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Abstract

The evolution and lateral extent of oceanic accretion within the central and northern Red Sea remain subjects of long-standing
tectonic debate. Although the presence of young oceanic crust beneath the southern axial trough is widely accepted, uncertainty
persists regarding whether complete separation between the Arabian and Nubian plates has occurred across the basin or
whether oceanic crust remains restricted to the narrow Median Ridge Valley. In this study, the crustal architecture of the Red
Sea is investigated through an integrated analysis of magnetic, gravity, bathymetric, seismic, and stratigraphic datasets.
Organized magnetic anomaly patterns identified in the Central Red Sea suggest a prolonged phase of seafloor spreading lasting
at least ~12.5 Ma. To evaluate this domain-based evolutionary framework independently of magnetic observations alone,
regional two-dimensional gravity forward models, lithospheric density profiles, and deep multichannel seismic reflection and
refraction datasets were incorporated. The integrated results indicate that the basement framework is strongly segmented by
fault systems associated with the offshore continuation of Precambrian suture zones and the Dead Sea-Aqaba transform system,
which influence the lateral offset and fragmentation of oceanic domains. Combined geophysical and stratigraphic evidence
suggests the presence of a laterally continuous mafic crustal domain in the Central Red Sea extending up to ~125 km from the
Median Ridge Valley. These observations imply that the ocean-continent boundary may lie close to the present-day coastlines
and provide a revised tectonic framework for understanding the spatial and temporal evolution of Red Sea rifting.

1. Introduction

Considerable research has focused on the evolution of the Red Sea and the transition from continental rifting to
seafloor spreading. Despite decades of investigation, fundamental questions remain regarding the nature and
extent of oceanic crust, the location of the ocean-continent boundary, and the role of Proterozoic structures in
controlling rift development. In particular, uncertainty persists as to whether complete separation between the
Arabian and Nubian plates has occurred across the basin or whether oceanic crust remains restricted to the narrow
Median Ridge Valley (MRV). To address these issues, the present study integrates magnetic, gravity,
bathymetric, seismic, stratigraphic, and geological observations (Fig. 1la-e) to develop a domain-based model for
Red Sea evolution.

Early investigations documented positive gravity anomalies along the Red Sea margins [1, 2] and recognized the
axial trough as a system of narrow, linear depressions [3, 4]. Subsequent studies associated the axial region with
basic intrusions and deep troughs (Fig. 1c and d) [5-7], while regional tectonic reconstructions linked these
features to the relative motion between Arabia and Sinai [8-10]. Concurrently, regional surveys confirmed the

existence of central deeps and identified reversely magnetized rocks in the Gulf of Aden [11, 12].

A major advance in understanding Red Sea evolution came with the recognition that magnetic lineations could
be related to seafloor spreading processes [13]. Vine [14] simulated magnetic profiles for the Red Sea axial

depression using a spreading rate of 1 cm/yr at latitudes 16° and 20°N. In parallel, seismic studies documented
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crustal velocities between 6.7 and 7.3 km/s beneath the axial trough, accompanied by distinct gravity and
magnetic signatures [15]. Subsequent investigations emphasized the importance of transform structures [16],
refined the subdivision of the trough into axial and marginal zones [18], and suggested relatively young oceanic
crust within the axial region [19, 20]. Magnetic studies at 19°N and 22°N inferred spreading ages of 2-4 Ma [21],
while regional structural analyses related plate displacement to major shear zones [22]. Subsequent structural

mapping delineated transform faults near 19°30'N [23, 24].

Even with these advances, the crustal configuration of the Red Sea remains controversial. Girdler [25] interpreted
the basin as consisting predominantly of highly faulted continental crust (Fig. 1d), whereas McKenzie et al. [26]
proposed that the entire Red Sea is underlain by oceanic crust. Other studies emphasized the influence of hormal
faulting [27], active volcanism [28], and MORB-type basalts recovered from Site 226 [29]. Interpretations based
on the Miocene "S" seismic reflector suggested post-Miocene spreading [30], whereas alternative models
proposed much older oceanic crust [31], younger magnetic anomalies [32], or oceanic domains extending into
the northern Red Sea [33, 34].

Regional tectonic evolution is further complicated by the influence of the Danakil microplate [35], multiple
phases of crustal development [36, 37], and contrasting interpretations derived from long regional gravity profiles
[38]. Other studies recognized preserved continental blocks such as Zabargad Island [39] and subdivided the Red
Sea into southern, central, and northern provinces [40]. Further investigations identified MORB-type basalts [41],
proposed multi-stage tectonic evolution linked to the Agaba-Dead Sea shear system [42], and described quasi-
oceanic crust between 22°N and 25°N [43]. Debates concerning the extent and timing of oceanization have
continued [44, 45], with spreading initiation estimates ranging from 10-12 Ma [46] to earlier proto-oceanic

development beneath Miocene evaporites [47].

Increasing attention has been directed toward the role of tectonic inheritance in controlling Red Sea evolution.
Oceanic-type seismic velocities have been reported as far north as 26°N [48, 49], while studies of Inter-Trough
Zones and transverse structures attempted to reconcile competing crustal models [50-53]. Gravity analyses
highlighted crustal thickening [54], and the Najd Shear System together with the Onib-Hamisana and Baraka
sutures (Fig. 1e) were recognized as important structural controls [55]. The preservation of pre-rift formations
[56], the largely amagmatic nature of the northern province [57, 58], and the influence of Afar-related magmatism
[59, 60] further emphasize the complexity of Red Sea development. Lithospheric thinning at 15-12 Ma [61],
south-to-north rift propagation [62], transtensional deformation [63], and oblique ridge geometries [64] have also
been proposed. More recent studies have highlighted the importance of lithospheric inheritance, where the
Arabian-Nubian Shield and major suture systems such as the Hamisana and Nakasib zones (Fig. 1e) act as
fundamental templates for rift propagation [65, 66]. In addition, the masking effect of Miocene evaporites
associated with the Messinian salinity crisis [67] may obscure older oceanic domains [68, 69]. Contemporary
seismicity and volcanism along the Saudi Arabian margin provide further insight into ongoing lithospheric
processes [70], while gravity-derived Euler reconstructions indicate marked latitudinal variations in crustal
setting, with the central Red Sea containing mixed continental and oceanic domains and the northern sector

remaining dominated by stretched continental lithosphere [71].

