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Abstract Speculations surround salt deformation in the Mediterranean Basins, both related to the
deformation history and the triggers for halokinesis since the onset of the Messinian Salinity Crisis. This
work presents a detailed description of the mechanisms driving internal and external deformation of a salt
giant from the Levant Basin, offshore Israel. The intrasalt siliciclastic layers generate good internal reflectivity
within the Messinian evaporites, allowing a thorough elucidation of the complex evolution and nature of
syn-Messinian and post-Messinian structures. We have identified three distinct phases of deformation in the
deep basin, based on the orientation, timing, and geometry of their related structures: The first phase is
characterized by small-scaled, gravity-driven, contractional faults and folds oriented N-S that have been
overprinted by a second syn-Messinian, NW-SE trending, deformation phase affecting the clastic bundles.
This latter deformation phase is the cause of truncation of the intrasalt stringers on the intra-Messinian
truncation surface. The third deformation phase occurred in the Pleistocene and affected all strata from the
Messinian salt to the seabed. This deformational phase produced thrust, strike-slip, and normal faults, but
the dominant orientation of the thrust faults and folds is NNW-SSE. Our study demonstrates that the first
deformation phase was caused by regional uplift along the Levant margin during the Messinian, the second
is a response to basin subsidence toward the Cyprus Arc, also syn-Messinian, and the third phase is likely
related to the reorganization of the African-Eurasian plate boundary and activity along the Dead Sea
Transform after the Messinian Salinity Crisis.

Plain Language Summary A thick body of alternating evaporites and claystones was deposited in
the Mediterranean Sea during the infamous Messinian Salinity Crisis, between 5.93 and 5.33 million
years ago. This event is in itself poorly understood, as both the cause(s) and the consequence(s) of this
crisis is heavily disputed. In this study, we use traditional seismic interpretation as well as geometrical
observations and seismic attribute analysis to understand the tectonic movements and how they have
generated different fault types in the subsurface of offshore Israel during and after the deposition of the
evaporite package. We present three different deformation phases and discuss their possible trigger
mechanisms. The good quality of the seismic data used in the study has provided us with excellent
examples of thrust, strike-slip, and normal faults in the area. These classical examples offer a clearer picture
of the tectonic history of the study area, which has wider application in understanding tectonic histories of
many basins worldwide.

1. Introduction

Salt-rich passive continental margins facilitate complex deformation of both the mobile salt and the sur-
rounding rock mass (e.g., Allen et al.,, 2016; Alves et al., 2009; Cartwright et al., 2012; Cartwright & Jackson,
2008; Hudec & Jackson, 2006, 2007; Loncke et al., 2006; Netzeband et al., 2006; Rowan et al., 2012;
Vendeville, 2005). The weak salt will mobilize in response to differential loading (gravity spreading) or tilting
of the basin (gravity gliding), and strains within the package may be intricate and hard to reconstruct back to
the original geologic setting before deformation (Bertoni & Cartwright, 2006; Cartwright et al, 2012;
Gradmann et al., 2005; Hlbscher et al., 2007; Netzeband et al., 2006). However, the overall trend in such a
basin setting will often demonstrate a proximal thin-skinned extensional regime near the shelf and distal
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contraction toward the basin due to a combination of gravity gliding and spreading (Allen et al., 2016;
Cartwright & Jackson, 2008; Loncke et al., 2006; Vendeville, 2005).

In the past few decades, advances in three-dimensional (3-D) seismic interpretation and visualization have
enhanced and broadened our understanding of the deformation induced by salt movement across many
sedimentary basins (Cartwright & Huuse, 2005; Rank-Friend & Elders, 2004; Trudgill & Rowan, 2004). On seis-
mic sections, the tops and bases of salt diapirs and structures are marked by distinct variation in reflectivity as
a function of the drastic change in acoustic impedance across the sediment-salt interface (Brown, 2011; Jones
& Davison, 2014). This is in contrast to the homogeneous nature of many salt bodies, which provide little
information about their internal structures. However, when salt or evaporites are composed of “stringers”
of carbonate, anhydrite, or clay, they provide good reflectors within the salt and opportunities to investigate
internal salt structures and deformation (Geluk, 1998; C. A-L. Jackson et al., 2015; C. A. Jackson et al., 2014; M.
Jackson et al., 1990; Peters et al., 2003; Raith et al.,, 2016; Schléder et al., 2008; Strozyk et al., 2014, 2012; Talbot
& Jackson, 1987; Van Gent et al., 2010).

To date, the structure and dynamics of intrasalt layers have received little attention when compared to the
external shape of salt structures (Hudec & Jackson, 2006, 2007; Rowan, 1993; Vendeville & Jackson, 1992).
Our current understanding of intrasalt tectonics comes from salt mines, outcrops, analogue, and numerical
modeling, where complex intrasalt structures are observed on a wide range of scales (Al-Abry & Al-Siyabi,
2005; Chemia et al., 2008; Fuchs et al., 2014; Reuning et al., 2009; Schléder et al., 2008; Schultz-Ela & Walsh,
2002). Although these later techniques allow for a thorough physical description of the geometries, rheolo-
gies, and boundary conditions of intrasalt deformation, they nonetheless offer limited information on the
true dimensionality and scale of intrasalt deformation, especially on a basin scale.

To understand the pattern and mechanisms of intrasalt deformation during and after salt tectonics, we
have used multiple approaches, including detailed seismic interpretation, seismic attribute analyses, and
structural plots, to unravel the deformational history of internal and external salt structures from the
Levant Basin, Israel. The study area presents exemplary conditions in which to study intrasalt deformation
and its impact on overall basin tectonics during and after salt deposition. Evaporites in the basin are young,
only shallowly buried, having been precipitated quickly during the Messinian Salinity Crisis (MSC) in the
Late Miocene. Most importantly, they contain laterally extensive, highly reflective layers of claystone that
facilitate a thorough structural investigation of the deformation pattern(s) caused by thin-skinned tectonics
(Feng et al,, 2016; Feng & Reshef, 2016; Gorini et al., 2015). The reflective nature of the salt giant, as well as
the absence of diapirs, also indicates that the intrasalt strains in the Levant Basin are generally low com-
pared to other evaporite basins (Allen et al,, 2016; C. A.-L. Jackson et al.,, 2015). Ongoing debates on the
Messinian salt and its internal structures in the Eastern Mediterranean are concerned with the timing,
phases, and drivers of the deformation (Allen et al., 2016; Cartwright et al., 2012; Gvirtzman et al,, 2013).
This has important implications for our understanding of the tectonic evolution of the region as well as
the convoluted interplay of different suggested drivers and triggers of salt deformation. Our study demon-
strates the complexity of intrasalt layers and their interrelationship with younger deformational phases in
the study area. We have also provided classic examples of strike-slip and thrust faults associated with the
Messinian salt giant in the Levant Basin that contribute to our understanding of the geodynamic evolution
of the basin The new information provided here has wider implication and application for geodynamic evo-
lution of many similar basins worldwide.

