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Abstract
Under the seafloor of the Mediterranean Sea lies one of Earth’s salt giants
deposited during the Messinian salinity crisis (MSC, 5.97-5.3 Ma) that occurred at
the latest Miocene. Since its accumulation this salt giant has been buried by
Pliocene-Quaternary sediments, but compared to other salt giants it is young and
relatively shallow. Therefore, the Mediterranean Sea is a preferred location for
studying the early stage of deformation in salt basins, which is difficult to

reconstruct in older and usually highly deformed salt basins.

This study focuses on the Eastern Mediterranean with an emphasis on the
Levant Basin, offshore Israel. The objective is to explore the evolution of the basin
in the past 5 million years in order to understand three tectono-stratigraphic
processes: the formation of a continental shelf (Levant) alongside a river delta
(Nile); the interaction of a giant river delta (Nile) with an underlying salt giant
(Messinian); and the interaction between turbitidy channels with salt tectonics
obstacles at the present day seabed. The unique settings of the study area that
contains a giant salt body, a giant river delta, and a continental shelf that is a few
hundred kilometers away, but still fed by the giant delta, provides the opportunity to

understand these fundamental processes which are relevant worldwide.

To study the accretion of the Levant continental shelf alongside the Nile delta |
use a 3D diffusion-based, stratigraphic modeling tool (DionisosFlow) with a new
module specially programmed for this study. | reexamine the existing paradigm
about sediment transport and shelf-delta connection showing that alongshore sand
transport is just a small part of a much larger process termed here margin-parallel
sediment transport (MPST). | establish this concept and clarify its components.
Sand is transported in a nearshore shallow water belt where marine currents are
highly energetic. At the same time shale is transported at greater depths over the
deeper shelf and the continental slope where marine currents are weaker. The
modeling results show that without margin-parallel transport of silt and clay in the
deeper waters, deposition offshore Israel probably would have been negligible, and
the Levant shelf never would have developed. Moreover, though MPST has begun
coevally with delta formation massive accretion of the Levant shelf occurred only
2-3 my later. Initially, a continental shelf formed offshore Sinai, then offshore

Israel, and most recently along the Lebanon coast. The model also demonstrates a



significant lithological difference between sedimentation in front of the river’s
mouth and along adjacent continental margin. High energy down slope sediment
transport carries sand, silt and clay, whereas margin-parallel currents are relatively
weak and carry mainly silt and clay. One exception within the margin-parallel
system is the highly energetic nearshore current that transport sand. Thus, 1 point
out, MPST s an efficient differentiator between shale and sand. These modeling
results contribute to the basic understanding of sediment transport, distribution, and
deposition along continental margins and particularly to the connection between

river deltas and adjacent shelves.

To study the interaction between the Nile Delta and the regional salt tectonics, |
focused on the circum-Nile deformation belt (CNDB). The semi-radial shape of the
CNDB was interpreted in previous studies as forming by salt squeezing out from
under the thick Nile delta/cone. Following a synthesis of the available geophysical
and drilled data and the construction of regional structural and isopach maps, I
demonstrate that, in fact, the thickest part of the delta overlies a quite thin original
salt section. i.e., the squeezing of salt would have had less impact on the regional
deformation pattern than previously thought. Our data indicates that the squeeze-out
model works only at the easternmost side of the delta, towards the Levant basin.
There, differential loading over a few hundred meters thick salt, can produce the
needed pressure gradient, sufficient to promote salt flow, even upslope against
gradient. On the western side of the delta, towards the Herodotus basin, downslope
gliding of the sediment-salt sequence is driven by pronounced gradients, enforcing

contraction in the deepest part of the basin.

Following of the understanding of aspects of this salt tectonics, | focused on the
influence of seabed obstacles (particularly expressions of salt tectonic ridges) on the
present-day submarine channels that transport sediments on the seafloor toward the
deeps of the Levant basin. In the Levant basin, numerous submarine channels
around the Nile deep sea fan (NDSF) are affected by salt tectonics related to the
Messinian salt giant. Initially, | applied methods developed for terrestrial
morphological analysis and quantified channel sinuosity, width and slope in search
for consistent relationships between these parameters and channel response to salt-
tectonic obstacles. This traditional analysis did not yield robust patterns but led to
other observations. To quantify these observations, | developed two new parameters



characterizing the regional and local distortion of channel direction by the
cumulative effect of the many obstacles generated by the salt tectonics. (a) The
incident angle (a), defined as the acute angle between the regionally influenced
channel direction and the strike of the individual tectonic obstacles. (b) The
diversion angle (Q2), defined as the angle between the slope direction of the regional
bathymetry and the average direction of the channel following its diversion by the
obstacles. The values of these parameters along the channels illustrate the influence
of the regional-scale basin geometry and the superimposed, tectonically influenced
seabed patterns, on channel development. Hyperbolic relationships exist between
incident angle (o) and diversion angle (Q). Channels flowing approximately parallel
(0=0°) to tectonic folds are (obviously) not diverted; channels nearly orthogonal
(0=90°) to obstacles, cut at a point along them, right through and, again, not
diverted by much. In contrast, channels with a general direction diagonal to the
obstacles (a=40°), are diverted by ca. ten degrees (€2=10°). Over long distances, this
diversion accumulates and affects the regional development of channels around the
NDSF. Noteworthy, this phenomenon of channel diversion, indirectly deteriorate
normal slope-sinuosity relationships, known from terrestrial studies. These
parameters can be quite easily applied in other basins, where submarine channels

interact with seabed obstacles.

In Summary, this PhD research demonstrates the accretion of a continental shelf
alongside a forming delta due to margin-parallel sediment transport; the salt
tectonics impact on the evolution of the basin since the early Pliocene; and how salt
tectonics affects the submarine transport systems that distributed sediments within
the basin.
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Introduction

During the late Miocene, the Atlantic-Mediterranean gateway was narrowed leading
to deposition of 2-3-km-thick evaporite sequences across the Mediterranean Sea (e.g.,
Hsu et al., 1973; Ryan, 1973). This event, termed the Messinian Salinity Crisis
(MSC), is dated to 5.97-5.33 Ma (for a review see Roveri et al., 2014 and references
therein). During subsequent ~5 million years, the Messinian salt was buried by a
Pliocene-Quaternary sequence and salt tectonics was initiated coeval with
sedimentation. Compared with other salt giants that are deeper and older, the
Mediterranean Sea is an ideal natural laboratory for exploring the early stage
deformation in salt basins, which is difficult to reconstruct elsewhere (Hubscher et al.,
2007).

The Eastern part of the Mediterranean Sea provides research opportunities to study
three key tectono-stratigraphic processes:

(1) The interaction of a giant river delta (Nile) with an underlying salt giant. This
process relates to fundamental issues concerning the forces driving salt tectonics.

(2) The formation of a continental shelf (Levant) alongside a river delta (Nile). This
process relates to fundamental processes of sediment transport along continental
margins.

(3) The interaction between turbitidy channels with salt tectonics obstacles. This
process, observed on the present-day seabed, is a key for understanding the ancient
development of such environments.

The objective of this research is to explore the evolution of the eastern Mediterranean

in the past ~5 million years and shed new light on these three fundamental processes.



Geologic setting

The Levant Basin

The Levant Basin, located in the most southeastern corner of the Mediterranean Sea,
is an extensional basin formed at the margins of the Neotethys Ocean during the late
Paleozoic and early Mesozoic (Garfunkel, 1998; Robertson, 1998). During the Oligo-
Miocene, a thick sedimentary section accumulated in the deep Levant Basin while
only minor deposition occurred along its edges at the Levant continental margin
(Steinberg et al., 2011; Macgregor, 2012; Bar et al., 2013; Gvirtzman et al., 2014).
Approximately 6 million years ago, towards the end of the Miocene (the Messinian
stage), the Mediterranean transformed into a giant saline basin and a few km-thick salt
layer was deposited on its deep seafloor (Hsu et al., 1973; Ryan, 1973, reviewed by
2009; Roveri et al., 2014). During this MSC the level of the Mediterranean Sea
dropped. One of the major responses to this drop was the formation of canyons
around the margins of the sea, including the 1.5 km deep gorge/canyon (termed also
EoNile, Said, 1981, 1993; Abdelsalam, 2018) at the Egyptian continental margin.
When normal marine conditions resumed in the early Pliocene, sediments quickly
filled the Eonile canyon and propagated seaward forming the present day Nile delta
and cone, which reaches a thickness of nearly 4 km (Said, 1981; Loncke et al., 2006;
Mascle et al., 2006; Segev et al., 2006). The role of delta propagation in promoting
salt tectonics is studied in chapter 3 of this thesis.

