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Abstract: The Central Red Sea Rift is a natural laboratory to study the transition from rifting to
spreading. Based on new reflection seismic profiles and gravity modeling, we examined the crustal
structure, tectonic evolution, breakup mechanism, and future evolution of the Central Red Sea
Rift. Along this rift axis, the breakup of continental lithosphere is discontinuous and the oceanic
crust is limited to the axial deeps. The punctiform breakup and formation of deeps is assisted by
mantle upwelling and topographic uplift, but the nucleation is directly controlled by the normal-fault
system. The discontinuities spaced between axial deeps within the relatively continuous central
troughs are presently axial domes or highs and will evolve into new deeps with tectonic subsidence.
Isolated deeps will grow and connect with each other to become a continuous central trough, before
transitioning into a unified spreading center.

Keywords: Central Red Sea Rift; continental breakup; mantle upwelling; fault nucleation; rift to drift
transition; initial seafloor spreading

1. Introduction

The mechanism forming the very first piece of oceanic crust during continental breakup
has yet to be better understood [1–6]. The Central Red Sea Rift is transitional between the
southern Red Sea Rift, which has developed typical seafloor spreading with continuous
seafloor magnetic stripes, and the northern part, which lacks a rift valley and magnetic
anomalies (Figure 1a) [1,7–9]. The Central Red Sea Rift provides a unique window to
understanding the initial formation of oceans, as it is now undergoing the final breakup
and initial oceanization [10–13].

The Red Sea Rift connects with the East Africa Rift System and the Gulf of Aden
at the Afar Triple Junction (Figure 1a). It developed on the broad Precambrian Arabian–
Nubian shield that was strongly influenced by the Neoproterozoic Pan-African collisions
that formed NW-striking shear systems, suture zones, and lineaments [1,14]. The Arabian–
Nubian shield, as a part of Gondwanaland, has drifted northwards since the early Paleozoic
and collided with Eurasia by the end of the Eocene to Oligocene, forming the Bitlis–Zagros
Thrust (Figure 1a) [15–17]. The Arabian block relatively moved counter-clockwise with
respect to the Nubia block (Figure 1a), and the Cenozoic NW-striking intercontinental rift
systems started to develop along Pan-African inherited weak zones, in coincidence with
Afar volcanism (~30 Ma) [17–21].
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The Central Red Sea Rift has developed a series of spaced deeps with hypothesized
formation of oceanic crust along the rift axis. Magnetic anomalies and high seismic ve-
locity imply massive basaltic intrusions in the axial trough [22,23], and fresh basaltic
rocks were collected at Deep Sea Drilling Project (DSDP) Site 226 in the Atlantis II Deep
(Figure 1b) [24–26]. The deeps become sparser, narrower, shorter, and shallower north-
wards (Figure 1b) [1,27–29]. Groups of relatively closely spaced deeps form central troughs,
separated by inter-trough zones (ITZs) [22,27,30,31]. Within the troughs, deeps are further
spaced by second-order discontinuities in axial domes or highs (Figure 1b). There exist
marked differences in magnetic and gravity anomalies and structure and composition
between the deeps and inter-trough zones [22,30,32–36]. Similar geomorphic and structural
segmentation is also found in other propagation tips of spreading centers, such as the
Ostler fault zone in New Zealand [37], the Cocos–Nazca spreading ridge [38], and the
Woodlark spreading ridge [39], reflecting the mechanisms of initiation and propagation
of mid-ocean ridges. The formation of the deeps and breakup mechanism of these initial
spreading centers need to be clarified [37–39].
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Nubia Plate, and the direction and velocity are calculated from the model MORVEL [40]. Grey 
dashed box shows the area of Figure 1b. (b) Bathymetry of the Central Red Sea. Red lines show the 
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the DSDP Leg 23 [24,41–43], and the white lines represent the “discontinuities” between axial deeps 
within the trough. 