2. Geological Setting of the Study Area

The study area is in the Levant Basin, offshore Israel, in the south easternmost portion of the Mediterranean
Sea (Figure 1). The Levant Basin developed during multiple episodes of rifting that occurred from the
Permian to Early Jurassic (Ben-Avraham, 1989; Garfunkel, 1998; Gardosh et al., 2010; Netzeband et al,,
2006). During the collision of the African and European plates in the Late Cretaceous, the principal stress
field of the Eastern Mediterranean and its margins translated into a compressional one, which persist until
today. This compressional stress field resulted in the first stage of topographical inversion, which was asso-
ciated with the formation of the Syrian arc structures (Hardy et al., 2010; Shahar, 1994). As a consequence,
the Syrian Arc folds have been periodically active as of ~80 Ma, with the most recent peak in activity having
been in the Early Miocene (Gardosh et al., 2006; Sagy, 2015). However, since the Late Miocene, much of the
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Figure 1. (a) Map of the Eastern Mediterranean Sea and active tectonic regimes, regional fault systems and current sedi-
ment progradation. (b) Bathymetric map of the Levant basin showing the location of the regional 2-D seismic lines and
the 3-D seismic data set utilized in this work.

movement related to the compressional stress has moved inland from the offshore basin to the onshore
Dead Sea Transform (Figure 1a).

Uplift during the Oligocene resulted in significant erosion of the Levant margin and the formation of wide
and deep canyons (Druckman et al., 1995). These canyons were periodically excavated in several episodes
during the Oligocene and Miocene, and in combination with initial supply from North African river systems,
led to the accumulation of a thick sedimentary blanket in the basin, which is composed primarily of pelagic
marls (Gardosh et al., 2008). At the end of the Miocene (Messinian; 5.93-5.33 Ma), a multilayered evaporitic
sequence called the Messinian Evaporites was deposited across the circum-Mediterranean basins in response

Zone 3 l

Zone 1 Zone 2

Figure 2. Rose diagrams (top row) and dip plots (bottom row) of the extracted faults in the three structural domains.
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Figure 3. Interpretation of main faults and key horizons on four regional 2-D lines in vicinity of the 3-D data set. Panels
(a) and (b) are oriented N-S, while panels (c) and (d) have a E-W configuration that illuminates the three dominant stress
domains in the area. The sections show that both the seabed and the Messinian salt have a general dip toward the NE. Exact
location of the lines is seen on Figure 1b. Uninterpreted 2-D lines can be found in the supporting information.

to the MSC (Hsii et al.,, 1973; Ryan, 1978; Roveri et al.,, 2014). In the Levant Basin, the Messinian Evaporites are
up to 2 km thick, consist of alternating halite and clastics and anhydrite (Bertoni & Cartwright, 2006; Feng
et al.,, 2016; Gvirtzman et al., 2017), and can be divided into seven intervals (Gvirtzman et al,, 2017). At the
end of the salinity crisis, a continuous supply of sediments during the Plio-Quaternary resulted in accumula-
tion of nearly a kilometer of fine-grained sediments in the Levant Basin and over 1.5 km of sandy and silty
sediments on the Levant margin (Gardosh et al, 2008), which are currently prograding basinward
(Hubscher et al.,, 2016; Lazar et al., 2016).

KARTVEIT ET AL.
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Figure 4. Seismic stratigraphic framework used in this study, based on the work
by Feng et al. (2016) and Gvirtzman et al. (2017). Nomenclature is taken from
these studies, with the exception of the MP reflection, which signifies the
Messinian-Pliocene boundary, and the PP1-PP3 seismic packages in the Plio-
Quaternary overburden.

The Plio-Quaternary unit along the margin and basin have been
deformed as a consequence of gravitational tectonics, basement tilt-
ing, and likewise successive episodes of submarine mass wasting
(Cartwright & Jackson, 2008; Frey Martinez et al., 2005; Eruteya et al.,
2016; Gvirtzman et al., 2015; Katz et al, 2015; Tibor et al, 1992).
Onshore uplift related to the Dead Sea Transform and its secondary
fault system, the Carmel fault, appears to have resulted in early defor-
mation within the salt sequence during its deposition (Gvirtzman
et al, 2013); however, this is strongly disputed by Allen et al. (2016).
The principal deformation of the salt layers occurred during the Plio-
Quaternary with the loading of the Nilotic sediments atop the south-
eastern margin of the Eastern Mediterranean (Allen et al., 2016), leading
to folding and diapirism.

3. Data and Approach

Our study is based on seismic interpretation of a high-resolution, high-
quality, prestack zero-phase, depth-migrated 3-D seismic reflection
survey covering approximately 1,600 km? (Figure 1). The seismic cube
has crossline (N-S) and inline (E-W) spacing of 25 m and 12.5 m, respec-
tively, and the vertical sampling rate of the cube is 3 m. Final migration
yielded a depth-migrated volume having a vertical and horizontal reso-

lution of ~6 m. In addition to this, four regional 2-D lines have been interpreted to address the broad basin-
wide structural domains and extent of intrasalt deformation. These lines are displayed in the time domain
with a sampling rate of 2 ms. All of the seismic data in this study are displayed with the normal convention
adopted by the Society of Exploration Geophysicists (normal SEG polarity), whereby a downward increase or
decrease in acoustic impedance correspond to a positive (red) or negative (black) reflection, respectively.