Alongside delta development, a continental shelf was built along the Sinai-Israel
continental margin (the Levant shelf). The width of this shelf varies from 50, to 30,
and to ~15 kilometers offshore Sinai, central Israel, and northern Israel, respectively,
and then, narrowing to only a few km offshore Lebanon (e.g., Gvirtzman and

Buchbinder, 1978; Mart et al., 1978; Almagor and Garfunkel, 1979; Goldsmith and



Golik, 1980; Ben-Avraham and Mart, 1981; Mart, 1982; Buchbinder and Zilberman,
1997; Ben-Gai et al., 2005). The relations between the Levant shelf and the Nile delta

is studied in Chapter 2 of this thesis.

Salt tectonics in the Eastern Mediterranean

The unique mechanical behavior of salt that at a geological time scale behaves as a
fluid (Jackson and Talbot, 1991 and references therein; Weijermars et al., 1993),
greatly affected overlying sediments, and vice versa, coeval sedimentation promotes
salt deformation (Gemmer et al., 2004; Brun and Fort, 2011). This produces a positive
feedback, i.e., sediment loading induces subsurface salt flow, which, in turn, deforms
the overlying rocks. Subsequent deposition is affected by such repeated load-
controlled, near-surface deformation and so forth.

In the Levant Basin, salt tectonics was documented in numerous studies over the past
four decades (Neev et al., 1976; Ben-Avraham, 1978; Ryan and Cita, 1978; Mart,
1982; Almagor and Hall, 1983; Tibor et al., 1992; Frey Martinez et al., 2005;
Schattner et al., 2006; Hubscher et al., 2009; Cartwright et al., 2012; Lazar et al.,
2012; Gvirtzman et al., 2013; Eruteya et al., 2016; Safadi et al., 2017; Elfassi et al.,
2019; Lawal et al., 2019).

At the end of the Pliocene (~2.5 Ma), approximately 2.5 million years after the end of
the MSC, highly noticeable deformation related to the subsurface salt motion has
commenced (Almagor, 1984; Garfunkel and Almagor, 1984; Cartwright et al., 2012;
Elfassi et al., 2019). The salt motion, over the past 2.5 million years, developed into a
complex circum-Nile radial contraction domain of folds and faults (Gaullier et al.,
2000; Loncke et al., 2006; Gvirtzman et al., 2015). The surface expression of the folds
is quite subtle. They are tens of meters in amplitude, hundreds of meters wide, and a

few kilometers long. They form a pattern of elongated obstacles on the sea floor,



spacing 1.5-6 km apart. The connection between the development of the Nile delta
and the circume-Nile deformation belt is studied in Chapter 3 and the interaction

between salt-tectonics obstacles and turbidite channels is the focus of Chapter 4.

Dissertation outline
Chapters 1 and 5 are introduction and summary of the research, respectively.

Chapter 2 focuses on the development of the Levant continental shelf alongside the
development of the Nile Delta. This chapter develops the concept of margin-parallel
sediment transport (MPST) showing that alongshore sand transport at shallow waters
is a small part of a larger process that transports huge amounts of clays and silts at
deeper waters on and off the shelf. The model results demonstrate that the formation
of the delta with properties similar to observations is possible, but with a failure to
form a shelf. To form a continental shelf coevally with the evolution of the delta, we
add a new MPST to the model, which then successfully generates a continental shelf
with characteristics similar to observations. By doing so, this chapter aims to help
understand sediment accumulation at the end of the Pliocene and up to the present-
day accumulation; i.e., from sedimentation forming a delta/cone to margin-parallel

sediment accumulation and Levant continental shelf formation.

Chapter 3 focuses on improving understanding and causes of salt tectonics at the
circum-Nile deformation belt. The impact of salt tectonics on an evolving sedimentary
basin leaves its marks. These marks can provide insights of identifying controlling
mechanisms in the region. A prime example is the emphasis in previous studies of the
salt squeeze-out mechanism as the dominant driver of salt tectonics in the Eastern
Mediterranean. In this chapter, following the amassing of data into a much better map
of the location of the salt giant and its association with the thickness of post-MSC
sediments, | demonstrate that this simple squeeze-out mechanism cannot explain the
distribution and asymmetry of the deformation in the Eastern Mediterranean.
Therefore, the question remained (and raised here) is what can drive salt tectonics
around the Nile deep sea fan? | show that, in the Eastern Mediterranean, the role of
salt squeezing was overestimated. This may have been the case in other salt basins as

well.



Chapter 4 focuses on the geomorphology of the submarine channels detected on the
present seabed and the potential impact of salt tectonics on their courses. In the past
decade, due to the expansion to the deep sea of oil and gas exploration and the
importance of buried submarine channel as sediment conduits and reservoirs
becoming clearer, the study of such modern channels became eminent. This study
focuses on the submarine channels of the Eastern Mediterranean Sea and their
relationships with the adjacent Nile deep sea fan. We show that in some cases, these

channels are affected by salt tectonics that occurs within the basin.

The final chapter of this dissertation (Synthesis and Conclusions, Chapter 5) shows
how each of these three chapters (Chapters 2-4) that use different approaches and the
three combined, offer a regional synthesis demonstrating mutual sedimentation and
salt tectonics impacts and assist in understanding the evolution of the Eastern

Mediterranean since ~5 Ma.

Methods

The various issues studied here require several methods and tools. For modeling the
Levant continental shelf alongside the Nile delta (Chapter 2) | used a state-of-the-art
3-D stratigraphic modeling tool, DionisosFlow that produces synthetic stratigraphy
according to prescribed subsidence history, sea-level variations, sediment supply,
water discharge, and sediment distribution by diffusion. Cooperation with the
developer of this software at Beicip-Franlab, French Institute of Petroleum, we added
a new module considering continental margin sediment transport.

For understanding the relationship between delta development and the circum-Nile
deformation belt (Chapter 3) | prepared a structural map of the base Pliocene (~top
salt) in the entire Eastern Mediterranean. This required compilation of published and
unpublished data of thickness and depth, seismic profiles and well logs, maps and

sections partly presented in TWT (sec) and partly in length units.



For analyzing the relationships between seabed obstacles and direction of turbidite
channels (Chapter 4) | suggest a new morphometric analysis expressing the diversion

of channel direction as a result of direction of the obstacles.
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Following the termination of the Messinian salinity crisis ~5.3 million years ago, massive sedimentation in the
Eastern Mediterranean Sea formed the huge Nile Delta. Alongside delta propagation, a continental shelf was
accreted along the Levant margin. For several decades it was assumed that these two sedimentary structures were
closely connected. Levant shelf deposits are composed of Nile-derived sediments and present-day measurements
show that sand is currently being transported alongshore from the Nile Delta to offshore Israel. This study
reexamines the existing paradigm about sediment transport and shelf-delta connection. We show that longshore
sand transport is just a small part of a much larger process termed here margin-parallel sediment transport
(MPST). Sand is transported in a nearshore shallow-water belt where marine currents are highly energetic. At the
same time, shale is transported at greater depths over the deeper shelf and the continental slope where marine
currents are weaker. To model the accretion of the Levant shelf alongside the Nile Delta we use a 3D, diffusion-
based, stratigraphic modeling tool (DionisosFlow) with a new module representing MPST. Our results show that
margin-parallel transport of silt and clay in the deeper waters accounts for the bulk of deposition offshore Israel
and is responsible for the development of the Levant shelf. Moreover, though MPST has begun coevally with delta
formation, massive accretion of the Levant shelf was delayed by 2-3 My. Initially, a continental shelf formed
offshore Sinai, then offshore Israel, and most recently along the Lebanon coast. Our model also demonstrates the
significant lithological differences observed between sedimentation in front of the Nile River mouth and along
adjacent continental margin. High energy down-slope sediment transport carries sand, silt, and clay, whereas
margin-parallel currents are relatively weak and carry mainly silt and clay. One exception within the margin-
parallel system is the highly energetic nearshore current that transports sand. Thus, we point out, MPST is an
efficient separator between shale and sand.