In view of these contrasting interpretations, the present study adopts an integrated geospatial approach combining

magnetic, gravity, seismic, bathymetric, stratigraphic, and geological datasets. The objective is to evaluate the
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spatial distribution of crustal domains, assess the influence of inherited Pan-African structures, and establish a

unified framework for the temporal and structural evolution of the Red Sea.
2. Material and methods

To evaluate contrasting tectonic models of the Red Sea, this study employs a multi-proxy geospatial integration
workflow combining gravity, magnetic, seismic, bathymetric, and stratigraphic datasets. These independent
datasets were compiled within a unified georeferenced ArcGIS Pro framework to enable consistent spatial

comparison and identification of crustal domains across the Red Sea basin.
2.1. Potential Field Analysis

Gravity and magnetic anomaly maps were analyzed to delineate the Median Ridge Valley (MRV) and to identify
lateral offsets, linear anomalies, and anomaly terminations (Fig. 3e, f). Magnetic stripes were interpreted following

the classical framework of Vine and Matthews [13], based on two principal characteristics:

1. Linearity of anomalies parallel to the spreading axis.

2. Organized alternation of magnetic polarity.

These features appear as elongated, strike-parallel bands of alternating positive and negative anomalies (dashed
white lines, Fig. 3f). In contrast, isolated magmatic intrusions generally produce discrete, high-amplitude circular

or irregular anomaly patterns with limited lateral continuity.
2.2. Rationale and Modeling Framework

This study adopts a domain-based framework that emphasizes anomaly continuity, symmetry, and termination.
The analysis incorporates well established geomagnetic and gravity two-dimensional profiles [20, 21, 31, 38, 40,
46, 54]. These regenerated models (Fig. 4) provide well-established geophysical benchmarks based on the
fundamental relationship between observed anomalies and source geometries. Previous studies indicate that
magnetized blocks commonly occur between approximately 1.7 and 7.3 km below sea level, while gravity-derived
density models identify a high-density basement extending across much of the Central Red Sea beneath an

evaporite-rich sedimentary sequence with densities of approximately 2.2 g/cm3.

By integrating these previously established constraints, the present analysis emphasizes the spatial relationships
between geophysical observations and crustal domains rather than relying solely on parameter-dependent

numerical fitting.
2.3. Seismic Velocity Compilation

The use of seismic velocities between 6.4 and 7.0 km/s as indicators of oceanic or intrusive crust is well established
in Red Sea geophysics. In particular, the high-resolution datasets of Gaulier et al. (1988) documented velocities

within this range beneath the evaporite sequence.

A composite seismic refraction profile approximately 1900 km long was reconstructed from VEMA-Atlantis
datasets (Fig. 2). Crustal domains were classified according to seismic velocity [40, 46 and 48], with values
exceeding 6.4 km/s interpreted as oceanic or intrusive crust and velocities below 6.4 km/s interpreted as
continental crust. The resulting regional cross-section (Fig. 2) is displayed with a vertical exaggeration of 30:1

and a horizontal compression of approximately 7% relative to true scale to facilitate visualization.
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2.4. Magnetic Spreading Correlation

A newly interpreted sequence of magnetic anomalies in the Central Red Sea (white dashed lines in Fig. 3f and
Fig. 5b) was used to estimate the duration of seafloor spreading. Profile A-A' (Fig. 5b) has a true perpendicular
width of approximately 125 km. Using a full spreading rate of approximately 1 cm yr [14, 46], this width
corresponds to a spreading duration of approximately 12.5 Ma. When considered together with the ~5 Ma age of
the overlying Miocene S-reflector, these kinematic constraints suggest a total basement age of approximately 17.5
Ma for this part of the Central Red Sea.

The adopted spreading rate of 1 cm/yr is consistent with the slow-spreading characteristics proposed by Vine [14]
and subsequently applied by Izzeldin [46] to the Red Sea. Although spreading rates may vary through time,
significantly higher rates comparable to those observed at the Juan de Fuca Ridge or East Pacific Rise would
imply crustal widths considerably greater than the present separation between the Arabian and Nubian shields.
Consequently, the adopted rate provides a first-order kinematic framework that remains consistent with the

regional geometry and plate displacement history.

To assess the consistency of this interpretation, the kinematic estimates were compared with independent
geophysical observations (Fig. 4a-d). These include regional gravity models indicating the presence of relatively
high-density mafic crust and seismic reflection and refraction datasets documenting basement continuity beneath
the Miocene evaporite sequence (Fig. 2 and Fig. 4d). Collectively, these datasets provide a physically consistent
framework supporting the interpretation of a prolonged spreading history extending beyond the present-day axial
trough.