Seismic interpretation of the principal horizons was done at intervals of 125 m and 250 m on the inlines and
crosslines, respectively, to constrain the general geology of the study area. These horizons include the seabed

“1100.00 |
115000

Figure 5. (a) Interpreted intra-Messinian truncation surface surface and (b) thickness map of the entire Messinian salt
package. Three distinct structural domains have been defined (Zones 1-3), and selected seismic sections are shown on

the maps.
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reflection, intra-Messinian truncation surface (IMTS), Top MC2, Base
MC2, Top MC1, Base MC1, Top ME1, and the base salt (BS; Feng
et al, 2016; Gvirtzman et al,, 2017). The seabed and IMTS were used
to automatically extract structural information at different depths.
This exercise entails the extraction of surfaces at certain depths, for
example, 50 m, 100 m, and 250 m below and above either of the hor-
izons. In addition to seismic interpretation, multiple seismic attribute
analysis was conducted to elucidate the internal structures of the
intrasalt layers. The seismic attributes used in this work are structural
smoothing, variance, Gaussian curvature, and dip angle. The structural
analysis consists of the use of ant tracking for automatic fault extrac-
tion, along with rose diagrams and equal area projections (Figure 2).
A key structural technique is the use of curvature attributes to charac-
terize the top salt, MC1 and MC2 folds.

The structural smoothing attribute was applied to the seismic data.

This attribute smooths the input data guided by local structures,
thereby increasing the signal-to-noise ratio and improving the conti-
nuity of seismic reflectors. This will sharpen the boundaries of the
reflectors, making the data suitable for structural interpretation
(Fang et al., 2017). The variance seismic attribute was used to identify
the faults because it is a direct measurement of the dissimilarity of
seismic traces. Hence, variance maps convert a volume of continuity
into a volume of discontinuity, highlighting structural and strati-
graphic boundaries (Brown, 2011). Faults represent trace-to-trace
variability and are mapped with high variance coefficients.
Furthermore, an ant tracking algorithm was utilized in order to track
and sharpen faults. The algorithm distributes a population of digital
ants that are coded to follow discontinuities in the seismic volume.
The swarm intelligence will then promote the computer agents to fol-

low identified discontinuities and avoid known noise sources (Abul

Figure 6. E-W oriented seismic sections through (a) Zone 3 and (b) the north-  Khair et al., 2012; Cox & Seitz, 2007). Faults are automatically extracted
western part of the study area showing examples of different thrust faults and 5 ce the ant tracking cube is generated. In addition to the automatic

key horizons.

fault extraction, interpretation of complicated fault types such as

strike-slip faults in the study area was further validated using struc-
tural maps and geomorphological features such as channels. This is most important to ascertain their true
sense of lateral movement.

To characterize folds associated with thrust faults, the curvature and dip angle seismic attribute was used. The
curvature is simply a measure of how tightly folded a surface is at a particular point (Lisle, 1994). In 3-D, folds
are characterized by minimum curvature, that is, the wider radius and maximum curvature, the smallest
radius of the fold. The more tightly folded a surface is, the larger its curvature. The curvature attribute is a
fantastic tool for mapping the hinge line of folds. The other types of curvature used are mean and
Gaussian curvatures. Local dip angles were extracted using the dip angle attribute, which calculates the
dip of a reflector by comparing each trace with the surrounding traces.

4, Observations and Interpretations

4.1. Interpreted Seismic Units

The seismic-stratigraphic framework used here (Figures 3 and 4) is similar to that used by Feng et al. (2016)
and Gvirtzman et al. (2017). We have adopted the nomenclature and lithological interpretations proposed by
Feng et al. (2016) but acknowledge the interpretation of the regional unconformity as an intra-Messinian
truncation surface and the presence of a late-Messinian sediment package overlying the truncation surface
(Gvirtzman et al,, 2017). The IMTS is a strong, faulted, high-amplitude reflection, which regionally dips in
the north-northwestern direction (Allen et al., 2016; Netzeband et al., 2006), although it appears horizontal

KARTVEIT ET AL.
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in our 3-D data (Figure 5a). At the base of the salt unit is the BS horizon

which is a relatively strong, flat, and continuous reflection. The high-

w ——— == _ % amplitude reflector overlying the BS is generally discontinuous and

fades out on the eastern parts of the survey. Where it is observable, it
is subparallel to the BS. This is interpreted as the Top Messinian
Evaporite 1 (see, e.g., Figures 4, 6a, 7, and 8; Feng et al,, 2016). In
between the Top ME1 and the BS, only nearly transparent and
low-amplitude reflections can be seen, except in the northeastern part
of the seismic cube where a high-amplitude, chaotic package is
found overlying the BS. The units overlying the Top ME1, ME2, are also
characterized by transparent to low-amplitude reflections
(Figures 6a and 7).

On top of the transparent ME2 is a package of three to four high-

amplitude, strongly deformed reflections (Figures 3 and 7). This pack-

age is the first Messinian clastic bundle, MC1, and is separated from
the second Messinian clastic bundle, MC2, by a zone of low amplitude
to transparent reflections, ME3 (Figure 7). The lithological characters of
the clastic bundles have been heavily debated, but cross plots of
seismic velocities, densities, and neutron porosities have shown that
they mainly consists of claystones (Feng et al, 2016). The second
Messinian clastic bundle is restricted to the western part of the study
area and is inclined against the IMTS reflections indicating erosional
truncation (Figures 8b and 14c). Both clastic bundles have gentle dips

Figure 7. (a and b) NE-SW oriented seismic sections through the contractional
domain (Zone 2) showing considerable thrusting in the Messinian salt and

to the west at an average angle of approximately 1° (Figures 3 and 9).
The unit between the MC2 and the IMTS, ME4, is also low amplitude
to transparent and is restricted to the western part of the study area.

folding in the Pliocene succession. Note the decrease in throw on the dominant ~ Overall, all the units are generally truncated by the IMTS with the
intrasalt thrust fault in the MC2 package compared to the MC1. amount of truncation gradually increasing eastward (Figures 3c and 3d).

East of the 3-D seismic cube, the IMTS and BS amalgamate, giving the
Messinian Evaporites a general wedge-shaped geometry that thickens toward the NW and pinches out along
the eastern margin (Figures 3c and 3d).

