, 1985; Schmidt et al., 1983). Paleomagnetic data on the dikes
that intrude this volcanoclastic sediments and volcanic flows (Kellogg
and Blank, 1982) confirm a tilt of ~20° of the coastal plain towards the
Red Sea after their emplacement at 24-21 Ma (Sebai et al., 1991).
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Fig. 8. (A) Accumulated siliciclastic sediment volumes and rates of the northern and southern segments of the ERSRM. Variances (fine lines) correspond to the
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Subsurface data support a westward tilting of the margin associated with
an angular unconformity clearly cross-cutting the syn-rift strata (inner
SDRs) and deltaic clinoforms of the Transitional unit (Fig. 9). Further-
more, this unconformity is onlapped by the Post-rift unit 2, indicating
that this margin deformation is a post-rift event that took place between
~14 and ~ 5 Ma. Seismic data available from Saudi Arabia (this study)
and Yemen (Davison et al., 1994; Davison et al., 1998; Doornenbal et al.,
1991; Heaton et al., 1995) indicate that this tilting affected the entire
southern segment of the ERSRM. Post-rift sediments are condensed in
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the proximal part of the basin and strongly remobilized by salt tectonics,
making it difficult to accurately date this tilting (Fig. 9). A recent study
based on thermochronological data on the inboard Arabian Escarpment
detects an acceleration of denudation at ~13 Ma (Turab et al., 2023)
that could be contemporary with the westward tilt of the coastal plain
and the offshore deposition of the Mansiyah Formation (Salt unit).
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Table 1
Accumulated solid sediment volumes, rates, and associated variance for the
ERSRM.

Accumulated siliciclastic volumes, rates and associated variance for the northern
segment of the ERSRM

Tectonic (Ma) Volume (x10° c Rate (x10°Km/ o
stages Km®) Myr)

Late post rift 0-5 13.90 4.20 2.80 0.80
Early post rift 14-5 180.90 47.20 20.10 5.20
Transition 16-14 2.60 0.40 1.30 0.20
Rift climax 22-14 10.50 2.30 1.70 0.40
Early rift 28-22 3.90 0.50 0.60 0.10

Accumulated solid volumes, rates and associated variance for the southern segment of
the ERSRM

Tectonic Ma) Volume (x10° Rate (x10° Km/

stages Km®) Myr)
Late post rift 0-5 35.10 8.30 7.00 1.60
Early post rift 14-5 217.60 45.50 24.20 5.10
Transition 16-14 0.60 0.10 0.30 0.10
Rift climax 22-14 5.80 5.60 1.00 0.90
Early rift 28-22 4.40 3.40 0.70 0.60

5. Discussion
5.1. Sediment budget

The accumulation history shows a fifteen-fold increase of accumu-
lated volumes of siliciclastic sediments during the post-rift interval
(13-0 Ma) compared to the syn-rift interval (28-13 Ma) (Fig. 8A). Also
accumulated volumes and accumulation rates decrease significantly in
the Pliocene and Quaternary (5-0 Ma) along with the re-establishment
of carbonate platforms. Independent estimations of denudation of the
Arabian Shield since ~16 Ma from paleo-landforms remnants (Delaunay
et al., 2024, submitted in this issue) fall within the same order of
magnitude as accumulation in the sink, including the decrease during
the Plio-Quaternary (Fig. 9B). This fairly balanced accumulation/
denudation budget supports the paleo-drainage reconstructions pro-
posed by Delaunay et al. (2024, submitted in this issue) (Fig. 9C).

Nonetheless, although within the same trend and order of magni-
tude, estimated denudated volumes are lower than accumulated vol-
umes, particularly in the southern segment (Fig. 9B). This could be
related to the fact that the area used to estimate the denudation by
Delaunay et al. (2024, submitted in this issue) is missing about 40% of
the rifted margin drainage area, in the southern segment. Also, the post-
rift accumulation include remobilized evaporites, which makes the
estimation of the siliciclastic fraction difficult to evaluate for this time
interval and may have induced an overestimation.
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5.2. Evolution of sediment routing systems

5.2.1. Contrasting paleogeography during rifting (28-16 Ma)

The acceleration of crustal thinning during the Middle Miocene was
associated with marine flooding north of the Yanbu Basin (Fig. 7). The
limitation of the marine flooding to the north while the rest of the
segment remained continental is consistent with the rift segmentation
and the southern magma-rich segment thermally sustained by the in-
fluence of the East African hotspot (Baby et al., 2024, submitted). The
rift-related relief is not preserved on the coastal plain of the ERSRM and
this therefore limits the reconstruction of paleo-drainages. Nonetheless,
during rifting in magma-poor settings, the main drainage divides are
expected to be located on the uplands associated with the footwalls of
the main seaward-dipping, basin-bounding normal faults (e.g., Gaw-
thorpe and Leeder, 2000). Therefore, along the northern segment, the
main divides were most probably located along the major normal faults
delineating the coastal basins (Fig. 10). Along the magma-rich southern
segment, the absence of coarse sediments and bounding faults along the
Tihama coastal plain suggests the absence of significant relief during
rifting. A recent study of the conjugated rifted margins of South Yemen
and Afar (Chauvet et al., 2023) suggested the presence of a central
crustal block located along the rift axis of the southern segment,
compatible with the geometries observed in this study. According to the
model of Geoffroy et al. (2015), this central block (i.e. C-Block) may
have acted as a drainage divide at the onset of the rift before being
progressively stretched and dismantled as lithosphere thinning
increased (Fig. 10).