2.5. Bathymetric Analysis

Bathymetric data were analyzed to characterize axial trough morphology, basin segmentation, and depth
variations along the Red Sea axis (Fig. 1c, d). These observations were evaluated together with gravity and

magnetic datasets to assess the relationship between seafloor morphology and subsurface geophysical signatures.
2.6. Tectonic Inheritance

Onshore crystalline basement suture zones, including the Nakasib and Sol Hamid sutures (Fig. 1le), were
georeferenced and projected offshore to evaluate their spatial relationship with geophysical anomalies and rift
segmentation (Fig. 5a, b). This approach allows assessment of tectonic inheritance, whereby pre-existing crustal

structures may influence the geometry of modern rifting.
2.7. Stratigraphic Integration

Chronological reference horizons were used to constrain the timing of the interpreted magnetic sequences (Fig.
3f). These include the Miocene regional marker (~5 Ma) and stratigraphic information from key exploration wells
(Fig. 5b). The Jeddah-1 well encountered volcanic sequences within the Eocene interval [72], whereas the
Durwara-2 well terminated in basalt at a depth of 4,152 m. In the Maghersum-1 well, the Mukwar Formation
(Upper Cretaceous-Paleocene?) rests unconformably on basaltic basement [46], providing an additional

stratigraphic constraint on the proposed model.

2.8. Geospatial Integration Framework
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All datasets were integrated within a unified high-resolution georeferenced coordinate system using ArcGIS Pro.
This framework ensures spatial consistency among geological, geophysical, bathymetric, and stratigraphic
observations and enables systematic evaluation of spatial relationships independent of prior tectonic assumptions
(Figs. 1to 5).

3. Results
3.1. Characterization of Structural Provinces

Integration of georeferenced gravity, magnetic, bathymetric, seismic, and geological datasets delineates three

distinct structural provinces and four dominant structural trends within the Red Sea basin.

e  Southern Province (15°30'N to 20°30°'N)
This province is characterized by elongated and laterally continuous magnetic and gravity
lineations extending for more than 800 km (Fig. 3e-f). These lineations coincide with a high-
amplitude positive gravity anomaly approximately 110 km wide (Fig. 3e), centered on the
Median Ridge Valley (MRV). Seismic refraction (Lines 170-178, Fig. 2) record crustal
velocities exceeding 6.4 km/s, consistent with well-developed oceanic crust.

e Central Province (20°30'N to 23°30'N)
The Central Province is characterized by organized magnetic polarity patterns (Fig. 3f, Fig.5b).
North of the Heya terrane, magnetic anomalies become increasingly decoupled from gravity
signatures, where the corresponding gravity anomalies decrease northward across the Nakasib-
Heya-Jeddah terrane boundary (Fig. 5a). Seismic refraction velocities beneath the MRV remain
relatively high (6.76-6.97 km/s; Lines 179-181, Fig. 2), while multichannel seismic reflection
(location shown in Fig. 4e) indicate lateral continuity of high-velocity basement extending tens
of kilometers away from the axis (Fig. 4d).

e Northern Province (23°30°'N to 27°30'N)
Pre-rift stratigraphic units, including the Zabargad Formation, are preserved within this
province. Regions adjacent to the coastal margins (Fig. 2) exhibit geophysical characteristics
compatible with continental basement, supported by seismic refraction velocities below 6.4
km/s. In contrast to the higher-velocity domains identified basinward, magnetic anomalies are
generally weak and discontinuous and lack laterally continuous lineations. Overall, this

province displays characteristics typical of an amagmatic continental rift (Fig. 5a-b).
3.2. Identification of Magnetic Stripes and Structural Offsets

Geospatial analysis identifies five groups of linear magnetic anomalies within the Central and Southern provinces
(Fig. 3f). These anomalies are characterized by strike-parallel continuity and lengths ranging from approximately
100 to 220 km (Groups 1-4). Group 5 is comparatively more fragmented, with lineations segmented by small-
scale strike-slip structures. The geometry and continuity of these anomalies are consistent with organized

spreading-related patterns rather than isolated continental intrusions.

The identified stripe groups are offset by interpreted strike-slip structures (Fig. 3f), suggesting that basement

fabrics and transform tectonics have influenced the segmentation of the oceanic domains.
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A major structural discontinuity occurs near Atlantis Il Deep at approximately 20°30'N, corresponding to the
offshore projection of the Baraka Suture Zone (Fig. 3e and f; Fig. 5b and c). At this location, the gravity anomaly
terminates abruptly (Fig. 3e and f), while the magnetic anomaly axis exhibits a lateral offset of approximately 64
km between the northern Group 1 and southern Group 2 domains (Fig. 3f and Fig. 5a). This displacement spatially
coincides with the projected Baraka left-lateral suture and the Atlantis 11 transform fault (Fig. 3e), indicating that

basement structures may have influenced the fragmentation and offset of the developing oceanic domains.
3.3. Spatial and Latitudinal Variations in Magnetic Fabric and Stripe Geometry

Analysis of the magnetic fabric reveals marked latitudinal variations in anomaly character among the five
identified groups (Fig. 3f). Groups 1 and 2 in the northern sector are characterized by relatively high-amplitude

positive anomalies with a prominent magenta axis associated with localized spreading centers.

Toward the south, Groups 3, 4, and 5 display a transition to predominantly negative or subdued magnetic
signatures. In addition, the continuity of the linear anomaly patterns becomes increasingly disrupted by strike-slip
offsets associated with transform faults and Precambrian structures, including the Nakasib suture zones (Figs. 3a-

f).

These variations indicate significant along-axis changes in magnetic fabric and suggest differences in the

structural style and evolution of the Red Sea spreading system.
3.4. Stratigraphic Constraints and Magnetic Correlation

Seismic refraction data at the eastern end of profile A-A' (Lines 180-181; Fig. 2 and Fig. 5a, b) record deep crustal
velocities reaching 6.97 km/s. These values correspond spatially with seismic layer identified in previous studies
(Fig. 4d). Multichannel seismic reflection lines (Fig. 4d and e) indicate lateral continuity of this high-velocity

basement for approximately 80 km on either side of the axis.

Stratigraphic information from regional wells (Fig. 5b) provides extra constraints on basement characteristics.

Subsurface control confirms this older mafic framework.