In the Central Red Sea Rift, the nature of crust outside the deeps and the forces con-
trolling continental lithosphere breakup are still controversial. It was proposed that the 
deeps are nuclei oceanic crusts formed by hotspot [25,27], or edge-driven mantle convec-
tion [10,18], surrounded by continental crust with basaltic intrusions [11,18,22,44–46]. The 
deeps may also be pull-apart basins under regional pure shear crustal stretching, in the 

Figure 1. (a) Tectonic settings and the magnetic anomaly map of the Red Sea Rift. Bathymetry data are
from the GEBCO Compilation Group 2021 (https://www.gebco.net, accessed on 3 September 2021);
magnetic anomaly data are from EMAG2 (https://ngdc.noaa.gov/geomag/emag2.html, accessed
on 2 March 2020). Grey arrows show the plate movement of the Arabian Plate relative to the Nubia
Plate, and the direction and velocity are calculated from the model MORVEL [40]. Grey dashed box
shows the area of Figure 1b. (b) Bathymetry of the Central Red Sea. Red lines show the locations
of the reflection seismic profiles used in this study, the black dots show sites 225–228 on the DSDP
Leg 23 [24,41–43], and the white lines represent the “discontinuities” between axial deeps within
the trough.

In the Central Red Sea Rift, the nature of crust outside the deeps and the forces
controlling continental lithosphere breakup are still controversial. It was proposed that
the deeps are nuclei oceanic crusts formed by hotspot [25,27], or edge-driven mantle
convection [10,18], surrounded by continental crust with basaltic intrusions [11,18,22,44–46].
The deeps may also be pull-apart basins under regional pure shear crustal stretching, in the
early stage of punctiform fracturing [31,47,48]. In a two-stage seafloor spreading model
(41–34 and 4–5 Ma, respectively), Girdler and Styles [19] suggested that the oceanic crust

https://www.gebco.net
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is not limited within the main trough, but even extend over the whole shelves of the Red
Sea. Finally, the deeps may be just “windows” of the underlying well-developed spreading
center, exposed by the dissolution of salt deposits [5,32,49–52].

Existing models fail to reach a consensus on the distribution of oceanic crust in the Red
Sea Rift, and often neglect the interaction between mantle activities and tectonism. To study
the rifting process and the formation of the axial deeps, we interpret three new reflection
seismic profiles perpendicular to the rift axis. The eastern ends of the three profiles reach
different axial zones of the Central Red Sea Rift (Figure 1b), providing a chance to reveal
evolution from axial deeps to the inter-trough zones. We establish the initial oceanization
model of the Central Red Sea Rift to explain how a continuous spreading center forms and
how the rift to drift transition will be achieved.

2. Materials and Methods
2.1. Reflection Seismic Data Acquisition and Interpretation

The reflection seismic lines extend from the west shelf, crossing the main trough mar-
gin, to Red Sea Rift axis, for more than 80 km in distance (Figure 1b). They were acquired
and processed during the CPOC08 survey in 2008 by the Oil Exploration and Production
Authority, Sudan Ministry of Energy. The data acquisition parameters are listed in Table 1.
The data processing steps include low-cut band pass filtering, auto despike/manual bad
trace editing, F–K filtering, wave equation multiple reduction, geometrical spreading
compensation and exponential gain, surface consistent amplitude correction, Tau-P decon-
volution, surface related multiple elimination, high resolution demultiple filtering, prestack
time migration (PSTM), poststack zero phase deconvolution, FX-DCON, AGC, time variant
band pass, and equalization.

Table 1. Reflection seismic data acquisition parameters.

Parameters Values Units

Recording
Record length 8 s
Sampling rate 2 ms

Shot point interval 25 m

Streamer

Number 1 -
Streamer length 8100 m
Operating depth 7 m

Channels 648 -
Group length 12.5 m

Source
Airgun array volume 2960 cubic inch

Source depth 7 m

Based on the extensive geological studies and DSDP drill results [17,24,41–43,45,46,48,53–59],
three regional seismic unconformities in addition to the acoustic basement can be identified:
the top and bottom of salt deposition, and the reflector S, which can be traced in the whole
rift basin and is regarded as the transition from rifting to drifting at 5 Ma in the Southern
Red Sea Rift [16,17,19,22,60] (Figure 2).