5.2.2. Drainage reorganization at the ocean-continent transition (16-13
Ma)

At the end of the rifting, the tectonic and magmatic activity
decreased in the inner part of the necking domain and the entire rifted
margin was flooded by the sea (Fig. 7). The onset of evaporite deposition
at the same time (Fig. 4) indicates restricted marine conditions. These
changes in accommodation and paleoenvironments were coeval with
the regional geodynamic reorganization that led to the oceanisation in
the Red Sea, the abandonment of the Suez Rift, and the initiation of the
Aqaba and Dead Sea strike-slip fault system (e.g., Bosworth et al., 2005;
Courtillot et al., 1987; Delaunay et al., 2023). As previously suggested
(e.g, Bosworth et al., 2005; Perrin et al., 1998), this geodynamic event,
would have limited the connection between the Red Sea-Gulf of Suez rift
system and the Neothetys. Our data do not support the connection with
the Indian Ocean at that time suggested by Hughes and Beydoun (1992);
Hughes et al. (1991).

At the scale of the rifted margin, the onset of the oceanisation was
probably accompanied by the uplift of two portions of the rifted margin
that altered the drainage system. First, to the north, (Bayer et al., 1988;
Tubbs et al., 2014) documented the inversion of the Midyan half-graben
during the activation of the Agaba-Dead Sea strike-slip fault. This
probably induced a new drainage divide oblique to the rift axis following
the strike-slip fault. As shown in this study, the coastal plain of the

—= Truncation —= Onlap

Fig. 9. Interpreted seismic profile illustrating the seaward tilting of the coastal plain along the southern segment of the ERSRM during the post-rift period. Seismic
profile and initial interpretation from Davison et al. (1994). The profile was depth converted using a velocity of 3500 m/s. See location on Fig. 2D.
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from Baby et al. (2024, submitted). (A) Syn-rift (~28-16 Ma). (B) Onset of oceanic crust accretion (~14-13 Ma). (C) Early post-rift (~13-5 Ma). (D) Late post-rift
(~5-0 Ma).

southern segment underwent a second uplift (Fig. 10B). This uplift is the south of the margin and have been sustained until the present day.
clearly evidenced by the seismic geometries below the coastal plain This might explain the difference of morphology with a higher topog-
(Fig. 9). It was also documented by low-temperature thermochronology raphy and better preservation with respect to the northern segment

data suggesting a Middle Miocene age (~13 Ma) (Turab et al., 2023). Delaunay et al. (2024, submitted in this issue) (Fig. 1). However, we
According to Stuwe et al. (2022) and Turab et al. (2023), this uplift is cannot rule out the possibility suggested by Stuwe et al. (2022) that

linked to the first oceanic crust emplacement which induced a flexural climate played a role in the relief of the escarpment. A short period (~7
response of the rift shoulders. However, this hypothesis does not explain and 5 Ma) of increase in siliciclastic accumulation was previously
why the uplift is limited to the southern segment of the margin, as the documented by Griffin (1999) who attributed it to a major short-lived
oceanic accretion in the Red Sea developed along its entire length humidification of the climate during the Messinian (the “Zeit Wet
simultaneously (Augustin et al., 2021; Delaunay et al., 2023) and not Phase”). According to our study, the duration of this period would be
only to the south as was previously assumed (Bosworth et al., 2005). longer (i.e. 14 to 5 Ma), ruling out the existence of a humid event that
Further investigations are needed to better constrain the mechanisms of would be restricted to the Messinian in northeast Africa.

this post-rift uplift.
5.2.4. An aridification of northeast Africa and Arabia in the Pliocene?

