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A B S T R A C T   

The Red Sea basin includes a thick Middle to Late Miocene evaporitic succession that underwent halokinesis and 
caused intensive reshaping of the seafloor and the development of salt-tectonic structures. However, the ge
ometry and kinematics of these structures are still poorly understood. This study uses 2D and 3D seismic surveys 
and well data of the northern Egyptian Red Sea to systematically describe the distribution and morphology of salt 
structures, discuss their initiation, and construct a kinematic model for their origin. Our results indicate that the 
massive salt layer developed into five major NW-SE to NNE-SSW trending salt walls, characterized by relatively 
irregular crests and moderately dipping flanks. In addition, several symmetrical and asymmetrical folds and two 
categories of normal faults (subsalt and suprasalt) have been recognized. Based on our observations, salt 
mobilization in the study area started in the Late Miocene, during the precipitation of layered evaporites, and 
continued until the present day. In the northern Egyptian Red Sea, seismic interpretation indicates that hal
okinesis was triggered by a combination of thin- and thick-skinned systems, where the latter played a major role. 
The salt layer was welded during the Quaternary as several sags and grabens developed above the salt diapirs. 
Thick-skinned physical models are compatible with our observations, supporting the impact of basement faulting 
on Red Sea diapirism.   

1. Introduction 

The Red Sea rifting is a relatively young extensional system. The 
Nubian and Arabian shields in the conjugate margins have been sepa
rating since the Late Oligocene-Early Miocene (e.g. McKenzie et al., 
1970; Burke and Dewey, 1973). GPS data show that the rifted margins 
are diverging at different rates from south to north, as the southern Red 
Sea is extending about 17 ± 1 mm/yr, while the extension rate in the 
northern Red Sea is only 7 ± 1 mm/yr (ArRajehi et al., 2010). Initially, 
the extension direction of the Red Sea was N65◦E–S65◦W, orthogonal to 
the rift axis. Subsequently, when the northern plate boundary of Arabia 
shifted from the Gulf of Suez to the left-lateral Dead Sea transform 
(~14-12 Ma), the extension direction in the northern Red Sea shifted 

from orthogonal to oblique, with a general NNE trend parallel to the 
Dead Sea Transform (Lyberis, 1988; Bosworth et al., 2005; ArRajehi 
et al., 2010). The transition from a continental to an oceanic crust 
occurred only in the southern and central sectors of the Red Sea (Bonatti 
et al., 1984; Bonatti, 1985; Ligi et al., 2012). Evidence for continuous or 
punctuated seafloor spreading has been found with the recovery during 
marine surveys of basaltic rocks with mid-ocean ridge (MORB) affinity 
at different sites along the axis between 17◦ N and 19◦ 30′ N (Fig. 1a; 
Girdler and Whitmarsh, 1974; Bonatti, 1985). Based on magnetic 
anomalies, some authors have estimated an age of 5 Ma for the inception 
of the oceanic crust in the southern Red Sea (Cochran, 1983; Bonatti, 
1985; Schettino et al., 2016; 2019). In the central sector, some axial 
deeps (Thetis and Nereus) were interpreted as isolated ridge segments 
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and consist of 3 to 1 Ma old oceanic crust (Ligi et al., 2012; 2018). 
Most of the controversies about the northern Red Sea rifting evolu

tion (Masini et al., 2020; Le Magoarou et al., 2021; Ali et al., 2023) are 
due to the limited access to good data caused both by industrial 
disclosure policies and by technical limitations on seismic images 
imposed by the presence of evaporites. Both rift evolution and the crust’s 
nature are unclear (Sultan et al., 1992; Bosworth et al., 1993; 2020; 
Colombo et al., 2014; Le Magoarou et al., 2021). Several studies have 
proposed that the northern Red Sea is underlain by oceanic crust (Gir
dler and Underwood, 1985; Gaulier et al., 1988; Augustin et al., 2021; El 
Khrepy et al., 2021). For example, Augustin et al. (2021) built a model 
for the Red Sea using vertical gravity gradient (VGG) and earthquake 
and bathymetry data. They suggested that the oceanic crust exists in the 

entire Red Sea, and the seafloor spreading was initiated at 13.5 and 12.8 
Ma in the central and northern Red Sea, respectively. Conversely, other 
studies suggested that the northern Red Sea is a region of hyper
extended, thinned continental crust punctuated by several volcanic 
deeps distributed along the axis (Cochran, 1983, 2005; Bonatti, 1985; 
Bosworth et al., 1993; Mahsoub et al., 2012; Mitchell and Park, 2014; 
Almalki et al., 2015b; Le Magoarou et al., 2021). Ali et al. (2023) used 
several geophysical datasets and applied 2D forward modeling to study 
the nature of the crust in the central part of the northern Red Sea. They 
investigated a scenario where an exhumed lower continental crust or 
serpentinized mantle is present. Their results suggested that the best fit 
between the calculated and predicted gravity and magnetic data was 
obtained by including a limited mantle exhumation at the rift axis. 

3D seismic and borehole data are commonly used to analyze the salt 
structures in sedimentary basins (e.g. Fiduk and Rowan, 2012; Jackson 
et al., 2015; Rojo and Escalona, 2018). The presence of the Middle to 
Late Miocene salt layer in the Red Sea represents an important factor in 
the formation of structural traps, controlling the distribution of reser
voirs and source rocks and influencing hydrocarbon migration (Bey
doun, 1989; Beydoun and Sikander, 1992; Nilsen et al., 1995; Alsharhan 
and Salah, 1997). In the last five decades, 14 exploratory boreholes were 
drilled in Egyptian waters. However, no productive field has been 
discovered, and the distribution of reservoir and source rocks within the 
margin is poorly understood (Gordon et al., 2010). In the Saudi Arabian 
and Yemeni margins, several previous studies focused on detailing the 
presence of salt bodies (Richter et al., 1991; Heaton et al., 1995; Ors
zag-Sperber et al., 1998; Mohriak, 2019), salt geometry, and the direc
tion of salt flow (Colombo et al., 2014; Rowan, 2014; Almalki et al., 
2015a; Feldens and Mitchell, 2015; Mitchell et al., 2017; 2019; 2021; 
2022; Muzaffar et al., 2018; Smith and Santamarina, 2022). The data 
utilized included 2D seismic profiles, Bouguer gravity anomalies, ba
thymetry, marine magnetotellurics, gravity gradiometry, and 
controlled-source electromagnetics (Mart and Ross, 1987; Orszag-
Sperber et al., 1998; Mitchell et al., 2010; 2021; Colombo et al., 2014; 
Rowan, 2014). A controversial issue regarding salt has been the inter
action of the salt with the postulated oceanic crust in the Red Sea. 
High-resolution bathymetry images have shown allochthonous salt 
masses travelling along the seabed. This model has been used as an 
analogue for other margins (e.g. Angola and Brazil; Mohriak, 2014; 
Feldens and Mitchell, 2015). Despite these studies, the geometry and 
kinematics of the Middle to Late Miocene salt structures are still poorly 
understood partly because none of these previous studies have provided 
a 3D or temporal understanding of the diapirs along the Egyptian 
margin. In this study, we use 2D and 3D seismic and borehole data from 
the central part of the Egyptian Red Sea (offshore Quseir) and 
cross-section reconstructions to study the initiation and evolution of the 
salt structures. We construct two–way time (TWT) and isopach maps of 
the massive salt layer, layered evaporites, and Pliocene-Quaternary 
sediments and use these to provide a systematic description of the dis
tribution and morphology of salt bodies, intra-salt structures, and their 
ultimate structural variabilities. We also identify the main 
basement-involved faults penetrating the base of the salt reflection and 
those affecting the overburden sediments, constrain the relative age of 
the salt movement, and determine the kinematic scenario that best fits 
the observed structural styles. 