1. Introduction this EoNile canyon and prograded from the canyon mouth into the open

sea (Said, 1981; Sestini, 1989; Stanley and Warne, 1998). Today, after

The Nile Delta and its associated sedimentary cone are the largest in
the Mediterranean Sea and one of the largest worldwide (Fig. 1). Five
and a half million years ago, during the Messinian salinity crisis (Hsii
et al., 1973; Ryan and Cita, 1978), the Mediterranean sea-level dropped
and an approximately 1.5-km deep canyon (EoNile) incised into the
Egyptian continental margin of the Mediterranean (Barber, 1981; Said,
1981, Fig. 2A). After this crisis, at the beginning of the Pliocene (5.3
Ma), when normal marine conditions resumed, sediments quickly filled

5.3 My of progradation, the modern Nile Delta and its deep-sea fan and
sedimentary cone spread ~200 km northward from the ancient canyon
mouth and ~400 km in an east-west direction (Fig. 1). The thickness of
the Pliocene-Quaternary (PQ) sediments building the Nile Delta and
cone reaches ~4000 m at its depocenter offshore Egypt (Fig. 2B).
Alongside this PQ delta development, a continental shelf was
accreted in the southeastern Mediterranean, offshore Sinai and Israel
(termed here the Levant shelf, Fig. 1). The shelf deposits offshore Israel

* Corresponding author. The Fredy and Nadine Herrmann Institute of Earth Sciences, The Hebrew University of Jerusalem, Jerusalem, 91904, Israel.

E-mail address: elchanan.zucker@mail.huji.ac.il (E. Zucker).

https://doi.org/10.1016/j.marpetgeo.2020.104876

Received 30 July 2020; Received in revised form 13 December 2020; Accepted 15 December 2020

Available online 8 January 2021
0264-8172/© 2020 Elsevier Ltd. All rights reserved.


mailto:elchanan.zucker@mail.huji.ac.il
www.sciencedirect.com/science/journal/02648172
https://www.elsevier.com/locate/marpetgeo
https://doi.org/10.1016/j.marpetgeo.2020.104876
https://doi.org/10.1016/j.marpetgeo.2020.104876
https://doi.org/10.1016/j.marpetgeo.2020.104876
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpetgeo.2020.104876&domain=pdf

E. Zucker et al.

Herodotus

Basin

100 km

Marine and Petroleum Geology 126 (2021) 104876

Levant
Basin

30°N-| | -
31°E

27°E 29°E

|
33°E 35°E

Fig. 1. Topography and bathymetry map of the Eastern Mediterranean. Her = Herzliya. Ash = Ashkelon. ESM = Eratosthenes Seamount. Black circles mark oil and
gas wells: 1 = Mira, 2 = Hannah 01, 3 = Sara, 4 = Hof Ashdod 01, 5 = Yam 02, 6 = Yinnon, 7 = Maanit 01, 8 = Caesarea. Black line w/triangles mark the
Hellenic-Cyprus subduction. Dashed brown lines = Locations of cross sections. Black arrows — longshore sand transport (after Inman and Jenkins, 1984). Red arrows
- LJS (Levant Jet System, after Schattner et al., 2015). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

are composed of Nile-derived sediments. It was hypothesized that the
accretions of both these features are coeval (Buchbinder and Gvirtzman,
1976; Emery et al., 1960; Gvirtzman, 1970; Nachmias, 1969; Shukri,
1950; Shukri and Philip, 1960). Using sedimentological and seismic
data, numerous studies support that sediment transport is in a
coast-parallel direction (Buchbinder et al., 1993; Carmel et al., 1985;
Davis et al., 2012; El Din and Mahar, 1997; Emery et al., 1960; Emery
and Bentor, 1960; Goldsmith and Golik, 1980; Golik et al., 1999; Golik,
1993, 1997, 2002; Klein et al., 2007; Manohar, 1981; Perlin and Kit,
1999; Schattner et al., 2015; Schattner and Lazar, 2016; Shoshany et al.,
1996; Stanley, 1989; Zaghloul et al., 1982; Zviely et al, 2006, 2007). In
addition, present day measurements and estimations of sediment fluxes
indicate that effective longshore transport delivers large amounts of
sand mainly northwards along the Nile-Levant littoral cell (e.g., Rose-
ntraub and Brenner, 2007; Zviely et al., 2007 and references within).
These observations and summaries have focused most of the research for
several decades on the near-shore sand transport (Fig. 1, Black arrows).

However, as new observations for the relative young age (mainly
Pleistocene) of the Levant continental shelf become available (Bar,
2009; Bar et al., 2013; Ben Zeev and Gvirtzman, 2020; Elfassi et al.,
2019), we question this existing view. If the Levant shelf coevolved
alongside the Nile cone, why did its accretion start much later? The
answer to this question presents major implications for understanding
sediment transport along continental margins, in general, and particu-
larly to the sedimentary source of the Levant shelf. Since current sedi-
ments moving over the Levant shelf do derive from the Nile Delta, what
are the main controlling processes that transport sediments along the
continental margin and what types of sediments are transported by these
processes?

In what follows we develop, first the concept, and then the quanti-
fication of margin-parallel sediment transport (MPST) not limited to
sand grain size and not limited to the nearshore belt. Earlier evidence
regarding a mid-shelf mud-dominated belt shaped by oceanographic
processes, were documented in the Gulf of Lions at the mouth of the
Rhone River (Rabineau et al., 2005; and references therein) and sug-
gested for the Levant margins by Schattner et al. (2015). Here, we
further develop this concept exploring the hypothesis that deeper and

distal currents first conveyed large amounts of clays and silts along the
ancient continental margin and only then, after generating this clay and
silt foundation, the shelf was established on top with sand transport, as
we see it today. i.e., we hypothesize that only after filling the quite large
accommodation space with the finer grains and generating the shallow
water environment, sand could have started to accumulate as we
observe today on the present-day shelf.

Here, we test this hypothesis using the stratigraphic simulation
software DionisosFlow (Granjeon, 1997, 2014; Granjeon and Joseph,
1999). DionisosFlow is a state-of-the-art, 3-D stratigraphic modeling
tool that produces synthetic stratigraphy according to prescribed sub-
sidence history, sea-level variations, sediment supply, water discharge,
and sediment distribution by diffusion. The problem is that to date,
DionisosFlow has no module to simulate margin-parallel transport at
shallow (alongshore) or deep (off shelf) waters. Therefore, we added to
it a new module that may answer some of the above questions. The new
module includes a simple advection law in which sediment flux is
defined by the user, and deposition rate is calculated from this flux ac-
counting for mass conservation. This volumetric exercise is constrained
by ages and thicknesses of units. The sediment flux maps obtained by
trial and error, indicate how much sediments pass through each point in
the basin at various modeled time steps.

To account for lithological variations across the margin we also
develop a depth-dependent function for the sand/shale ratio for the
deposited sediments and the resulting stratigraphic section is calibrated
by well data. Our results in terms of sediment flux and sand/shale ratio
can be the basis for future physically based simulations that can better
examine how surficial, intermediate, and deep marine currents transport
sand and shale along various prescribed morphologies of continental
margins.

2. Geological background
2.1. Sediment transport along the Nile littoral cell

The Nile littoral cell is one of the longest in the world with shorelines
extending along ~700 km from the Nile Delta to northern Israel (Inman
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Fig. 2. (A) Structural map of the base of the Pliocene. Black lines are faults after Aal et al. (2000). (B) A map showing the thickness of the Plio-Quaternary sedi-
mentary sequence. Present-day coastline (gray line) is shown for reference. Figure after (Zucker et al. (2019)).

and Brush, 1973; Inman and Jenkins, 1984). The source of this littoral
cell is in the Nile River, it passes along the shallow (up to 30 m deep)
nearshore water belt of the Levant, with current northernmost terminal
deposition at the Haifa Bay (Buchbinder et al., 1993; Carmel et al., 1985;
and the other references quoted in the above introduction). Some sedi-
ments that are transported northward turn west, fall off the shelf and
then deposited along the continental slope of the Levant (Ben-Gai et al.,
2005; Schattner et al., 2015; Schattner and Lazar, 2016; see data about
Units 3-4 below). In addition to the nearshore transport, Woodward
et al. (2007) showed that present-day Nile sediments extend across the
Levant and Herodotus basins as far as Rhodes, Crete and north of Cyprus.

Longshore transport usually refers to the net movement of coastal
and nearshore sand parallel to the shore (Seymour, 2005). This transport
is either by currents carrying sand in suspension or by waves on the
seabed (i.e., bedload transport). It is easier to measure concentration of
suspended sediment, but quite difficult to measure the bedload
component. Quantitative estimates of longshore transport, therefore, are
based commonly on inferences from the suspended sediment concen-
trations indicating that longshore transport is at a maximum under the

breaking waves and in the swash zone on the beach face (Seymour,
2005).

