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Abstract

The geodynamic evolution of the East Mediterranean Sea (EMS) in the Mesozoic remains a “Gordian knot” tying together
the Atlantic and Tethys oceanic systems. A key to unravel its complex evolution resides in determining the structure and
formation age of its passive margins. Here, we investigate the Mesozoic architecture of different segments of the southern
passive margin of the EMS using 2D and 3D seismic data combined with stratigraphic observations and gravity anomaly
maps. Based on these offshore datasets, a new structural rift domain map of the eastern EMS is proposed showing the
distribution of different crustal domains. Regional cross sections from the Western Desert to the northern Levant passive
margins systematically show a sharp crustal neck of the EMS passive margins passing laterally in less than 30 km from
moderately thinned continental crust (20-25 km thick) overlain by post-rift carbonate platform to distal deep basin (top
basement > 8 s TWT). This sharp crustal thinning observed on both the southern and eastern margins of the EMS hampers
the unambiguous identification of transform passive margin segments from orthogonal ones. The age of rifting and spread-
ing of the different EMS basins are only partially constrained by boreholes and seismic correlation. To reduce uncertainties,
we analyze and integrate the stratigraphic rift record from onshore former conjugate margins, which are now integrated in
the Alps, Balkanides, Hellenides and Taurides belts on the northern side of the EMS. With this offshore/onshore approach,
we identified the spatial and temporal evolution of rifting and spreading activity around EMS, highlighting poly-phased and
poly-directional events from the Permian to the Cretaceous. We show that two competing geodynamic engines controlled
extensional processes in the EMS: the opening of the Central Atlantic since the Late Triassic to the southwest and the evolu-
tion of multiple subduction zones in the Tethys domain to the northeast.
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Introduction

From the Late Paleozoic to the Cenozoic, the Tethys domain
represented an assemblage of multiple oceanic branches,
rifted basins, micro-continents and convergent plate bounda-
ries, forming a V-shape realm between Gondwana and Eura-
sia continents (Sengor and Yilmaz 1981; Robertson et al.
2007). Almost all of the distinct segments of the Tethys
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domain were subsequently subducted or integrated in the
wide Tethyside orogenic complex that runs from Western
Europe to SE Asia (Sengor 1990; van Hinsbergen et al.
2020). The geodynamic evolution of the Tethys domain is
therefore mostly based on the analysis of different orogenic
belts (e.g., Alps, Hellenides, Dinarides, Pontides, Taurides.
Figure 1). However, the southern and eastern rifted margins
of the Eastern Mediterranean Sea (EMS) (Fig. 1) remain
relatively intact and provide the most relevant clues on the
mechanisms of Tethyan rifting and breakup (Robertson
2007; Gardosh et al. 2010; Frizon de Lamotte et al. 2011).
There is a general consensus that EMS developed along the
northern margin of Gondwana and led to the separation of
the Greater Adria continent (formed by Apulia/Adria, Pel-
agonia and Taurus continental blocks; Van Hinsbergen et al.
2020). However, the geodynamic processes related to the
opening of the EMS are still strongly debated (e.g. Dercourt
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Fig. 1 Simplified structural map of the EMS and surrounding regions
(compiled after Chamot-Rooke et al. 2005; Faccenna et al. 2014;
Frizon de Lamotte et al. 2011; Ghalayini et al. 2018; Tassy et al.
2015). The topographic base map originated from Etopol (Amante
and Eakins 2009). Yellow surroundings indicate orogenic belts, pink

et al. 1993; Stampfli and Borel 2002; Le Pichon et al. 2019;
van Hinsbergen et al. 2020). The use of distinct geologi-
cal and geophysical datasets has led to markedly contrast-
ing interpretations on the timing of opening of the different
basins of EMS (ranging from Carboniferous to Cretaceous),
its structural evolution (divergent to transform segments)
and kinematics (NNE-SSW to WNW-ESE extension) (Ben-
Avraham et al. 2006; Granot 2016; Segev et al. 2018; van
Hinsbergen et al. 2020).

In contrast to the former Greater Adria rifted margins,
which are currently dismembered and located in different
orogenic belts North of the EMS (Fig. 1), the southern and
eastern EMS rifted margins, from the Malta Escarpment to
the West to Syria to the East, are relatively well preserved
from significant extensional and compressional reactivations
in the Cretaceous and Cenozoic (Ben-Avraham and Grasso
1991; Bosworth et al. 1999, 2008; Sagy et al. 2018). How-
ever, the EMS is affected by several post-breakup events,
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such as, Mesozoic carbonate platforms built-up, gentle folds
(Allen et al. 2016), deposition of thick Cenozoic deltaic
sequences (particularly offshore the Nile Cone Figs. 1, 2),
thick evaporite and salt sequences related to the Messinian
crisis, gravity-driven tectonic structures, as well as vertical
motion in relation to mantle dynamics (Faccenna et al. 2014)
that hamper unequivocal interpretation of basement struc-
tures of the EMS rifted margins. Our innovative strategy to
unravel the eastern EMS opening (East of the Mediterranean
Ridge Fig. 2) is to optimize seismic interpretation by the
identification and mapping of key structural elements on
multiple dense 2D and 3D seismic surveys imaging sub-
surface down to 14 s TWT (Fig. 3). Seismic observations are
interpreted together with gravity anomaly maps to present
a structural rift domain map of the easternmost part of the
EMS (Figs. 2, 3, 4). Rift domain maps show the distribu-
tion of different crustal domains of passive margins (Tugend
et al. 2014, 2015a) and can be used to constrain palinspastic
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Fig.2 A Free air gravity map (Sandwell et al. 2014) and B Total
Horizontal Gradient (THG) of the Bouguer gravity anomaly from
the Eastern Mediterranean Sea. The location of the seismic profile is

plate models of rift systems (Tugend et al. 2015b; Nir-
rengarten et al. 2018; Peace et al. 2019). We selected and
interpreted four composite seismic sections from various
locations and orientations that show the abrupt structure of
the preserved EMS passive margins. Offshore, borehole cali-
brations constrained the post-rift series but were frequently
unable to constrain the base of these series (Beydoun 1977;
Gardosh and Tannebaum 2014; Tassy et al. 2015), leading to

Free air gravity

-100

Bouguer THG
(mGal.m?)

[ . ] Accretionary wedges
o ESP (de Voogt et al., 1992)

indicated. P1 to P4 are respectively shown on Figs. 6, 7, 8, 9. CF:
Carmel Fault; CyA: Cyprus Arc; ES: Eratosthenes Seamount; ESP:
expanding spread profiles; NDSF: Nile Deep Sea Fan

insufficient constraints on the spatial and temporal evolution
of rifting and spreading. We therefore integrate a focused
review on the rift events recorded in the tectonics unit inte-
grated in the Eurasian fold and thrust belts (Schmid et al.
2020) to better constrain the timing of extensional defor-
mation that shaped the EMS passive margins and different
sub-basins. The results of this original offshore/onshore
approach are analyzed in light of global plate motion to
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Fig.4 Rift domain map of the Easternmost Mediterranean Sea over-
laying the THG shaded relief grid. The location of the seismic profile
is indicated. P1 to P4 are respectively shown on Figs. 6, 7, 8, 9. Pink

determine the geodynamic engines responsible for the EMS
extensional evolution.

Geological setting

In between Africa and Eurasia, the Mediterranean Sea
domain presents heterogeneous topography and bathymetry
reflecting the complex spatial and temporal interaction of a
variety of tectonic processes (Fig. 1). At present, the EMS
domain is a seismogenic zone comprising active strike slip
(e.g. Dead Sea Fault Fig. 1) and convergent plate bounda-
ries (e.g. Mediterranean Ridge, Calabrian Prism Fig. 1)

@ Springer

the different shades of blue dots. Each domain boundary (shaded blue
dot) is discussed in Sect. 3. H Thinned CC: Highly thinned continen-
tal crust

32

30

32 34 36 38
"~ Normal faults —— Inverted basins

m Accretionary
wedges

= Strike-slip faults

surroundings correspond to the Mesozoic deep basins, Blue color font
indicate the investigated margins. CF: Carmel Fault; ES: Eratosthenes
Seamount; MLT: Mount Lebanon Thrust; NDSF: Nile Deep Sea Fan

(McKenzie 1972). GPS data highlight the northward motion
of Arabia, the westward motion of Anatolia and the slab
subduction below the Mediterranean Ridge and Calabrian
Prism (Reilinger et al. 2006; Palano et al. 2012). The EMS
can be subdivided from north to south into three distinct
structural domains: 1) accretionary prisms (Calabrian Prism,
the Mediterranean Ridge and the Cyprus arc), 2) deep basins
(Ionian, Herodotus and Levant basins), 3) rifted continental
passive margins (Fig. 1). From the northwest to the southeast
of the EMS, the Calabrian Prism, the Mediterranean Ridge
and the Cyprus arc form a convergent plate boundary where
northern Africa subducts below Eurasia (Dewey and Bird
1970; Jolivet et al. 2003) (Fig. 1). The EMS is formed of
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three main deep basins highlighted by bathymetric and free
air gravity maps (Figs. 1, 2A). To the west, the Ionian Basin
is subducting below the Calabrian Prism and the Mediterra-
nean Ridge (Fig. 1). The Herodotus Basin, located east of the
Mediterranean Ridge and offshore Western Desert, is sepa-
rated from the Levant Basin by the Nile Deep Sea Fan (north
of the Nile Cone, Fig. 1) and the Eratosthenes Seamount
(south of Cyprus and Latakia Ridge, Fig. 1). Preserved EMS
rifted margins (divergent, transform or oblique) are found
along northeastern Africa and northwestern Arabia plates,
spanning over 2400 km and are separated in different seg-
ments (Fig. 1). From West to East, rifted margins are found
along the Malta Escarpment, the Sirte Basin and margin, the
Cyrenaica margin, the Western Desert margin, the northeast
Egyptian margin and the entire Levant margin (Fig. 1) (note
that these rifted margins are detailed in Sect. 4).

The oldest known building block of the EMS includes
continental lithosphere derived from the collision of the
Saharan metacraton with the Arabia Nubian Shield dur-
ing the Neoproterozoic East African Orogeny (Fritz et al.
2013) (SM1). Subsequently, the northern domain of this
continental block was affected by the Late Neoproterozoic
Cadomian orogeny and back-arc magmatism (Avigad et al.
2016) (SM1). The Paleozoic evolution of the Northern
African-Arabian domain is characterized by the deposition
of siliciclastic sequences at the northern margin of Gond-
wana (Avigad et al. 2003). An “arch and basin” geometry
formed at that time in response to different thermal and
extensional events which caused polygenic unconformities
often wrongly unified as the “Hercynian Unconformity”
(Frizon De Lamotte et al. 2015). Indeed, most of the domain
is outside of the Carboniferous Variscan orogen which can
be found further West in Morocco and on the Eurasia conti-
nent (Matte 2001). The Herodotus Basin has been suggested
to be of oceanic nature and as old as Carboniferous based
on loosely defined geomagnetic timescale (Granot 2016)
and related to the Variscan orogeny dynamic (Stephan et al.
2019). However, no evidence for this early opening has been
described from the sedimentary record neither offshore nor
onshore. In contrast, Permian basins are widespread and can
be found in the Palmyrides (Syria), Sicily and Crete (Fig. 1)
(Brew et al. 2001; Robertson 2006). The tectonic context of
these basins is still poorly understood but pelagic carbonates
are observed in central Sicily and interpreted as deposited
during a widespread episode of continental rifting (Basilone
et al. 2016).