2. Geological setting of the northern Red Sea 

The Egyptian margin contains numerous km-scale tilted blocks 
bounded by major NW-SE trending normal faults generally parallel to 
the Red Sea rift axis (Fig. 1; e.g. Barakat and Miller, 1984; Montenat 
et al., 1988; Patton et al., 1994; Khalil and McClay, 2001). The onshore 
stratigraphy of the northern Red Sea was described in detail by different 
studies (Jarrige et al., 1990; Bosworth et al., 1998; 2020; Khalil and 
McClay, 2009), while the offshore type-succession (Fig. 2) has been 
studied using the few available commercial well data (Fig. 3; Miller and 

Fig. 1. (a) Plate tectonic setting of the Red Sea, Gulf of Aden, Gulf of Suez, and 
Gulf of Aqaba. Modified from Hempton (1987), Khalil and McClay (2002), and 
Bosworth et al. (2005). Blue arrows denote plate movement directions after 
Mahmoud et al. (2005) and ArRajehi et al. (2010). ZI is Zabargad Island, ZFZ is 
Zabargad Fracture Zone, and AF is Alula-Fartak Fracture Zone. (b) Geological 
map of the northern Red Sea showing the main structural elements (modified 
from Bosworth et al., 2017). The red box represents the study area. (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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Barakat, 1988; Bosworth et al., 2020; Tewfik and Ayyad, 1982). The 
offshore geological record of the Egyptian Red Sea is divided into two 
main tectonostratigraphic sequences (Miller and Barakat, 1988): i) 
pre-rift, represented by igneous and metamorphic rocks and ii) syn-rift, 
which is divided into an early rift section assigned to the Nukhul For
mation unconformably overlain by a main syn-rift section (Fig. 2). The 
main syn-rift sequence includes Early to Middle Miocene siliciclastic 
rocks (Rudeis and Kareem Formations) and Middle to Late Miocene 
massive salt layer and layered evaporites (Belayim, South Gharib, and 
Zeit Formations), followed by Plio-Quaternary clastic rocks (Fig. 2). 

During the early Middle Miocene, the Aqaba-Levant transform 
boundary started accommodating the motion of the Arabian plate, 
resulting in a sharp change in the extension direction. As a consequence, 
the marine connection of the Red Sea to the Mediterranean Sea became 
restricted but not terminated, and the sedimentation in the Red Sea 
changed from open marine to evaporitic (Hughes and Johnson, 2005; 
Bosworth et al., 2005; Bosworth, 2015). Several authors suggest that the 
main evaporite sequence (Belayim, South Gharib, and Zeit Formations) 
was precipitated during the Middle-Late Miocene (e.g., Orszag-Sperber 
et al., 1998; Bosworth et al., 2005; Bosworth, 2015). The precipitation of 
the massive salt layer was associated with an arid period during the Late 
Serravallian-Tortonian, followed by a wet phase in the Messinian 
(Griffin, 1999; 2002). The Messinian episode, named the Zeit Wet Phase, 
was associated with a high rainfall time and deposition of the Zeit 
Formation and its equivalents (Fig. 2.). This formation is characterized 
by high clastic content compared to the underlying units. Furthermore, 
Smith and Santamarina (2022) suggested that the precipitation of thin 
halite and anhydrite beds within the layered evaporite sequence (Zeit 
Formation) is related to cyclic yet limited seawater recharge and 
multi-year drying periods of the Red Sea rifted margin. Ball et al. (2018) 
observed that salt appears to onlap onto exhumed lower crust or mantle 
rocks in Zabargad Island and along the Saudi Arabian margin, areas in 
which exhumation probably occurred at ~15-14 Ma (Fig. 4). Evaporite 
precipitation seems to be largely synchronous over the entire Red Sea 
and the Gulf of Suez, and likely occurred during a specific rifting stage 
corresponding to the transition from necking to hyperextension (Rowan, 
2014; Ali et al., 2023). Ali et al. (2023) provided a detailed rift domain 
model for the northern Red Sea. They interpreted the necking zone close 
to the shoreline, which probably occurred in the Early Miocene due to 
the formation of an east-dipping detachment fault. The continental crust 
thinned significantly from 32 km beneath the onshore Quseir region to 
22 km below the necking domain. The distal domain formed due to the 
hyperextension processes is found along the offshore Quseir section and 
is characterized by the deposition of the Middle to Late Miocene evap
orite sequence where the thickness of the continental crust thinned to 
<10 km (Ali et al., 2023, their Fig. 10). The evaporitic sequence is 
intensively affected by salt tectonics, forming salt diapirs and salt walls 
separated by mini-basins filled by clastic rocks and evaporites (Mart and 
Ross, 1987; Colombo et al., 2014). 

At the end of the Miocene, the entire Red Sea basin became sub
aerially exposed (Bosworth et al., 2005; Mitchell et al., 2017; 2021), and 
a major unconformity surface formed due to this event, which marks the 
top of the Zeit Formation and is identifiable in seismic reflection data, 
known as the S-reflector (Ross and Schlee, 1973; Mitchell et al., 2010). It 
is characterized by a low frequency and high amplitude seismic reflec
tion resulting from the dramatic increase in velocity from ~2200 to 
5000 m/s. This dramatic increase in seismic velocity is due to a thin 
anhydrite unit at the top of the Miocene evaporite, followed by poorly 
consolidated Pliocene clastic sediments (Colombo et al., 2014). Seafloor 
spreading initiation in the southern Red Sea, at ~5 Ma, caused the 
opening of a connection with the Indian Ocean through the Strait of 
Bab-el-Mandeb. This event enabled a new marine ingression from the 
south and determined the end of the evaporite precipitation in the basin 
(Mart and Hall, 1984; Mart and Ross, 1987). 

The Middle to Late Miocene evaporite sequence was precipitated due 
to the evaporation of seawater occasionally entering into the 

Fig. 2. Stratigraphic column of the offshore northern Red Sea (modified from 
Bosworth et al., 2020; Moustafa and Khalil, 2020). Blue lines denote the 
interpreted seismic horizons. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Bathymetric map of the central part of the Egyptian rifted margin, and 
location of wells and seismic sections used in this study. The shaded area in
dicates the available 3D seismic survey. The dashed black lines represent the 
interpreted crosslines. Yellow lines show location of 2D seismic profiles, and 
blue points indicate location of wells used to tie with them. (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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hydrographically semi-isolated Red Sea Basin. It is identified as basin
wide marine evaporites, resulting from a combination of hydrological 
and tectonic circumstances (Warren, 2010). Smith and Santamarina 
(2022) suggested that the salt precipitation in the Red Sea was 
controlled by the recharge rate of the seawater through the 
Bab-el-Mandeb Strait. The formation of a 1 km thick salt layer resulted 
from the evaporation of 53 km of Red Sea seawater. On the contrary, 
Hovland et al. (2015) provided a new model (hydrothermal salt model) 
where they assumed that the Red Sea’s evaporite sequence formed due 
to the hydrothermal circulation of seawater. 

Several previous studies suggested that the Red Sea salt was mobi
lized dominantly by thin-skinned gravitational failure, with proximal 
extension and distal contraction (Heaton et al., 1995; Rowan, 2014; 
Tubbs et al., 2014). On the other hand, the presence of alluvial fans and 
carbonate platforms parallel to the current coastline is interpreted as the 
dominant component of nearshore salt movement in the central and 
southern Red Sea (Smith and Santamarina, 2022). Mart and Ross (1987) 
postulated that the high thermal gradient, caused by highly attenuated 
crust and underlying ascending mantle, may have triggered salt diapirs 
structures. The salt diapirs observed by Mart and Ross (1987) in the 
northern Red Sea have a NW-SE trend with an average length and width 
of 30 and 4 km, respectively. 

3. Data and methods 

2D and 3D seismic surveys and borehole data have been used to 
study the geometry and kinematics of the Middle to Late Miocene salt 
structures in the central part of the Egyptian margin (Fig. 3). The 3D 
seismic survey was acquired by British Gas in 1999 and covers 1600 km2 

offshore Quseir province between 26 and 26◦ 25′ N (Fig. 3; Gordon et al., 
2010). It consists of 1729 NW-SE in-lines with a line spacing of 25 m and 
4879 NE-SW cross-lines with 12.5 m spacing. Time-migrated seismic 
data allow imaging up to 7 s TWT. Furthermore, six 2D seismic profiles 
with a total length of ~471 km were used. The seismic profiles were 
acquired by Philips and Esso Red Sea between 1975 and 1977 with 
vertical seismic recording of 6 and 5 s TWT, respectively. Three wells 
that penetrated the Precambrian basement (granite, granodiorite and 
gabbro) are used to tie seismic data: Quseir B-1X, Quseir A-1X, and 

RSO-B 96–1 (Fig. 3). The RSO-B 96–1 was drilled by Esso Red Sea in 
1980 reaching a total depth of 4258.08 m from water surface; Quseir 
B-1X and Quseir A-1X wells were drilled by Philips Red Sea between 
1977 and 1978 to a total subsea depth of 4213.86 m and 5038.34 m, 
respectively. 