From the Oligocene to the Middle Miocene, the Red Sea Rift experienced constant
extension and subsidence [15–17]. The seawater channels at the northern and southern ends
of the Red Sea rift opened successively and the sedimentary facies evolved from terrestrial
to hemipelagic-deep marine deposits (Figure 2) [61,62]. Due to the reorganization of the
plate kinematics along the Aqaba–Levant transform boundary at ~14 Ma, the seawater
exchange with the Mediterranean was restricted [12,16,62–65]. In addition, the climate
became arid to semiarid [32]. From the middle of Middle Miocene to the end of Middle
Miocene, evaporites were widely deposited across the whole Red Sea (Figure 2), with
thickness varying from tens of meters to thousands of meters [32,59,66]. After the long
period of tectonic quiescence and saline lake sediment (Figure 2) [25,60,67,68], during the
late Miocene, the Red Sea Rift basin reconnected with the Indian Ocean [62,69], forming
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layered evaporite and shallow marine deposits (Figure 2). The top of this sequence is
truncated by the reflector S. During the Plio–Pleistocene, the Red Sea Rift Basin maintained
a shallow marine environment (Figure 2). The sedimentary unit deposited in a stable and
relatively low-energy hydrodynamic environment.
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2.2. Free-Air Gravity Modeling

To study the nature of crust and deep structure of the Central Red Sea Rift, we apply
gravity modeling to explore the density structure of the study area.

The Moho reflector is unrecognizable in our profiles, so we calculated the Moho depths
through gravity inversion based on the Parker–Oldenburg method [70,71], following the
procedures of Bai et al. [72]. We estimated the mantle residual anomaly from the Bouguer
gravity anomaly model WGM2012 [73], after sediment thickness correction based on Crust
1.0 [74] and GlobSed [75], and lithospheric thermal correction based on the global age
model of oceanic crust [76,77].

Figure 3a shows the calculated Moho depth in the Central Red Sea region. We com-
pared our results with some published density and velocity structure profiles around the
study area to test the reliability of our results (Figure 3b) [16,35,47,78,79]. Our calculated
values are close to previously observed results especially near the rift axis (Figure 3b). The
errors in the continental margins were caused by thick and variable sediments, and the
gravity effects of these sediments may have been inadequately corrected. Moho depths
vary from a maximum of >20 km at the continental margin to about 5 km at the southern
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rift axis (Figure 3a). Along the rift axis, Moho rises under the troughs and deepens un-
der inter-trough zones. Moho also deepens northwards, consistent with the northward
propagation of the Red Sea Rift (Figure 3a).
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Figure 3. Calculated Moho depth and comparison with published data. (a) Moho depth from gravity
inversion. Black lines show the isobaths of the calculated Moho depth. Grey lines along the rift
axis represent the isobaths of −900 m and −1800 m bathymetries. White lines indicate reflection
seismic profiles in this study. Black and white lines (AA’ [78], BB’ [47], CC’ [79]) represent locations
of the published density and velocity structures. White dots on the line CC’ show the distribution
of OBS stations within the Suakin Deep [9]. (b) Published density and velocity structures [47,78,79]
and microearthquakes records [9]. Red dashed lines indicate calculated Moho depths along pub-
lished profiles.

Initial density models were built based on reflection seismic data. In gravity modeling,
we update the model until the error between calculated values and observed free-air gravity
anomaly is acceptable. The structural layers and parameters we set are shown in Table 2,
with references to previously published results [7,9,47,78–81].

Table 2. Structural layers and parameters in the gravity model.

Layers Density (g/cm3) Velocity (km/s)

Water 1.06 1.5

Sediment
S1 (postsalt sediments) 2.3 2.8

S2 (salt) 2.2 4.0
S3 (presalt sediments) 2.4 3.5

Crust
Continental 2.8 6.2
Transitional 2.85 6.1

Oceanic 2.9 6.0

Mantle
Mantle 3.3 7.5

Upwelled mantle 3.1 7.6
Asthenosphere 3.27 7.4

3. Tectonic Evolution and Density Structure of the Central Red Sea Rift
3.1. Tectonic Evolution of the Central Red Sea Rift

Referring to the sedimentary evolution of the Red Sea (Figure 2) [17,24,41–43,45,46,48,53–59],
we can identify four major unconformities in the reflection seismic profiles. The top of
the acoustic basement reflectors are indistinct, but can be identified as the bottom of the
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sediment cover. The top and bottom of evaporite deposition are mainly traced accord-
ing to the different reflector characteristics between evaporite deposition and sub- and
supraevaporite seismic units (Figures 4–6). Evaporite deposition shows chaotic and blank
internal reflection and minor high amplitude reflectors from thin beds of anhydrite, shale,
mudstone, and siltstone [56,57], and the sub- and supraevaporite strata show moderately
continuous reflectors of intermediate to high amplitudes (Figures 4–6). The reflector S is a
significant regional unconformity, showing continuous strong reflectors. Faults are marked
by offsets in sequences, continuous reflectors, and major interpreted horizons (Figures 4–6).