The evolution of the EMS in Neoproterozoic and Paleo-
zoic implies that multiple tectonic events are superimposed
on each other. Hence, assessing different generations of
inheritance in the geological record is crucial to constrain
the evolution and inferred age of formation of these rifted
margins (Buiter and Torsvik 2014; Petersen and Schiffer
2016). During the Mesozoic, poly-phased rifting, breakup

and seafloor spreading characterize the evolution of the
Western Tethys. In particular, four key periods have been
identified: 1) Middle Triassic (Meliata, Maliac, Balkan
Neo-Tethys oceans) (Kozur 1991; Ferriere et al. 2012), 2)
Late Triassic (Pindos, Southern Neo-Tethys branch, EMS)
(Sengor et al. 1984; Robertson et al. 1996), 3) Early/Mid
Jurassic (EMS, Alpine Tethys) (Gardosh et al. 2010; Frizon
de Lamotte et al. 2011), 4) Cretaceous (EMS, Levant Basin)
(Dercourt et al. 1993; Segev et al. 2018). Specifically, the
timing of opening of the EMS, its structural evolution (diver-
gent to transform segments) and kinematics (NNE-SSW to
WNW-ESE extension) remain largely debated. For instance,
based on crustal thickness maps determined by gravity inver-
sion, Cowie and Kusznir (2012a) suggested that the whole
Levant margin is an orthogonal margin while the Western
Desert margin represents a transform margin (Fig. 1). In
contrast, Schattner and Ben Avraham (2007), based on
morphological criteria, interpreted the northern and central
Levant margin as a transform margins (North of the Carmel
Fault CF Figs. 1, 2). Along the western rim of the EMS,
the NW-SE oriented Malta Escarpment (ME, Fig. 1) has
recently been interpreted as a paleo transform margin by
wide-angle and reflection seismic imaging (Fig. 1) (Dellong
et al. 2018; Tugend et al. 2019) suggesting a perpendicular
(NE-SW) oriented spreading system. Geodynamic models
also differ in terms of directions and age of EMS opening:
Stampfli and Borel (2004) proposed a Permian opening in
a direction parallel to the Levant margin. Van Hinsbergen
et al. (2020) and Dercourt et al. (1986) supported an open-
ing in such a direction, but at markedly distinct time inter-
vals, namely Late Triassic-Early Jurassic and Early-middle
Cretaceous respectively. Although the global plate model of
Miiller et al. (2019) does not integrate the complexity of the
EMS opening, a trans-tensional opening is assumed, based
on the motion of NE Africa relative to Eurasia. This trans-
tensional motion is in accordance with Frizon de Lamotte
et al. (2011) and Le Pichon et al. (2019), who proposed that
the northern African margin is a transform or highly oblique
margin active in the Jurassic and even Cretaceous and related
to the opening of the Central Atlantic. Recently, Jagger et al.
(2020) proposed a poly-phased and poly-directional rifting
and breakup leading to a Middle Triassic to Middle Jurassic
(240-170 Ma) breakup/opening of the easternmost domain
of the EMS (Levant-Herodotus basins Fig. 1) and a Late
Jurassic to mid Cretaceous (145-93 Ma) opening of the
western part of the EMS (Ionian Basin) (Fig. 1).
Compressional tectonic started during the Cretaceous
Magnetic Quiet Period (~ 120-84 Ma) in EMS as a con-
sequence of the opening of the Equatorial Atlantic and the
northeastward motion of Africa (Dewey et al. 1989; Rosen-
baum et al. 2002) leading to the subduction of the northern
EMS oceanic crust below the different accretionary sys-
tems (Menant et al. 2016). In addition, fold structures are
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observed on the southern Levant and Cyrenaica margins and
are related to far field deformation named Syrian Arc phase,
which initiated at ca. 80 Ma. (Fig. 1) (Arsenikos et al. 2013;
Sagy et al. 2018). Contrary to the southern margin of the
EMS which was little affected by compression, the northern
margin collided with the southern Eurasia margin, leading
to the incorporation of dismembered rift structures in folds
and thrusts belts (Schmid et al. 2020) (Fig. 1, SM2). In cer-
tain instances, these rifted margins were partly subducted,
as highlighted by the Plattenkalk unit (Crete) which con-
tains Mesozoic passive margin sequences metamorphosed to
high pressure in the Miocene (8—10 kbar, 300—400 °C, Ring
et al. 2001). However, despite complex and variably intense
Cretaceous and Cenozoic orogenic overprints, Mesozoic
stratigraphic records and ophiolitic belts can still be recog-
nized on the Balkan and Anatolian Peninsulas, providing key
information to constrain rifting, spreading and subduction
dynamic of the EMS (see review of Schmid et al. 2020).

In the Tertiary, thick (>4 km) siliciclastic sedimentary
packages accumulated in the Levant and Herodotus Basins
(Hawie et al. 2013). This sedimentary flux originated mostly
from the onset of the Nile river system (Macgregor 2012)
which was driven by the uplift and denudation of the Afro-
Arabian plate induced by the Afar mantle plume in the Late
Eocene (Bosworth et al. 2005). More recently, the African-
Eurasian convergence reduced the seawater circulation
between the Atlantic Ocean and the Mediterranean Sea at
the Gibraltar Strait leading to the deposition of evaporitic
sequences during the Messinian Salinity Crisis (6-5.3 Ma)
(Roveri et al. 2016).

Data and methodology

In this contribution, we adopt an offshore and onshore
approach to best constrain the spatial and temporal evolu-
tion of the rift and spreading events that shaped the EMS
passive margins (Levant, Western Desert) and deep basins
(Herodotus, Levant). Offshore, regional composite seismic
profiles (Sect. 4) show the Mesozoic stratigraphic architec-
ture and crustal structure of the southern and eastern EMS
passive margins. These new interpretations integrate results
from existing extensive geophysical surveys in the region
as well as available borehole calibrations and stratigraphic
correlations. To reduce uncertainties in the interpretation
of the deepest parts of the basins, offshore interpretations
are completed by the integration of observations from the
northern conjugate rifted margins now sampled as remnants
in onshore orogenic belts (Sect. 5).

Passive margin crustal architecture alone is insufficient
to discriminate between orthogonal and transform segments
of the EMS, and hence deduce the kinematics of rifting and
spreading events. Offshore and onshore observations are
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subsequently confronted with existing plate kinematic recon-
structions to determine the driving forces responsible for the
Mesozoic opening of the EMS and deduce the most probable
directions of extension in a global kinematic frame (Sect. 6).

Dataset compilation

The main dataset used in this study consists of industrial 2D
and 3D seismic reflection lines extending offshore from the
Mediterranean Ridge to the Levant margin (Fig. 1). TotalEn-
ergies provided access to seismic data that were interpreted
on a workstation using Sismage software allowing the cor-
relation of the different horizons and structural elements.
Although the quality and penetration depth of the seismic
profiles is variable, coherent reflection pattern up to 8 s
TWT are typically observed. To highlight the main struc-
tural elements of EMS rifted margins and capture their lat-
eral variability, we generated and interpreted four composite
sections using available stratigraphic correlations (Gardosh
et al. 2010; Tassy et al. 2015; Ghalayini et al. 2018). Seismic
acquisition parameters are variable for the different selected
profiles depending on the company that acquired and pro-
cessed the data. Data origin is acknowledged in the figure
captions.

We also include in our integrated analyses: (1) Published
seismic refraction data (Makris et al. 1983; Ben-Avraham
et al. 2002; Welford et al. 2015; Feld et al. 2017) to charac-
terize the crustal velocities along different profiles and inter-
pret them as lithologies; (2) Onshore and offshore borehole
data (Garfunkel and Derin 1984; Robertson 1998) and (3)
Maps of free air gravity (Fig. 2A) and magnetic anomalies
(Sandwell et al. 2014; Meyer et al. 2017). Transform gravity
grids such as the total horizontal gradient of the Bouguer
gravity anomaly (Fig. 2B, THG) that locates the extrema
value over the edge of the body (Blakely 1995) are used
to extend the mapping of structures when these could not
be imaged by seismic reflection and refraction profiles. We
also integrate regional structural maps (Chamot-Rooke et al.
2005; Jagger et al. 2020) as well as stratigraphic, metamor-
phic, petrologic, geochronological and structural data from
the EMS western and northern margins which have already
been interpreted into tectonic maps (Schmid et al. 2020; van
Hinsbergen et al. 2020).

Approach to map structural rift domains in the EMS

The rift mapping methodology is based on the identifica-
tion of structural elements that characterize different crustal
domains of a given passive margin (e.g., main escarpments,
carbonate platform edges, structural style, top basement
depth and morphology). Here we adapt the mapping meth-
odology developed for hyper-extended magma-poor rifted
margin (Peron-Pinvidic et al. 2013; Tugend et al. 2015a)
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to the EMS rifted margins. The EMS rifted margins show
distinct structural characteristics that can be identified across
the different segments as summarized in an idealized section
in Fig. 3. The characteristics of the different rift domains are
outlined below:

- The proximal rift domain is generally characterized by
very little to no crustal thinning. The proximal domain can
be characterized by its post-rift sedimentary architecture,
as carbonate platforms are only aggradational whereas ret-
rogrationnal rimmed platform margins develop on thinner
crust (Fig. 3). We therefore map this limit in the style of
carbonate platform building as the proximal/ thinned conti-
nental crust domain boundary (dark blue dot Fig. 3). Onset
of thinning can also be roughly located using a thinning fac-
tor map based on gravity inversion based on public domain
data (Cowie and Kusznir 2012a) (SM 2). Seismological and
gravity modeling show a~30 km thick (continental) crust
along Western Desert margin and west of the Dead Sea Fault
on the Levant margin (Fig. 1), whereas thicker crust (~ 35
to 40 km) is observed along the Saharan Metacraton and
Arabo-Nubian Shield to the south and southeast respectively
(Cowie and Kusznir 2012a, b; Sobh et al. 2019) (SM1). This
variation in crustal thickness is used to identify the boundary
between the proximal domain and undeformed continent.

- The thinned continental crust domain is also covered
by post-rift Mesozoic carbonate platforms (Tassy et al.
2015). However, the platform is retrogradational through
the domain (regression of rimed platform margins) (Fig. 3).
With good quality seismic data, multiple normal faults
bounding sedimentary wedges can be identified below the
post-rift carbonate platform (Fig. 3). The presence of a wide
carbonate platform over tens of millions of years suggests a
relatively low rate of subsidence and, by implication, rela-
tively low crustal thinning. This is in consistent with a crus-
tal thickness of 20-25 km determined on the few wide-angle
seismic profiles available along the Levant margin (Ben-
Avraham et al. 2002). The distal edge of the carbonate plat-
form marks the distal boundary of the thinned continental
crust (medium blue dot Fig. 3).