The annual longshore flux of sand from the Nile Delta (Fig. 1) east-
ward is estimated at about 10° m® yr*1 (Inman et al, 1976, 1993; Inman
and Jenkins, 1984). Offshore Sinai, this flux slightly decreases to ~8.5
x 10° m® yr~! and ~7 x 10° m® yr! off Port Said and off El Arish,
respectively (Inman et al., 1976). This flux is estimated at 4.5 x 10° m>
yr ! and ~10° m® yr~! at Ashkelon and Herzlia (Fig. 1), respectively
(Perlin and Kit, 1999). Only a small portion (~8.5 x 10* m® yr_l) of the
initial sand flux reaches the currently considered final sink at Haifa Bay
(Zviely et al., 2007).

2.2. Different hypotheses

An important point was raised by Schattner et al. (2015) who argued
that longshore transport is limited to the shallow (<30 m depth) and
narrow (350-400 m) near-shore belt and cannot explain the deposition
at greater depths. In addition, we stress that longshore transport only
moves sand and silt, whereas the PQ shelf is mainly composed of shales
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(Yafo Formation) with only its topmost part composed of sand (Kurkar
Group, e.g., Gvirtzman and Buchbinder, 1978).

Based on bathymetric, seismic, and oceanographic data, Schattner
etal. (2015) suggest that since the Pleistocene-Holocene transition (~11
ka) fast water currents, termed the Levant Jet System (LJS; Fig. 1, red
arrows), mobilizes sediments along the continental margin not only
nearshore, but also in intermediate and deep waters (between 0 and 400
m water depths).

2.3. Timing of the Levant shelf accretion

A general PQ age was assigned for the continental shelf offshore
Israel (e.g., Ben-Avraham, 1978; Ben-Gai et al., 2005; Gvirtzman and
Buchbinder, 1978; Tibor et al., 1992). However, recent reexaminations
of the biostratigraphy led Bar et al. (2009) to propose that most of the
shelf was accreted later and that is composed primarily of Pleistocene
sediments. This relatively young age is supported by Elfassi et al. (2019)
and Ben Zeev and Gvirtzman (2020) who demonstrate that after the
Pliocene the pattern of sedimentation in the Levant Basin changed
drastically; from thicker accumulation in the deep basin to thicker
accumulation along the continental margin. Particularly interesting and
crucial is the observation that the preferred deposition along the margin
was delayed by 2-3 My after the commencement of the Nile Delta for-
mation offshore Egypt (Ben Zeev and Gvirtzman, 2020). This, once
more, raises the question why did margin-parallel sediment transport
and shelf accretion begun so late? Why were sediments not transported
along the Sinai-Israel margin already during their initial supply in the
Pliocene?

Hypothetically, this can be answered by proposing that external
forcing such as climate or ocean circulation could have triggered
margin-parallel marine currents only in the Pleistocene. Alternatively,
we hypothesize here, sediment transport along continental margins is a
strong depth-dependent process that becomes more effective under
certain bathymetry conditions. In the case of the Nile, we hypothesize
that only after 2-3 My of delta accretion, the continental margin
offshore Sinai could have become an effective conduit for sediment
transport and large amounts of sediments started arriving to offshore
Israel.

3. Methods
3.1. Diffusion modeling in sediment transport

Since the early work of Culling (1960) and Young et al. (1973) and
with the lack of specific information on the actual terms in physical
sedimentology processes, diffusion laws have been used in geo-
morphology and geology to represent large-scale, spatially-averaged
transport of sediment by creep, overland flow, and channel flow (e.g.,
Begin et al., 1981; Paola et al., 1992). Diffusive sediment transport states
that the transport capacity of a water flow is proportional to the local
basin slope and water discharge. It has been used in modeling sediment
transport along alluvial fans, rivers and floodplains (Begin et al., 1981;
Ben Moshe et al., 2008; Coulthard, 1999; Murray and Paola, 1994;
Parker et al., 1998), mountains, foreland basins (Jordan and Flemings,
1991; Tucker and Slingerland, 1994) and passive margins (Rabineau
et al., 2005).

Since the 1980s, when seabed morphology was shown to resemble
lowland landscapes (e.g., Adams et al., 1998; Galloway, 1998; Mitchell
and Huthnance, 2007; Schlager and Adams, 2001), laws of landscape
evolution were extended to simulating progradation of deltas (Kenyon
and Turcotte, 1985) and continental shelves (e.g., Granjeon, 1997;
Jordan and Flemings, 1991; Kaufman et al., 1991; Mitchell and Huth-
nance, 2008; Rivenas, 1997).

DionisosFlow is a 3D stratigraphic forward modeling tool aiming to
simulate geometry and facies of sedimentary units on a scale of several
tens to hundreds of kilometers and over geological intervals of 10°-108
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years (Granjeon, 2009; Granjeon and Joseph, 1999; Granjeon and Wolf,
2007); these are the scales of the problem at hand. At these spatial and
temporal scales and the needed resolution, unfortunately, there is
practically no way to apply physically based modeling. Using a diffusive
approach for sediment transport (Gerber et al., 2009; Kaufman et al.,
1991; Lai and Capart, 2007; Mitchell and Huthnance, 2008; Schlager
and Adams, 2001; Spinewine et al., 2011; Steckler et al., 1999; Van
Heijst et al., 2001), DionisosFlow averages the cumulative mass move-
ment in time steps that combine many individual flows. In this way,
DionisosFlow, for example, ignores individual turbidites, but considers
their cumulative mass movement. Similarly, and important for our
study, it does not account for the discontinuity between fluvial and
submarine systems in cases that sediments temporarily settle down on
the delta front or inner shelf and only later are transported downslope by
gravity-driven processes. For simplicity, it assumes that flows continue
seaward either directly by hyperpycnal flow or by slope failures.

DionisosFlow formulates two large-scale sedimentary processes:
slow creep and fast transport driven by water discharge (Tucker and
Slingerland, 1994; Willgoose et al., 1991). Creep is simulated by a linear,
slope-driven diffusion equation (i.e., transport is proportional to
gradient). Water-driven flow is simulated by a non-linear water- and
slope-driven diffusion equation. Combining the driving equations of
these transport laws (Granjeon, 2014; Granjeon and Joseph, 1999) leads
to the sediment transport equation:

Q = — (K, + K, Q5" ") Vh )]

where Qs is sediment flux [kmz/yr]; h [m] is topographic elevation; K;
and Ky, [km?2/yr] are the diffusion coefficient, respectively for slow creep
transport and water flow process; Qy is dimensionless local water
discharge at the cell; S is local gradient of basin slope; n and m are
constants, usually ranging between 1 and 2. Transport equation and
mass conservation are applied to each grain size, leading to definition of
local sedimentation or erosion. Sedimentation occurs where transport
capacity decreases (by decreasing gradient or slower water flow) and
erosion occurs where transport capacity increases.

The capability of DionisosFlow to simulate the production of large-
scale systems such as deltas, fluvial plains, shelf plains, incised val-
leys, and deep water systems was tested and validated in several studies
including, for example: (1) the XES 02 flume experiments designed to
reproduce fluvial plain and incised valleys (Granjeon, 2014); (2) Syn-
thetic case studies built to investigate the impact of millennial-scale
climatic and eustatic cycles on the growth of a delta and the associ-
ated fluvial channel belts and incised valleys (Csato et al., 2014; Rabi-
neau et al, 2005, 2006); (3) On modern delta, shelf, and deep-water
turbiditic systems such as the Niger Delta (Laurent et al., 2020) and the
Orinoco deep-sea fans (Deville et al., 2015).

3.2. Simulating margin-parallel sediment transport

The margin-parallel transport module developed here begins with a
sediment flux map describing the intensity [km?/My] of the flux trans-
ported through a given location in a coast-parallel, dynamically updated
direction, which evolves with time. The flux obeys a simple user-defined
advection law that accounts for mass conservation, i.e., when the flux
decreases, sediments depart from the suspension plume and deposit. The
rate of deposition, SED [km/My] is:

q7> = QO (x-,y)~ "
{ SE;) (x,y)p: —div (Gup) @

with gy the margin-parallel sediment flux [ka/My], Qmp the user-
defined intensity of this flux, n a unit vector parallel to the closest
shoreline [dimensionless], and SED [km/My] the sedimentation rate
induced by this margin-parallel sediment transport.

The sand/shale ratio within the deposited sediment is computed
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Fig. 3. (A) Reconstructed bathymetry for 5.3 Ma (obtained by flexural unloading of the PQ sediment from the base Pliocene map, see text). (B) Subsidence since the
time of the base of the Pliocene sequence (5.3 Ma) until today. (C) 2D Illustration of the relationships between the data presented in Figs. 1-3.

from a given depth-dependent function, derived from observations. In
addition to this deposition rule, we use the classical diffusion equations
to transport sediments as soon as they reach the sea floor. By the end of
this computation, we obtain a stratigraphic layer whose thickness is
compared with observations. By trial-and-error (i.e., sensitivity over a
range), the flux map is corrected, and simulations rerun until they satisfy
borehole and geophysical data.