The interpreted magnetic anomalies (dashed white lines, Fig. 5b) define a sequence of organized polarity reversals
extending approximately 250 km across the basin beneath the top Miocene. Accounting for a full spreading rate
of 1 cm/yr, the 125 km sub-basin geometry signifies an accretionary window of roughly 12.5 Ma, pushing the
initiation of central rifting back to the early Miocene (~17.5 Ma) when calibrated against the overlying evaporite

marker.

Collectively, the magnetic, seismic, and stratigraphic observations indicate a pre-Pliocene framework for crustal

accretion and basement development within the Central Red Sea.
3.5. Dominant Structural Trends

Four principal structural trends were identified through comparison of anomaly geometries with established

regional tectonic fabrics (Fig. 3):

1. N-S basement lineaments (Fig. 3a): linear gravity and magnetic gradients associated with deep-seated

fault systems.
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2. Suture trends (Fig. 3b): offshore continuation of onshore terrane boundaries, including the Nakasib
suture, marked by abrupt gravity terminations.
NW-SE Najd shear fabrics (Fig. 3c): Proterozoic structural fabrics within the Arabian-Nubian Shield.
4. NE-SW strike-slip lineaments (Fig. 3d): structures related to the Agaba-Dead Sea transform system
that locally offset magnetic anomalies. The Mabahiss Deep and Atlantis Il transform faults represent

prominent examples of this structural trend.
4. Discussion

The interpretation of Red Sea evolution presented in this study is based on an integrated spatial framework that
emphasizes potential-field anomaly continuity, structural terminations, and cross-rift symmetry. This approach
incorporates previously published two-dimensional gravity and magnetic models (Fig. 4), which provide
established geophysical constraints for evaluating the spatial distribution of crustal domains. By combining these
independent datasets (Figs. 4a-d) with the anomaly patterns identified in this study (Figs. 3 and 5), a regional
framework is developed for assessing the spatial, temporal, and structural evolution of the Red Sea basin. Rather
than relying solely on parameter-dependent numerical solutions, the analysis emphasizes the consistency between
multiple geophysical and geological observations.

4.1. The Southern Red Sea Province

The southern Red Sea axial ridge is characterized by distinct, straight-sided bathymetric troughs that define the
active rift zone (Fig. 1d). Although earlier models proposed widespread oceanization extending across the basin
and dating back to approximately 40 Ma [31], such interpretations are difficult to reconcile with regional
stratigraphic relationships, which indicate the preservation of older sedimentary successions along the margins.
In contrast, the integrated potential-field datasets presented here suggest that the thickest and densest magmatic
crustal material is largely concentrated within the Median Ridge Valley (MRV), forming a continuous structural

belt approximately 110 km wide (Fig. 3e).

This oceanic domain extends northward along the principal rift axis and appears to terminate near 20°30'N, close
to the offshore projections of the Baraka and Nakasib suture zones (Fig. 3e). The geometry of the gravity and
magnetic anomalies further indicates that active crustal accretion in the southern province is influenced by NE-
SW strike-slip faulting. These transform-related structures segment and laterally offset Groups 3, 4, and 5 (Fig.
3f), suggesting that pre-existing lithospheric structures exert an important control on the geometry and

segmentation of the modern spreading system.
4.2. The Central Red Sea: Evidence for a Prolonged 12.5 Ma Spreading History

In the Central Red Sea province, the integrated geophysical observations support a domain-based evolutionary
framework involving an early phase of oceanic accretion. The presence of organized linear magnetic anomalies
(Group 1; Fig. 3f), which are overlain by the regional Miocene reflector (Fig. 4d), suggests that this crustal
accretion predates deposition of the evaporite sequence. The inferred early initiation age (~17.5 Ma) suggests that
crustal accretion in the central province may have begun earlier and extended farther laterally than models
restricting oceanization to the young 2-3 Ma axial cells (Fig.5b and e). To evaluate the influence of the assumed
spreading rate on the estimated duration of crustal accretion, a simple sensitivity analysis was performed using

plausible full spreading rates around the adopted value of 1 cm/yr. Varying the full spreading rate from 0.8 to 1.2
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cm/yr yields corresponding spreading durations of approximately 15.6 Ma and 10.4 Ma, respectively, compared

with 12.5 Ma for the preferred rate of 1 cm/yr.

Although the estimated duration varies with the assumed spreading rate, the overall interpretation remains
unchanged. In all cases, the inferred spreading history substantially predates the ~5 Ma top Miocene and supports
the existence of an older phase of crustal accretion within the Central Red Sea. Consequently, the proposed
domain-based framework is not dependent on a single kinematic solution but remains consistent across a

reasonable range of spreading rates.

This interpretation is consistent with the observations of 1zzeldin [46] and Gaulier et al. [48], who documented
crustal velocities of 6.5-6.9 km/s across regionally persistent acoustic basement (Fig. 4d and Fig.2). Regional
seismic reflection (Lines 1 to 27, Fig. 4e) further indicate the lateral continuity of this basement package,
suggesting that the oceanic or mafic crustal domain extends toward the shore lines. Similarly, early refraction
surveys (Fig.2) identified laterally continuous layers with velocities ranging from 6.6 to 7.3 km/s [20], values
commonly associated with oceanic Layer 3 or mafic intrusive crust. When integrated with the regional gravity
profiles of Brown and Girdler [38], which extend for more than 1,500 km across the basin (Fig. 4b), a broad
positive Bouguer anomaly exceeding +100 mGal is observed. Reproducing this anomaly requires relatively dense
crustal material with densities between 2.90 and 3.0 g/cmd, replacing surrounding continental lithosphere
characterized by densities of 2.67 to 2.80 g/cm3. Notably, the approximately 250 km basin-wide extent of the
interpreted magnetic domains (dashed white lines, Fig. 5b) spatially corresponds to the zone of maximum crustal
densification.