Lithologically, the four low-amplitude, chaotic packages described here are composed of pure halite,
whereas MC1 and MC2 are composed of clastic sequences comprising bundles of thin clay layers (aver-
aging 2 m within MC1 and 1.5 m in MC2) interbedded in the halite background (Feng et al, 2016;
Gvirtzman et al,, 2013). A thin unit consisting of alternating anhydrite, sand, and clay layers with a cumu-
lative thickness of ~100 m is found directly above the IMTS (Gvirtzman et al., 2017). The top of this unit is
characterized by a downward increase in acoustic impedance and represents the Miocene-Pliocene
boundary. The Plio-Quaternary units above the IMTS consists of Nile-derived sediments, as well as clay-rich
marls, sandstones, and claystones and slump complexes sourced from the Levantine continental margin
(Ben-Gai et al.,, 2005; Eruteya et al,, 2015; Frey Martinez et al.,, 2005; Gvirtzman et al., 2015; Tibor & Ben-
Avraham, 2005).

4.2, Structural Domains

The style of structures associated with the Messinian salt units and their intrasalt layers (MC1 and MC2) is best
described using the IMTS and the top MC1 and MC2 structural maps (Figures 5 and 9). The IMTS structural
map as well as the regional 2-D seismic sections revealed three distinct structural domains, which include
an easternmost domain where normal faults dominate (Zone 1), an intermediate domain characterized by
compressional structures or simply thrust faults (Zone 2), and a western domain dominated by strike-slip
and thrust faults (Zone 3; Figures 4 and 5).

Zone 1 is characterized by large-scale normal faults that interact with thrust and strike-slip faults (Figures 5, 8,
and 10f). The general strike of faults in Zone 1 is ENE-WSW with dips dominantly to the WNW (Figures 3
and 5a). Horst, graben, and rotational faulting systems can be seen on the western edge of the zone
(Figure 8). The majority of the fault planes are planar to being rotated (Figures 3c and 8). The other faults
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and structures in Zone 1 include strike-slips faults extending from Top

Pleistocene

ME1 into the Plio-Quaternary sequence, Plio-Quaternary rollover
antiform structures, and intrasalt thrust faults and related folds
(Figures 4c and 8).

The general orientation/structures in Zone 2 include NNW-SSE and NW-
SE thrust faults (Figures 3, 5, and 7). Minor strike-slip faults in Zone 2
usually interact with the thrust faults (Figure 7a). The strike-slip faults
can be very hard to recognize on seismic sections, but offset of chan-
nels, faults, and folds in the post-Messinian succession has been identi-
fied on horizon slices and attribute maps. The dip angle for faults in
Zone 2 ranges from <10° to almost 90° in the NE and SW directions
(Figure 2). Conversely, Zone 3 is dominated by NNW-SSE thrust faults

and folds (Figures 3 and 6a). Dip angle for the thrust faults ranges from

10° to 30° (Figure 2). Thrust faults in Zone 3 are usually intersected by

conjugate strike-slip faults (Figure 11). On seismic sections, the strike-
slip faults are marked as vertical or near-vertical faults that offset the
MC1, MC2, IMTS, and the overlying post-Messinian strata (Figure 12c)
and usually detach into any of the ME4, ME3, or ME1 evaporites
(Figures 4a and 4b, and 13).

4.3. Fault Types Affecting the Syn-Messinian and Post-Messinian
Successions

We observe steeply dipping sinistral strike-slip faults that strike in the
NE-SW direction (Figure 11). These faults are seen both internally in
the salt and in the suprasalt sequences (Figures 12c and 13b) and have
lateral displacements of up to approximately 900 m in the eastern part

Figure 8. (a and b) E-W oriented seismic sections in the eastern part of the study
area showing extensive normal faulting in the extensional domain (Zone 1).
Throws of some of the main faults are indicated in the green boxes.

of the study area (Figure 11). Three classes of strike-slip fault types that
occur in the study area are (a) Type | strike-slip faults characterized by
pop-up structures associated with contractional bends. The associated
flower structures are seen largely within the post-Messinian succession
as well as on smaller scale faults in MC1 (Figures 12 and 13). (b) Type |l
strike-slip faults form negative flower structures on seismic sections and are common in the Messinian and
the Plio-Quaternary strata (Figure 13b). The last group of strike-slip faults is (c) Type Ill, which includes planar,
isolated, and vertical faults, mainly localized within the Plio-Quaternary succession and occasionally piercing
deep into the ME1 (Figures 4b and 13b).

Thrust faults include those offsetting the Messinian package and Plio-Quaternary succession. The intrasalt
thrust faults are predominantly striking NNW-SSE, with varying angles of dip (Figures 6 and 10a and 10b), off-
setting MC1 and MC2 (Figures 7 and 9). Within MC1, the thrust faults change strike from almost NNW-SSE in
the northernmost part of Zone 2 to NW-SE in the south (Figure 9). Other thrust faults deforming MC1 include
small-scale, N-S oriented thrust faults in Zone 2 (Figures 10a and 14). The dominant NNW-SSE trending thrusts
normally have a larger displacement than the aforementioned faults and causes the MC2 to fold with ver-
gence generally to the ENE (Figures 5 and 7), even though back thrusts with opposite vergence trend are
often seen. Displacement on the NNW-SSE thrusts can reach up to 150 m within the MC1 and 100 m in
the MC2 (Figure 7a), whereas displacement of the N-S faults rarely exceeds 100 m (Figures 7a and 10a).
The Top ME1 reflector seems to act as a lower decollement for the intrasalt thrusts. The majority of the thrust
faults that offset IMTS to ME1 also offset the overlying Plio-Quaternary succession (Figure 7a).

The suprasalt thrust faults have a similar trend as the dominant intrasalt thrust faults (Figure 9) but are much
more prominent in terms of throw and heave. Throws of the suprasalt thrust faults can reach up to 240 m
(e.g., Figure 12a). These faults typically detach on the closest transparent facies, for example, ME4 beneath
the IMTS reflector. Near their upper tip positions, onlapping reflections of Late Pleistocene age are seen, sug-
gesting the timing of fault formation (Figures 12a and 12b). A common expression of active thrusting
attributed to these faults are ridges seen on the seabed map signifying that the thrust faults are formed
post-Messinian and is still ongoing (Figures 1 and 12c). The post-Messinian thrust faults at the Pliocene

KARTVEIT ET AL.
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Figure 9. Structural maps (left column) and dip illumination maps (right column) discriminating deformation trends of
(a) the IMTS surface, (b) the base of MC2, and (c) the top MC1 reflectors within Zone 2. Note the decrease in deformation on
the shallower reflections as well as the clockwise rotation of the deformation structures.

interval show evidence of fault propagation with trishear geometries (see Allmendinger, 1998; Erslev, 1991).
Additionally, the thrust faults can form a train composed of a leading thrust and trailing thrusts, with the main
decollement being the IMTS surface, but with some of the larger thrusts rooted in the Messinian salt
sequence (Figures 10c and 12a). Thrust faults with back thrusts are also seen at this level (Figures 6a and
10d). When two thrust faults have opposing directions of vergence, they can develop triangle zones, with
the thrust faults detaching near the IMTS horizon (e.g., Figure 12b). Some of these triangle zones can
sometimes be offset by positive flower structures (Figure 12c).