5.2.3. Massive export of solid sediments during the early post-rift (13-5 During the late post-rift evolution of the rifted margin (5-0 Ma),
Ma) accumulated volumes and accumulation rates decreased (Fig. 8) and the
The precipitation of a thick and massive layer of evaporites marks the rifted margin was dominated by carbonate sedimentation suggesting a
onset of the post-rift period in the basin. This evaporite layer acted as a very limited denudation of the continent at the time (Fig. 10). Despite
major detachment that strongly influenced the geometry of the post-rift the lack of long-term paleoclimatic constraints in the Red Sea, multi-
deposits. Accumulated volumes and accumulation rates suggest a proxy geochemical analysis of marine sediments from Deep Sea Dril-
massive increase of siliciclastic sediment export (Fig. 8). In the northern ling Project site 231 in the Gulf of Aden suggests that Northeast Africa
segment of the rifted margin, this can be attributed to the retreat of the experienced cooling and drying during the Pliocene (Liddy et al., 2016).
rift escarpment from ~16 Ma onward that was locally combined with We therefore propose that this period of low terrigenous fluxes poten-
the capture of the endorheic Hamd-Jizl Basin shown by Delaunay et al. tially reflects an aridification of northeast Africa and Arabia. This
(2024, submitted in this issue) (Figs. 8 and 10). Along the southern deceleration in erosion of the continent has also been documented by
segment, our observations suggest that the erosion of the coastal plain Delaunay et al. (2024, submitted in this issue) onshore and seems to be
was triggered by its post-rift uplift. The effective elastic thickness of the associated with a slowing (halt?) of the retreat of the margin escarpment
lithosphere is expected to be lower in the south than in the north because (Fig. 10).
of the higher thermal gradient related to influence of the East-African Fleisher (1974) showed a contribution of Indian Ocean waters to
and Afar hotspots. Therefore, the flexural response to denudation biogenic carbonate production in the Red Sea sediments since the early
unloading induced by the escarpment retreat may have been stronger in Pliocene (Fig. 7). This suggests that, in addition to the climate, the

13



G. Baby et al.

renewal of carbonate production may well have been related to a
restoration of normal salinity conditions when the Red Sea connected to
the global ocean. This deconfinement of the basin could have resulted
from the propagation of oceanic accretion at the tip of the Gulf of Aden
since ~4 Ma (e.g., Manighetti et al., 1997).

5.3. Rift inheritance in the present-day morphology of the carbonate
platforms

The northern segment shows a narrow continental shelf (Fig. 1),
build-up by aggrading Pliocene to Quaternary carbonate platforms
(Fig. 5C). The detailed mapping of these platforms clearly shows that
they are located above half-grabens from the proximal necking domain
of the margin. The south-western edge of these structures (footwall
margin) may have formed a paleo-topographic step that separated the
present-day continental shelf with aggrading carbonate platforms from
the deep basin (Figs. 2C and 7). In contrast, along the southern segment,
the continental shelf is flat and wider, with carbonate platforms all the
way to the central oceanic trough (Figs. 2D, 5D, and 7) (Sakellariou
et al., 2019). Recent studies in the Red Sea have documented in-
teractions between evaporite withdrawal and the growth of the modern
carbonate platforms (Petrovic et al., 2023; Smith and Santamarina,
2022). Our observations suggest a first-order structural control of the
segmentation of the rift on the morphology of the platforms. The
landward-tilted blocks of the magma-poor northern segment controlled
the growth of carbonate platforms in the middle Miocene (i.e. Wadi
Waqgb Member - Fig. 6A) that developed on the footwall margins (i.e.
fault-block platforms) (Bosence, 2012). During the Pliocene — Quater-
nary, carbonate platform aggradation was controlled by the paleo-
topography induced by the proximal tilted blocks. Conversely, the
inherited low-relief topography in the necking domain of the magmatic
southern segment prevented the development of carbonate platforms
during the middle Miocene. The modern platforms seem to be primarily
controlled by salt diapirs (Fig. 5E) (Almalki et al., 2015; Davison et al.,
1996). Interestingly, the morphology of the African conjugate rifted
margin is similar, with a southward widening continental shelf, sug-
gesting a similar structural pattern and rift symmetry (Fig. 1).

6. Conclusions

We investigated the evolution of the sedimentary routing systems of
the eastern Red Sea rifted margin by 1) carrying out a reevaluation of the
stratigraphic and crustal architecture of the basin, 2) building paleo-
environmental maps, and 3) establishing a siliciclastic sediment budget.

- The margin was segmented during the rifting phase (28-16 Ma)
between a northern segment, in marine or transitional environments
associated with an elevated continental relief (i.e. rift shoulders boun-
ded by major normal faults) and a magmatic southern segment, in
continental environments associated with low continental relief.

- The transition phase (16-14 Ma) was accompanied by a marine
flooding of the entire basin and the restriction of depositional environ-
ments, as evidenced by evaporite precipitation, following a (partial?)
disconnection with the open ocean to the north (i.e. Neothetys). Along
the southern segment, the coastal plain domain was uplifted and tilted
seaward probably during the first oceanic crust emplacement (~14-13
Ma).

- The early post-rift phase of the rifted margin (13-5 Ma) is charac-
terized by a significant increase in the volumes and rates of exported
siliciclastic sediments (i.e. 15 times greater than previously deposited
volumes), suggesting a rapid erosion of the rift-related relief.

- The late post-rift phase of the rifted margin (5-0 Ma) is marked by a
drop in siliciclastic sediment volumes and rates, and a return of car-
bonate sedimentation, which may indicate an aridification of the
climate and a slowdown in the retreat of the onshore escarpment.

Overall, these observations suggest that the contrasting continental
relief of the rifted margin, with a higher escarpment to the south, is

14

Earth-Science Reviews 249 (2024) 104679

controlled to first-order by its crustal segmentation and the post-rift
uplift of the southern segment. This segmentation is also expressed in
the morphology of the margin’s present-day carbonate platforms.
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