Seismic interpretation procedures accounted for seismic-to-well ties, 
fault interpretation, and seismo-stratigraphic units picking offshore 
Quseir, constructing TWT and isopach maps for the salt layer, layered 
evaporites, and post-evaporitic sediments using the Schlumberger Pe
trel™ software (e.g. Ali et al., 2018; 2020). Six horizons and five seismic 
sequences (Plio-Quaternary, layered evaporites, transparent evaporites, 
Pre-salt II, Pre-salt I, and basement) were interpreted picking the upper 
limit of each formation based on well data, regional continuity, and 
amplitude of the seismic reflections. The top surface of the 
Plio-Quaternary sequence and layered evaporites was interpreted for 
every single crossline and inline with high confidence, using a 3D 
auto-tracking tool. Concurrently, the interpretation of the other hori
zons was done manually every 50 crosslines and inlines with some un
certainties. The ages of selected seismic units are taken from previous 
lithostratigraphic studies of the northern Red Sea (Hughes and Beydoun, 
1992; Bosworth et al., 1998; Hughes and Johnson, 2005; Khalil and 
McClay, 2009). The major phases of salt flow were determined based on 
identifying growth strata, toplap, onlap, downlap, and truncation sur
faces (Figs. 5–13). The RMS amplitude was applied to the 3D seismic 
cube to delineate the boundary of the salt walls in the time domain. Six 
time slices have been extracted at TWT values between 1.2 and 2.5 s. 
Depth-converted structural reconstructions were made based on inter
preted seismic surveys to estimate the progressive evolution of the salt 
diapirs. The last 20 km in the southwestern part of the geological model 
is constructed based on the seismic interpretation in Fig. 5 of Ali et al. 
(2023). Time-to-depth conversions were performed by adopting an 
average velocity value for each seismic sequence (Table 1; Gaulier et al., 
1988; Makris and Rihm, 1991; Rihm et al., 1991; Saleh et al., 2006; Ligi 
et al., 2018). Due to the difficulty in determining the exact timing of 
fault movement and displacement amount, the extension and shortening 
values in the reconstructions have some uncertainties. 

Fig. 4. Summary scheme showing rift episodes and the deposition time of the evaporites, as well as the magmatism stages in the northern Red Sea, modified after Ali 
et al. (2023). Sea-level curve from Haq and Schutter (2008) and Paleo-latitudes from van Hinsbergen et al. (2015). (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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4. Results 

4.1. Seismic stratigraphy 

Six seismic crosslines from the 3D seismic survey and three 2D 
seismic lines (Figs. 5–13) were interpreted to highlight the main struc
tures (subsalt and suprasalt faults, seismic units, and salt diapirs). 
Interpreting the top of the basement was challenging due to the thick, 
overlying evaporite section. However, a continuous high-amplitude 
seismic reflection in the shallow domain was interpreted as the top of 
the basement (Fig. 10). Well-control added some confidence to this 
interpretation, even in the deepest part of the study area. In the time 
domain, the basement is easily recognizable at a depth of 1 s TWT in the 
slope area (Fig. 10) to ~4.5 s further offshore with some uncertainties 
(Fig. 13). The basement is uplifted in the central part of the offshore 
Quseir, where it is cut by a set of normal faults forming two major 
structural highs (Figs. 5 and 10). Furthermore, two basement highs 
reaching the seafloor (Fig. 5) were recognized in the northeastern part. 

The subsalt sediments are divided into two seismo-stratigraphic 
units: Pre-salt I and Pre-salt II (Figs. 5 and 8). The Pre-salt I sequence 
unconformably overlays the basement and is restricted to the deepest 
parts of the southeastern and central segments of the study area. The 
Pre-salt I is approximately 0.1–0.7 s thick (150–900 m) and contains flat- 
lying to sub-horizontal, moderately layered, high-amplitude reflections 
(Figs. 5 and 8). The Pre-salt II was unconformably deposited above the 
crystalline basement in most of the offshore Quseir; however, it is locally 
found conformably above the Pre-salt I. This sequence is characterized 

by low to moderate amplitude and moderately to well-layered re
flections (Figs. 5–13). The Pre-salt II facies display large thickness 
variation ranging from 0.15 to 1.5 s TWT (ca. 200–2100 m). Seismic 
profiles also show that the Pre-salt II was not deposited in the basin 
flanks, offshore the modern Egyptian coast (Figs. 10–12). 

Evaporitic rocks are grouped into two main sequences; seismically 
“transparent” evaporites (massive salt) overlain by layered evaporites 
(Figs. 5–13; Izzeldin, 1987; Colombo et al., 2014; Mitchell et al., 2017; 
Ali et al., 2023). The base and top surfaces of the massive salt layer 
display strong reflections with high amplitudes, whereas internally, the 
unit is chaotic with low-amplitude reflectivity. The salt interval is widely 
distributed in the distal margin but not recorded towards the coast 
(Figs. 10 and 12). Three main subbasins have been recognized between 
the main salt structures (Figs. 6 and 10), consisting of thick sedimentary 
successions of layered evaporites and Plio-Quaternary sediments. These 
mini-basins are labelled southwestern subbasin (SB1), central subbasin 
(SB2), and northeastern subbasin (SB3) (Figs. 5 and 6). Northeast of the 
basement structural highs, the salt sequence becomes thin, character
ized by poorly defined layering and low amplitude reflections, and salt 
structures disappear (Fig. 5). 

The layered evaporites unit consists of continuous, moderately to 
well-stratified seismic reflections with moderate to high amplitude 
intercalated with continuous and low amplitude reflections (Figs. 5–13). 
In the western sector of the offshore Quseir, the seismic reflections of the 
layered evaporites downlap on the salt layer and the basement 
(Figs. 10–12). In the southwestern mini-basin (SB1), the layered evap
orites are characterized by inclined reflections dipping southwest and 

Fig. 5. (a) Uninterpreted and (b) Interpreted crossline 3200, depicting pre-salt 
sediments and salt diapirs. D1 salt diapir roots to a narrow horst. Note two 
Quaternary volcanoes on the northeastern side of the profile. White lines 
indicate normal faults. D, ID, and SB denote diapir, immature diaper, and 
subbasin, respectively. Section location is shown in Fig. 3. VE: vertical 
exaggeration. 

Fig. 6. (a) Uninterpreted and (b) Interpreted crossline 3900, displaying 
extensional faults (white lines), mature (D) and immature (ID) salt structures, 
and unconformity surface above the layered evaporites. SB denotes subbasin. 
Section location is shown in Fig. 3. VE: vertical exaggeration. 
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northeast with moderate thickening towards the southwest (Fig. 12). 
The central subbasin (SB2) shows slight width variations, ranging from 
9 km to 11 km (Figs. 5, 6, 8 and 10). The subsalt faults controlled the 
deposition of the layered evaporites, as the unit moderately thickens 
toward the southwest in most of the interpreted seismic profiles 
(Figs. 5–7 and 9-11), except in the central area where it thickens in the 
opposite direction (Fig. 8). The layered evaporites are characterized by 
seismic reflections dipping southwest and northeast within the north
eastern subbasin (SB3) and show discordant relationship with the salt 
diapirs (Figs. 6 and 10). This seismic sequence displays a moderate 
thickness variation in the SB3, expressed by a small SW thickening in the 
southeastern sector of the offshore Quseir (Fig. 6) and a SW thinning in 
the northwestern sector (Fig. 10). The layered evaporites contain several 
growth seismic sequences, characterized by southwestward shifting 
depocenters (Figs. 6 and 12). In addition, sedimentary features like 
angular unconformity, downlap, and truncated toplap closures are 
recognized in the lower part of the layered evaporite interval (Fig. 11). 
The top reflection of the layered evaporites is obvious and shows very 
high amplitude, representing an unconformity surface between the 
interbedded evaporites and Pliocene sediments (Fig. 5). Several normal 
faults with small to medium offset cut the upper part of the layered 

evaporites (Figs. 5–13). 
The layered evaporites are unconformably overlain by the Plio- 

Quaternary sequence, representing the youngest sedimentary unit 
identified in the northern Red Sea. This sequence was deposited over the 
entire study area, including onshore (Fig. 5; Khalil and McClay, 2002, 
2009), and consists of well-stratified, medium to high amplitude seismic 
reflections. The salt diapirs do not intrude on the Plio-Quaternary 
sequence (Figs. 5–13). Generally, growth seismic sequences are 
observed within the basins, showing prominent depocenters that shift 
towards the southwest (Figs. 6 and 8). In the southwestern subbasin 
(SB1), at least three major sedimentary cycles separated by truncation 
surfaces are observed within the Plio-Quaternary sequence (Fig. 12). 
Several minor normal faults with steep to moderate dip angle and low 
offset are recognized within this sequence (Figs. 5–13). 