The lithospheric framework (Figs. 4a-c) reveals progressive thinning toward the rift axis. Whereas the unrifted
Afro-Arabian Shield preserves a typical three-layer continental crust (density ~2.85 g/cm?3) overlying mantle
material with densities near 3.35 g/cm3, the Moho beneath the Central Red Sea rises to depths of approximately
11 km (Figs. 4a-c). This attenuated crustal package includes material with densities approaching 2.88 g/cms3
beneath thick Miocene and Plio-Pleistocene sedimentary sequences that commonly exceed 4 km in thickness. The
evaporitic sequence [46] may have obscured evidence of earlier spreading phases by masking much of the
underlying basement geometry. Nevertheless, multichannel seismic reflection data reveal laterally continuous
acoustic basement suggesting that the mafic crustal domain extends continuously toward the shores beneath the
salt cover (Fig. 4d). Taken together, the density models, seismic observations, and geometric relationships are
consistent with the presence of a laterally extensive mafic crustal domain and suggest that the ocean-continent
boundary may lie considerably closer to the continental shelves than proposed in models restricting oceanization

to the present axial trough.

The geometry and symmetry of the magnetic anomalies favor an interpretation involving sustained and organized
spreading rather than localized volcanic centers. The magnetic maps (Fig. 3f) and profile A-A' (Fig. 5b) show a
central positive anomaly flanked by repeated sequences of alternating negative and positive anomalies. This
broadly symmetrical pattern extends across the basin and resembles the anomaly geometry expected from
prolonged seafloor spreading. Correlation with the geomagnetic polarity timescale (GSA, 2022; Fig. 5e) indicates
a possible correspondence with chrons C20-C24. However, magnetostratigraphic correlations are inherently non-

unique and should therefore be regarded as tentative.
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Independent stratigraphic constraints from exploration wells provide support for an older basement age (Fig. 5b).
Lithostratigraphic evidence from exploratory wells further constrains this timing, noting pre-Miocene sequences
across the Maghersum, Durwara, and Jeddah [46], indicating that the basement underlying the Central Red Sea
predates the Pliocene. The character of the magnetic signal itself provides further support, as profile A-A' (Fig.
5e) displays long-wavelength, low-frequency polarity transitions that differ from the higher-frequency anomalies

commonly associated with younger and narrower active spreading segments.

The systematic polarity and amplitude differences observed between the northern and southern magnetic groups
(Fig. 3f) further suggest along-axis variations in spreading style and tectonic evolution. Groups 1 and 2 are
characterized by relatively strong positive anomalies, whereas Groups 3, 4, and 5 exhibit weaker and more
fragmented signatures. These variations may reflect differences in spreading history, fault segmentation, or
subsequent tectonic modification associated with inherited structures and transform faulting. In particular, the
strong structural segmentation affecting the southern Red Sea may contribute to suppression of magnetic

amplitudes regardless of the presence of active magmatism.
4.3. The Northern Red Sea Province

In contrast to the more pronounced magmatic signatures observed in the central and southern sectors, the northern
Red Sea exhibits characteristics consistent with an amagmatic continental rift. The preservation of pre-rift
stratigraphy at Zabargad Island (see Fig. 5b for location), together with deep seismic refraction velocities below
6.4 km/s near the continental margins (Fig. 2), is compatible with a stretched continental basement.
Correspondingly, magnetic and gravity anomalies north of the Sol Hamed-Allagi Suture Zone (Fig.3e and Fig.
5b) are generally weak, low-amplitude, and laterally discontinuous. These potential-field characteristics are
consistent with diffuse lithospheric extension and block faulting rather than the more organized seafloor spreading

inferred for the central and southern Red Sea provinces.
4.4, Structural Control: Suture Zones and Tectonic Inheritance

The distribution of the structural provinces identified in this study appears to be closely associated with major
suture zones, which influence the lateral extent and segmentation of magmatic accretion. The Nakasib and Baraka
Suture Zones form an important southern boundary separating the active spreading system of the southern

province from the older oceanic domain inferred in the central province (Fig. 3e and f).

In addition, the approximately 64 km lateral offset observed along the central Red Sea rift axis (black arrow, Fig.
5a) spatially coincides with the onshore Baraka suture and its offshore continuation along the Atlantis 11 transform
fault (Fig. 3d, e and f). This correspondence suggests that old shear structures may have acted as important
lithospheric templates influencing the geometry, segmentation, and lateral displacement of the developing rift

system (Fig. 5a and c).

Conversely, the Sol Hamed-Allagi Suture Zone (Figs. 3b, f and 5a) appears to mark the northern limit of organized
oceanization. Near this terrane boundary, the coherent strike-parallel magnetic lineations observed in the central
province gradually transition into the weaker and more discontinuous anomaly patterns characteristic of the
northern Red Sea (Fig. 5b). From a potential-field perspective, these suture zones appear to represent major
lithospheric boundaries separating domains characterized by organized spreading from regions dominated by old

continental structures.

10
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Synthesizing these regional observations, the integrated geological and geophysical datasets suggest that Red Sea

evolution has been strongly influenced by the structural geometry of the Arabian-Nubian Shield (Fig. 3a-d).

Within this framework, three principal evolutionary domains can be recognized (Fig. 5¢):

1.

Southern Province (Fig. 3e and f): axial-restricted oceanic spreading influenced by transform-

related segmentation.

Central Province (Fig. 3f and Fig. 5b): an older oceanic domain representing a prolonged
phase of early spreading, with a minimum basement age of approximately 17.5 Ma preserved

beneath the Miocene evaporite sequence.

Northern Province: diffuse amagmatic continental rifting influenced by Neoproterozoic
basement fabrics and overprinted by NE-SW strike-slip deformation associated with the Dead

Sea-Agaba transform system.

4.5. Hydrocarbon Exploration Significance of the Proposed Red Sea Evolution Model

1.