- The highly thinned continental crust domain corre-
sponds in most cases to a sharp escarpment where the top
basement deepens from~4-5 s to>7 s TWT over a dis-
tance of 10 to 30 km. This sharp transition marked by one
or two extensional faults likely reflects strong crustal thin-
ning from~ 20 to 10 km thick or even less (Fig. 3). Post-
rift sediments passively onlap the highly thinned crust (in
blue, Fig. 3). A calci-detritic slope facies illustrating the
destabilization of the platform edge can be identified (e.g.
Western Desert margin: Tassy et al. 2015). Tertiary folded
structures are preferentially located in this highly thinned
continental crust domain (Fig. 3). Such localization of folds
is likely a consequence of the sediment package overlying
a sharp basement topography (e.g. central Levant margin

(Ghalayini et al. 2018)). The transition to the deep basin
domain corresponds to a sharp top basement slope break
mapped throughout the EMS margins (light blue dot Fig. 3).
- The deep basin domain is characterized by a deep top
basement (>7 s TWT). The identification of the top base-
ment is often problematic. For instance, in the Herodo-
tus Basin, well layered sedimentary packages can locally
be observed down to 11 s TWT (> 10 km) (Jagger et al.
2020) (Fig. 3). Where inferred, the top basement shows a
sub-horizontal morphology (Fig. 3). Sporadic basement
highs (~10 km in width) are occasionally found within
these basins (i.e., structured deep basin) and distinguished
on the rift domain map (hatching in Figs. 4 and 5). These
distal structures often present gentle folding of the post-
rift sequences, whereas pre-existing basements structures
such as fault bounded rotated blocks, volcanic seamounts
or mud diapirs accompanied (or not) by carbonate build up
have been suggested/interpreted (Gardosh et al. 2008; Ben-
Gai 2019; Tari et al. 2020) (Fig. 3). The basement nature
of the deep basin domain is unclear and could correspond
to oceanic crust, exhumed mantle or highly thinned conti-
nental crust with possible magmatic additions (de Voogd
et al. 1992; Steinberg et al. 2018). Although the nature of
the basement is partly unconstrained, this domain accom-
modated most of the tectonic extension in the EMS.

Rifted margin architecture
of the easternmost Mediterranean Sea

This result section presents observations and interpretations
along composite seismic sections selected to illustrate the
general structure of different segments the EMS passive
margins. The identification of rift domains is presented on
maps (Figs. 4, 5) and illustrated by four regional seismic
cross sections across different margin segments (Figs. 6, 7,
8, 9) that provide key structural elements to unravel the tec-
tonic evolution of the EMS. Significant uncertainties remain
for the stratigraphic interpretation of the deep basins due to
the lack of deep wells. For each segment, first order observa-
tions are summarized and followed by their interpretation.

Levant margin and basin

The Levant margin forms the easternmost rim of the EMS
(Figs. 1, 4). This NNE-SSW oriented rifted margin runs
from the Latakia ridge to the northern Sinai where the coast
changes its orientation to E-W (Figs. 1, 4). We divide the
Levant margin into three segments, namely southern, cen-
tral and northern segments while in the deepest part, the
northern and southern deep Levant basins are distinguished
(Fig. 4).
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Fig. 6 Interpreted seismic sec- SW NE
tion line A crossing the northern Northern Levant Basin Northern Levant Margin
Levant margin (adapted from
Bowmann 2011). Black dashed
line corresponds to the inter-
preted top basement
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Northern Levant margin

The northern segment of the Levant margin is bounded to
the north by the NE-SW striking Latakia ridge, a branch of
the Cyprus arc subduction system which has been active,
albeit not continuously, from the Late Cretaceous to the
present-day (Symeou et al. 2018). The Baér-Bassit ophi-
olite (BB, Fig. 4), which is located to the west of Syria, is
the onshore continuation of this convergent system (Fig. 5).
It is formed of dismembered Late Triassic to Cretaceous
deep-water facies sediments of the Baér-Bassit mélange
(base slope facies) and is located structurally below the Late
Cretaceous supra-subduction Baér-Bassit ophiolites (Al-Riy-
ami and Robertson 2002) indicating at least two extensional
phases. The architecture of the northern Levant margin is
strongly affected by Late Cretaceous Cyprus arc conver-
gent system (Symeou et al. 2018) which places the margin
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in a foreland context (Bowman 2011). Although affected
by compression, tilted rift structures can still be identified
(Bowman 2011). In the northern Levant margin segment, the
edge of the Mesozoic carbonate platform (interpreted bound-
ary between the thinned and highly thinned continental crust
domains, Fig. 3) evolves from being NNE-SWW oriented to
the north (between latitude 35.7° and 34.6°) to being NNW-
SSE oriented further south (between latitude 34.6° and 34°)
(Fig. 4, 5). Our description of the northern Levant margin
structure focuses along a NE-SW oriented section (Fig. 6)
located in the NNE-SSW oriented segment (Fig. 4).

Delimitation and description of structural rift domains The
proximal and thinned continental domains are characterized
by the presence of a Mesozoic carbonate platform showing a
slope break around km 40 (Fig. 6). Seismic reflectors of the
carbonate platform have been calibrated by seismic correla-
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tion with onshore wells in the proximal domain up to latest
Triassic (Bowman 2011). The thinned continental domain
is characterized by NNW-SSE oriented crustal-scale normal
faults below the Mesozoic carbonate platform. Our observa-
tions are in accordance with Ghalayini et al. (2018) describ-
ing growth strata controlled by NNW-SSE oriented normal
faults (fault offset > 2 km) indicative of extensional activity.

The highly thinned domain of the northern Levant margin
is confined to a narrow zone (~ 15 km) characterized by a set
of major high normal faults offsetting the basement filled by
pre-carbonate platform sequences (Bowman 2011). Further
to the SW, seismic imaging is blurred, however thickness
variations of layered sequences suggest the presence of nor-
mal faults controlling half-graben basins in the deepest part
of the profile (5 s TWT) (km 25 and km 35, Fig. 6). The
base of the carbonate platform is partly identifiable on seis-
mic section. Seaward of km 40, the Jurassic and Cretaceous
sequences describe a general deepening and thinning.

The deep basin domain is generally poorly imaged and
has largely been subducted below the Latakia ridge (Fig. 5).
Where it is best imaged, it is characterized by deep top base-
ment (>7 s TWT).

of line D with the associated rift domains. Black dashed line corre-
sponds to the interpreted top basement (Data courtesy PGS)

Interpretations In absence of deep drilling calibration, the tim-
ing of rift activity remains poorly constrained across both the
NNE-SSW and NNW-SSE segments of the northern Levant
margin. Stratigraphic correlations with onshore wells indicate
that the base of the Mesozoic carbonate platform is as old as lat-
est Triassic in the proximal domain. The interpreted presence
of NNW-SSE oriented crustal-scale normal faults (Fig. 6) and
growth strata (Ghalayini et al. 2018) underlying the Mesozoic
platform suggest a pre-Jurassic rift phase occurred in the north-
ern Levant margin (Fig. 6) (Bowman 2011). In the thinned con-
tinental domain, the top of the carbonate platform presents a
different faulting pattern from its base (Fig. 6), suggesting that
the post-rift stage began during the early development of the
platform. Ages of the seismic sequences toward the deep basin
are not directly calibrated. The interpretation of downlaps of
carbonate debris flow on the basin basement (Bowman 2011),
would suggest that the basin is younger or contemporaneous
to the Mesozoic carbonate platform developed on the thinned
continental margin (Fig. 6).

The crust that underlies the northernmost Levant basin is
characterized by a homogeneous velocity structure (Welford
et al. 2015), but the limited extent of the profile cannot be
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used to unambiguously discriminate the continental or oce-
anic nature of the entire basin.

Multiple normal fault trends are observed at the transi-
tion from the thinned continental crust to deep basin domain
in the northern Levant margin, preventing an unambigu-
ous determination of either a normal or transform margin-
type. Constraints on the timing of each set of faults are not
available.

Central Levant margin

The boundary between the northern and central Levant mar-
gin segment near latitude 34° is marked by the Neogene
strike slip (NNE-SSW) and compressional MLT system
(Figs. 4, 5) (Carton et al. 2009; Ghalayini et al. 2018). The
description of the central Levant margin structure focuses
along a composite section of WNW-ESE oriented seismic
lines (Fig. 7).

Delimitation and description of structural rift domains In
the central Levant margin, the proximal domain is located
eastwards, onshore (Fig. 5). Based on outcrops and the
geological map of Lebanon (Dubertret 1966), the proximal
domain is characterized by post-rift shallow marine carbon-
ate of Turonian to Kimmeridgian age intercalated by fluvio-
deltaic deposits.

Offshore, the thinned continental crust domain is charac-
terized by the presence of the Saida-Tyr Mesozoic carbonate
platform (Figs. 5, 6). At the transition between the northern
and central Levant margins, the carbonate platform is absent
from offshore seismic images and top basement appears to
be relatively deep (>5 s TWT), resulting in the mapping
of a narrow thinned continental crust domain (near MLT,
Fig. 5). NE-SW oriented normal faults with <1 km offset
(Ghalayini et al. 2018) are observed below the carbonate
platform (Fig. 6). These faults sole into an acoustic basement
between 5 and 7 s TWT.

The northern edge of the Saida-Tyr platform is ori-
ented NE-SW whilst the southern edge is oriented NW-SE
(Fig. 5). Both directions are partially affected by later (Ceno-
zoic) strike slip and compressional tectonic which create a
sharp (<30 km) step between the domains of thinned con-
tinental crust and the deep basin (Nader et al. 2018). This
major step in the top basement (2, 5 s TWT) is mapped
as part of the domain of highly thinned continental crust
(Fig. 7). Subsequent Cenozoic compressional deformation
focused on a narrow zone above this basement step possibly
reactivating a former major extensional structure (km 420,
Fig. 7). On WNW-ESE oriented seismic lines (Fig. 7), the
transition from the Saida-Tyr carbonate platform to the deep
basin (domain of highly thinned continental crust) ranges
from 5 km along the southernmost section of the central
Levant margin to 30 km along the northernmost section
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(Figs. 5, 7). This variable width,however, does not corre-
spond to changes in basement structure; the top basement
remains planar and no clear second order structural features
can be observed along the central Levant margin (Fig. 7).

The deep offshore northern Levant Basin (Fig. 5) is char-
acterized by a deep smooth top basement (9 s TWT, Fig. 7)
with on top of which almost planar and parallel sedimen-
tary layers are observed until the Late Cretaceous (Fig. 6).
These sedimentary layers thicken toward the North due to
the influence of the Cyprus Arc/Latakia Ridge convergent
system (Fig. 5).

Interpretations Reliable age constraints on rifting within
this segment are scare. Within the thinned continental crust
domain (Saida-Tyr Platform), Middle Jurassic (Bajocian)
carbonates are deposited in a post-rift setting (Ghalayini
et al. 2018) while no information from outcrop or borehole
are available for older stratigraphic successions. Based on
the thickness of undeformed series below a calibrated Mid-
Jurassic reflector (~1.2 km), it seems likely that the base-
ment faulting on the Saida-Tyr platform is as old as Triassic
in age, as proposed by Nader et al. (2018).

Different interpretations have been proposed for the
nature of the crust in the deep basin based on the velocity
structure modeled from refraction data. Only the NW-SE
oriented refraction profile of Ben-Avraham et al. (2002)
(Profile 1) is located north of the Carmel Fault and extends
seawards at the transition between the northern and south-
ern deep Levant basin (Fig. 5). Results of Ben-Avraham
et al. (2002) showed the presence of a dense high veloc-
ity (6.5-6.7 km/s) crust, homogenenously thick, they inter-
preted as being oceanic crust. The E-W oriented refraction
profile of Netzeband et al. (2006) (Profile P2) is located
nearby and is better resolved, but its seaward part lies in the
southern Levant basin. There, the crust consists of two layers
with a P-wave velocity 6.0-6.4 km/s and 6.5-6.9 km/s and
is interpreted as thinned continental crust (Netzeband et al.
2006). Observations from our dense seismic reflection data-
set indicate, as imaged along our composite section (Fig. 7),
that the top basement is consistently smooth in the northern
Levant basin, without any significant perturbation indica-
tive of faulting, in which it differs from the deep southern
Levant basin.