Fig. 7. (a) Uninterpreted and (b) Interpreted crossline 4450, crossing the 
central part of the offshore Quseir in a NE-SW. The section shows a major horst, 
two salt diapirs, and many subsalt and suprasalt faults (white lines). D and SB 
denote diapir and subbasin, respectively. Section location is shown in Fig. 3. 
VE: vertical exaggeration. 

Fig. 8. (a) Uninterpreted and (b) Interpreted crossline 5000, displaying 
extensional faults (white lines), salt structures, and depocenters migration of 
the Plio-Quaternary sediments. D and SB denote diapir and subbasin, respec
tively. Section location is shown in Fig. 3. VE: vertical exaggeration. 
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Fig. 9. (a) Uninterpreted and (b) Interpreted crossline 5500, depicting normal faults (white lines), a salt diapir (D), and depocenters migration of the Plio-Quaternary 
sequence. SB denotes subbasin. Section location is shown in Fig. 3. VE: vertical exaggeration. 

Fig. 10. (a) Uninterpreted and (b) Interpreted NE-SW seismic profile, passing through the margin. The section shows shallow and deep detachment faults, D1 and D2 
salt diapirs root to narrow horsts, and two different types of ramp-syncline basins. White lines and SB denote normal faults and subbasin, respectively. Section 
location is shown in Fig. 3. VE: vertical exaggeration. 
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4.2. Well stratigraphy and correlation 

Fig. 14 displays the correlation of three wells along a NW-SE direc
tion from RSO-B 96–1 in the northwest to Quseir B-1X in the southeast of 
the study area (Fig. 3). The available well data indicate that the silici
clastic syn-rift sequence corresponds to three formations (Nukhul, 
Rudeis, and Kareem). The Nukhul Formation is recorded only in RSO-B 
96–1 well with a total thickness of ~52 m and mainly includes sand
stone. The Rudeis Formation is composed of claystone intercalated with 
thin sandstone and limestone interbeds. Its thickness varies from ~1685 
m in the RSO-B 96–1 well to ~1805 m in the Quseir A-1X (Figs. 3 and 
14). The Kareem Formation represents the upper part of the pre-salt 
sequence in the northern Red Sea. It is formed by claystone, siltstone, 
and sandstone interlayered with thin beds of calcareous limestone and 
dolostone. The Kareem Formation shows a slight thickness variation 
between 138 m at Quseir A-1X to 142 m at RSO-B 96–1 (Fig. 14). 

The evaporite sequence corresponds to three formations: Belayim, 
South Gharib, and Zeit. The Belayim Formation mainly consists of 
anhydrite and halite interlayered with dolostone, calcareous limestone, 
and siltstone. Its thickness varies from 92 to 97 m in the Quseir A-1X and 
RSO-B 96–1 wells, respectively. The South Gharib Formation represents 
the main massive salt layer in Quseir offshore and shows a dramatic 
thickness variation ranging from 245 m at RSO-B 96–1 to 3225 m at 
Quseir B-1X (Fig. 14). It is composed of massive halite intercalated with 
thin beds of anhydrite. The Zeit Formation includes halite and anhydrite 
with sandstone, siltstone, and claystone interlayers. The thickness of the 
Zeit Formation significantly changes between 1115 and 1762 m in the 
RSO-B 96–1 and Quseir A-1X wells, respectively. However, it is not 
recorded in Quseir B-1X (Fig. 14). The Plio-Quaternary sequence (Shu
kheir Formation) is formed by sandstones with thin siltstone and clay
stone interbeds. Its thickness ranges from 180 m at RSO-B 96–1 to 316 m 
at Quseir B-1X (Fig. 14). 

4.3. Geometry and regional distribution of salt diapirs 

Seismic data show that, in the study area, the seismically “trans
parent” evaporite layer forms five major diapiric walls and three 
immature diapirs, disappearing toward the northwest (Figs. 5 and 6). 
The major and more mature salt diapiric walls are labelled D1, D2, D3, 
D4 and D5 (Figs. 5–11). Most of the salt walls have relatively irregular 
crests and moderately-dipping flanks. They are NW striking in the 
southeastern region of the offshore Quseir and NNW to NNE in the 
northwestern region (Supplementary Video 1). Salt walls are charac
terized by a slight discordance with the overburden beds and contrac
tional anticlines with uplifted and eroded crests (e.g., Figs. 5 and 6). The 
geometry of salt walls changes along the strike. The D1 structure has a 
total length of ~31 km and narrows upward from ~4.3 km at the base to 
~1.4 at the neck (Figs. 15 and 16). The height of the wall varies from 0.8 
s TWT (~1700 m) to the northwest to 1.2 s TWT (~2500 m) in the 
southeast (Fig. 15). Salt wall D2 is the longest structure in the offshore 
Quseir with a total length of approximately 46 km (Figs. 15 and 16). It 
has an average width of 5 km at the base, and 1.5 km at the crest, and its 
height increases from 0.6 s TWT (~1250 m) in the northeast to1.2 s TWT 
(~2500 m) in the central part (Figs. 15 and 16). In the southeastern 
sector of the offshore Quseir, a subcircular salt body (D3) is observed 
(Fig. 15). This salt body surrounds a recent volcanic edifice and has an 
average length and width of about 16 and 6 km, respectively (Figs. 5, 15 
and 16; Ali et al., 2022a). Its thickness ranges between 0.3 and 0.8 s TWT 
(600–1700 m). Salt wall D4 is striking NNW to NNE, is 17 km long and 
~2.3 km wide with an average thickness of about 0.9 s TWT (~1900 m) 
(Figs. 15 and 16). The seismic data only partly image D5, which shows 
an average width and thickness of 1.7 and 0.8 s TWT (~1700 m), 
respectively (Fig. 15). 

Fig. 13 shows an interpreted 2D seismic section trending SSE-NNW 
with a total length of approximately 140 km. The seismic profile 
crosses obliquely (~25◦) several salt walls. The interpreted seismic 
section displays five salt structures, two of which are also present in the 
central sector of the 3D seismic profiles (as described above, Fig. 13). 

Fig. 11. (a) Uninterpreted and (b) Interpreted crossline 6300, showing a salt diapir (D) and normal faults (white lines). Note that the larger throw of the northeastern 
basement fault compared to the southwestern fault results in a large thickness variation in the overburden on both sides of the D5. SB denotes subbasin. Section 
location is shown in Fig. 3. VE: vertical exaggeration. 
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The other three salt structures (D6, D7, and D8) were recognized in the 
NNW and SSE sectors of the seismic section. Salt structure (D6) is 
marked by very strong reflections at its top and base. It has a relatively 
flat crest and moderately dipping flanks, and an average thickness of 
about 0.8 s TWT (~1700 m; Fig. 13). Salt wall (D7) is located SSE of RSO 
B96-1 well, where the seismic section probably marginally cuts the salt 
structure. It is characterized by an irregular to triangular crest with a 
height of 0.6 s TWT (~1250 m; Fig. 13). Salt wall (D8) displays 
continuous high-amplitude reflections parallel to subparallel at its base 
and top (Fig. 13). The crest of D8 is relatively flat and the flanks are 
moderately steep (~45◦), while the average thickness is about 1.2 s TWT 
(~2500 m). 