From an exploration perspective, the distribution of modern oceanization cells and volcanic
centers (Fig.1c and Fig.5a) introduces a significant thermal and structural risk along the axial
trough and the Median Ridge Valley. These zones correspond to active or relatively young
magmatic domains, crustal thinning, transform faulting, and hydrothermal activity. Such
conditions are generally unfavorable for conventional hydrocarbon accumulations. In addition,
the presence of young mafic crust reduces the accommodation space for thick pre-rift
sedimentary successions and increases the likelihood of volcanic intrusions, uplift, and local
thermal over maturation. Consequently, the immediate vicinity of the modern spreading axis
and hot-spot-related oceanization cells should be regarded as a high-risk exploration domain,
despite the possibility of localized structural closures associated with transform faults and pull-
apart basins.

In contrast, the domain-based framework proposed here suggests that the most prospective
petroleum systems are likely to occur away from the active axial zone, particularly within the
Central and Northern provinces where pre-existing structures control basin configuration. If the
ocean-continent boundary lies near the coast, as indicated by the integrated geophysical
observations, then the continental margins and transitional domains adjacent to the
Nakasib and Sol Hamed-Allagi suture zones become favorable targets for preserving thick
pre-rift successions. The Jeddah-1, Durwara-2, and Maghersum-1 wells indicate that volcanic
or mafic basement may be overlain by Paleocene, Upper Cretaceous, and younger sedimentary
sequences, implying that older source intervals could remain preserved outside the axial
oceanization cells. Structural styles in these domains are expected to be dominated by rotated
fault blocks, horst-graben systems, tilted basement highs, inversion structures, and salt-related
traps beneath the Miocene evaporites. Therefore, the proposed three-domain model (Fig. 5c)
implies a clear exploration strategy: the highest geological risk is concentrated along the active
axial spreading centers, whereas the greatest potential for conventional hydrocarbon

accumulations resides within the marginal and transitional sectors of the Central and Northern
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Red Sea (Sol Hamid), where older sedimentary packages are more likely to have survived and

where structural and stratigraphic trapping mechanisms are expected to be most effective.
4.6. Alternative Explanations for the Central Red Sea Magnetic Anomalies

Magnetic interpretations are inherently non-unique, and alternative explanations for the anomaly patterns
observed in the Central Red Sea, including isolated intrusions and volcanic centers, must therefore be considered.

However, several characteristics favor an interpretation involving organized crustal accretion.

The anomalies exhibit elongated strike-parallel geometries, repeated polarity alternations, and systematic
segmentation that spatially coincide with transform faults and offshore projections of major suture zones (Figs. 3f
and 5a). Such regionally coherent patterns are difficult to reconcile with isolated volcanic centers or localized

basement highs and instead suggest tectonic control associated with organized crustal development.

Independent geophysical observations provide additional support for this interpretation. Seismic refraction studies
document velocities exceeding 6.4 km/s [20, 46, 48], while multichannel seismic reflection data indicate laterally
continuous basement beneath the Miocene evaporite sequence (Fig. 4d). Likewise, three independent gravity
models developed over nearly five decades (Fig. 4a-c) consistently indicate a broad high-density central domain
(=2.9-3.0 g/cmd) associated with crustal thinning, Moho uplift, and long-wavelength positive gravity anomalies.
Together, these features imply the presence of laterally extensive mafic crust extending well beyond the present

Median Ridge Valley.

Although alternative explanations cannot be entirely excluded, the convergence of magnetic, gravity, seismic, and
stratigraphic observations favors an interpretation involving prolonged and organized crustal accretion in the
Central Red Sea. The resulting crustal framework is therefore more consistent with a first-order lithospheric
feature than with isolated magmatic centers and suggests that Red Sea evolution has been strongly influenced by
the inherited structural framework of the Arabian-Nubian Shield. Future high-resolution marine magnetic surveys
and targeted deep seismic investigations may further constrain the symmetry and timing of this early phase of

spreading.
Conclusion

This study presents a unified, multi-proxy, domain-based framework for investigating the crustal evolution of the
Red Sea. By integrating georeferenced potential-field datasets, regional seismic refraction lines, multichannel
seismic reflection, and well constraints within a common geospatial framework, three structurally distinct
provinces are identified whose lateral boundaries appear to be strongly influenced by the pre-existing architecture
of the Arabian-Nubian Shield.

The results indicate that active modern seafloor spreading in the Southern Province is largely confined to a zone
approximately 110 km wide within the axial trough and appears to terminate near 20°30'N, close to the offshore
projection of the Baraka Suture Zone. In contrast, the Central Province contains evidence for a laterally extensive
mafic basement domain extending up to approximately 125 km from the axis. Kinematic constraints and organized
magnetic anomalies preserved beneath the regional Miocene horizon are consistent with a prolonged phase of
paleo-spreading that operated for approximately 12.5 Ma during the early evolution of the basin. Conversely, the

Northern Province, bounded to the south by the Sol Hamed-Allagi Suture Zone, exhibits characteristics consistent

12



422
423

424
425
426
427

428

429

430
431

432
433

434
435

436
437

438
439

440
441

442
443

444

445
446

447
448

449
450
451

452
453

454
455

456
457

458
459

460

461
462

463
464
465

with an amagmatic continental rift, including diffuse extension, weak potential-field anomalies, and seismic

velocities compatible with continental basement.