Southern Levant margin

The southern Levant margin is located south of the Carmel
Fault (Fig. 4) that has been, based on potential field data
(Fig. 2), mapped offshore with a NW-SE trend and connect-
ing with the northern boundary of Eratosthenes Seamount
(Segev and Rybakov 2011; Segev et al. 2018) (Fig. 5). On
seismic sections the offshore fault prolongation is not clear
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and is mapped here as a change in the top basement mor-
phology (Figs. 5, 7).

Delimitation and description of structural rift domains Seis-
mic refraction and gravity modeling indicate minor crustal
thinning onshore, grading from 33 km in thickness along
the Dead Sea Fault to 28 km in thickness along the current
coastline (between ca. N°33 and N°31.5) (Fig. 4, 5) (Mechie
et al. 2009; Gardosh and Tannebaum 2014). This onshore
proximal domain is characterized by kilometer-scale vari-
ations in the thickness of Late Permian to Middle Jurassic
sedimentary series (Druckman et al. 1982; Garfunkel and
Derin 1984) controlled by NE-SW and NNE-SSW oriented
normal faults (Fig. 5).

The thinned continental crust domain forms a more or
less 50 km wide band straddling the coastal plains and off-
shore basins along southern Levant margin (Fig. 5). This
thinned crustal domain is covered by post-rift Mesozoic
carbonate platform (Fig. 8) similar to the Saida-Tyr plat-
form further North (Fig. 7). A few oceanward dipping faults
controlling the Triassic and Jurassic extension have been
mapped below these post-rift deposits (Figs. 7, 8) (Gardosh
et al. 2010), some of which seems to have been reactivated
upon compression (Fig. 8 km 300-310).

The highly thinned crust domain is narrow (~ 10 km) and
is delimited eastward by the edge of the carbonate platform
and westward by the deep southern Levant Basin, where the
top basement is typically deeper than 8 s TWT (Figs. 5, 6,
7, 8).

South of the Carmel fault (Fig. 7), the top basement of
the southern Levant basin is more rugose than the north-
ern Levant basin and several low amplitude fold structures
(20 km wide) are observed in the Cretaceous and Paleogene
sequences along the deep basin domain of the margin (e.g.
km 140, 190 Fig. 8, Saggy et al. 2018). The top basement of
the southern Levant basin appears faulted contrasting with
the smooth northern Levant basin. It is here distinguished
from the northern Levant basin and referred to as “struc-
tured deep basin” (hatching Figs. 4, 5). Sparse, isolated, yet
thick (3 s TWT), Cretaceous to potentially Jurassic carbon-
ate platforms occur in these basins such as the 30 km wide
Zhor structure (Fig. 8) which straddles the edge of the South
Levant basin south of the Eratosthenes Seamount (Fig. 5).

Interpretations Evidence for extensional activity is
observed in the Late Permian to Middle Jurassic sedimen-
tary sequences (Druckman et al. 1982; Garfunkel and Derin
1984) in the onshore proximal domain. Normal faulting was
associated with magmatic activity as exemplified by the
onshore Asher volcanics (up to 2 km in thickness) that were
emplaced in a rift basin during the Late Triassic (~201—
206-Ma) (Asher-Atlit-1 borehole south of the CF, (Golan
et al. 2021)). This magmatic activity has been related to a

Late Triassic to Early Jurassic rifting leading to continental
breakup (Gardosh et al. 2010).

More refraction profiles cover the southern Levant basin
(Makris et al. 1983; Ben Avraham et al. 2002; Netzeband
et al. 2006) and can be used together with seismic reflec-
tion observations, gravity inversion results (Steinberg et al.
2018) and magnetic anomaly maps (Segev and Rybakov
2010; Segev et al. 2018) to interpret the nature of the crust.
The P-wave velocity structure of the crust (Ben-Avraham
et al. 2002), the pattern of gravity (Fig. 2) and magmatic
anomalies (Fig., 9A in Segev et al. 2018), differ between
the northern and southern part of the Levant basin (Figs. 4,
5). Based on better resolved results in the southern Levant
basin than Ben-Avraham et al. (2002), Netzeband et al.
(2006) argue that their two-layer velocity model is consist-
ent with highly thinned continental crust, the continental
nature of the crust being supported by El-Sharkawy et al.
(2021). Such interpretation is consistent with gravity inver-
sion results predicting that the southern Levant basin is
floored by 10 km thick crust interrupted by thicker NE-SW
oriented ridges (Steinberg et al. 2018). The low amplitude
folds and isolated carbonate platforms observed on seismic
reflections profiles in the southern Levant basin are indeed
likely to be located over pre-existing basement heteroge-
neities; whose structural interpretations differs depending
on the authors (Tari et al. 2020; Segev and Rybakov 2011;
Welford et al. 2015; Papadimitriou et al. 2018) (Figs. 7, 8).
Tari et al. (2020) notably suggested that the geometry of the
folds is related to the inversion of extensional half-grabens,
an interpretation consistent with the predicted continental
nature of the crust by refraction and gravity inversion results.
It is noteworthy that several of these basement highs are
associated to a strong magnetic signal, suggesting they could
be intruded by magmatic rocks (Segev et al. 2018) or cor-
respond to ancient volcanic edifices. Based on these differ-
ent geophysical results, we suggest that the southern Levant
basin is most likely floored by highly thinned continental
crust locally intruded by magmatic additions.

Eratosthenes Seamount

The Eratosthenes Seamount is an isolated 130 km wide
bathymetric high somewhat circular in shape bounded by a
pronounced bathymetric trench. It is located 60 km south of
Cyprus island (Figs. 4, 5). The edges of this seamount are
clearly identifiable by the total horizontal gradient of the
Bouguer gravity anomaly (Fig. 2B). This topographic high
is bounded to the East by the southern Levant basin, to the
South by the Nile Deep Sea Fan, to the West by the Herodo-
tus Basin, and to the North by the Cyprus Arc (Figs. 4, 5).
Drill hole data in the north of the Eratosthenes Seamount
from ODP Leg 160 (Ocean Drilling Project (Robertson
1998), calibrated a discontinuous stratigraphic sequence
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going back to undated pre-Aptian time and includes Aptian
shallow water coral limestone (ODP Site 967; Robertson
1998). In the Early Cretaceous, and maybe earlier, Eratos-
thenes Seamount was covered by an isolated carbonate plat-
form surrounded by deep basins (Hawie et al. 2013). In the
Late Cretaceous, the northern part of the seamount subsided
(outer shelf to bathyal depth) (Robertson 1998) before being
uplifted to shallower depth in the Early Miocene. The sea-
mount recorded another important deepening event during
the Late Pliocene to Early Pleistocene as a consequence of
the under thrusting of the seamount and surrounding basins
below the Cyprus arc during convergence (Robertson 1998).

Delimitation and description of structural rift domains

The most recent and highest resolution wide-angle seismic
investigations indicate that the crust of the seamount range
between 20 to 25 km thick and is most likely continental
(Welford et al. 2015a; Feld et al. 2017), suggesting it can
be mapped as part of a domain of thinned continental crust
(Figs. 5, 6, 7). The transition with the Herodotus and Levant
Basins is sharp and characterized by narrow domains of
highly thinned crust (5—10 km) (Figs. 4, 5, 6, 7).

The seismic composites presented in the Fig. 7 provide addi-
tional information on the structure of the Eratosthenes Seamount.
The interpreted top basement reflector (dashed black line in
Fig. 7) is offset by several normal faults of unconstrained age
(Fig. 7). In relation with these faults, one major syn-rift wedge
(1.5 s TWT interval) is observed on the eastern side of the Era-
tosthenes seamount (between 280 and 310 km and at a depth
interval between 4.7 s TWT and 6 s TWT in Fig. 7). However,
the age of this syn-rift wedge is unconstrained by drilling.

Interpretation

The Eratosthenes Seamount is interpreted as an example of
the Mesozoic Mediterranean type aggrading isolated car-
bonate platform (Rusciadelli and Shiner 2018) here over
thinned continental crust (Figs. 5, 6), (Welford et al. 2015;
Feld et al. 2017). Despite its variable velocity structure, the
Eratosthenes Seamount hence represents a continental block
detached from the Levant margin (or more generally north-
ern Gondwana margin) during one or multiple Mesozoic
extensional phase (Welford et al. 2015;). Oceanic crust is
interpreted to lie west of the Eratosthenes Seamount (Lon-
gacre et al. 2007; Welford et al. 2015;) (Fig. 7).

Between the well calibration by ODP and the unambiguous
top basement, an interval with a thickness of 2-3 s (TWT) is
observed (Fig. 7). This interval was interpreted either as carbon-
ate platforms (Fig. 7) (Papadimitriou et al. 2018) or as volcanic
sequences (Segev et al. 2018). The age of this thick interval
is not dated, but is older than Early Cretaceous, most likely
Jurassic and older. The underlying syn-rift wedge observed at
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km 280-300 on the Fig. 7 could then be as old as Permian or
Triassic (Fig. 7) as suggested by Van Simaeys et al. (2019).

Northeast Egyptian margin

The Northeast Egyptian margin is located to the south of
the Eratosthenes Seamount and to the east of the southern
Levant margin and represents a 500 km long E-W elon-
gated margin between the coast of Sinai and the Nile Cone
(Figs. 1,4, 5). The tectonic evolution of this margin is poorly
constrained, in part because it is covered by a thick Ceno-
zoic clastic sedimentary succession originating from the
Nile River and forming the Nile Deep Sea Fan (Figs. 4, 5,
6, 7, 8) (Loncke et al. 2006, Abdel Aal et al. 2001; Jagger
et al. 2020). This margin is characterized by structures in the
upper part of the sedimentary sequence linked to gravita-
tional gliding of thick Pliocene—Quaternary clastic sediment
packages (locally up to 4.5 km thick) over Messinian salt
layers (up to 3 km thick) (Loncke et al. 2006) (Fig. 8) and of
Miocene and Oligocene clastic sediments over Late Creta-
ceous/Paleogene shales. Such deformation alters the seismic
imaging of the underlying strata, thereby locally hampering
the identification of distinct rift domains (Fig. 8).

Delimitation and description of structural rift domains

Onshore northern Sinai, a set of NE-SW to ENE-WSW
oriented rift basins have been identified (Fig. 5) (Moustafa
2010, 2020). The normal faults delimiting these rift basins
have subsequently been reactivated and inverted during the
post-80 Ma compressional phase (Moustafa, 2010, 2020;
Moustafa and Fouda 2014) (Fig. 5). Thickness variations
and age calibrations down to Early Jurassic successions sug-
gest that the extension that generated these basins is at least
as old as Early Jurassic (Moustafa 2010, 2020; Moustafa
and Fouda 2014). The former half-graben basins observed
onshore of the northeastern Egyptian margin are filled by
Jurassic syn-extension sandstones and shales (up to 4 km
thick, Moustafa 2010; Dolson et al. 2001). The continental
to shallow marine depositional environments of syn-rift suc-
cessions and limited extension recorded along the normal
faults delimiting the rift basins is typical of rifted margin
proximal domains recording only limited crustal thinning
(Tugend et al. 2015a).