4.4. Structural elements 

Based on the interpreted seismic data, the main structural elements 

in the offshore Quseir are normal faults and anticline and syncline folds 
(Figs. 5–13). Normal faults are classified into subsalt and suprasalt 
structures. The subsalt faults are rooted in the crystalline basement and 
cut through the entire subsalt sequence, with some of them displacing 
the base of the massive salt layer, creating horsts beneath the positions 
of the major salt diapirs (e.g. Figs. 9–11). The layered evaporites and 
post-evaporitic deposits appear to be unaffected by faults developed in 
the subsalt sediments, except for the master faults (Figs. 5, 10 and 20). 
The low-angle normal fault F1a occurs near the shoreline of the Egyptian 
margin. It dips to the northeast and displays a large vertical throw off
setting the basement by about 2.8 s TWT (Figs. 10 and 12). The true dip 
angle changes from ~25◦ at 1 s TWT to ~12◦ at 2.5 s (TWT). F1b fault 
dips to the northeast with a dip angle varying between ~25◦ at 1.7 s 
TWT and ~10◦ at 3.4 s (TWT) and cuts through the basement (Fig. 10). 
F2 is located in the southeastern part of the offshore Quseir and dies out 
northwestward. The true dip angle decreases from 45◦ near the seafloor 
to 15◦ at the top of the basement (Figs. 5 and 17). 

Normal faults in the suprasalt sequence mainly affect the upper part 
of the layered evaporites and the Pliocene to recent sequence; however, 
a few are rooted at the top of the salt layer (Figs. 10 and 11). These faults 
dip northeast and southwest with moderate to high dip angles 
(~45◦–75◦), showing limited throws, usually a few tens of meters 
(Figs. 5–8). The offset of the suprasalt normal faults increases north
westward, where it may reach 200 m (Figs. 10 and 11). Moreover, the 
density of the suprasalt faults increases directly above the crests of the 
salt structures and decreases at the depocenters of the subbasins 
(Figs. 5–13). 

Several anticline and syncline folds are imaged in the offshore Quseir 
(Figs. 5–13). They involve layered evaporites and the Pliocene to recent 
deposits (Fig. 17b and c). In the southern segment of the study area, 
symmetrical and asymmetrical synclines, separated by anticlines, are 
observed. They have moderately inclined limbs and typically trend NW- 
SE, parallel to the salt walls in this area (Figs. 5 and 17b and c). Lengths 
and amplitudes of the folds vary from about 7 to 45 km and 0.4–0.7 s 
TWT (~600–900 m), respectively, and have a wavelength of more than 
6 km (Figs. 5 and 17b). The density and complexity of the recognized 
folds increase toward the northwest, where many of them (>20) were 
identified (Figs. 1, 8 and 17b). They are symmetric and asymmetric; 
however, the latter are more common and have gently to moderately 
inclined limbs. They are generally smaller than the structures in the 
southern sector of the offshore Quseir, where they reach an average 
length of about 5 km and an average amplitude and wavelength of 0.4 s 
TWT (600 m) and 5 km, respectively (Figs. 1, 8 and 17b). The folds 
typically trend from NNE-SSW to NE-SW, subparallel to the salt walls in 
this region (Fig. 17b). 

4.5. TWT structural and isopach maps 

TWT maps of the top of the Plio-Quaternary and layered evaporites 
sequences are shown in Fig. 17a and b, respectively. The TWT structural 
map of the top of the Plio-Quaternary sequence shows that the 
maximum depths are observed in the eastern and northeastern sectors, 
while the minimum values are distributed in the western and north
western regions (Fig. 17a). Seafloor depth, expressed as TWT, ranges 
from 0.55 to 0.65 s (~425–500 m bsl) towards the present shoreline and 
from − 1.2 to − 1.35 s (~930–1050 m bsl) in the deepest sectors of the 
offshore Quseir (Fig. 17a). The time domain structural map of the 
layered evaporites exhibits a different pattern (Fig. 17b). In fact, the top 
of this sequence reaches the highest values, ranging from 2.0 to 2.1 s 
TWT (~2000–2100 m bsl), in the northwestern region of the offshore 
Quseir. In contrast, the shallow areas, controlled by the distribution of 
the underlying salt walls, form NW-SE elongated patterns. These regions 
display TWT values ranging from 0.9 to 1.1 s (900–1100 m bsl) and are 
separated by embayments reaching depths between 1.3 and 1.65 s 
(~1300–1650 m bsl; Fig. 17b). The structural setting of the offshore 
Quseir is mainly controlled by two major sets of extensional faults 

Fig. 12. (a) Uninterpreted and (b) Interpreted NE-SW seismic profile, passing 
through the southwestern part of the offshore Quseir. The section depicts 
depocenters’ migration landwards and normal faults (white lines). D and SB 
denote diapir and subbasin, respectively. Section location is shown in Fig. 3. 
VE: vertical exaggeration. 
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trending NW-SE to NNW-SSE and NE-SW to ENE-WSW (Fig. 17). Most of 
the NW-SE to NNW-SSE normal faults dip seaward (NE to ENE) and their 
lengths along strike vary from 1 to 11 km. The NE-SW to ENE-WSW set 
mainly dips toward the SE, and their lengths along strike range between 
1 and 7 km (Fig. 17). 

The TWT maps of the top and base of the massive salt sequence are 
shown in Fig. 18a and b, respectively. The map of the salt-layer top 
shows that the minimum depths are distributed along the crests of the 
salt walls, ranging from 1.0 to 1.3 s TWT (~1000–1300 m). In contrast, 
the deepest areas are recorded in the subbasins formed between the salt 
structures and in the western and northwestern regions of the study 
area, parallel to the present shoreline (Fig. 18a). The depths in these 
regions vary between about 2.1 and 3.0 s TWT (~2450–3700 m bsl). The 
fault density sharply decreases toward the top of the salt unit, where 
only a few normal structures, trending NNE-SSW, NW-SE and E-W, were 
recognized in the eastern sector of the offshore Quseir. They are located 
around the volcanic edifice mentioned above and display lengths vary
ing from 1.5 to 9 km (Fig. 18a). The minimum depths of the salt base 
(Fig. 18b) are found beneath the salt walls with values ranging from 1.6 
to 2.1 s TWT (~2650–3800 m bsl), while the maximum depths are in the 
regions between the salt structures, which vary from 2.2 to 3.1 s TWT 
(~2650–3900 m bsl). The fault interpretation below the massive salt 

sequence is challenging. However, several major normal faults, all 
striking NW-SE parallel to the salt walls and lengths varying between 10 
and 15 km, have been recognized to offset the salt base. The subsalt 
normal faults dip NE and SW and define a few major highs (Fig. 18b). 

Three isopach maps have been made for the Plio-Quaternary, layered 
evaporites and salt layer to analyze their thickness distribution (Fig. 19). 
The Plio-Quaternary sequence has a maximum thickness of over 1.2 s 
TWT (~1200 m), reached in the northwestern part of the offshore 
Quseir. This thickness decreases dramatically eastward and southeast
ward, in correspondence with the crests of the salt structures, with a 
TWT value from 0.1 to 0.2 s (~100–200 m). The thickness of the sedi
ments increases in the regions between the salt structures with an 
average value of about 0.5 s TWT (~500 m; Fig. 19a). The isopach map 
of the layered evaporites shows the highest and abrupt thickness vari
ations, approaching the minimum thickness in the areas directly above 
the salt walls and stock (0.1 s TWT; 175 m). The thickness of the layered 
evaporites increases dramatically in the subbasins located between the 
salt structures, where it ranges from 0.8 to 1.5 s TWT (1400–2600 m; 
Fig. 19b). The isopach map of the massive salt sequence exhibits an 
opposite trend as the maximum thicknesses are located at the salt walls, 
with values ranging from 0.6 to 1.2 s TWT (~1250–2500 m). The 
minimum values, ranging between 0 and 0.1 s TWT (~0–400 m), are 
found in the welded basins (Fig. 19c). 