KARTVEIT ET AL.
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Figure 10. Examples of the different thrust types seen in the study area on seismic sections (left) and variance time slices (right): (a) intrasalt N-S trending thrust
faulting, (b) intrasalt NNW-SSE trending thrust faulting, (c) contractional folding in the Messinian salt and the Plio-Quaternary succession, (d) major thrust faulting
of post-Messinian sediments, (e) strike-slip faulting, and (f) master normal faults. The color bars signify the coefficient of variance. Faults are marked as moderate to
high variance coefficients as compared to the surrounding strata of low variance coefficients.

The last group of faults in the study area consists of normal faults, which generally strike in the NE-SW direc-
tion, but ranges from an almost N-S trend in the northeastern part of the survey to an ENE-WSW orientation in
the southeast (Figures 5a and 10f). Normal faults in the study area are mainly large-scaled growth faults inter-
secting the MC1 and the IMTS and scattered extensional faults which are often truncated at the base of the
overlying mass transport deposit (MTD; Figures 4c, 8a, and 10f). The large-scale normal faults strike parallel to
the shelf edge in Zone 1 extending from the base salt and into the Pleistocene layers above the MTD, some-
times displacing the seabed (Figures 4c and 4d, and 8a). Furthermore, suprasalt normal faults offsetting the
overlying MTD are common in Zone 1 but are also seen elsewhere in the study area. Normal faults have up to
1.5 km of displacement at the MC1 and up to 1 km at the IMTS level (e.g., Figure 5a). The dominant, large-
scale, normal faults are generally listric faults, while the more scattered smaller-scaled normal faults are gen-
erally more planar.

4.4, Other Intrasalt Structures

Apart from intrasalt thrust faults discussed above, MC1 and MC2 are also characterized by other compres-
sional structures such as folds, ramp complexes, and pop-up structures (Figures 10a and 10b and 14). The
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Figure 11. (a) Variance time slice through the post-Messinian succession in Zone 3 showing substantial strike-slip faulting
as well as NNW-SSE oriented contractional structures and (b) close up of one of the major strike-slip faults. Main channel
systems, proposed sediment progradation and major push-up ridges are indicated in the interpretations.

ramp complexes are present in the MC1 strata, whereas the thrust faults and folds are present in both MC1
and MC2, the pop-up structures are visible internally in MC1 in Zones 2 and 3 (Figures 13b and 14a). The
principal thrust faults strike NW-SE and N-S (Figures 13 and 14). Where the two sets of thrust faults
overlap, they are superimposed and this causes locally large offsets of the MC1 sequence, reaching a
maximum throw of approximately 300 m (Figure 10b). The N-S trending faulting seems to be quite
scattered, but most prominent in Zone 2, while the NW-SE to NNW-SSE striking thrust faults are obviously
present everywhere in the study area (Figures 5a and 9). Additionally, the MC1 package is laterally
continuous perpendicular to the fault trend, except in a 6 km wide transparent band that trends NNW-SSE
between Zone 2 and 3 (Figures 4c and 4d, 6b, 9a, and 9b). This band represents areas of poor seismic
imaging likely associated with subsurface fluid plumbing (e.g., Claudia Bertoni and Cartwright, 2015) or,
alternatively, areas of homogeneous rock and/or high strains (C. A.-L. Jackson et al., 2015). This is also the
case for all intrasalt reflections, making it difficult to trace structural trends from the eastern part of the
study area to the west. The MC2 package is less influenced by intrasalt faulting than MC1 but is subject to
folding above the most prominent NNW-SSE striking master thrust faults. However, it is important to note
that not all intrasalt thrusts deform the MC2 strata. In contrast, the MC2 sequence is often subject to
faulting related to the major strike-slip and thrust faulting seen in the Plio-Quaternary succession that is
rooted in the Messinian salt, especially where the ME4 package is absent between MC2 and IMTS
(Figures 6 and 13). The entire MC2 sequence is only imaged in the western part of the study area, where it
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Figure 12. (a—c) Examples of different thrust-and strike-slip faults in Zone 3. Throws of some of the major faults are indi-

cated on the interpretations, as well as onlapping relationships and key horizons. Note the trishear geometry of some of

the master thrust faults and the presence of triangle zones where the thrusts have opposite dips.
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Figure 13. (a and b) Different types of strike-slip faults seen in the strike-slip domain (Zone 3). Note the onlapping relation-
ship of the Pleistocene reflections below the seabed.

is overlain by the transparent ME4 sequence (Figures 6 and 10d and 10e). This is also where the package is
most continuous and undeformed. It is very difficult to address strike-slip faulting in the salt package due
to lack of morphological features within MC1 and MC2, unless they are vertically traceable throughout the
Plio-Quaternary overburden and into the salt. Internal patterns and terminations of reflectors can also be
deceptive, and care should be exercised especially when interpreting seismic data in areas with
contractional structures (Johansen, 2013; Johansen et al., 1994). For this reason, intrasalt strike-slip faulting
in the Messinian sequence will not be discussed in detail in this article.