3.1.1. Differential Sedimentary and Tectonic Evolution between the Axial Deep and ITZ

In the center of the Hatiba Deep, the acoustic basement is exposed to the seafloor with
a strong reflector distinguishable from the reflectors in the marginal area (Figure 4). In
profiles 054 and 050, the basement close to the southern inter-trough zone deepens and
flattens again (Figures 5 and 6). Intense fault activities concentrated at the boundaries of
axial deeps along the central trough, forming step-fault zones (Figure 4). On the contrary,
in the inter-trough zones, basement faults occurred on the rift axis before the late Miocene
(Figure 6), and the inter-trough zones experienced more uniform subsidence without active
fault activities in the later stage (Figures 5 and 6). Salt tectonics developed in the Central
Red Sea Rift are mainly salt domes, salt walls, diapirism, salt pillows, and salt anticlines,
usually forming angular unconformities and halokinetic sequences with the suprasalt strata
(Figures 4–6). Reflection seismic data reveals that evaporites were only exposed at the
boundary fault escarpments of the axial deep, and they uniformly deposited at the ITZ, but
were absent at the center of the deep (Figures 4–6).
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During the Plio–Pleistocene, the southern part of the Red Sea Rift started seafloor
spreading and experienced the post-rift stage, while the central Red Sea Rift was still in the
syn-rift stage. Intense fault activities during the third rifting stage only concentrated at the
boundary of axial deep, shaping the step-fault zone and axial deep (Figure 4), leaving the
southern inter-trough zone subsided uniformly (Figure 6). The development and structural
style of salt tectonics correspond to the tectonic evolution of the whole rift basin. In the
Central Red Sea Rift, salt flowage towards the axis driven by heterogeneous gravity load
can strongly shape the geomorphology of the central trough [5,32,49–51]. The distribution
of evaporites along the rift axis reflects potential differential salt movement towards the
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axial deep and ITZ influenced by the basement topography [5,32], or dissolution of the
salt deposits in the axial deep associated with the hydrothermal circulation [32,52]. The
differential tectonism and evaporite deposition between the axial deep and the ITZ shaped
the rift axis with geomorphic segmentation.
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3.1.2. Deformed Zone and Postevaporite Uplift

The acoustic basement in the wide marginal area has reflectors with moderate ampli-
tude and continuity, and has gentle topography and forms horsts and grabens during the
development of the continental margin (Figures 4–6). Close to the rift axis, the basement
becomes less continuous, intensively disturbed, and tends to bulge upward (Figures 4–6)
compared with acoustic basement reflectors in the wide marginal area. Evaporite deposi-
tion in our reflection seismic profiles shows chaotic or blank internal reflection (Figures 4–6);
while corresponding to the deformation of the basement, discontinuous strong reflectors
were formed within the evaporites (Figure 7). The Pliocene–Pleistocene strata significantly
thinned around the deep and are absent in the center of the Hatiba Deep (Figures 4 and 5),
but thickened again in the inter-trough zone (Figure 6). Evaporites that flow into the rift
axis uniformly deposited at the ITZ, but were absent at the center of the deep (Figures 4–6).

Based on the observations, we define the domain where the basement formed a dome-
like structure and was significantly deformed as the deformed zone (Figures 4–6). The up-
bulge basement, significant thinning of Pliocene–Pleistocene strata, and the disturbance in
the evaporites (Figures 4–7) imply crustal vertical movements along the Central Red Sea Rift
axis after the evaporite deposition. Similar basement deformation and regional sedimentary
interruption were reported near the axial deeps, and are thought to be influenced by crustal
vertical movements during lithospheric thinning [19,22,27,32,82].