5. Discussion 

5.1. Structural evolution 

Based on the interpretation of seismic sections, a four-stage tecto
nostratigraphic model for the structural evolution of the southern part of 
offshore Quseir is proposed. The model begins with the deposition of the 
pre-salt sediments, followed by the precipitation of the salt layer. This 
model explores salt movement up to the present day (Fig. 20), empha
sizes the distribution of salt formations (the salt layer and layered 
evaporites), and investigates the timing of salt movement, shifting of 

Fig. 13. (a) Uninterpreted and (b) Interpreted NNW-SSE seismic profile, displaying salt diapirs (D), extensional faults (white lines), and large thickness variations of 
each seismic sequence. Section location is shown in Fig. 3. VE: vertical exaggeration. 

Table 1 
The average velocity of the available units in the NRS (Gaulier et al., 
1988; Makris and Rihm, 1991; Rihm et al., 1991; Saleh et al., 2006; 
Ligi et al., 2018).  

Unit Name Average Velocity (m/s) 

Seawater 1525 
Plio-Quaternary 2000 
Layered evaporites 3300 
Salt layer 4200 
Pre-salt II 2700 
Pre-salt I 2800 
Basement 3500  
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depocenters, and welding/salt depletion at specific locations. 

5.1.1. Stage 1 (Middle-Late Miocene) 
Before deposition of the Middle Miocene salt layer, a structural low 

bounded by two low-angle normal faults (F1 and F2) was present in the 
area. A Cretaceous-Eocene pre-rift and Late Oligocene-Middle Miocene 
syn-rift successions may have been present at the base of this basin, 

although pre-rift strata were never confirmed by drilling data (Bosworth 
et al., 2020). Nevertheless, it must be stressed that wells were usually 
drilled on structural highs, where such successions were thin, not 
deposited, or eroded. These successions have been combined in one 
seismo-stratigraphic unit labelled pre-salt sequence (Fig. 20d). The 
pre-salt sequence overlies the crystalline basement unconformably and 
shows large lateral variations; its thickness decreases northeastward 

Fig. 14. Stratigraphic correlation of well RSO-B 96–1 (northwestern part to the offshore Quseir), well Quseir A-1X (southwestern part to the offshore Quseir), and 
well Quseir B-1X in the southeastern part of offshore Quseir. Wells location is shown in Fig. 3. 
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from about 2200 m in the depocenter to approximately 1300 m in the 
northeastern end of the graben (Fig. 20d). However, the main massive 
salt layer was precipitated in the Middle-Late Miocene during the hy
perextension stage of the northern Red Sea and was restricted to the 
necking and distal domains, but is absent in the proximal domain (Ali 
et al., 2023, their Figs. 5 and 10). Estimating the initial thickness of the 
salt remains challenging due to the lack of seismic and well data, the 
base of salt layer may not be flat (i.e., initial salt is thicker in grabens and 
half grabens), and salt flows in and out of the study area. However, 
based on the interpreted seismic sections and forward modeling, a crude 
estimation is made of approximately 1500 m of mobile salt being 
precipitated in the deepest part of the basin (see Ali et al., 2023). Locally, 
in the southeastern part of the offshore Quseir, only a few hundred 
meters of salt was precipitated (Fig. 20d). Seawards, beyond these 
basement highs, the current thickness of the salt layer is ~1200 m. 
Although the lower salt layer is generally seismically transparent 
(Figs. 5–13), it includes few high-amplitude reflections. These re
flections are probably related to non-evaporitic lithologies (e.g. car
bonate interbeds) or to thin anhydrite layers dragged by salt flow, 
similar to what is observed within the salt structures (Figs. 5, 9 and 10). 
This interpretation is compatible with the available boreholes where the 
salt layer consists of halite intercalated with thin beds of anhydrite and 
with observations reported in the previous literature (Fig. 14; Izzeldin, 
1987; Orszag-Sperber et al., 1998; Koyi, 2001; Mitchell et al., 2017). 
Some of the basement faults are assumed to be obscured by diapirs. 
However, several reactivated basement faults are observed in the 
seismic sections (Figs. 9–11), forming structural highs beneath the salt 
layer and the diapirs (Figs. 10 and 20d). 

The precipitation of the salt layer was followed by the deposition of 
the layered evaporites in the Late Miocene (Figs. 4 and 14). Growth 
seismic sequences and moderate to large thickness variation are 
observed in these sediments, which indicate a Late Miocene synhaloki
netic deposition (Figs. 12 and 20d). During this period, several NW-SE 
basement faults were active. They resulted in the formation of de
pressions where layered evaporites deposited, causing differential 
loading and withdrawal of the underlying salt (Fig. 20d). These obser
vations indicate that the northern Red Sea underwent thick-skinned 
extension during the Middle Miocene. Movement along and reac
tivation of basement faults and subsequent and accompanying differ
ential loading triggered salt movement (Koyi, 1991; Vendeville and 
Jackson, 1992a; 1992b; Koyi et al., 1993a; Jackson and Vendeville, 
1994). Variations in the thickness of the layered evaporites and the 
structures displayed between the salt diapirs may indicate the passive 
stage of diapiric growth with the beginning of the deposition of the 
layered evaporites. The continuous movement of the major reactivated 

basement faults and salt movement caused the formation of several 
suprasalt normal faults with NW to NNW dominant trend, parallel to 
sub-parallel to strike of the salt structures (Fig. 17b and 20d). The 
downlaps of the layered evaporite reflections near the present Egyptian 
shoreline are probably generated by hanging wall subsidence above a 
low-angle growth fault (Fa1, Fig. 12). 

5.1.2. Stage 2 (Early Pliocene) 
The Pliocene-Quaternary sequence is characterized by several sedi

mentary cycles (Figs. 10 and 12), which are divided into two main stages 
for simplicity. The Early Pliocene siliciclastic deposits were uncon
formably deposited above the layered evaporites, which were mobile 
(Fig. 14). The resulting erosional surface (labelled S-reflector) is sharp 
and evident at different locations in all the seismic sections (Figs. 5–13). 
Erosion of the layered evaporites, attributed to an abrupt fall of the Red 
Sea level in the latest Miocene or the earliest Pliocene (Mitchell et al., 
2021), was probably due either to subaerial exposure (Colombo et al., 
2014) or to the effect of waves in the shallow marine environment 
(Mitchell et al., 2017). The S-reflector is strongly reflective and 
continuous above the salt diapirs and anticlines of the layered evaporite 
sequence. In contrast, this erosive surface is vague in the basins, where 
Pliocene reflections seem to be conformable with those of layered 
evaporites. It is commonly regarded as a correlative conformity (Cart
wright et al., 1993; Li and Schieber, 2022), indicative of depositional 
continuity (Figs. 5–13). This observation suggests that the top surface of 
the layered evaporites was probably not flat but displayed relief due to 
salt movement, and some parts of the surface remained submerged even 
during the drawdown of the Red Sea level. 

The large thickness variation in the Pliocene sequence and its 
discordant relationship with the layered evaporites are interpreted to 
indicate that halokinesis was active during this period, creating mini- 
basins flanked by salt diapirs (Fig. 20c). Several growth seismic se
quences were observed within the mini-basins, onlapping the uplifted 
layered evaporites. Furthermore, toward the shoreline, indication of 
depocenters migration is evident, indicating salt basinward flow 
(Figs. 5–12). Preexisting suprasalt faults remained active while new ones 
were formed due to the continuous salt evacuation and probably due to 
continued movement along the basement faults. Movement along the 
subsalt and suprasalt faults and the differential loading in stages 1 and 2 
were responsible for the evacuation and expulsion of most of the salt 
layer into the layered evaporites and the development of the major salt 
structures offshore Quseir. The basement highs northeast of the master 
faults within the basin (F2 and F3) may have hampered seaward salt 
flow (Figs. 5 and 20c). 