3.3. Data

3.3.1. Basin structure

The stratigraphic PQ sequence simulated here is bounded by the
present-day bathymetry at its top and the base Pliocene surface at its
base. Bathymetry (Fig. 1) is taken from ETOPO1 (Amante and Eakins,
2009). The base Pliocene structure map (Fig. 2A) is after Zucker et al.
(2019). The PQ isopach (Fig. 2B), which is the subtraction of Fig. 2A
from Fig. 1, defines the major depocenter under the Nile Delta and cone
(reaching a thickness of 4 km) and a secondary and connected, local
depocenter under the Israeli coastal plain and shelf (reaching a thickness
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Table 1

Model parameters from the literature and this study.

Marine and Petroleum Geology 126 (2021) 104876

Diffusion Coefficient [km2/ky]

K gravity terrestrial

K gravity marine

K water terrestrial K water marine

[km?/ky] [km?/ky] [km?/ky] [km?/ky]

Sand
Csato et al.(2014) Delta 0.001 0.001 250 5
Zhang et al., 2018 Delta 0.05 0.005 50 0.01
Csato et al.(2013) Margin 2000 0.4
Harris et al.(2016) Margin 0.001 0.001 250 1
Gvirtzmann et al. Turbidites 2

(2014)
Hawie et al.(2017) Turbidites 0.3
Hawie et al.(2018) Turbidites 0.007 20
range 0.001-0.05 0.001-0.005 50-2000 0.01 -20
Levant 103 (best fit) 0.001 0.001 100 0.5
Shale
Csato et al.(2014) Delta 0.001 0.001 1000 5
Zhang et al., 2018 Delta 0.1 0.05 100 0.1
Csato et al.(2013) Margin 4000 10
Harris et al.(2016) Margin 0.001 0.001 1000 5
Gvirtzmann et al. Turbidites 10

(2014)
Hawie et al.(2017) Turbidites 0.063
Hawie et al.(2018) Turbidites 0.001 100
range 0.001-0.1 0.001-0.05 100-4000 0.063 - 100
Levant 103 (best fit) 0.01 0.01 500 2.5

of 2 km). Resolving these two depocenters - a delta and an adjacent
continental shelf - are the targets of this simulation.

3.3.2. Paleo-bathymetry

For the paleo-bathymetry at 5.3 Ma (Fig. 3A), which is the surface on
which we begin to model deposition, we used the base Pliocene map
corrected for the load of the overlying sediments (PQ section). For this
flexural backstripping procedure, we assumed an average density of
2000 kg/m® for unloaded sediments, adopting a pure elastic thin plate
approach to isostasy and an elastic thickness of 30 km, a relatively large
value consistent with the old tectonothermal age of the northeast Afri-
can margin. For the decompaction of the underlying sediments, we
considered an approximately 10-km thick pre-Pliocene section. The
decompaction results are very insensitive to the depth of the base of this
layer because only the upper ~2 km retains a significant porosity. De-
tails about this pseudo-3D (planform) flexural backstripping procedure
are described in Garcia-Castellanos et al. (2003) and in Amadori et al.
(2018). To correct for post-Miocene tectonics, the sediment-unloaded
map was smoothed in the area of the Rosetta and Temsah faults
(Fig. 2A), which were active in the PQ (Aal et al., 2000). In addition, the
northern Levant Basin that subsided towards the Cyprus Arc during the
Plio-Quaternary (Ben-Avraham, 1978; Kempler, 1998; Robertson, 1998;
Schattner, 2010) was uplifted by ~200 m. The uncertainty of post
Miocene tectonics is discussed below.

3.3.3. Subsidence

Subsidence (Fig. 3B) is calculated in the model by taking the dif-
ference between the paleobathymetry at 5.3 Ma (Fig. 3A) and the
present-day base Pliocene surface (Fig. 2A), the surface which should be
obtained at the end of simulation. Average subsidence rate for the entire
simulation is taken as the total calculated subsidence divided by 5.3 My.
This assures that at the end of the simulation, the modeled and observed
bases of Pliocene surfaces will coincide to allow comparing the modeled
and observed bathymetries (Fig. 3C).

3.3.4. Sediment supply

A first order approximation for sediment supply is derived from the
total volume of the PQ isopach (Fig. 2B) divided by 5 million years (i.e.,
70,330 km®/My). From this number we subtract biogenic carbonates

produced in the water column. Well samples and logs from the Israeli
coastal plain indicate that the Plio-Quaternary Yafo Formation contains
~10% calcite in the form of micro- and nano-fossils (Gvirtzman, 1970).
Considering that 10% of the total PQ volume did not arrive from the
clastic feeders, we initially applied 90% of the total deposited volume.
After a set of trials constrained by the sediment thickness maps, we
applied an average value of 64,417 km3/My (~91.5%) to represent
sediment supply by the Nile River for the entire duration of the model. It
is interesting to note that this average value obtained from sediment
volume is on the same order of magnitude as the sediment yield pres-
ently measured at the mouth of the Nile River (60,000 km®/My, Syvitski
and Milliman, 2007). Sand/shale ratio for Nile sediments was taken as
20% and carbonate production was taken as 5910 km>/My.

3.3.5. Margin-parallel transport

Regarding present-day measurements of longshore transport (refer-
ences above), it should be noted that they refer only to the sand fraction
(1000 km3/My from Nile Delta to Sinai; 850 kmg/My at Port Said, 700
km3/My at El Arish; 450 km®/My at Ashkelon; 100 km®/My at Herzlia;
and 85 km®/My arrive to Haifa Bay). The big unknown in our simulation
is the total amount of sediments (sand to clay) moving along the con-
tinental margin nearshore, on and off the shelf.

A lower limit for the total sediment flux along the Levant continental
margin is obtained from the average deposition rate along the Israeli
margin since the early Pliocene. Considering a rectangular 200 km
(Rafah to Southern Lebanon) by 20 km (approximately the mean width
of shelf) by 2 km (thickness of PQ section offshore Tel Aviv), the total
volume of the Israeli shelf is about 8000 km?®. Dividing this by 5.3
million years, yields ~1500 km®/My. This set a minimal constraint for
the flux that entered the Israeli margin from offshore Sinai, because the
actual flux includes sediments that continued northward to offshore
Lebanon. No siliclastic sediments can enter the shelf from the onshore
carbonate platform of the Levant. It is interesting to note that this esti-
mated minimum value of total sediment flux triples the sand flux (~500
km®/My) currently entering to Israeli margins at Rafah (the southern
boundary of the Gaza strip between El Arish and Ashkelon). Below, the
unknown flux of sediments along the Levant continental margin is
modeled by trial-and-error.
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Fig. 4. (A) Sediment grain size as documented on the present-day seabed offshore Israel (after Almogi-Labin et al., 2012); the data indicate the coast-parallel
distribution of the sand, silt, and clay belts. (B) Depth dependent sand/shale ratio parameters introduced in the model. Generated following Almogi-Labin

et al. (2012).

3.3.6. Water discharge

Present day water discharge of the Nile River is 2830 m>/s (Milliman
and Syvitski, 1992). The paleo-discharge of the ancient Nile River can be
further, but only roughly, constrained by paleogeographic (drainage
area) and paleoclimatic (rain) considerations and compared with mod-
ern rivers worldwide that have similar drainage areas (Dai and Tren-
berth, 2002; Milliman and Syvitski, 1992; Syvitski and Milliman, 2007).

Although we are aware of the impact of Quaternary climatic changes on
the Nile discharge, for the lack of data and for the sake of simplicity, we
took the present-day value as a constant throughout the entire duration
of the model.

3.3.7. Diffusion coefficients
Efficiency of sediment transport depends on difficult-to-quantify
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Fig. 5. Maps illustrating the evolution of the bathymetry through time as modeled by DionisosFlow using the basic sediment transport model without the MPST (see
text). Red lines show locations of cross sections. Top left is the same as Fig. 3A. (For interpretation of the references to color in this figure legend, the reader is referred

to the Web version of this article.)

factors such as grain size, lithology, roundness, water depth, water
discharge, vegetation, river type and more. In practice, coefficients used
to model various basins do not always express the same factors and their
values vary greatly from case to case. One reason for this large range is
that efficiency of diffusion can be controlled either by the diffusion co-
efficient or by the amount of water pushing the sediments (Equation(1)).
Accordingly, Gvirtzman et al. (2014) and Hawie et al. (2015) showed

that by constraining water discharge, the range of possible diffusion
coefficients is narrowed. Recent stratigraphic forward models run at a
basin scale, using diffusion laws to simulate slow creep and water flow
processes, and calibrated on seismic and well log data suggested the
following range of values (Table 1): Ks (slow creep) is about 0.001-0.05
km?/ky for sand, and 0.001 and 0.1 km?2/ky for shale; while Kw (water
flow process) is about 50 to 2000 km?/ky for sand in terrestrial
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environments, 100 to 4000 kmz/ky for shale in terrestrial environments,
0.01-20 km?/ky for sand in marine environments, and 0.063-100
kmz/ky for shale in marine environments (Csato et al, 2013, 2014;
Gvirtzman et al., 2014; Harris et al., 2016; Hawie et al, 2017, 2018;
Zhang et al., 2019). Here we take the present-day water discharge of the
Nile as a starting point and identify the best-fit diffusion coefficients of
shale and sand inside these ranges by trial and error.