The extent of the thinned domain is less constrained,
notably in the Nile delta area and the edge of the post-rift
carbonate platform identified by Tassy et al. (2015) is used
to delimit the boundary between the domains of thinned and
highly thinned crust (Fig. 5).

Post-rift pre-Messinian series thicken toward the north,
reaching a thickness of 7 km with a potential top basement
as deep as 15 km south of Eratosthenes Seamount (Caméra
et al. 2010). Crustal thickness decreases from south to north,
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reaching ~ 10 km under the Nile deep sea fan (Figs. 4, 5)
(Caméra et al. 2010) before increasing to ~20-25 km under
the Eratosthenes Seamount (Welford et al. 2015; Feld et al.
2017). Normal faults with km-scale offset affecting the top
basement are identified (Caméra et al. 2010; Jagger et al.
2020), but their age and orientation is difficult to resolve.
Offshore North Sinai, a set of NE-SW trending normal
faults, subsequently reversed to form NE-trending folds are
nevertheless locally identified (Yousef et al. 2010). To the
west, this highly thinned crustal domain is bounded by the
NE-SW oriented Rosetta fault trend (Figs. 5, 8). The Rosetta
trend is a Cenozoic dextral transpressive structure (Kellner
et al. 2018) located over a major basement step that is well
imaged by gravity and seismic data (Fig. 2).

Interpretations

The highly thinned domain is considered continental by
most authors (Caméra et al. 2010; Jagger et al. 2020) based
on crustal thickness estimations from depth converted
seismic reflection profiles (Caméra et al. 2010) and grav-
ity inversion (Cowie and Kusznir 2012a). The continental
nature is, however, more debated toward the southern part
of the Eratosthene seamount that is suggested to correspond
to transitional, possibly oceanic crust (Feld et al. 2017). The
Rosetta structure is inferred to be inherited from Mesozoic
extension by some authors (Abd El Fattah et al. 2021). It
is noteworthy that its NE-SW trend is similar to the trend
of the structure delimiting the Eratosthenes Seamount fur-
ther north that mark the boundary between continental and
oceanic domains (Figs. 4, 5, 7) (Longacre et al. 2007). By
analogy and as supported by the identification of a different
lithosphere structure in the vicinity of this NE-SW trend (El
Sharkawy et al. 2021), the Rosetta trend is here considered
to mark the transition between the highly thinned continental
crust domain and the oceanic Herodotus Basin (Figs. 4, 5).

In this passive margin segment, the calibration of thick-
ness variations in Jurassic and notably Early Jurassic suc-
cessions in onshore rift basins (northern Sinai) indicate that
rifting onset is at least as old as Early Jurassic (Moustafa
2010, 2014; Moustafa and Fouda 2014), possibly Triassic
(Moustafa 2020). Offshore age calibrations do not permit
constraining the age of the onset of normal fault activity
(Caméra et al. 2010; Jagger et al. 2020).

Western Desert margin and Herodotus Basin

The Western Desert margin runs west of the Nile Cone
from the Rosetta trend to the Mediterranean Ridge (Figs. 1,
4). The Herodotus basin extends west of the Eratosthenes
Seamount and Rosetta trend. The structure of the Western
Desert margin and transition towards the Herodotus basin
is illustrated along a NE-SWW profile (Fig. 9). Regional

seismic correlations enable the calibration of Cenozoic
reflectors; the exact age of the deeper sedimentary section
(>8 s TWT) remains however unknown (Fig. 9).

Delimitation and description of structural rift domains

The thinning factor map of northern Africa (Cowie and
Kusznir 2012a) (SM1) predicts a 400-500 km wide domain
of slightly thinned continental crust from the Egyptian coast
to the Sahara metacraton. Along the Western Desert, a set
of partially inverted Mesozoic extensional basins are iden-
tified (Dolson et al. 2001; Moustafa 2008, 2020). They are
mostly delimited by ENE-WSW and WNW-ESE oriented
high angle normal faults (Fig. 4) which control the thicken-
ing of Jurassic and Cretaceous sequences (Moustafa 2008,
2020). The presence of extensional basins and the relatively
minor thinning of the crust are typical of a passive margin
proximal domain (Fig. 5) (Tugend et al. 2015a). The proxi-
mal domain of the Western Desert margin extends offshore
(Fig. 4, 5) and the youngest Cretaceous shelf edge (Tassy
et al. 2015) (km 190) (Fig. 9) is used as a proxy to define the
seaward boundary with the thinned domain. The persistence
of a Cretaceous shallow water platform in the offshore West-
ern Desert margin (km 190-230 Fig. 9) despite transgres-
sive conditions (Tassy et al. 2015), suggest limited post-rift
thermal subsidence (Warrlich et al. 2008), as expected in
proximal domains of passive margins (Tugend et al. 2015a).

The domain of thinned continental crust shows well
developed syn-rift fault bounded basins below the pre-Creta-
ceous carbonate platform (km 190-230 Fig. 9). The normal
faults that we mapped within or delimiting the thinned con-
tinental crust domain are preferentially oriented in a NE-SW
to WNW-ESE direction (Fig. 5). The Jurassic Matruh graben
(Matruh Canyon, Fig. 5) represents an exception trending in
a N-S to NNE-SSW direction (Moustafa et al. 2008, 2020;
Tari et al. 2012) from the proximal to thinned continental
domain (Fig. 5). A steep deepening of the top basement is
observed at the boundary with the highly thinned continental
crust.

The highly thinned domain is marked by the deepening
of the top basement from 6.5to 7 s TWT to>10 s TWT
in the deep Herodotus basin (km 178-190 Fig. 9). The
transition from the highly thinned domain to the Herodo-
tus deep basin occurs within less than 20 km (Figs. 5, 9).
The deepening of the top basement is accommodated by a
major normal fault as expressed on Fig. 9 or by a couple of
oceanward dipping faults (Jagger et al. 2020) depending on
the along strike position on the margin. The sedimentary
package of the deep basin passively onlaps on these major
normal faults (km 180-190 Fig. 9). The boundary between
the highly thinned continental crust and the deep Herodotus
basin shows on a map a well-defined linear trend-oriented
WNW-ESE (Fig. 5).
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In the deep Herodotus basin, the top basement is never
clearly imaged. Based on seismic facies variation from well
layered to more chaotic sequences, we suggest, in accord-
ance with other studies (Jagger et al. 2020), that the top base-
ment is found as deeply as 11 s TWT, on top of which~7
STWT thick undeformed sedimentary sequence were depos-
ited (Fig. 9).

Interpretations

Onshore, in the proximal domain, a transition from conti-
nental to marine sedimentation occurs in the Middle Jurassic
(Moutafa 2008, 2020). Triassic to Early Jurassic red beds
within rift basins of the Western Desert show thickening
toward the bounding faults (Moustafa 2020) indicating an
extensional phase occurred in the Early Jurassic and the
onset is possibly as old as Triassic (Moustafa 2020). The
overlying Middle Jurassic marine carbonate platform is
deposited in a post-rift setting (Tassy et al. 2015). Although
not directly constrained by drilling, we suggest by correla-
tions with post-rift reflectors in the proximal domain that
the rift basins observed in the thinned crust domain mainly
developed in the Early Jurassic. A minor younger NE-SW
oriented Early Cretaceous extensional event is identified in
the southern part of the proximal domain based on a fault-
related sedimentary wedge (Abu Gharadig Basin Fig. 5,
(Moustafa 2020)), but is proposed to be linked to the Libyan
Sirte Basin extension phase further to the west (Fig. 1).
The Herodotus Basin is floored by thin crust dipping north-
ward and westward below the over-thrusting Mediterranean
Ridge (Figs. 1, 4). Interpretation of velocity data from punc-
tual ESP (Expanding Spread Profile, Pasiphae cruise) from
the Herodotus Basin suggests that a~ 10 km thick sedimentary
package overlie~ 10 km thick crust of continental or oceanic
nature (de Voogd et al. 1992). ESP velocity data from the same
Pasiphae survey have recently been recalibrated against reflec-
tion seismic profiles in the nearby Ionian Basin showing that
velocities of up to 4.9 km/s corresponded to old, compacted
sediments deposited on top of the crust of the Ionian basin
(Tugend et al. 2019). By analogies with results from the Ionian
Basin, we suggest that the 4.75 km/s layer interpreted as being
part of the crust by de Voogd et al.(1992), most likely cor-
responds to compacted sediments, in which case, the crust of
the Herodotus would be ~8 km thick, in the range of accepted
values for oceanic crust. The oceanic nature of the crust of the
Herodotus basin is further supported by a recent study based on
inferences from surface wave tomography and stochastic inver-
sions suggesting an oceanic nature of the Herodotus lithosphere
(El-Sharkawy et al. 2021). Based on a set of magnetic profiles
Granot (2016) mapped NE-SW oriented geomagnetic inver-
sions typical of oceanic crust in the Herodotus Basin and inter-
preted them as Carboniferous in age (Granot 2016). In contrast,
wells penetrating Paleozoic successions and seismic sections
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from the Western Desert and Levant margins have shown no
compelling evidence for such an extensional event in the Car-
boniferous (Frizon De Lamotte et al. 2015).

Based on the age of faulting activity in the proximal
domain (Moutafa 2008, 2020) and the age of the shift to
post-rift passive carbonate platform building on the West-
ern Desert margin (Tassy et al. 2015) we suggest breakup
occurred sometime in the Early to Middle Jurassic and was
followed by oceanic spreading in the Herodotus basin.

Identifying rift and spreading events
in the Eastern Mediterranean Sea:
integration of the onshore geological record

The EMS is located at the western tip of the Tethys embay-
ment from Late Paleozoic to mid Cretaceous (Sengor and
Yilmaz 1981) following the Carboniferous assemblage of
the super-continent Pangea (Matte 2001). The Mesozoic
paleogeographic evolution of the EMS is characterized by
a complex spatial and temporal succession of extensional
events, associated with the opening of oceanic basins, and
compressional events associated with subduction, obduction
and collision. As a result, the Tethys domain found between
Gondwana (Greater Adria, Africa, Arabia, Fig. 10) to the
South and Eurasia to the North, present multiple Mesozoic
oceanic basins (Meliata, Kiire, Malliac, EMS, Balkan Neo-
Tethys, Pindos) separated by continental block (Pelagonia,
Tripoliza, Taurus, Dacia, Circum Rhodope, Apulia), whose
timing, basement nature, geodynamic origins and paleogeo-
graphic positions remain highly debated (Fig. 10) (Stampfli
and Borel 2002; Robertson and Mountrakis 2006; van Hins-
bergen et al. 2020).