Overall, these observations suggest that the Red Sea evolved as a laterally variable and strongly segmented rift

system rather than as a uniform and continuous spreading center. The timing, geometry, and extent of magmatic

accretion appear to have been significantly influenced by Neoproterozoic structures and by transform-related

deformation, which together contributed to the segmentation and lateral offset of crustal domains.
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Figure Caption

Figure 1: Regional Geophysical and Geological Datasets of the Red Sea. Maps (a) and (b) present the regional
gravity and magnetic intensity anomalies, respectively. Maps (c) and (d) illustrate the regional bathymetry. Map
(e) provides a synthesized surface geological framework showing Precambrian suture zones (red lines) and crustal
age domains/growth phases of the Arabian—Nubian Shield (Fritz et al., 2013). In map (c), yellow solid lines
indicate the locations of VEMA seismic refraction profiles (sourced from NCEI), red boxes delineate previously
studied geophysical focus areas and red circles identify the locations of hydrothermal brine deeps. In map (d),
Cyan filled indicate bathymetric profiles along the axial trough and the blue lines are the published

magnetic/gravity/seismic profiles modeling.

Data Sources: Potential field and bathymetric data were integrated from the World Digital Magnetic Anomaly
Map (WDMAM v2.1), NOAA National Centers for Environmental Information (NCEI), and the UCSD
Topographic/Bathymetric database. Map backgrounds are provided by Earthstar Geographics.

Figure 2: Regional 1900 km Seismic Refraction. (a) A synthesized and reconstructed crustal cross-section
spanning 1900 km along the Red Sea axis, integrated from legacy seismic refraction data (Drake and Girdler,
1964; Tramontini and Davies, 1969; Cochran, 1983).

(b) Spatial distribution of the 1958 VEMA-Atlantis seismic refraction stations (indicated in black). The model
distinguishes between two primary crustal velocity domains: Continental Basement, characterized by velocities
of 5.5-6.4 km/s, and Oceanic/Intrusive, defined by higher velocities of 6.7-7.31 km/s. These velocities provide

key support for identifying the boundaries of the three structural provinces proposed in this study.

Figure 3: Integrated Tectonic and Magnetic Fabric of the Red Sea. Maps (a-d) delineate the four primary
structural trends:(a) N-S basement faults; (b) Inherited Suture trends; (c) Najd Shear System trends; and (d) the
Agaba-Dead Sea transform-related faults. Map (e) illustrates the Southern Red Sea axial ridge, characterized by
a high-amplitude gravity anomaly (110 km width; 800 km strike length), which terminates abruptly at the Nakasib
Suture Zone, marking a major crustal boundary. Map (f) highlights five distinct groups of linear magnetic stripes
identified along the central and southern provinces. These white dashed elongated signatures are interpreted as
Vine-Matthews stripes, representing organized seafloor spreading. Notably, these magnetic stripes are intersected
and segmented by the interpreted strike-slip faults (derived from trends in maps d), demonstrating that tectonic of
Precambrian infrastructure and transform tectonics directly control the lateral offset and fragmentation of the

oceanic crust.
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Figure 4: Geophysical benchmarks and crustal validation models of Central Red Sea. All profiles have been
regenerated from original sources to provide independent geometric and density benchmarks. (a) Regional gravity
transect and 2D forward model (adapted from [20]), demonstrating that the central geophysical fit requires a high-
density crustal core (3.0g/cm3) to match the observed gravity field over the axis. (b) Regional 2D gravity anomaly
and lithospheric density (adapted from [38]); the broad +100 mGal anomaly reflects the complete replacement of
lower-density continental basement (2.670g/cm3) by high-density mafic crust and anomalous underlapping
mantle (3.250g/cm3). (c) 2D gravity model across the western margin (adapted from [46]), capturing the lateral
progression from the stable continental shield to a dense oceanic-type basement beneath the Main Trough. (d)
Multichannel seismic interpretation compiled across seven reflection profiles (adapted from [46]), where high-
amplitude reflectors delineate a continuous oceanic domain extending laterally beyond the active axial zone.(e)
Red Sea inset shows track locations: gravity profiles in blue, seismic lines in red. Arrow intervals mark the bounds

of identified axial magnetic anomalies.

Figure 5: Spreading Evolution and Integrated Domain-Based Model. (a) Integration of regional geology and
magnetic data featuring oceanization cells (black circles). Central Red Sea, a black arrow highlights a 64 km
lateral offset of the northern sub-zone relative to the southern sub-zone at the Atlantis Il Deep and Heya-Jeddah
Terrane, The location of seismic refraction line 180-181 is indicated in map (a), confirming an oceanic origin with
high crustal velocities (6.97 km/s) at the eastern end of profile A-A’. (b) Delineation of newly identified ancient
oceanic crust in the Central Red Sea, constrained by the landward projections of the Nakasib from south and Sol
Hamid-Alagi Suture Plateaus from north (black dashed lines). where seismic profiles 1 to 27, see figure 4 for
locations, illustrate an 80 km lateral extension of axial oceanic crust, terminating at near the continental margins.
Also, 2D gravity modeling, see figure 4 for locations, showing a high-density crustal block (3 g/cm3) replacing
the continental lithosphere (2.7g/cm3), (c) Synthesis of the final integrated crustal model. (d) The original 5 Ma
spreading model [14]. (e) Magnetic profile A-A’ (location in map b) traversing newly interpreted elongated
magnetic stripes (white dashed lines). Based on the 1 cm/yr spreading rate [14,46], profile A-A’ reveals at least
12.5 Ma of spreading history beneath the Miocene S-reflector. The magnetic polarity timescale in (e) follows the
Geological Society of America (2022).
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Figure 1: Regional Geophysical and Geological Datasets of the Red Sea. Maps (a) and (b) present the regional gravity and magnetic intensity anomalies, respectively. Maps (c¢) and (d) illustrate
the regional bathymetry. Map (e) provides a synthesized surface geological framework showing Precambrian suture zones (red lines) and crustal age domains/growth phases of the Arabian—
Nubian Shield (Fritz et al., 2013). In map (c), yellow solid lines indicate the locations of VEMA seismic refraction profiles (sourced from NCEI), red boxes delineate previously studied
geophysical focus areas and red circles identify the locations of hydrothermal brine deeps. In map (d), Cyan filled profiles indicate bathymetric profiles along the axial trough and the blue lines
are the published magnetic/gravity/seismic profiles with authors.