5. Discussion
5.1. Mechanisms and Styles of Faulting and Folding in the Study Area

Strike-slip faults in the study area are generally vertical NE-SW oriented sinistral to NW-SE oriented dextral
faults forming conjugate sets (Figure 11). However, the strike-slip faults have not been thoroughly mapped
in this work. We acknowledge that strike-slip faults often strike approximately 30° to the horizontal compres-
sion direction, which fits the observed cross-cutting relationship between the thrust faults and the strike-slip
faults in our study area. The strike-slip faults vary in orientation, and the Type Il strike-slip fault zones in
particular seem to have a more ENE-WSW orientation to the oppositely dipping faults. Where major thrust
faults interact with the strike-slip faults, compressional zones develop with many well-developed positive
flower structures that are bounded by convex-up faults, that is, Type | thrust faults (see McClay and
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Figure 14. Examples of intrasalt deformation in Zone 2. Note the compressional pop-up structure in (a), intense thrust and back thrust faulting in (b), toplap relation-
ship between the MC2 and the IMTS in (c), and a train of thrust faults in (d).

Bonora, 2001). Strike-slip faults also appear to influence the occurrence of well-developed triangular thrust
zones. Where the NE-SW sinistral faults do not interact with thrusts, they appear as individual, steeply
dipping to vertical faults with low throws (Figure 10e). We recognize that strike-slip faulting probably has a
great influence on the contractional structures in the area, superimposing offsets and deformation zones
where they interact with thrust faults and compressional folds.

The thrust faults in the study area displace the MC1, MC2, and the Plio-Quaternary succession and here we
present two possible models to elucidate the observed fault geometry. In the first model, we considered
the N-S intrasalt thrusts as small-scale forethrusts created by significant downslope gravity gliding to the west
before the deposition of the MC2. This could have generated the forward propagation of a forethrust train in
a piggyback sequence (Letouzey et al., 1995), while the NW-SE oriented thrusts, on the other hand, are prob-
ably related to the main contractional phase that occurred during the Late Pliocene (Cartwright et al., 2012) or
a later Messinian deformation phase (Gvirtzman et al., 2013). In a second model, we propose that the N-S
trending thrust faults are back thrusts formed after the main contractional phase that created the NW-SE
trending forethrusts occurred, in a modified, clockwise rotated, contractional regime (Figure 10a). Alsop et al.
(2017) shows that similar mechanisms work in fold and thrust systems in MTDs around the Dead Sea Basin,
and their model could be applicable to the intrasalt sequence in the Levant Basin as well. Hence, the NW-SE
oriented master faults in the case acted as buttresses and continued salt movement after the main deforma-
tion phase forced sediments into the footwall of the back thrusts producing a train of back thrusts (see Alsop
et al,, 2017). This would cause the hangingwall of the back thrusts to remain passive, but steepening of the
thrusts eastward toward the buttress would cause some bed thickening (Alsop et al., 2017). This process
would unavoidably also affect the overlying sediments and prompt the emergence of the NNW-SSE thrust
faults within the MC2 and the overburden. We acknowledge that physical and numerical models indicate that
strain-induced thickness changes occurs in multilayered evaporites (Allen et al., 2016), but we argue that this
is not the case in this area because thickness changes are inconsistent (Figures 10a and 10b) while the trans-
parent halite is pure and uniform (Feng et al., 2016).

Our work demonstrates the predominance of the NW-SE thrust faults within the MC1 and the occurrence of
two additional thrust fault types, that is, N-S and NNW-SSE thrust faults. At lower stratigraphic intervals, the
intrasalt thrust faults progress from the NW-SE trend in the MC1 to NNW-SSE trend in the MC2 and at
the IMTS, respectively. This adjustment in trend is marked by a distinct decrease in the dipping of
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reflections upward in the salt sequence (Figure 9) and possibly represents localized deformational events.
Nonetheless, we propose three different episodes of contractional tectonics related to the formation of N-S,
NW-SE, and NNW-SSE thrust faults in the study area (Figures 9 and 10b) and conclude that the NW-SE faulting
in MC1 induce NW-SE to NNW-SSE trending folding in MC2 and on the IMTS reflector. Although the MC2
package and the IMTS surface are folded similarly, they are not conformably deposited. The MC2 is much more
deformed by folding and faulting than the overlying erosional surface indicating that some salt deformation
occurred before the intra-Messinian erosion event. The clockwise rotation of this deformational trend is
suspected to be related to the contractional regime that produced the N-S trending faults in MC1, provided
these N-S faults were formed after the NW-SE thrust faults.

The NNW-SSE oriented suprasalt thrust faults generally involve all layers from the MC2 to the seabed, but
many of them do not offset the IMTS and are cut by the MTDs, especially in the central part of the study
area. The orientation of these thrust faults in the Plio-Quaternary overburden is hard to explain in terms
of gravitational gliding (Figure 1). One would intuitively expect that the salt would glide downslope toward
the deep basin and form N-S to NE-SW oriented contractional structures (see Gradmann et al., 2005; Loncke
et al,, 2006). Based on the occurrence of extensional faults to the east, one could also argue for structures
that would be subparallel to the basin margin producing N-S to NE-SW contractional faults and folds. We
propose that gravitational spreading induced by Nile Cone progradation together with northward gravita-
tional gliding in the deep basin locally forces the salt motion updip by horizontal compressional stress
due to lateral expansion toward the basin margin in the study area (Fletcher et al, 1995; Hudec &
Jackson, 2006, 2009). Similar thrusting toward the salt margin is seen in obsidian lava flows as well as salt
glaciers in Iran (M. t. Jackson & Talbot, 1986; Waltham, 2008). Suspected roof-edge thrusts upsection from
the salt sheet tip are likely to be overprinted by the dominant extensional faulting at the margin. This
mechanism would explain the disarrangement of the deformation trend but raises some timing issues that
will be discussed later. Cartwright et al. (2012) explained this disconnection in the shortening direction by
radial gravity spreading caused by progradation of the Nile Cone. We see this as a plausible alternative
explanation that might also be enforced by gravitational gliding/crustal flexure in front of the Nile Cone
due to extreme loading. A third explanation is that the extensive contraction in the basin, especially the
NNW-SSE thrust faults that affected the MC2 and the overburden, is related to strike-slip tectonics related
to the Dead Sea Transform and the reorganization of the African-Eurasian plate boundary (Bowman, 2011;
Gvirtzman et al,, 2013).