The EMS has been the focus of extensive sedimentary,
structural, geochronological, petrological, geophysical stud-
ies conducted over more than a century (e.g. Laubscher and
Bernoulli 1977; van Hinsbergen et al. 2020)) and a com-
prehensive review of all the tectonic events that affected
the EMS is beyond the scope of this contribution. In the
following section we focus on the geological evidence for
rifting and continental breakup that affected the EMS and
direct surroundings. We combine our offshore observations
with a detailed review of onshore rifting evidence from the
northern and western side of the EMS. We have benefited
from recent tectonic maps from the Eastern Alps to Western
Turkey and paleographic reconstructions from Schmid et al.
(2020) and Van Hinsbergen et al. (2020) respectively (SM2)
that homogenized the different tectonic and paleographic
domains across the EMS. On this tectonic map, we show
the evidence for rift events based on the stratigraphic record
(such as facies changes from shallow to deep marine condi-
tions) and tectonic activity on the corresponding paleogeo-
graphic domain (hexagon SM2). On that map (SM2) we also
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Fig. 10 Map of the EMS showing the age of the main rift or spread-
ing events affecting the different domains (modified from the tectonic
maps of Schmid et al. 2020; Van Hinsbergen et al. 2020). See sup-

plot, when available, the age of the youngest pre-Mesozoic
metamorphic event that affected the basement rocks (squares
SM2), providing information of pre-rift paleo-geographical
affinities. We also illustrate the age of ophiolite obduction
and of the oldest compressional structures (circles SM2).
This compilation is the backbone of our interpreted rift event
map (Fig. 10), which highlight the location and age of exten-
sional activity in between continental micro-blocks.

Permian

The northern part of the EMS (N Adria, Rhodope (Balkans),
Pontides (Turkey)) (Fig. 10) was affected by the Carbonif-
erous Variscan orogeny, with metasedimentary greenschist
low grade metamorphism (Sibila Borojevi¢ et al. 2012) and
un-metamorphosed Carboniferous silicoclastic series (fly-
sch) related to convergence (Spahic et al. 2018). Following
Variscan compression, Permian post-orogenic extensional

26 28 30 32 34 36 38

Strike-slip faults
——— Inverted basins

plementary material 2 (SM2) for the geological evidence integrated
in this interpreted map

and trans-tensional events are observed in Western, Central
Europe and NW Africa (Arthaud and Matte 1977). Around
the EMS, evidence for extensional basins possibly related to
this event are observed in Central Sicily (Imerse and Sican-
ian Basin, Basilone et al. 2016), Puglia (Lagonegro Basin,
Ciarapica and Passeri 2002), Crete, Peloponese, Evia (Phy-
lite Quartzite Unit, Robertson et al. 2006) (SM2) and charac-
terized by Permian (even Carboniferous in Crete) deep-water
sedimentary facies (paleo bathymetry > 500 m). In these
areas, evidence for an extensional event is only based on
lateral facies variation. No clear fault structures of Permian
age have yet been identified. Stampfli and Kozur (2006)
interpret these basins as a Permian passive margin linked to
the separation of the Cimerian block and the opening of the
Neo-Tethys. This interpretation correlates with the opening
of the Central Neo-Tethys further to the East between Oman
(Gondwana) and Iran (Cimerian block). However, this cor-
relation remains debated as Permian deep-water sediments
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are located over domains that show only moderately thinned
continental crust and no direct relation between these sedi-
ments and ophiolites are observed in the EMS. Therefore, we
favor an interpretation linking the formation of these basins
to a Permian trans-tensional setting (Robertson et al. 2006),
which explains the architecture and sedimentary sequences
of these basins.

Evidence for Permian rifting in regions unaffected by the
Variscan orogeny is documented in the Palmyrides thrust
and fold belt (Syria) (Fig. 1). This belt results from the reac-
tivation of former Late Permian to early Middle Triassic
ENE-WSW oriented rift basins (Brew et al. 2001). These rift
basins were characterized by clastic sedimentation (alluvial
plain with periodic marine influence, Barrier et al. 2014)
sealed by the Middle to Late Triassic Kurachine formation
composed of dolomite and evaporites. These syn- to post-
rift continental to shallow marine sediments are 2 km thick
at the main depocenter, indicating limited post-rift subsid-
ence and weak crustal thinning (Brew et al. 2001). Although
Permian syn-sedimentary faulting is not observed along the
southern Levant margin, the depositional geometry, the
sedimentary thickness and the erosional surfaces suggest a
similar extensional episode as in the Palmyrides (Al Saad
et al. 1992; Garfunkel 1998).

Middle Triassic

Several tectonic units from the Eastern Alps, Dinarides, Hel-
lenides, preserving the remnants of the northern margin of
Gondwana (i.e. Greater Adria promontory), show evidence
of a Middle Triassic rifting associated with the opening of
the Balkan Neo-Tethys ocean separating Dacia-Circum Rho-
dope from Greater Adria (Schmid et al. 2020; Van Hinsber-
gen et al. 2020; Fig. 10).

In the Alps (Fig. 10), the Hallstatt pelagic limestones are
interpreted to be deposited in the distal Adriatic rifted mar-
gin after Middle Triassic breakup of the Balkan Neo-Tethys
system (Gawlick et al. 2016). Further to the southeast, in the
Dinarides (Fig. 10), the Middle Triassic transition of shal-
low marine to hemipelagic carbonates associated with local
volcanism and radiolaria deposits are related to a similar rift-
ing event culminating in the opening of the Meliata Ocean
(one branch of the Balkan Neo-Tethys Ocean) (Missoni et al.
2012; Sudar et al. 2013). In the Hellenides, previous studies
(Ferriere et al. 2016) recognized the elements of a former
proximal to distal margin of the Neo-Tethys in the eastern
part of Pelagonia (still part of Great Adria) (Fig. 10). Pre
Middle Triassic sediments represent a pre-rift shallow water
facies, which transitions into a Middle Triassic series with
a pelagic facies, indicating a depositional environment over
the distal margin during the rifting and spreading of the Bal-
kan Neo-Tethys (Ferriere et al. 2016). This data emphasized
the opening of an oceanic domain, the Balkan Neo-Tethys,
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during the Middle Triassic. However, evidence of Middle
Triassic rifting and oceanic opening is limited to the Balkan
Peninsula (e.g. Alps, Dinarides, Hellenides) (dark purple,
Fig. 10).

Late Triassic

Evidence for Late Triassic extension is recorded in tectonic
units all along the northern rim of the EMS from Albania
to SE Turkey (light purple Fig. 10). Most of these tectonic
units, preserved in nappes stacks, encompass large tectonic
movements during Mesozoic to Cenozoic compressional
phases, complicating their geological interpretations (Van
Hinsbergen et al. 2020).

In Greece (Pindos area, Fig. 1), the stratigraphic evolu-
tion (Auboin 1959; Fleury 1980) is characterized by the
transition from Middle Triassic clastic sediments overlain
by Late Triassic pelagic Halobia limestones associated with
chert beds and volcano-clastic deposits (Ozsvart et al. 2019).
Jurassic and Early Cretaceous sedimentation alternates
between more carbonaceous and more siliceous pelagic
sedimentation until the deposition of Cenomanian—Turo-
nian flysch-type series indicating the onset of a regional
compressional regime (Auboin 1959). This stratigraphic
sequence recorded the separation of the Pelagonia block
from Greater Adria leading to the opening of the Pindos
basin, whose exact size and nature remains debated. Late
Triassic deep marine environment (Halobia limestones)
associated with Cretaceous ophiolitic series are observed
from southern Turkey (Moix et al. 2013) to the Mamonia
unit (S Cyprus) (Robertson and Shallo 2000), indicates a
similar stratigraphic evolution along the northern sections
of the EMS at that time (Pindos-Turkey-Cyprus) (Fig. 10). In
Syria, the Late Triassic to Cretaceous Baér-Bassit mélange
found below a Cretaceous ophiolitic nappe (Figs. 5, 6, 7,
8, 9 and 10) is interpreted as the sedimentary sequence of
the NE Arabian distal margin. This sedimentary sequence
together with the Baér-Bassit ophiolite was thrust over Ara-
bia in the Late Cretaceous (Al-Riyami and Robertson 2002).
Taken together, these Late Triassic units are interpreted as
the Eastern prolongation of the Pindos basin marking the
separation between Taurus (lateral equivalent of Pelagonia)
and Gondwana (i.e. Arabia) (Fig. 10).

A southeastward prolongation of this Late Triassic rifting
phase is suggested in the northern and central Levant margin
based on seismic and borehole observations (Fig. 10 e.g.,
Ghalayini et al. 2018 and Sect. 4). Towards the south, Tri-
assic extensional faulting with kilometric offset associated
with syn-rift sequences is described in the southern Levant
margin (Israel, Sinai and Jordan) (Garfunkel and Derin
1984) (Fig. 7). This Late Triassic rifting phase is followed
by an Early Jurassic rifting event characterized by thicker
depocenters (Druckmann 1974). This poly-phased evolution
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suggests that continental breakup was not achieved in the
Triassic in the southern Levant Basin.

Jurassic

Observations of Early Jurassic rifting events are widespread
around the EMS from Apulia to the Northwest, Africa to the
South and Arabia to the East (in blue Fig. 10). Dredges col-
lected along the Malta Escarpment (Bizon et al. 1985) and
well observations on the Apulian platform (see compilation
in Tugend et al. 2019) (west of the Ionian Sea, Fig. 10) high-
light a late Early Jurassic deepening of the paleo-bathym-
etries with intercalated basalts and volcano-clastic sequences
(Biju-Duval et al. 1983). The correlation and calibration of
these sequences towards the deep Ionian Basin enabled
Tugend et al. (2019) to constrain the age of the basin to the
late Early to Middle Jurassic, despite the lack of high-resolu-
tion geophysical data. A series of inverted tilted fault blocks
and associated growth strata has previously been identified
along the eastern Cyrenaica margin (Fig. 10; Arsenikos
2014; Tugend et al. 2019). Well data calibrations enabled
to determine that syn-rift deposition occurred prior to the
late Middle Jurassic but the onset of subsidence remains
unconstrained (Arsenikos 2014; Tugend et al. 2019; Jagger
et al. 2020). Onshore, in the Western Desert, Early Juras-
sic clastic sediments are deposited on a Paleozoic erosional
surface, marking the onset of subsidence and rifting (Dolson
et al. 2001). This extensional phase persisted until the Mid-
dle Jurassic and created syn-rift grabens filled predominantly
by clastic sediments (>2.5 km thick, Dolson et al. 2001).
Offshore, on the Western Desert margin, the Cretaceous/
Late Jurassic carbonate platform morphology is interpreted
as a typical post rift passive margin carbonaceous sedimen-
tary sequence (Tassy et al. 2015). Below this sequence, we
observed undated extensional faulting and interpreted them
as the result of Early to Middle Jurassic rifting which led to
the formation of the oceanic Herodotus Basin.

Onshore of the southern Levant margin, seismic sections
have imaged half-graben geometries, which, on the basis of
well calibration, indicate a series of Permian to early Middle
Jurassic pulsated rifting events (Garfunkel 1998). Strong rift
subsidence (> 2 km) during Early Jurassic to early Middle
Jurassic associated with volcanic activity is recorded. After
this rifting event, sedimentation is dominated by a shallow
water carbonate platform facies. A similar tectonic setting
is proposed offshore of the southern Levant Basin (Gardosh
et al. 2008) including an Early Jurassic phase of extreme
crustal thinning associated with magmatic intrusions (Stein-
berg et al. 2018).