Data Sources: Potential field and bathymetric data were integrated from the World Digital Magnetic Anomaly Map (WDMAM v2.1), NOAA National Centers for Environmental Information
(NCEI), and the UCSD Topographic/Bathymetric database. Map backgrounds are provided by Earthstar Geographics.



-40qOOO -30(|)000 -20(?000 -1 0(?000 (I) 1 OOIOOO

o
—
oo
(@) 12 A
Z
=]
- o
{g° - 1E
= S 2
o
a -
=
—
—_—
) I% ~ g
. | S
= © o 8
3 . = 3%
Axial [Trough 34°
7] o
: %
= 9 & &
[ 8 N
2 N g
g East Zabargad Basin
w
<. Q =
4 58%2 Z%% | S
B W S o 5 S
oS . T aQ o o
=5 - o= " <
N @ = =. <
280 T Lo —
= Z. 2o = o ° )
S QT = & S BN <
35% =g~ N N
=] = 8 [
o E CID g & > o
= o s> I=NUN x S
] = 5 < - | S
g2 S I al 8
=5 8. ©
TR o|F
— w
55 s - 40°
2 = (=] < -
gz LE 8
< = P =] . L S
_ © @ Axial Trough m— | &
< E 3
xX _ o
SE 5 = < S N
= 5 O o ~N
c o
g q 2
sz
. o
_ & Axial Trough & =3
-] 3¢ o -8
. E 3 =R
=Y 2
o B
2
S W
o2 g .
=
] S e _8 0‘2 ﬁ
= 8
-
8 ® 38°
=z 42°
<
a g IH
= 9 o
== 3 S
] 28 »n -
° S
=
- o R
= © ]
o o
—
=) - 3
. a =
= o
- S
~
=) =
— o
>, e
i Axial[Trough| 8
—_
. 2 w» | S
Water - @ g
— L 40° ?2
. ~
Recent Sediment — 440
—
Evaporites&Pre-Evaporites E §
N B
- Upper Igneous N
o
- Intursive
Iz Vv |8
~N o
. o S — <
§ —
| | | | | | -

42° 44°

Figure 2: Regional 1900 km Seismic Refraction. (a) A synthesized and reconstructed crustal cross-section spanning 1900
km along the Red Sea axis, integrated from legacy seismic refraction data (Drake and Girdler, 1964; Tramontini and
Davies, 1969; Cochran, 1983).

(b) Spatial distribution of the 1958 VEMA-Atlantis seismic refraction stations (indicated in black). The model distinguishes
between two primary crustal velocity domains: Continental Basement, characterized by velocities of 5.5-6.4 km/s, and
Oceanic/Intrusive Architecture, defined by higher velocities of 6.7-7.31 km/s. These velocity provide key support for
identifying the boundaries of the three structural provinces proposed in this study.
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Figure 3: Integrated Tectonic and Magnetic Fabric of the Red Sea. Maps (a-d) delineate the four primary structural trends:(a) N-S basement faults; (b) Inherited Precambrian Suture trends; (c) Najd Shear System
trends; and (d) the Aqaba-Dead Sea transform-related faults. Map (e) illustrates the Southern Red Sea axial ridge, characterized by a high-amplitude gravity anomaly (110 km width; 800 km strike length), which
terminates abruptly at the Nakasib Suture Zone, marking a major crustal boundary. Map (f) highlights five distinct groups of linear magnetic stripes identified along the central and southern provinces. These white
dashed elongated signatures are interpreted as Vine-Matthews stripes, representing organized seafloor spreading. Notably, these magnetic stripes are intersected and segmented by the interpreted strike-slip faults (derived
from trends in maps d), demonstrating that inherited Precambrian infrastructure and transform tectonics directly control the lateral offset and fragmentation of the oceanic crust.




Figure 4: Geophysical benchmarks and crustal
validation models of Central Red Sea. All
profiles have been regenerated from original
sources to provide independent geometric and
density benchmarks. (a) Regional gravity transect
and 2D forward model (adapted from [20]),
demonstrating that the central geophysical fit
requires a high-density crustal core (3.0g/cm3) to
match the observed gravity field over the axis. (b)
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Figure 5: Spreading Evolution and
Integrated Domain-Based Model. (a) Integration
of regional geology and magnetic data featuring
oceanization cells (black circles). Central Red Sea, a
black arrow highlights a 64 km lateral offset of the
northern sub-zone relative to the southern sub-zone at
the Atlantis II Deep and Heya-Jeddah Terrane, The
location of seismic refraction line 180-181 is
indicated in map (a), confirming an oceanic origin
with high crustal velocities (6.97 km/s) at the eastern
end of profile A—A’. (b) Delineation of newly
identified ancient oceanic crust in the Central Red
Sea, constrained by the landward projections of the
Nakasib from south and Sol Hamid-Alaqi Suture
Plateaus from north (black dashed lines). where
seismic profiles 1 to 27, see figure 4 for locations,
illustrate an 80 km lateral extension of axial
oceanic crust, terminating at a 6 km depth near the
coastlines[46]. Also, 2D gravity modeling, see figure
4 for locations, showing a high-density crustal
block (3 g/em3) replacing the continental
lithosphere (2.7g/cm3), (c) Synthesis of the final
integrated crustal model. (d) The original 5 Ma
spreading model [14]. (e) Magnetic profile A-
A’ (location in map b) traversing newly interpreted
elongated magnetic stripes (white dashed lines).
Based on the 1 cm/yr spreading rate [14,46], profile
A-A’ reveals at least 12.5 Ma of spreading history
beneath the Miocene S-reflector. The magnetic
polarity timescale in (e) follows the Geological
Society of America (2022).
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