The two main sets of normal faults in the study area are prominent in the extensional domain toward the
basin margin (Figure 8). The first set consists of large-scaled, listric normal growth faults that are parallel to
the present-day coastline. Based on their changing displacement trend, prominent above the MTDs (see
Figure 10f), we hypothesize that this fault set has been reactivated consequent to NNE-SSW compression
in recent times. Alternatively, they are formed as a response to basin rotation caused by reorganization of
the African and Eurasian plates or the progression of the Dead Sea Transform (Roveri & Manzi, 2006; Tibor
& Ben-Avraham, 2005). The second set of normal faults is generally planar and parallel to the listric master
faults. Although these faults have associated grabens, the ideal horst-graben systems are rarely seen in the
study area. Instead, asymmetric horst-graben systems are seen in a belt between Zone 1 and Zone 2
(Figure 8). Block rotation associated with normal faulting is also seen in this area, which is expected above a
basal detachment or brittle-ductile transition (Lister et al., 1986; Wernicke & Burchfiel, 1982). Interestingly,
tilted blocks without internal deformation and rollover structures are seen along the same faults, indicating
a heterogeneous progression of faulting. The upper tips of the second set of normal faults are truncated at
the base of the overlying MTD (see Omosanya and Alves, 2014; Eruteya et al., 2016). Hence, the second set
of normal faults are late stage normal faults most likely formed prior to the deposition of the MTDs.

5.2. Timing of Deformation

Strike-slip faulting occurs throughout the study area, and some of the deeply rooted strike-slip faults appear
to extend down to the top-ME1 reflector. Since strike-slip faults do not usually yield a large vertical displace-
ment, they are hard to visualize within the Messinian salt sequence. It is therefore not clear if the master
strike-slip faults penetrate the salt package, or if the halite intervals acted as detachment layers separating
the strike-slip faults. In map view, the strike-slip faults can be seen to displace the large-scale thrust faults
and related antiforms, thus indicating that the strike-slip faulting was initiated and/or continued after the
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main phase of contractional deformation (see Figures 11 and 13b). However, seismic stratigraphic markers
such as onlapping reflections at the tops of the large-scaled thrust faults in Quaternary strata are also seen
in association with the strike-slip, suggesting that these two processes overlap in time and have influenced
one another (Figures 12a and 12b, and 13a). Strike-slip movement being predominant within MC2 and over-
burden signify regional deformation interpreted to reflect the reorganization of the Eurasia-Africa plate
boundary in Pliocene-Pleistocene (Bowman, 2011; Hall et al., 2005).

The timing of the intrasalt deformation is somewhat less obvious than in the post-Messinian strata. There is a
clear connection between the observed faulting and folding of the intrasalt clastic sequences and deforma-
tion of the IMTS surface and overlying sediment. However, it appears that not all salt deformation can be
traced to shallower layers. This is especially true for the N-S trending folding and faulting. As previously dis-
cussed, the small-scale structures seen in MC1 are not detectable in the overlying MC2 or on the IMTS surface
(Figures 7 and 12a). We believe this reflects an earlier, less dominant, local deformation phase than the regio-
nal NW-SE trending contractional features. As the deformation is restricted to the MC1, we consider that this
deformation phase represents rapid, syn-Messinian halokinesis due to local uplift along the continental mar-
gin and/or basin tilting (Bar, 2009; Buchbinder & Zilberman, 1997; Gvirtzman et al., 2013) occurring before the
deposition of the MC2 sequence.

The second phase of contractional deformation is much more dominant than the low-amplitude N-S struc-
tures. The NW-SE trending folding and faulting seen in the study area is the footprint of basin-wide salt tec-
tonics previously described by Allen et al. (2016), Cartwright et al. (2012), Gvirtzman et al. (2013), and
Netzeband et al. (2006). The discontinuity of the MC2 package and its truncation of the IMTS surface through-
out the study area is one of the key evidence for syn-Messinian deformation. Homogeneous deposition of salt
flattens the seafloor faster than any other depositional process (Gvirtzman et al.,, 2013). Thus, we see it as
highly probable that the seabed in the basin remained close to horizontal throughout the Messinian. To
account for the truncation of the MC2 package, a significant amount of deformation influencing the MC2
must thus have occurred before the formation of the erosional unconformity, IMTS. The dominant NW-SE
to NNW-SSE deformation pattern can be traced from the MC1 package to the seabed (Figures 1b, 5, and 9).
Individual thrust faults cannot be traced through all these layers, probably because the transparent halite
packages acted as detachment surfaces. Some of the large-scale emergent thrust faults, however, are rooted
at the base of the MC2 package where the overlying ME4 sequence is not present. Hence, the N-S and
NW-SE thrust faults are syn-Messinian structures. Consequently, where the suprasalt thrust faults are not cut
by MTDs, footwall thickening and onlapping relationships with younger sediments below the seabed are seen,
indicating that the main deformation phase occurred in the Plio-Pleistocene.

The two different types of normal faulting in Zone 1 demonstrate quite different structural geometries
(Figures 4c and 4d, and 8a). The majority of the planar extensional faults that produce the horst-graben struc-
tures and fault trains do not cut the IMTS surface and have generally small throws. Some of them, however,
displace the IMTS vertically on the order of several hundred meters, but it can be difficult to determine the
lower detachment surface due to the transparent nature of the ME3 package. It appears that some of the big-
ger faults might also influence the MC1, but due to the amount of deformation in this package, it is hard to
confirm if the observed faulting is coupled to the overlying normal faults or if it a response to local deforma-
tion and/or strike-slip faulting. The amount of displacement in these fault planes seems to be quite constant
from the IMTS and up to the base of the MTDs. Some of them even offset the base of the MTDs more than the
major growth faults (Figures 8a and 10f) to a maximum of ~100 m. The major, listric, growth faults, however,
offset the IMTS significantly more than the planar faults (Figure 10f). Based on these observations, we pro-
pose that the large-scaled growth faults near the basin margin have been active at least since the end of
the Messinian. The extensional faulting observed westward of the growth faults has a fairly constant vertical
throw from the IMTS almost to where they truncate the MTD package. This indicates that this normal faulting
was initiated during a period of deformation in the Plio-Quaternary and was later cut by MTDs.

5.3. Variation in Structural Styles From Syn-Messinian to Post-Messinian Strata

Our interpretation suggests that all the transparent strata within the salt act like individual levels of decolle-
ment. The key information from the structural maps (Figure 9) and other seismic sections is that there is a
general decrease in fault density from IMTS to MC1, (also reported by Allen et al., 2016, Feng et al., 2016;
Gvirtzman et al., 2013). The offset and frequency of faults are also larger at the IMTS horizon than in the
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deeper intrasalt packages, largely due to the extensive deformation of the Plio-Quaternary overburden, and
not internal salt deformation (see Figures 6a, 8, and 10d). Only very rarely do large faults in MC1 offset the
IMTS surface. Where this occurs, it is likely due to an overlapping relationship with the overlying strike-slip
faults, or at large-scale normal faults (Figures 8 and 13b).