Along the northern sections of the EMS, the Mesozoic
stratigraphy of the Ionian zone (highlighted in light blue:
Albania, western part of Greece, Crete and Rhodes, SM2)
records a drowning event leading to the deposition of Middle

Jurassic to Cretaceous pelagic and hemipelagic series (Rob-
ertson and Shallo 2000). The Ionian zone (in blue SM2)
underthrust the Gavrovo-Tripoliza unit (Fig. 10 SM2) which
shows only Mesozoic shallow carbonate platform facies.
Within the composite Lycian nappes in southwestern Turkey,
the Tavas nappe presents a similar Middle Jurassic drowning
event, suggesting a connection with the Ionian zone (Fig. 10
SM2) (Poisson 1984). Taken together, the geological record
both onshore and offshore on the greater Adria and on the
northern Africa margins favors an Early to early Middle
Jurassic rifting and spreading phase that affected most of the
preserved EMS. At larger scale, this Early to Middle Juras-
sic period corresponds to the main rifting phase recorded in
the Alpine Tethys domain to the west (Lemoine et al. 1986;
Mohn et al. 2010).

Cretaceous

Evidence for rifting is found in the onshore/offshore Sirte
Basin (northeastern Libya Fig. 10) were Early and Late Cre-
taceous syn-rift packages have been identified (Abadi et al.
2008; Jagger et al. 2020). Onshore along the Western Desert,
a Cretaceous reactivation of extensional faults is observed
with a clear sedimentary thickening on structures oriented
in NW-SE to WNW-ESE (Moustafa 2020) (Fig. 10). This
Northeast African rifted basin never reached the breakup
stage. Multiple ocean island basalts are disseminated on the
Southern and Central Levant Margin and show different Cre-
taceous ages (See the compilation of Segev et al. 2018). This
magmatism has been related to possible Cretaceous back-arc
extension limited to the Levant Basin (Segev et al. 2018).

Discussion
Tectonic evolution of the EMS rifted margins

By compiling the interpretation of seismic sections, gravity
anomaly maps, borehole data and stratigraphic records of
former conjugate margins preserved in orogenic belts, we
illustrate the structure and rift evolution of the EMS mar-
gins along the northern and southern Levant Basin and the
Herodotus Basin.

Inheritance

Compositional, structural or thermal inheritance of the litho-
sphere prior to extension are key parameters influencing the
modes and locations of rifting and breakup (Petersen and
Schiffer 2016; Sapin et al. 2021). Seismic reflection images
on the EMS margins are not accurate enough to determine
the internal structures of continental lithosphere rifted dur-
ing the Mesozoic. We note, however, that the rift events do
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not affect the cratonic area (SM1) and are rather localized
within thinner Cadomian crust on the northern margin of
Gondwana (Cowie and Kusznir 2012a; Sobh et al. 2019See
thinning factor map SM1). Based on outcrops on the north-
ern side of the EMS, borehole data and crustal thinning map
(SM1), this Cadomian continental crust is characterized by
granitoids intruding metasedimentary nappe stacks (Avigad
et al. 2016). This continental lithosphere is suggested to form
at an active convergent plate boundary during late Neoprote-
rozoic and Early Paleozoic, somehow similar to present-day
Western Pacific accretionary systems (Garfunkel 2015). A

1 | Middle/Late Triassic bounda

Triassic/Jurassic boundary

similar inherited lithosphere is present on the South China
Sea rifted margins (Savva et al. 2014; Ye et al. 2018), where
it has been shown that crustal structures and thermal regime
contributes significantly to the deformation style and on the
localization of extensional structures.

Northern Levant Basin
The evolution of the northern Levant Basin extensional

activity is shown on section A of Fig. 11. Rifting activity
began in the Late Permian to Middle Triassic. It is well
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recorded in the Palmyrides (Fig. 1) and affects the central
and northern Levant margin segments with a ENE-WSW
trend (Ghalayini et al. 2018) (Figs. 5, 6,7, 8,9, 10, 11 Al).
Initial rift basins are filled by clastic sedimentation fol-
lowed by evaporitic formations and shallow marine carbon-
ates indicating an intra-continental rift episode with limited
crustal thinning (Al-Saad et al. 1992; Best et al. 1993; Gar-
funkel 1998). On the northern and central Levant margins
thinned continental crust domain, the post-rift stratigraphy
is calibrated down to the Middle Jurassic (Bowman 2011;
Ghalayini et al. 2018) (Figs. 4, 5). The interval between the
Middle Jurassic calibrated reflector and the base post-rift
horizon, sealing normal faults, reaches locally more than
1 km in thickness (Ghalayini et al. 2018; Nader et al. 2018;
Van Simaeys et al. 2019) (Fig. 11A2), suggesting that rifting
around the northern Levant basin was older. The narrow,
highly thinned domain (<20 km) is expressed by one major
normal fault associated with the necking of the continental
crust (Fig. 11A2). The strong tapering of the continental
crust (Fig. 11A2) is likely to generate magmatism by decom-
pression melting (McKenzie 1984) and could result in the
formation of igneous crust. Our seismic observations of the
deep basin of the northern Levant basin consistently shows
a horizontal top basement without structural highs. Observa-
tions from hyper-extended magma-poor rifted margins show
that a rough top basement topography is typically associated
with upper crustal faulting (Whitmarsh et al. 2001; Reston
2009). A smooth top basement could, in theory, be related
to extension of continental crust, but this would require the
entire ductile deformation of continental crust. This is not
compatible with the observed steep and localized normal
faults on the adjacent central Levant margin and Eratos-
thenes Seamount (Fig. 7). Based on these observations, we
think it is unlikely that the northern Levant basin is floored
by thinned continental crust. Instead, we suggest that this
deep basin might be floored by oceanic crust or a magma-
poor ocean continent transition (OCT), both being charac-
terized by relatively smooth basement morphologies. Fol-
lowing continental breakup, the basin is characterized by
a starved sedimentation as observed on the Mamonia and
Baer Basit units (Al-Riyami and Robertson 2002; Torley
and Robertson 2018) and the development of a carbonate
platform on the margins during the Mesozoic (Fig. 11A3).
Based on offshore datasets alone, the breakup age is
not constrained along the northern Levant basin. However,
onshore geological data integrated in nearby fold and thrust
belt can provide additional constraints. The Mesozoic Baér-
Bassit mélange below the ophiolite (Syria Fig. 5) and the
Mamonia unit (Cyprus Fig. 5) are located within the Cyprus
Arc convergent system north of the northern Levant basin.
These units contain Late Triassic pelagic Halobia limestones
overlain by Early Jurassic radiolarites, implying a Late Tri-
assic position at the base of the continental slope (Robertson

et al. 2007). The Baér-Bassit mélange was scraped off dur-
ing the Cretaceous supra-subduction obduction and thrusted
over Arabia in a SE direction (Al-Riyami and Robertson
2002) indicating that this unit could correspond to a slice of
the northern Levant margin. Based on the Triassic-Jurassic
facies evolution, we infer that breakup was achieved by Late
Triassic in the northern Levant basin (Fig. 11A2). Late Tri-
assic pelagic facies are observed westward in the Pindos
extensional system in Cyprus, southern Turkey and Greece
(Ozsvart et al. 2019) (SM2), which separates northern Gond-
wana from Pelagonia and Taurus. The exact size and nature
of the Pindos is debated (Channell and Kozur 1997; Stampfli
and Borel 2002; Schmid et al. 2020). Based on these argu-
ments however, we suggest that this oceanic basin pinched
out westward and transitioned into a hyper-extended conti-
nental basin.

Herodotus Basin

The evolution of the Herodotus rifting is presented on sec-
tion B of Fig. 11. In the Western Desert proximal domain
(Fig. 11B1), Late Triassic clastic sediments are separated
from the underlying Paleozoic substratum by a major uncon-
formity (Moustafa 2020). These Late Triassic sediments
were deposited within a half-graben structure, suggesting
an onset of continental extension during Late Triassic (Dol-
son et al. 2001; Moustafa 2020). Continuous extension dur-
ing Early Jurassic creates rift basins of more than 1 km in
thickness (Moustafa 2008, 2020). Along the Western Desert
margin, the thinned continental crust domain is narrow and
characterized by a few large offset normal faults Figs. 9,
11B2). Based on seismic interpretations and well correla-
tion, the post-rift stage is reached at the latest in the Bajocian
(Middle Jurassic) (Tassy et al. 2015) (Fig. 11B2). A similar
morphology to that of the northern Levant basin margin is
observed, characterized by a sharp transition from thinned
continental crust to the deep basin occurring within less than
20 km (Fig. 11B2). The conjugate margin of the Western
Desert margin is sampled in the Ionian zone and Gavrovo-
Tripoliza platform (Dercourt et al. 1993; Frizon de Lamotte
et al. 2011) (Figs. 10, 11, SM2) showing a late Early-Middle
Jurassic drowning event (Robertson and Shallo 2000) con-
sistent with a breakup at that time. The Herodotus basin,
similarly to the Ionian basin (Tugend et al. 2019), is most
likely the result of the separation of the southern margin of
greater Adria from northern Africa.

Southern Levant Basin
The southern Levant basin is located at the SE corner of
the EMS at the junction between the Herodotus and North-

ern Levant Basin. In the proximal southern Levant margin
(Israel, Fig. 5), Permian sedimentary sequences do not show
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syn-sedimentary faulting (Garfunkel 1998). However, the  This is consistent with kilometric offsets of middle Triassic
thickness of these sedimentary deposits vary significantly,  to latest Triassic faulting along the southern Levant shoreline
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tinental rift episode associated with the Palmyrides exten-  and is marked by an unconformity at the base of the Early
sion (Al-Saad et al. 1992; Best et al. 1993; Garfunkel 1998). Jurassic beds (Garfunkel and Derin 1984; Golan et al. 2021).
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«Fig. 12 Plate reconstruction from the Permian-Triassic boundary to
the end of the Cretaceous Magnetic Quiet Period (C34,~83 Ma) of
the Mediterranean area and surroundings (Miiller et al. 2019). The
micro-plate motions between Iberia (fixed to Eurasian up to Creta-
ceous) and Arabia are from Miiller et al. (2019). Red dots indicate
the position of the rotation pole of NE Africa relative to fixe Eura-
sia, the white circles are the associated small circles. We evaluate the
maximum extension in the Mediterranean area at different age in a
direction collinear to the northern Africa margin (orange arrows). At
the bottom of the figure, the motion paths of NE Africa relative to
fixed Eurasia from plate models of Miiller et al. (2019) and Van Hins-
bergen et al. (2020) are plotted to illustrate the differences in the pro-
posed Triassic and Jurassic evolution of the system. The red cross on
the upper left panel indicates the position of the point used to create
the two motion paths

Renewed extension superimposed on those structures occurs
in the Early Jurassic up to the Middle Jurassic (Bajocian),
leading to the deposition of ~ 2 km thick sedimentary layers
associated with volcanic rocks (Garfunkel 1998). Such evo-
lution would be in agreement with a migration of extensional
deformation from the Late Triassic to Early Jurassic from
the proximal to the distal domains as documented in many
rifted margins (Ranero and Pérez-Gussinyé 2010; Masini
et al. 2011). An alternative model suggested a Cretaceous
opening of the southern Levant associated with plume mag-
matism and back-arc extension (Segev et al. 2018). However,
such a model fails to explain the pre-Cretaceous subsidence,
tectonic and magmatic evolution (Golan et al. 2021). The
domain of highly thinned continental crust is affected by
a complex and wide area of deformation, contrasting with
the sharp crustal necking we documented along the Hero-
dotus and northern Levant systems (Figs. 4, 5). Most of
the basement highs below the Nile Deep Sea Fan and in
southern Levant Basin are located below folds (Figs. 7, 8).
The basement highs have elongated irregular shapes in map
view (Fig. 5). These shapes have been interpreted as vol-
canoes (Gardosh and Druckman 2006), differential growth
of carbonate build up (Roberts and Peace 2007) and/or for-
mer tilted blocks (Tari et al. 2020). Following the gravity
modeling of Steinberg et al. (2018), this domain could be
floored by highly thinned continental crust with local mag-
matic additions. To the North, the gradual transition from
a rough to a smooth top basement defines the boundary
between southern and northern Levant basins. To the West,
the transition toward the Herodotus basin is marked by a
basement step along the Rosetta trend amplified by a Cre-
taceous to early Cenozoic folded structure (Figs. 4, 5, 6, 7,
8). We suggest that this domain is floored by highly thinned
continental crust resulting from poly-directional extensional
events during Permian to Middle Triassic, Late Triassic and
finally Early- to Middle Jurassic (Gardosh et al. 2010). We
suggest that the southern Levant Basin was first extended
during the propagation of the Pindos branch in the Late Tri-
assic and subsequently re-extended in a different direction

during Early Jurassic Herodotus rifting and spreading onset
(Fig. 11). An Early Jurassic age for the opening of the Hero-
dotus basin would make its formation synchronous to the
Tonian Basin (Tugend et al. 2019).