3.1.3. Formation of the Axial Deep

Our reflection seismic data further revealed the differential sediment and tectonic
evolution between the Hatiba Deep and the southern ITZ, suggesting differential vertical
crustal movements between the axial deep and the inter-trough zone. Thinner Pliocene–
Pleistocene strata around the deep than the inter-trough zone and the absence of evaporites
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in the center of the deep (Figure 7) indicate a high topography around the deep before
subsidence. Evaporites uniformly deposited at the ITZ, but were absent at the center of
the deep, implying the differential uplift that can influence the evaporite flowage into the
rift axis. The high topography around the axial deep can obstruct salt flowage towards
the deep [16,32], and the lack of the overlying Pliocene–Pleistocene strata can induce the
dissolution of evaporites at the center of the deep [32]. Without the uplift and higher
topography, the axial deep should be invaded by evaporites and covered by Pliocene–
Pleistocene strata, like the inter-trough zone (Figure 6).

Therefore, we proposed that the axial deep was the center of the “Postevaporite Uplift”
before collapsing to form deeps. After the evaporite was deposited, regional uplift occurred
along the rift axis. The basement was deformed and bulged upward, overlying evaporite
deposition was disturbed, and the Pliocene–Pleistocene sediments pinched out towards
the rift axis (Figure 8a). During the third rifting stage, intense fault activities focused on
the stress concentrations of early uplift, forming isolated axial deeps (Figures 4 and 8b).
However, the subsidence outside of the centers of uplift was uniform, forming gentle
inter-trough zones without the development of the normal-fault system (Figure 7c).
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3.2. Gravity Modeling Results

From the continental margin to the rift axis, the free-air gravity anomalies first reach a
low (~−20 mGal) at the model distance of 20 km due to thick deposition of low-density salt,
then increase to the maxima (~20 mGal) at the model distance of 60–80 km at the deformed
zones, and finally decrease towards the rift axis (Figure 9). In the deformed zones, the
free-air gravity anomaly highs in all three models are too large to be caused only by the
bulge of the basement that we observed in the reflection seismic profiles (Figures 4–6), even
taking the high-density oceanic crust into account. Denser materials are needed under the
deformed zones.
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In the Central Red Sea Rift, high-density anomaly at the depths of 8–15 km can be
caused by newborn oceanic crust under the whole main trough [22], prespreading igneous
intrusions to the Precambrian Arabian–Nubian shield [11], mantle diapirs into the crust [27],
or other processes related to the initial oceanization [83,84]. We have tested the newborn
oceanic crust or igneous intrusion with densities ranging from 2.9 to 3.0 g/cm3 [80], but
the calculated gravity anomalies were not high enough to fit the free-air gravity anomalies
at the deformed zones, especially in profile 050. Tramontini and Davis [22] also noticed
the density of the high-velocity layer under the axial trough almost needs to exceed the
maximum density of igneous rocks to fit the free-air gravity anomaly and suggested
the contribution of the mantle. We interpret the dense materials as upwelled mantle
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rocks (Figure 9). High average heat-flow value in the Red Sea and the formation of hot
hydrothermal brine indicate a relatively shallower heat source [85]. Initial oceanic basalts
collected in the rift axis reveal a high temperature but low-pressure melting, implying
ascending mantle during the initial burst of oceanic crust [10]. Blocks of mantle-derived
peridotite support the involvement of mantle upwelling during the evolution of the Central
Red Sea Rift [45,46,53]. Mantle upwelling is a possible driven force for the postevaporite
uplift we interpreted (Figure 8).

We confirm that the oceanic crust is only limited to the center of the axial deep. In
profile 060 (Figure 9a), the low relief at the eastern end would have given much lower
free-air gravity values than observation if the underlying crust was not oceanic. We model
the range of the intermediate crust and find it is limited to the boundary of the deep, where
the normal fault system is active. On the contrary, in profiles 054 and 050 (Figure 9b,c), the
nature of the crust at the eastern ends of these profiles can not be oceanic or intermediate
with the low free-air gravity anomalies, and the crust even thickens again to about 8 km in
profile 050 (Figure 9c). The extremely thinned crust above the upwelled mantle in profiles
054 and 050 cannot be intermediate or/and oceanic crust either, or the calculated gravity
values would exceed the observed values (Figure 9b,c).

3.3. Tectono-Geomorphic Segmentation of the Central Red Sea Rift

The Red Sea is a narrow young ocean with a burst of oceanic crust younger than 3–5 Ma
in its southern part. Since ~5 Ma, the third rifting stage has strongly shaped the Central Red Sea
Rift valley (Figures 4–6). However, the Central Red Sea Rift does not have a typical spreading
center yet, but formed segmentations of geomorphology, tectonism, and deep structure.