Fig. 15. Top (a) and 3D (b) views of the top of the salt layer displaying five salt walls trending NW-SE to NNW-SSE. D and SB denote diapir and subbasin, 
respectively. The movie is attached to the supplementary materials. 
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5.1.3. Stage 3 (Plio-Pleistocene) 
Continuous evacuation of the remaining salt during the Plio- 

Pleistocene caused subsidence between the major salt structures. New 
siliciclastic sediments were deposited unconformably above the Early 
Pliocene sequence, indicating erosional surfaces between two sedi
mentary cycles (Figs. 2, 6, 8, 10 and 12b). Movement of the underlying 
salt caused the migration of depocenters southwestward. Furthermore, 

during this stage, most of the remaining mobile salt in the southwestern 
region of the offshore Quseir was depleted (Figs. 5–11 and 20b). In 
contrast, a significant amount of salt, with an average thickness of 500 
m, remained surrounding the basement highs in the southeastern sector 
of the study area (Fig. 20b). Most of the suprasalt faults die out before 
cutting the seafloor. However, in the northwestern and southeastern 
regions of the offshore Quseir, several suprasalt faults have been 

Fig. 16. Time slices at − 2.5 (a), − 2.0 (b), − 1.8 (c), − 1.6 (d), − 1.4 (e), and − 1.2 s (f) showing the distribution of salt walls in the offshore Quseir. Blue and red 
polygons denote the boundary of salt walls and seamount, respectively. D is diaper, and SB is subbasin. (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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recognized offsetting the seafloor with throws ranging from a few tens of 
metres to 200 m (Figs. 1, 5 and 17a and 20b). 

5.1.4. Stage 4 (Volcanic Eruption) 
The Quaternary period witnessed a magmatic event in the northern 

Red Sea as several volcanic edifices have been recognized from 
geophysical data (Cochran et al., 1986; Ali et al., 2022a; 2022b). The 
two basement highs recognized in the southeastern region of the Quseir, 
near the Brothers Islands, were identified as volcanic sites (Ali et al., 
2022a). The magmatic supply followed a generalized crustal thinning 
stage and probably erupted through major fault zones (F2 and F3). The 
Plio-Quaternary sequence shows significant thinning toward the salt 

diapirs in some segments of the study area, suggesting continued salt 
movement and growth of salt structures (Figs. 2, 5 and 20a). Moreover, 
most of the salt structures offshore Quseir experienced minor sag or 
diapiric falls related to the continuous extension in the Red Sea, which is 
still an active rift (e.g., Cochran and Martinez, 1988; Bosworth et al., 
2005). The recorded seismicity in the northern Red Sea indicates a large 
number of earthquakes, which are characterized by low to moderate 
magnitudes (Al-Ahmadi et al., 2014; Bosworth et al., 2020). The number 
of seismic events and those of the larger earthquakes gradually increase 
northward, reaching their maximum at the Sinai triple junction (Bos
worth et al., 2020, their Fig. 9.3). Based on the global Centroid Moment 
Tensor (CMT) catalogue, the focal mechanisms of the earthquakes, as 
expected, are predominantly normal dip-slip with strikes in the 
NNW-SSE and NW-SE directions, parallel to the rift orientation of the 
Red Sea (Badawy et al., 2008; Abdel-aal and Yagi, 2017). 

5.2. Thick-skinned versus thin-skinned extension 

Several key features have been observed in the seismic data to sup
port thick-skinned extension as a dominant mechanism for salt mobili
zation offshore Quseir (Figs. 10 and 20). Thick-skinned extension 
accompanied by syn-kinematic sedimentation (which has caused dif
ferential loading) are likely to have triggered salt movement (Fig. 20). 
The seismic data used in this study do not provide any evidence to 
support a progradational loading system or the existence of a 

Fig. 17. TWT map of top (a) Plio-Quaternary sediments and (b) 
layered evaporites. 

Fig. 18. TWT map of top salt (a) and base salt (b). D is diapir, and SB 
is subbasin. 

M. Ali et al.                                                                                                                                                                                                                                      



Journal of Structural Geology 176 (2023) 104955

15

sedimentary wedge. The following arguments are used to support the 
thick-skinned extension.  

1. Existence of reactivated basement normal faults. Several subsalt 
faults were recognized on the seismic sections. These faults 

penetrated the base of the salt sequence and are interpreted to have 
caused asymmetric sedimentation and differential loading on the 
underlying salt layer (Figs. 9–11 and 20).  

2. Large thickness variations in the layered evaporites and Plio- 
Quaternary deposits (across basement faults). This thickness varia
tion could be related to displacements of basement faults or/and salt 
withdrawal. The maximum thickness of the overburden is found 
directly above the hanging wall of the subsalt faults (e.g. Figs. 5 and 
9).  

3. Significant topography at the base of the salt sequence. The seismic 
sections display large changes in the topography of the base salt, 
especially across the major subsalt faults (F1 and F2; Figs. 5, 10 and 
12). Subsalt topography, likely generated by movement along base
ment (subsalt) faults, played an important role in triggering salt 
movement and probably controlled the spatial distribution of salt 
structures.  

4. Trend of salt walls. Several salt walls are parallel to and grow above 
the main structural/fault trend of the Red Sea (NW-SE) (Figs. 10 and 
18).  

5. The existence of gravity gliding and suprasalt faults. Subsalt faults 
contributed to a change in the slope of the northern Red Sea margin 
dipping towards the ENE. This has caused extension and gliding of 
the overburden basinwards above the salt, resulting in the formation 
of many suprasalt faults. Most of these faults trend NW-SE and are 
located above and close to the diapir crests (Figs. 5–13).  

6. Diapir fall or sag. Suprasalt faults were observed above the crests of 
the salt structures, indicating continued extension of the area and 
diapiric fall. It is assumed that the feeding salt layer is depleted and 
welds formed below mini-basins (e.g. Fig. 5). 

Seismic observations indicate that most of the basement faults in the 
central part of offshore Quseir die out within the salt layer or cannot be 
traced in the cover units, indicating a decoupled system (e.g. Figs. 6 and 
7). However, some major subsalt faults penetrated the salt layer and the 
overburden, suggesting a coupled system in the eastern and western 
sectors of the offshore Quseir (Figs. 5, 10 and 11). It is generally thought 
that the basement will be stretched and faulted in a rifted margin that 
has undergone crustal extension. Such deformation will directly affect 
any salt layer resting on this basement. This is corroborated by several 
physical experiments (Koyi et al., 1993a; 1993b; Withjack and Callaway, 
2000; Dooley et al., 2004; 2017; Burliga et al., 2012; Dooley and Hudec, 
2017). The salt layer in the Red Sea was precipitated above a faulted 
basement, which strongly impacted salt flow and sediment deposition. 
Therefore, it is both likely and expected that salt mobilization was 
within the framework of thick-skinned tectonics. Salt movement began 
with the precipitation of the layered evaporites during Late Miocene and 
continued until Pleistocene, creating several salt walls in the NW-SE to 
NNW-SSE directions. Although, the interpreted salt structures do not 
reach the seafloor, their growth must have continued after the deposi
tion of the S-reflector, which is bent above the salt diapirs. The massive 
salt layer was probably depleted, or the extension rate was greater than 
the salt supply to the diapirs during the Pleistocene, as several local sag 
basins and grabens have been recognized above the salt diapirs. They 
were probably generated due to the salt fall during continued extension 
along the margin (Figs. 5–11). The seafloor of the study area is irregular, 
showing changes in bathymetry, indicating that these areas are 
currently tectonically (and probably, halokinetically) active. Salt 
movement ceased in some parts of the central region of the Red Sea 
earlier at the Miocene-Pliocene boundary, implying that salt expulsion 
was heterogeneous (Mitchell et al., 2022). 

Rowan (2014) and Tubbs et al. (2014) suggested that the 
Middle-Late Miocene salt layer was dominantly deformed by 
thin-skinned gravitational failure, while Smith and Santamarina (2022) 
proposed that carbonate platforms and alluvial sediment fans drive salt 
withdrawal. Based on the observations above, we think that 
thick-skinned extension strongly contributed to salt mobilization and 

Fig. 19. Isopach maps of (a) Plio-Quaternary sequence, (b) layered evaporites, 
and (c) salt layer. 
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continued movement in the northern Red Sea. However, the presence of 
gravity gliding, suprasalt faults, ramp syncline basins, and diapir sag 
show that the thick-skinned extension induced thin-skinned extension 
offshore Quseir. The thin-skinned extension in offshore Quseir is not 
considered to be regional; the main basement faults compartmentalize 
the area into sub-basins where thin-skinned extension occurs locally 
(Fig. 10). In addition, although there is lateral movement of the layered 
evaporites and Plio-Quaternary sequence, some of the diapirs remain 
“resting” above basement horsts influenced by two main basement faults 
on both sides of the diapirs. Figs. 9 and 10 display a good example of salt 
wall D4, formed above a horst where salt has moved up-dip to the 
low-pressure zones in the footwall of the subsalt faults. In other words, 
diapirs feed from both sides of the horst and stay above the basement 
faults. In an extensional tectonic system where basement faults domi
nate, it is likely that the movement of these faults does influence salt 
diapirism, both as triggers and/or affects the continued evolution of salt 
structures. Furthermore, it is thick-skinned extension does not exclude 
thin-skinned extension happening locally in areas between the major 
basement faults. 