Folding in the Messinian layers slightly decreases from the IMTS to the MC2 and then increases within the
MC1 (Figure 9). This observation conflicts with the results of previous studies in the area and is the key to
unraveling the structural development of the study area. Folds within the topmost evaporite units are
oriented in NNW-SSE direction as opposed to the NW-SE and N-S orientations of the underlying folds within
the MC1 (Figure 9), suggesting that the folds were produced by ENE-WSW, NE-SW, and E-W directed com-
pressional forces. The small-scaled N-S folding conceivably represents a short-lived and early deformation
phase in the MC1 or are a result of a concentrated small-scaled Poiseuille flow similar to the model of
Cartwright et al. (2012). Alternatively, these small thrusts and folds were simply overprinted by the large-scale
deformation that affected the IMTS surface. We argue that the N-S thrusts are related to E-W compressional
forces caused by local uplift of the Levant margin during the Messinian (see Gvirtzman et al., 2013; Bar, 2009;
Buchbinder & Zilberman, 1997).

As for the dominant NW-SE oriented, NE verging thrust faults within the MC1, these are assumed to be related
to a later deformation phase, which is much more dominant throughout the study area and affects both the
MC1 and MC2 strata as well as the IMTS surface and overburden (Figures 7 and 10b and 10c). However, this is
not a consistent relationship, as some of the major thrusts within the MC1 do not interact with the MC2 at all,
which, quite to the contrary, onlap the fault-bend folds (Figure 14d). This means that the thrusting has been
active since deposition of the MC1, that it has occurred in several phases, or that the ME3 layer has locally
absorbed all deformation above some of the thrusts. This extensive deformation is still active, but it has
not been constant throughout this time. The orientation of the thrust faults and hinge lines of the folds
progresses from the NW-SE in the MC1 to NNW-SSE at the IMTS, supporting syn-Messinian deformation of
the salt (Figure 9). Furthermore, the MC1 and MC2 display different patterns of local faulting throughout
the study area. Figure 14d presents an example where the MC1 is heavily deformed by thrusting, whereas the
overlying MC2 is subject to smaller-scale normal faulting. The MC2 is to a large degree equally displaced as the
IMTS, a trend that is not consistent within the deeper MC1.

Based on the discussion above, we propose a polyphase deformation model of the Levantine Basin since the
onset of the MSC. First, margin uplift during the Messinian (Steinberg et al., 2010) initiated gravity gliding of
the salt toward the west, thereby producing the N-S trending, W verging, folding, and thrust faulting before
deposition of MC2 package. The NW-SE oriented, NE verging deformation was initiated after the deposition
of the MC2 package where thrust complexes in the MC1 strata generated folding, and occasional thrusting of
the overlying sediments. This deformation continued throughout the intra-Messinian erosion event, that is, the
IMTS surface, and thus account for both the truncation of the MC2 sediments and initial folding of the IMTS
horizon. This folding of the MC2 package and the IMTS was later overprinted by the dominant
post-Messinian deformation phase involving all sedimentary layers from the MC2 to the present-day seabed.
The main deformation phase overlaps in time with the deposition of MTDs in the study area during a time of
frequent slope failures initiated in the Late Pliocene (Eruteya et al, 2016). This deformation altered the
deformation trend in the involved layers from NW-SE to NNW-SSE. It is possible that the last two deformation
phases are related to the same driving mechanism(s) and that the initiation of basin wide post-Messinian
strike-slip faulting related to the Dead Sea Transform activity has rotated the contractional forces. An alternative
interpretation is that the NW-SE oriented deformation in the MC1 was driven by northward gravity gliding of
the salt toward the Cyprus Arc subduction zone, whereas the later phase of deformation was driven by
gravitational spreading of the Nile Cone initiated in Early Pliocene (Ben-Gai et al., 2005; Gardosh et al., 2008;
Gvirtzman et al.,, 2013).

6. Conclusions

High resolution, 3-D seismic reflection data from offshore Levantine Basin, Israel, has been used to provide a
detailed structural framework and evolution of a salt giant. This study has used multiple approaches that
include seismic interpretation, seismic attribute analysis, and structural plots to propose a new polyphase
deformation model for the intrasalt layers in the study area and, by extension, the overburden layers. We
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Figure 15. Conceptual model for the tectonic evolution of the study area.
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present three distinct sets of contractional faulting affecting the Messinian salt sequence in the Levantine
basin based on their orientation, geometry, and decollement level. The transparent halite strata acted as
decollement layers at different stratigraphic intervals within the Messinian deposits during three phases of
contractional deformation in the basin since the initiation of the MSC. Importantly, we show that the first
two phases mainly involved deformation of the Messinian salt package, while the third mainly influenced
the Plio-Quaternary overburden. This third deformation phase represents a time when extensional and
complex salt tectonics occurs throughout the basin and remains active. In addition to large-scale thrust
faults, strike-slip and normal faults occur at approximately the same time and were simultaneously
triggered in response to basin rotation as a result of the reorganization of the African-Eurasian plate
boundary and activity at the Dead Sea Transform or radial gravity spreading of the Nile Cone. In the study
area, the intrasalt deformation is dominated by a late-Messinian syn-depositional deformation phase.
Faulting occurred mainly in the MC1 sequence, forcing the overlying MC2 package to fold and be driven
by gravity, gliding toward the Cyprus Arc. The first deformation phase occurred shortly after deposition of
the MC1 and was caused by regional uplift along the Levant shelf. This triggered downslope salt movement
to the west, producing a set of N-S trending thrust faults and folds, which were slightly overprinted by the
dominant NW-SE oriented deformation. Large-scaled normal faults along the basin margin have been active
since the end of the Messinian and are directly coupled to the contractional domain in the basin. An overview
of the conceptual model proposed is presented in Figure 15. Our study lends weight to the report of poly-
phase deformation of the intra-Messinian layers and has wider implications for regional tectonic evolution
in the Levantine Basin.
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