Geomorphic segmentation of the rift axis developed in two orders. The first-order
segmentation consists of relatively continuous central troughs and inter-trough zones; within
the troughs, there are still second-order discontinuities (axial domes or highs) between deeps
(Figure 10). Salt movement and local dissolution influenced the geomorphology along the rift
axis [5,32,49–51], but a simple sedimentary genesis cannot explain the regular segmentation.
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The seismic reflection data reveal the differences in sedimentary and tectonic evolution
between the axial deep and the inter-trough zone. Close to the axial deep, the reflector S was
interrupted, and Pliocene–Pleistocene strata were quite thinned or even absent. The border
faults controlled the significant tectonic subsidence (Figure 4). While the inter-trough
zone had a variable tectonic condition, subsidence was uniform and hardly influenced by
the fault activities during the third rifting stage, and the basement was deeply buried by
thick sediments (Figures 5 and 6). Correspondingly, differences in the nature of the crust
between the axial deeps and inter-trough zones were further revealed by gravity models.
The oceanic crust is only limited in the center of deeps bounded by the normal fault systems
that developed during the third rifting stage (Figure 9), whereas in the inter-trough zone
the continental crust thickens (Figure 9). Besides, the Moho tends to rise under the main
troughs and deepens under the inter-trough zones (Figure 3). Bouguer gravity anomaly is
higher in the axial deeps than the inter-trough zone and discontinuities [35], indicating the
deep structure segmentation along the rift axis.

4. Punctiform Breakup and Initial Oceanization Mechanism

In contrast to previous views of a continuously developed spreading center or oceanic
crust extending coast to coast [19,51], we argue that the Central Red Sea Rift is still at
its initial oceanization. Differential evolution between the axial deeps and the inter-
vals/segmentations support the punctiform breakup, which formed sparse oceanization
windows interweaving with continental crust along the rift axis at first.

After the evaporite deposition in the middle Miocene, a regional uplift occurred, caus-
ing the basement bulge, sediment deformation, and anomalous thinning of the Pliocene–
Pleistocene strata (Figures 4–6). Gravity modeling suggests that the driving force of the
uplift is mantle upwelling (Figure 9). Huismans et al. [86] also proposed the occurrence of
asthenosphere upwelling and surface doming during passive extension of the intraplate
rift after the end of syn-rift through numerical models. However, mantle upwelling did
not directly cause the breakup of the continental lithosphere, contradicting previously
proposed mantle-dominate breakup models [11,18,27,87,88]. Mantle upwelling thinned the
continental crust to <5 km in thickness, but did not change the nature of the crust (Figure 9).

Mantle upwelling and regional uplift also concentrate stress. By comparing the effects
of the uplift between the deep and the southern inter-trough zone (Figure 7), we conclude
that the centers of the uplift were located in the present axial deeps. Consequently, the
fault activities during the third rifting stage concentrated at the deep boundary controlled
significant tectonic subsidence, while leaving the inter-trough zones tectonically quiescent
(Figures 4–6). It was the nucleation of the fault system that directly led to the punctiform
breakup and the initial oceanization limited in the center of the deep (Figure 9).

Here we propose an initial oceanization model of the Central Red Sea Rift (Figure 11).
Before 5 Ma, the Central Red Sea Rift already experienced two rifting phases, forming
horst-graben systems in a wide zone and the main depression in the rift axis (Figures 4, 5, 6
and 11a). Along with the constant continental thinning and rifting under far-field stress,
pre-existing weak zones developed during the early Arabian–Nubian shield evolution
could reactivate and influence the upper mantle evolution. The inherited basement struc-
ture has an impact on the localization and orientation of rifting [89–91] and reactivates
rheological heterogeneity [92]. The lithosphere mantle in pre-existing weak zones is less
viscous and easier to trigger small-scale mantle upwelling and be eroded by convective
asthenosphere [92,93]. The passive mantle upwelling can cause topographic uplift and
thinning and weakening of the lithosphere [38,93]. In the Central Red Sea Rift, mantle
upwelling did not induce massive volcanism and the direct breakup of the continental
lithosphere. The rising mantle can weaken the overlying thin lithosphere due to a higher
geothermal gradient, and translithospheric faults developed around the boundaries of
the rift axis under the long-term extension may induce partial melting of the lithospheric
mantle (Figure 11b) [11,94,95]. The underplating of high-density materials derived from
melts occurred in the lower continental crust (Figure 11c). After the mantle upwelling, the
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centers of uplift were prone to concentrating extensional stress in the next stage. The onset
of fault nucleation in the third rifting phase was limited in isolated deeps (Figure 11c). The
well-developed normal-fault systems at the boundaries of the deeps controlled the extreme
tectonic subsidence there (Figure 4), and the continental lithosphere finally broke up and
seafloor spreading started (Figure 9a).
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Nucleated normal-fault systems controlled the final breakup and formation of the oceanic crust.