5.3. Comparison with physical models 

Several examples for salt structures triggered by basement faults are 
reported by Ford and Vergés (2021) in the Pyrenees margin, in the 
Danish Basin (e.g. Koyi and Petersen, 1993; Hansen et al., 2021) and the 
Nordkapp Basin in the Barents Sea (e.g. Koyi et al., 1993b; Rojo et al., 
2019). Many studies have described the impact of the basement faults on 
salt mobilization by using scaled analogue models (e.g. Koyi and 
Petersen, 1993; Koyi et al., 1993a; Nilsen et al., 1995; Rojo et al., 2020). 
Seismic observations in the study area are consistent with the results 
from physical models by Koyi and Petersen (1993; their Fig. 5) and Koyi 
et al. (1993a; their Figs. 5 and 6) simulating the effect of basement faults 
on diapirs. The results from these analogue models can be used to sug
gest that the basement faults in the northern Red Sea strongly influence 

the movement of the Middle-Late Miocene salt layer and trigger the 
growth of salt structures. Most of the interpreted seismic sections indi
cate that basement faults formed half-grabens overlain by thick over
burden units, causing differential loading on the salt layer. The salt 
moved up-dip to the low-pressure zones in the footwall and up-dip along 
the uplifted part of the rotated hanging walls (e.g. Figs. 5 and 11). The 
seismic interpretation suggests that most of the salt walls in offshore 
Quseir are associated with basement-involved faults (Figs. 5–13). 
Sandbox model results by Koyi et al. (1993a; their Fig. 6) display that 
salt structures triggered by subsalt faults are not necessarily located 
directly above these faults. Based on the results from physical models by 
Withjack et al. (1990), Koyi et al. (1993a) and others, the location of the 
resulting salt structures is strongly associated with the overburden 
deformation due to the basement-involved faulting. They suggested that 
the basement faults stretched the overburden and created the space 
through which the salt layer could flow up-dip. Our seismic observations 
are strongly consistent with this suggestion, as all the salt diapirs 
offshore Quseir are found below weak zones of the layered evaporites 
and the Plio-Quaternary sequence. This is also the case for salt wall D3, 
which is not associated with basement faults (Figs. 5 and 6). 

In the southeastern part of the offshore Quseir, a few pillows have 
been recognized on the uplifted sector of the rotated hanging walls of 
basement faults. These pillows are immature and smaller compared to 
the major salt diapirs (D1-D5), located directly above the tip of the 
basement faults. These observations are compatible with the results of a 
physical model by Koyi et al. (1993a; their Model 3, Fig. 5b). They 
suggested that, along the fault, salt flows faster due to the higher 
loading. However, part of the salt in the half-graben is displaced along 
the tilted hanging wall, where it may form a pillow or an immature salt 
structure (Figs. 5 and 6). 

Furthermore, the seismic data show several ramp-syncline basins 
(RSBs) characterized by asymmetric and landward depocenter migra
tion. The kinematics and stratigraphic architecture of these structures 
have been documented in both analogue models (McClay and Scott, 

Fig. 20. Schematic reconstruction of the southern part of the offshore Quseir from the Middle Miocene to the present.  
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1991; McClay, 1996; Dooley et al., 2017; M. Pichel et al., 2019) and 
numerical models (Pichel et al., 2018). Model results show two types of 
RSBs: extensional/classic and salt-detached RSBs. We have used model 
results to identify extensional and salt-detached RSBs offshore Quseir. 
The classic RSBs are found on the hanging wall of the F1 master fault 
(Figs. 10 and 12) and display asymmetric depocentres with 
basinward-dipping axial trace. However, the geometry and the axial 
trace of the observed extensional RSBs are strongly compatible with the 
modeled RSBs by McClay (1996), some components are probably 
salt-related (Fig. 10). The salt-detached RSBs were recognized in the SB2 
and SB3 between the major salt structures (i.e., between D4 and D2 salt 
diapirs; Figs. 9 and 10), their geometry and axial trace are similar to the 
modeled salt-detached RSBs by Pichel et al. (2018). The Plio-Quaternary 
unit translates above the Middle-Late Miocene evaporite sequence. Like 
the extensional RSBs, the salt-detached RSBs show a basinward-dipping 
axial trace with landward-shifting depocenters displaying 
extension-related components (Figs. 9 and 10). The surface boundaries 
of both RSBs are diachronous, and they have onlap, baselap and toplap 
terminations. The RSBs have been documented by Rowan (2014) above 
the hanging wall of basement faults in the Saudi Arabian margin. 

6. Conclusions 

Interpretation of two-dimensional and three-dimensional seismic 
surveys and borehole data support the presence of five major salt walls 
(D1-D5) and several immature salt structures in the central part of the 
Egyptian Red Sea rifted margin. The salt walls trend from NW-SE to 
NNE-SSW and have been interpreted to be associated with basement 
faults. They show relatively irregular crests and moderately-dipping 
flanks with an average width of 5 km at the base and 1.5 km at their 
crest. Salt structures exhibit variable amplitudes between 0.6 and 1.2 s 
TWT (~1250–2500 m). Salt wall D2 is the longest salt structure, with a 
total length of approximately 46 km. Salt structures are associated with 
overburden faults and folds. Our observations support a decoupled 
system in the offshore Quseir. However, in the eastern and western parts 
of the study area, the existence of major subsalt faults penetrating the 
overburden suggests that the stretching overburden was coupled to the 
subsalt strata and basement. 

This study demonstrates that thick-skinned extension was the main 
driver for salt mobilization in the offshore Quseir. However, locally, the 
thick-skinned extension resulted in minor thin-skinned extension, where 
subsalt deformation is decoupled from that in the overburden. Growth 
seismic sequences, large thickness variations, and diapiric contacts are 
observed in the layered evaporites, suggesting that the study area un
derwent thick-skinned extension during the Late Miocene, i.e., extension 
affected the continental crust. Furthermore, the presence of suprasalt 
faults, SW-shifting depocenters, and thickness variation in the Plio- 
Quaternary sediments indicate that thick-skinned extension continues 
in offshore Quseir. Moreover, in the central part of the northern Red Sea, 
the massive salt layer was probably depleted during the Quaternary and 
the salt walls experienced diapiric fall due to the continuous extension. 
A comparison between seismic observations and the results from several 
physical models investigating the influence of basement faulting on salt 
mobilization supports our interpretation that the basement faults 
offshore Quseir had a significant impact on the movement of the salt 
layer and triggered the growth of salt structures. 
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of seafloor spreading throughout the Red Sea basin. Nat. Commun. 12, 1–10. 

M. Ali et al.                                                                                                                                                                                                                                      

https://doi.org/10.1016/j.jsg.2023.104955
https://doi.org/10.1016/j.jsg.2023.104955
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref1
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref1
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref1
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref2
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref2
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref2
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref3
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref3
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref3
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref4
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref4
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref4
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref5
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref5
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref5
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref6
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref6
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref6
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref6
https://doi.org/10.1144/jgs2022-105
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref8
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref8
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref8
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref9
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref9
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref10
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref10
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref11
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref11
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref11
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref11
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref12
http://refhub.elsevier.com/S0191-8141(23)00172-4/sref12


Journal of Structural Geology 176 (2023) 104955

18

Badawy, A., Mohamed, A.M.S., Abu-Ali, N., 2008. Seismological and GPS constraints on 
Sinai sub-plate motion along the Suez rift. Studia Geophys. Geod. 52, 397. 

Ball, P.J., Stockli, D.F., Robbins, S., Tugend, J., Masini, E., 2018. Northern Red Sea: 
Unravelling the Tectono-Thermal Evolution of a Hyper-Extended Rift System. La 
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