3.3.8. Sand/shale ratio

Present-day measurements of sediment composition at the seabed
offshore Israel (Almogi-Labin et al., 2012) indicate the presence of three
coast-parallel belts (Fig. 4A): (a) An almost pure, well-sorted sand belt
from the shoreline to a water depth of 35 m. (b) A silt-dominated belt
from water depths of 35-100 m in which the amount of silt gradually
grows from a few percent at a depth of 35 m-85% at depths of 60-100 m.
The rest is shale; this shale represents only a few percent of the total



E. Zucker et al.

Marine and Petroleum Geology 126 (2021) 104876

Mijra Sara Caesarea
g, | % @ e e % m ik c
500
L1000
[m]
L1500
e _.__.__.,:.j, -
—— L2000
L2500
.M ra Hannah 01 Hof Ashdod 01
B’ i s i i % . i 3 2 10[Km] OB
¢ | soo
r}‘/
1 | 1000
[m]
B = — — - 1500
= : - 2000
- 2500
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cations in Fig. 1).

sediment volume near the coast and 10-15% at depths of 60-100 m. (c)
A shale dominated belt at depths >100 m, where sand is negligible. For
modeling we simplified these observations to only two components
(sand and shale) with a depth-dependent ratio shown in Fig. 4B.

3.4. Modeling strategy

The first objective of this modeling study is to obtain the diffusion
parameters that explain the Nile Delta formation with the given values
of water discharge and sediment supply. For this, we first use Dio-
nisosFlow without the added new module of MPST. Considering that the
base of the simulated PQ package is forced to coincide with the observed
base Pliocene surface (see above constraints for subsidence), testing the
model is carried out by comparing the modeled and observed bathym-
etries. If bathymetry fits, sediment thickness also fits. This stage of the
modeling is expected to provide a rough fit between the model and
observations at the delta area, but not at the Levant margin.

The second objective is to simulate the formation of the Levant shelf.
For this, we apply all model parameters realized in the first stage (and
particularly the diffusion coefficients) and rerun DionisosFlow; this time
the runs include the upgraded module for margin-parallel transport. By
numerous trial-and-error runs, we identify the sediment flux maps that
yield the better fit between model and observation. For calibration of the
lithostratigraphy, we use a published lithostratigraphic section that
distinguishes the sandy Kurkar Group from the shales of the Yafo For-
mation (data from Gvirtzman and Buchbinder, 1978). For chro-
nostratigraphic calibration, we use the subdivision of the PQ section
offshore Israel identified for four dated seismic units (Ben Zeev and
Gvirtzman, 2020; Elfassi et al., 2019).

4. Results

Stage 1: basic model without the margin-parallel sediment transport
(MPST).
Fig. 5 presents the simulated bathymetry from 5.3 Ma to the present,
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using the basic model without the MPST. The parameters for sediment
distribution that generate this model are listed in Table 1. These results
demonstrate that the model successfully produces the Nile Delta, but
essentially fails to produce the Levant shelf. The general fit between
model and present-day observations in bathymetry and thickness
(Fig. 6A) is evident in section AA’ crossing the Nile Delta. Moreover, a
comparison with a published geological section in that area from Kellner
et al. (2009) indicates that even the subdivision between Pliocene and
Quaternary is modeled quite well (Fig. 6C). On the other hand, offshore
Israel there is only a poor fit between model and observations (Fig. 7A
and B). This discrepancy in the east-west cross sections is primarily
because the model produces, by far, too little deposition offshore Israel
(Fig. 8A). The map presenting the discrepancy in thickness between
model and observations (Fig. 8B) further indicates that the sediment,
unaccounted for at the Levant margin (~2 km, blue colors), is
compensated by excess sediments in the Herodotus Basin (200-900 m,
red); i.e., the sediments were delivered there. This discrepancy
strengthens our hypothesis that without a large margin-parallel sedi-
ment supply, it is impossible to simulate the formation of the Levant
continental shelf.

Except for this discrepancy, which is related to the lack of margin-
parallel transport, the generally good agreement between model and
observations offshore the Nile Delta (e.g., Fig. 6) indicates that (1)
sediment distribution in the model functions quite well, and (2) average
values of Qw, Qs for the entire simulated interval are suitable approxi-
mations. We therefore take model parameters obtained in the first
modeling stage and continue to the next stage.

Stage 2: Adding the margin-parallel sediment transport (MPST) to
the model.

Fig. 9 shows the simulated bathymetry from 5.3 Ma to the present,
using the upgraded model, which includes the margin-parallel sediment
transport (MPST) module. Unlike the basic model (Fig. 5), here with the
addition of this module, a shallow continental shelf is produced (orange
color) offshore Israel with nearly a 2-km-thick section deposited there
(Fig. 10A). Throughout the studied area, the model produces a thickness
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Fig. 8. (A) Total sediment thickness (from 5.3 to 0.0 Ma) as simulated without MPST (see text). (B) The difference in sequence thickness between simulated (A)

and observed.

within <200 m from the observed thickness (Fig. 10B); this is quite a
satisfactory result as this value is within <10% of the total observed
thickness.

Two modeled chronostratigraphic cross sections offshore Caesarea
and Ashdod demonstrate the good fit with observations (Fig. 11).
Furthermore, Two lithological sections at the same location (Fig. 12)
indicate that sand is accumulated only in the upper part of the section.
This is also consistent with observations as the age of the Kurkar Group
varies laterally, from Pliocene-Pleistocene inland to only Pleistocene at
the coastline (Fig. 12C, Gvirtzman and Buchbinder, 1978). According to
our model, farther west at the shelf area, the age of the sandy Kurkar
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Group is limited to a few hundred thousands of years and to only several
tens of thousands of years near the shelf edge (Fig. 12). The noticeable
sand intercalations into the shaly section represent intervals of eustati-
cally low sea levels (Hagq et al., 1987) used as part of the model input.

The successful simulation of sand deposition and its accretion in the
shallow environment is the outcome of the depth-dependent sand/shale
ratio (Fig. 4) that was fed to the model. This depth dependency is also
expressed in Fig. 13 and indicates that more sand was deposited offshore
Israel during the latter part of stratigraphic sequence accretion (1.8-0
Ma), when a shallow shelf was already developed.
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4.1. Rates, accretion, and shelf buildup

To summarize our results, we compare modeled and observed sedi-
mentation rates in the Levant Basin over the four time intervals of
5.3-2.6 Ma, 2.6-1.8 Ma, 1.8-0.35 Ma, and 0.35-0 Ma (i.e., interval
durations of 2.7, 0.8, 1.45, and 0.35 My), which were defined as
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traceable chronostratigraphic zones by Elfassi et al. (2019) based on
seismic- and bio-stratigraphy. These four stratigraphic units are the basis
for the four thickness maps prepared by (Ben Zeev and Gvirtzman, 2020)
and are the basis for the rates we use in the comparison with the
modeling. The division of the thickness of the four units corresponds to

the above interval durations.
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Deposition rates calculated for the basic model (without MPST),
indicate that deposition was not sufficient to form a continental shelf in
the Levant (Fig. 14). In the upgraded model that includes MPST, a
continental shelf is gradually built; this buildup is observed in the model
to occur first, offshore Sinai, then offshore Israel, and most recently
offshore Lebanon. The calculated rates of accretion are consistent with
observations but present some exceptions. Unit 2 (Gelasian) in the actual
stratigraphy presents an increase in sedimentation rate both in the
southwest, near the Nile Delta, and along the Levant margin (Fig. 14).
This could have been an expression of a temporal increase of the Nile’s
sediment discharge, which we do not model. Furthermore, the Israel
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Slump Complex that provided ~1000 km® of sediments from the Levant
slope to the basin (Frey Martinez et al., 2005) in a short episode, limited
to Unit 2 (Elfassi et al., 2019) and is not modeled either. In addition, our
model ignores other local sediment contribution that may have reached
the basin from the east (e.g., the Yafo sand member, Druckman et al.,
1995; Frey-Martinez et al., 2007; Frey Martinez et al., 2005; Gardosh
et al., 2009).