Potential kinematic driving forces and implication
for plate modeling

The synthesis of rift events in the EMS (Fig. 10) reveals a
southwestward younging trend of rifting age and breakup
(Fig. 10). The Middle Triassic breakup is restricted to the
Balkan Peninsula opening the Balkan Neo-Tethys (van
Hinsbergen et al. 2020). The late Triassic rift episode runs
from the Bitlis Zagros thrust to the Pindos basin (Greece)
and branches with the northern Levant basin to the south-
east (Figs. 1,2,3,4,5,6,7,8,9, 10). The Early to Middle
Jurassic extension leading to oceanic spreading focused on
the Herodotus and Ionian basins. Finally, Cretaceous rift-
ing affects North Africa from the Sirte Basin to the Red
Sea coast (Moustafa 2020) (Fig. 10). Between these basins
of different ages, elongated un-thinned continental ribbons
covered by Mesozoic carbonate platforms formerly part
of northern Gondwana (Greater Adria promontory) are
observed (Gavrovo-Tripoliza, Pelagonia, Taurus Fig. 10).
Continental breakup during these rift episodes seems to be
located at the northern margin of Gondwana and seems to
be followed by transient seafloor spreading. This pattern,
initially characterized by Sengor et al. (1984) as Tethyan
dynamic, stops to the west of Apulia with the Middle-Late
Jurassic Ligurian Tethys opening (Fig. 10) in a Central
Atlantic dynamic (Lemoine 1983).

A critical limitation for detailed plate reconstructions in
the EMS during the Mesozoic is the absence of kinematic
markers, such as transform faults or unambiguous oceanic
magnetic anomalies. Moreover, the sharp necking of EMS
margins (Western Desert margin, central Levant margin)
hampers the identification of orthogonal or transform pas-
sive margin segments. However, in between Eurasia to the
North and Gondwana to the South (Fig. 12) the EMS is
located in the NW termination of the Tethys Ocean. Hence,
the relative motion between those two continents (repre-
sented by the small circles, Fig. 12) control the available
space in the EMS domain. Based on Miiller et al. (2019), the
available space has been constantly shrinking since 250 Ma.
From 250 to 120 Ma this space shrank at relatively slow
rate prior to accelerating after 120 Ma due to the northward
motion of Africa (SM3).

The geodynamic drivers controlling rifting in the EMS
are controversial (Sengor and Yilmaz 1981; Stampfli and
Borel 2002; Frizon de Lamotte et al. 2011; van Hinsber-
gen et al. 2020). Le Pichon et al. (2019) interpret the EMS
as a mega pull-apart basin controlled by the spreading of
the Central Atlantic and resulting from the relative motion
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between Eurasia, Adria and Africa before 120 Ma. In this
interpretation, the Northeast African margin, including
the Western Desert margin, is a transform segment. This
proposition implies a~50° clockwise rotation of Adria/
Apulia relative to Africa, which is inconsistent with paleo-
magnetic data (Muttoni et al. 2013). This interpretation is
also inconsistent with the current plate circuit, as it would
imply Jurassic compression in the northwestern boundary of
Apulia where the Ligurian Tethys rifting developed at that
time (Mohn et al. 2010).

Van Hinsbergen et al. (2020) proposed a Carboniferous
Herodotus oceanic basin following Granot, (2016) and an
opening of the EMS during the Late Triassic to Early Juras-
sic in a direction parallel to the Levant margin (green motion
path from 220 to 180 Ma Fig. 12). However, this exten-
sion, resulting from the relative motion between Africa and
Eurasia, would create an overlap of >200 km in the Bay of
Biscay at 220 Ma which cannot be resolved by continental
rifting in palinspatic restorations (Nirrengarten et al. 2018;
King et al. 2021).

Based on the global plate model of Miiller et al. (2019),
we test the amount of extension expected in the whole Medi-
terranean domain from eastern Iberia to the Levant margin
(Fig. 12, Position between Iberia and Arabia are not con-
strained by kinematic data and are debated; here we aim to
focus on the major plate motions). Assuming the continen-
tal full fit and the early seafloor-spreading of the Central
Atlantic are valid, this test quantifies the maximum amount
of extension accommodated in the EMS in a direction par-
allel to the northern African margin (Fig. 12). This results
in a maximum of ~ 535 km of extension between 250 and
137.7 Ma (Fig. 12) which results from the strike slip corridor
joining the Tethys subduction below Eurasia and the Cen-
tral Atlantic opening (Keppie 2015). However, this distance
is insufficient to explain the > 1000 km elongated (E-W in
present-day coordinates) EMS along the northern Africa
margin. This amount of extension implies that the different
basins forming the EMS could not have opened in the same
direction (E-W in present-day coordinates) only as a result
of the Central Atlantic spreading. It is necessary to add an
extensional component oblique or orthogonal to the north-
eastern African margin (N-S in present-day coordinates) to
create the EMS. As space between Eurasia and Gondwana
was shrinking throughout the Mesozoic (SM3), the EMS
extension could partly have been accommodated by active
convergent plate boundaries to the south of Eurasia. The
position, orientation, number and evolution of convergent
plate boundaries south of Eurasia from Late Triassic to Cre-
taceous cannot be unequivocally interpreted by geological
data. However, subduction zones are suggested in most of
paleogeographic studies (Sengor et al. 1984; Stampfli and
Kozur 2006; van Hinsbergen et al. 2020) to accommodate
the ongoing spreading of the Neo-Tethys spreading without
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gain of space between Eurasia and Gondwana (SM3). The
Tethyan subduction dynamic and Central Atlantic opening
are two competing geodynamic engines that probably lead
to poly-phased rifting and transient spreading systems with
multiple ridge reorganizations. Future onshore studies to
locate the Triassic-Jurassic subduction zones and offshore
studies to determine the opening kinematic of the Central
Atlantic prior to the unequivocally identified first isochrones
magnetic anomaly M 25 (154 Ma), would conjointly benefit
to the palinspastic reconstruction of the EMS.

Rifting dynamic and comparison to other passive
margin systems

As already proposed by Robertson (2007), margins of the
EMS do not have characteristic features of magma-rich or
magma-poor rifted margins. The EMS passive margin evo-
lution could be summarized as following: 1) pulsated rift
activity over wide domains (from Permian to Early Creta-
ceous); 2) sharp crustal tapering, 3) short-lived spreading
system; 4) post rift thermal subsidence with carbonate plat-
form on the continental margin and starved sedimentation
in the deep basin. Similar passive margin architectures and
poly-phase tectonic evolution are observed in the Eastern
Black Sea (EBS) (Monteleone et al. 2019), South China
Sea (SCS) (Le Pourhiet et al. 2018; Larsen et al. 2018; Nir-
rengarten et al. 2020) and Woodlark Basin (Goodliffe and
Taylor 2007).

The geodynamic context of opening of those oceanic
basins presents similarities with the EMS: 1) In contrast to
the Atlantic, these oceanic basins did not form in the middle
of a super-continent (Pangea). Instead, they formed along
the edges of super-continents, leading to the separation of
elongated continental ribbons from larger plates (e.g. Pala-
wan Block; Woodlark Rise) (Wang et al. 2019); 2) The rifted
continental lithosphere was initially formed in relation with
active margins, the proto-Tethys subduction in the EMS, the
proto-Pacific subduction in the SCS and the Paleo-Tethys for
the EBS (Okay and Nikishin 2015). This setting will create
a particular lithospheric inheritance in terms of structures
(folds, thrusts, plutons), rheology (metasedimentary compo-
sition, decoupling levels), thermal structure and geochem-
istry (mantle and crustal), which affect the development of
extensional tectonic responses; 3) Active subduction zones
are observed in the proximity of all those oceanic basins dur-
ing their formation (Stephenson and Schellart 2010; Wu and
Suppe 2018); 4) The spreading evolution is short-lived, as
shown in EBS and SCS (<20 Ma) (Taylor and Hayes 1983;
Monteleone et al. 2019) and was likely similarly short-lived
in the EMS (Tugend et al. 2019) (Fig. 12); 5) The direction
of rifting and of spreading is variable through time during
the formation of such basins (Briais et al. 1993; Le Pourhiet
et al. 2018). Without magnetic anomalies or transform faults,
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it is therefore problematic to unambiguously interpret the
direction of opening of such oceanic marginal basins solely
based on the sharpness of the passive margin architecture.

Conclusion

We investigated the rifting evolution of the EMS by combin-
ing seismic sections of preserved EMS rifted margin, bore-
hole data, gravity anomaly maps and tectono-stratigraphic
information from the northern conjugate margins preserved
in fold and thrust belts. This analysis is integrated into a
global plate motion model, enabling the identification of
potential geodynamic controls on the Mesozoic extension
of the EMS. We point out that a better calibration of the
dynamic of the early Mesozoic subductions zone in the NE
of the EMS and of the early Central Atlantic opening are
needed to tackle the evolution of the EMS.
The main conclusions are as follow:

1. A new structural rift domain map of the EMS is pro-
posed and accompanied by four regional seismic cross
sections through different margin segments. This map
highlights the different morphology of the Herodotus
and northern Levant oceanic basin compared to the
structured highly thinned continental crust flooring the
southern Levant Basin.

2. Based on offshore borehole observations and the inte-
gration of the stratigraphy of the potential conjugate
margins, we propose a deformation timeline as follows:
a Late Triassic opening of the northern Levant basin,
an Early to Middle Jurassic rifting and spreading of the
Western Desert margin and Herodotus Basin. At the
junction of these two segments, the southern Levant
basin represents an aborted rift system characterized by
a poly-phased extension from Permian to Middle Juras-
sic.

3. EMS rifted margins have a sharp crustal taper inter-
preted as the narrow juxtaposition between thinned
continental crust and oceanic crust. This characteristic
feature is similar to other marginal sea rifted margins
systems such as EBS, SCS.

4. The EMS rifting evolution is poly-phased and multiple
breakup ages are identified. The exact direction of open-
ing could not be determined in the absence of kinematic
markers. However, the size of the EMS and its structural
complexity suggest multiple variations in geodynamic
regime through Mesozoic in relation with the Tethyan
subductions and the Central Atlantic opening.
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