5. Future Evolution to a Continuous Spreading Center

Axial deeps first achieved the initial oceanization, and constituted the second-order
segments of the Central Red Sea Rift with the axial discontinuities (Figure 10). Once the
oceanic crust was generated sparsely along the rift axis, the instability of the lithosphere
between the deeps and discontinuities could trigger small-scale mantle convection at the
discontinuities. The discontinuities are at present axial domes or highs (Figure 10), with
high free-air gravity anomalies (Figure 12a). Geochemistry also suggests relatively hot
materials underlying the discontinuities [96,97]. These discontinuities are probably in the
earlier stage of the continental breakup experiencing mantle upwelling and consequent
topographic uplift (Figure 11b), and will evolve into new deeps after the stress concentration
and fault nucleation (Figure 11c). Inside the relatively continuous central trough in the
southern part of the Central Red Sea Rift, the free-air anomalies still show alternating highs
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and lows along the axial trough (Figure 12a), implying that the deeps and discontinuities
subsided successively before forming troughs.
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The growth of the normal-fault systems, from the nucleation to the growth and linkage,
will also play an important role in future evolution. North of 21.5◦ N, where the deeps are
more isolated (Figure 12b), the normal faults are spatially confined around the axial deep
and did not propagate to the inter-trough zone (Figures 4–6), and the normal-fault systems
are in the stage of initial nucleation. The most active and latest tectonism localizes in the
propagation tips of isolated fault systems, giving extremely high heat flow in the Atlantis II
Deep and the northmost deep in the Central Red Sea Rift (Figure 12b). With the continued
growth of the normal fault systems, early formed depocenters will enlarge by interacting
and linking with adjacent faults segments [102]. South of 20.5◦ N, the more mature and
relatively continuous central trough has been bounded by mature and active normal fault
systems according to earthquake focal mechanisms (Figure 12b). The normal fault system
will propagate northwards under the developing far-field stress of divergence between the
African and the Arabian Plates (Figure 12b).

The propagation mechanism of the Central Red Sea Rift can be applied to other
propagation tips of spreading centers that form isolated axial deeps [37–39]. When the
newly formed segments propagate in their preferred orientation controlled by the pre-
existing basement structures, the rheological heterogeneity of the lithosphere will trig-
ger mantle upwelling and activation of the inherited basement structure under far-field
stress [38,39,89–94]. Isolated deeps form after the fault rupture and bounding fault sys-
tems gradually grow and line up [37]. The interaction and linkage between major fault
segments may induce the offset between two adjacent major segments and the initiation of
the transform faults [31].
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6. Conclusions

The ongoing breakup of the continental lithosphere in the Central Red Sea Rift is
discontinuous in time and space. At present, the punctiform breakup of the lithosphere
and newborn oceanic crust are limited in the center of the axial deeps.

Two factors played important roles in the formation of the axial deeps, that is, mantle
upwelling and normal-fault nucleation. Mantle upwelling in the Central Red Sea Rift was
punctiform, triggered by rheological heterogeneity of lithosphere caused by pre-existing
basement structure and newly formed weak zones. Mantle upwelling caused topographic
uplift, high-density material underplating, and stress concentration, rather than direct
continental breakup. It was the normal-fault system nucleated in the third rifting stage that
shaped the deeps in the rift axis and controlled the final breakup.

Driven by the instability of the lithosphere after the discontinuous breakup, the
discontinuities between the deeps are experiencing mantle upwelling and uplift now, and
are destined to evolve into the future deeps by fault nucleation. The originally isolated
normal-fault systems will gradually grow and interact and link with each other. Finally,
the Central Red Sea Rift will evolve into a continuous newborn spreading center.
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