The importance of the MPST is demonstrated by comparing (Fig. 15)
sedimentation rates in the deep basin and at the continental margin
(locations appear as white dots in Fig. 14). In the basic model, without
MPST, the difference between these two localities is minor and the rate
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in Fig. 1.

of sedimentation is relatively low in both. This is because the model
depends almost entirely on slow and gradual diffusion of sediments from
the Nile Delta through and into the deep basin. On the other hand, with
the addition of the MPST, increasingly more sediments arrive and de-
posit along the continental margin of the Levant and as a result less
sediments reach and deposit in the deep basin.

4.2. Margin-parallel sediment flux

Sediment flux maps obtained by trial-and-error are shown in
Fig. 16A and B. In these maps each pixel represents a flux (km®My 1) in
a coast-parallel direction (approximately to the northeast). Integrating
the pixels along an east-to-west transect across the continental margin,
provides the total northward sediment flux (kmsMy_l) through that
transect line (Fig. 16C and D).

During the first modeled interval (5.3-1.8 Ma), calculated sediment
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flux offshore Rafah was ~2500 krnBMy’1 (Fig. 16D, blue line). Most of
these sediments were trapped and deposited offshore Israel while very
little volume continued north of Haifa. This has changed during the
1.8-0 Ma interval with flux offshore Rafah reaching ~5300 km>My !
and the flux offshore Haifa increased to ~3000 km®My ! (Fig. 16D, red
line). Subtracting the modeled flux north of Haifa from the flux offshore
Rafah indicates that about 2300 km®My ! of sediments were trapped in
the shelf south of Haifa; this is not very different from the volume
deposited during the first interval (2500 km®My ).

The modeled total sediment fluxes are difficult to compare with
present-day observations that measure only the sand flux, but they do
produce satisfactory results for deposition and the quite correct thick-
ness. Sand fluxes are easier to compare (Fig. 16C). They show that
during the early interval less than 100 km®My ! had entered the Israeli
margin from the south (Rafah) and these were trapped almost imme-
diately (Fig. 16C, blue line). During the 1.8-0 Ma interval nearly 350
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km>®My ! of sand entered from offshore Rafah, most of this volume was
trapped before reaching Ashdod, and about 40 km®My ! of sand arrived
at Haifa (Fig. 16C, red line). These results are slightly lower than the
present-day observations and may be improved by a sensitivity analysis
that will include changes in the sand/shale ratio considered in the model
input. In general, approximately 6% of the modeled sediment flux
offshore Israel is sand, concentrated in near coastal areas.

The two flux maps (Fig. 16A and B) indicate a northward shift of
transport and alongshore deposition propagation between the first and
second sequences. Initially sediments were primarily trapped offshore
Sinai and only then offshore Israel. Moreover, during the first interval
sediment transport offshore Israel occurred mainly at deep waters (i.e.,
west of the first isobath after isobath 0 m - isobaths 200 m in Fig. 16A),
whereas during the second interval transport mostly occurred on the
shelf (i.e., east of isobaths 200 m depth in Fig. 16B).

5. Discussion
5.1. Continental shelves and river deltas

Development of continental shelves adjacent to river deltas is quite
common, but the dependency of the shelf evolution on sediment trans-

port from the nearby delta is not fully resolved. Here we study the ac-
cretion of the Levant shelf alongside the Nile Delta, exploring coevality
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and the dependency of the Levant shelf on sediment transport from the
Nile Delta. First, we show that longshore sand transport is only a small
fraction of a much larger process, termed here MPST. In the Levant shelf,
sand accumulation in the past 5 My comprises only about 6% of the total
volume of sediments that arrived from the Nile Delta. Furthermore,
without the large transport of silt and clay in the deeper waters, depo-
sition offshore Israel probably would have been negligible, and the
Levant shelf never would have developed (see Basic in Fig. 14).

Our observations and modeling results indicate that MPST has begun
coevally with delta formation, but at first, developed quite slowly.
Initially, a continental shelf formed offshore Sinai, then offshore Israel,
and most recently along the Lebanon coast, where it is probably still in
its initial buildup stage. Throughout this time, longshore sand transport
and deposition has taken place near the coastline, but only recently
(sometime in the last hundreds of thousands of years), when the shelf
became shallow enough, sand transport and deposition expanded
westward. We hypothesize that this westward expansion was more
pronounced during eustatic sea-level drops.

Our results emphasize the importance of deep-water, margin-parallel
currents for sediment transport (e.g., Rebesco, 2018, 2005; Rebesco
et al., 2014; Rebesco and Camerlenghi, 2008; Schattner and Lazar, 2016
and references within), which is studied less than longshore sand
transport (see introduction) and is still poorly understood. The argument
that sand transport along the Levant margin occurs within a wide depth
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range (0-400 m), was first proposed by Schattner et al. (2015), arguing
that sediments are transported by the Levant jet system (LJS), which is a
fast water current related to the present day thermohaline circulation in
the Eastern Mediterranean. According to Schattner et al. (2015) this jet
system initiated during the Pleistocene-Holocene transition (~11 ka),
intensifying after the last glacial maximum (LGM). Our results show that
MPST started coevally with the Nile Delta formation (5.3 Ma) and
intensified at the beginning of the Pleistocene (2.6 Ma). We do not have
any knowledge of the water circulation during the Pliocene and Pleis-
tocene. However, based on our knowledge of the depositional history,
we infer the paleo-sediment fluxes. These fluxes indicate margin-parallel
transport much earlier than the Holocene, even at depths greater than
400 m. At the nearest shore environments, where they are dependent on
eustatic sea levels, it is possible that the last emplacement of the jet
occurred following the last glacial. If the current interglacial is a clue to
the past, this could have been a cyclic occurrence during the Quaternary
with early interglacials experiencing an increase in Nile River discharge
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and sediment supply to its delta accompanied by pronounced LJS that
intensified the MPST. Such a cyclic process may have facilitated the
construction of the Levant continental shelf.

Obviously, our model is not driven by physical processes. However,
it presents a first step in transforming available data about sediment
deposition in and on shelves (thickness and lithology) into sediment
fluxes. This is essential for future physically based simulations that can
examine how surficial, intermediate, and deep marine currents transport
sediments along various morphologies of continental margins.

5.2. Margin-parallel vs. margin-perpendicular sediment transport

In the Levant margin, sand is forming a relatively thin sequence at
the top of the shelf, reaching ~180 m at the coastline and wedging out
landwards. Sand grains comprise 90-100% of this sequence (i.e., the
Kurkar Group; Fig. 12). Conversely, sand is spread throughout the entire
thickness (>3.5 km) of the PQ section of the Nile Delta, from its base to
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its top and from its eastern to western edges, comprising a maximum of
50% of the sequence (Fig. 6B). We propose that this profound difference
in sand content is an expression of the available energy for transport.
Sediment discharge from the river mouth down and straight to the deep
basin is larger in comparison with margin-parallel discharge that keeps a
nearly constant elevation. Accordingly, offshore the Nile River mouth,
sand grains were transported straight downslope over large distances
since the early Pliocene. On the other hand, the much weaker margin-
parallel currents transported only fine grains that had built the shaly
Levant shelf. One exception within the margin-parallel system is the
highly energetic nearshore current that transported sand continuously
since the Pliocene. This, however, is limited, here and probably else-
where, to a very narrow zone and very shallow water depth. Thus, the
combination of nearshore energetic currents and deeper weaker currents
produce an efficient differentiation between shale and sand deposits,
although they source at the same river mouth. Such differentiation
characterizes margin-parallel sub-horizontal sediment transport in
contrast with the margin-perpendicular steep-gradient transport.

An additional basin-wide expression of the margin-parallel vs. the
common margin-perpendicular transport is deltas growing thicker to-
wards the open sea more than they grow wider along the adjacent
continental margins. The Nile Delta started developing immediately
following the recovery from the Messinian salinity crisis (early Pliocene)
and then it had propagated 150-200 km from the river mouth north-
ward within about 1 My (Fig. 9). At the same time the Levant coast
started receiving small amounts of sand (Pleshet Formation, Gvirtzman
and Buchbinder, 1969). The shelf, which has existed earlier (probably
was initially forming in the Miocene) presumably was very narrow
(Buchbinder and Zilberman, 1997; Gvirtzman and Buchbinder, 1969).
Only 2-3 My after the beginning of delta formation a notable shelf began
developing in the Levant margin (Figs. 9and11).

5.3. Implications for shelf exposure during sea level drops

The youngest stage (hundreds of thousands of years) of delta
development is the extension of sand deposition 10-20 km westward
during eustatic lowstands (Fig. 13). These results are consistent with the
proposal of Amit et al. (2011) that only around 180-200 ky, the Nile
Delta has been accreted to levels that its surface could have been
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exposed during eustatic low stands. Only then, the sand surface and
deposits of the delta and the northern Sinai shelf could have been sub-
aerially exposed and initiate their eolian transport under the increas-
ingly gusty glacial climate in northern Sinai. This gusty sand transport
has generated the northern Sinai dune fields and abraded the sand grains
into coarse silts that comprise the loess of the Negev (Amit et al., 2011;
Crouvi et al., 2008). We hypothesize that some of the shelf sand was also
exposed and was involved in the accretion of the Eastern Mediterranean
coastal plain (Harel et al., 2017).

6. Conclusions

1. Longshore sand transport is a part of a much broader process termed
here margin-parallel sediment transport (MPST). Sand is transported
in a nearshore shallow water belt, where marine currents are highly
energetic. Shale transport occurs at greater depths over the deeper
shelf and the continental slope, where marine currents are weaker.

2. Without the large transport of silt and clay in the deeper waters,
deposition offshore Israel probably would have been negligible, and
the Levant shelf never would have developed.

3. The delay in the formation of the Levant continental shelf relative to
the Nile Delta is not a result of external forcing. MPST has begun
coevally with delta formation but developed slower. Initially, a
continental shelf formed offshore Sinai, then offshore Israel, and
most recently along the Lebanese coast.

4. Throughout this time, longshore sand transport and deposition has
taken place very close to the coastline, but only recently (last hun-
dreds of thousands of years), when the shelf became shallow enough,
sand transport and deposition expanded 10-20 km westwards. This
implies subaerial exposure of sandy landscape during recent eustat-
ically low stands.

5. Down slope sediment transport into deep basins is relatively ener-
getic and carries sand, silt, and clay, whereas margin-parallel cur-
rents are relatively weak and carry mainly silt and clay. One
exception within the margin-parallel system is the highly energetic
nearshore current that transport sand. Thus, MPST is an efficient
differentiator between shale and sand.
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ABSTRACT

The circum-Nile deformation belt (CNDB) demonstrates the interaction between a giant
delta and a giant salt body. The semi-radial shape of the CNDB is commonly interpreted
as the product of salt squeezing out from under the Nile Delta. We demonstrate, however,
that this is not the dominant process, because the delta and its deep-sea fan do not reach
the deep-basin salt. The distal part of the deep-sea fan overlies the edge of the salt giant, but
squeezing this edge (<150 m thickness) should have had only little effect on the regional salt
tectonics. Only on the easternmost side of the deep-sea fan, toward the Levant Basin, does
the squeeze-out model work. Here, the delta front reaches the thick salt layer and differen-
tial loading promotes basinward salt flow, even upslope. On the western side of the delta,
downslope gliding of the sediment-salt sequence toward the Herodotus Basin is driven by the
elevation gradient toward the deepest part of the basin. Our analysis shows that salt squeez-
ing by differential loading was previously overestimated in the Eastern Mediterranean and
raises the need to carefully map the boundary of salt basins prior to any interpretation. This
conclusion is especially relevant in young basins where deltas and shelves have not propa-

gated far enough into the basin.

INTRODUCTION

Giant salt bodies and giant deltas (here in-
cluding the submarine cone) are key structures
affecting sedimentary basins (Sestini, 1989;
Hiibscher et al., 2007). In particular, giant deltas
evolving atop salt giants provide key locations
for studying the positive feedback and interac-
tion between sedimentation and deformation
(Gemmer et al., 2004; Brun and Fort, 2011).
Sediment loading induces subsurface salt flow,
which, in turn, deforms the overlying rocks; sub-
sequent deposition is affected by such repeated
load-controlled, near-surface deformation, and
so forth. These processes are well illustrated in
the Eastern Mediterranean Sea, where the Nile
deep-sea fan (NDSF) has been deposited over
the Messinian salt giant since ca. 5 Ma (e.g.,
Gaullier et al., 2000; Loncke et al., 2006; Allen
et al., 2016).

Because salt behaves as a fluid over geologic
time scales (Jackson and Talbot, 1991, and ref-
erences therein), salt tectonics is conveniently
simplified by concepts of hydraulic head (Hudec
and Jackson, 2007). Two end-member scenarios
commonly describe these concepts:

(1) Differential loading due to lateral thick-
ness variations of rocks overlying a horizontal
salt layer. In this scenario, the pressure-head
gradient within the salt drives salt flow (“salt
squeeze-out”).

(2) Basinward tilting of a salt-overburden
sequence that is uniform in thickness. In this sce-
nario, elevation-head gradient within the tilted
salt layer initiates flow.

In both scenarios, overriding rocks, which
are mechanically coupled to the salt, also move
basinward, and a variety of deformation pat-
terns form.

When the moving rock mass slips over a
detachment surface (décollement) with minor
internal deformation, the process is termed grav-
ity gliding. When the moving mass deforms in-
ternally, the process is termed gravity spreading
(Jackson, 1995; Schultz-Ela, 2001; Vendeville,
2005; Hudec and Jackson, 2007; Cartwright and
Jackson, 2008; Brun and Fort, 2011; Peel, 2014;
Allen et al., 2016; Jackson and Hudec, 2017).
In reality, gravity spreading is dominant when
salt basins are differentially loaded by sediments
that produce a pressure-head gradient, whereas

gravity gliding dominates in tilted basins that
are associated with elevation-head gradients
(Brun and Fort, 2011; Allen et al., 2016). It is
noteworthy that in both cases, the basinward mo-
tion of the salt-overburden package produces
updip extension (in the area from where rocks
have moved) and downdip contraction (where
allochthonous rocks are pushed against autoch-
thonous rocks; e.g., Wu et al., 1990; Peel, 1995).
Therefore, determining the driving force (pres-
sure gradient or elevation gradient) only from
the distribution of extension and contraction is
not straightforward.

Bathymetric and subsurface observations
around the NDSF indicate that the salt-over-
burden package is moving basinward, produc-
ing updip extension and downdip contraction
(Fig. 1; e.g., Gaullier et al., 2000; Loncke et al.,
2006; Allen et al., 2016). This basinward mo-
tion produces a semi-radial deformation pat-
tern (Fig. 1A), which was termed by Gvirtz-
man et al. (2015) the circum-Nile deformation
belt (CNDB). North of the Herodotus Basin,
the thin-skinned folds of the CNDB merge with
deep-seated folds of the Mediterranean Ridge
(Fig. 1A), the accretionary complex surround-
ing the Hellenic subduction (Costa et al., 2004;
Loncke et al., 2006). In the Levant Basin, con-
traction diminishes northward, forming a rela-
tively flat seafloor offshore Lebanon. Only near
the Latakia Ridge (Fig. 1) does deformation re-
appear due to subduction south of Cyprus (Hiib-
scher et al., 2009; Maillard et al., 2011).

The CNDB is commonly interpreted as the
outcome of salt being squeezed out from under
the NDSF due to the thick Pliocene—Quaterna-
ry (PQ) overburden (Loncke et al., 2006, 2010;
Netzeband et al., 2006; Cartwright et al., 2012;
Gvirtzman et al., 2013, 2015). Consequently, salt
remnants and welds are recognized where salt
has been evacuated, and a thickened salt layer
is observed where the flow was accommodated
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Figure 1. (A) Circum-Nile deformation belt
shown on bathymetry-topography back-
ground. Red and green lines represent
extension and contraction structures,
respectively. Yellow lines mark strike-slip
faults. These faults represent two strike-
slip—bounded corridors: one southwest of the
Eratosthenes Seamount (ESM), and a similar
small one offshore of Israel (Palmahim dis-
turbance). Data for the Levant Basin are from
Gvirtzman et al. (2015); other parts are simpli-
fied from Loncke et al. (2006, 2010). Thickness
contours (gray) represent Pliocene—Quater-
nary (PQ) sediments (after Segev et al., 2006).
Thick black line with triangles marks the Hel-
lenic-Cyprus subduction. (B) Base-Pliocene
(approximate top of Messinian evaporites)
structural map. Thin black lines are faults,
after Aal et al. (2000). Dashed white contour
outlines the Temsah valley approximately
coinciding with the Temsah fault system and
with the Temsah thin-skinned tectonic cor-
ridor. Present-day coastline (thin gray) is
shown for reference. Black arrows indicate
the direction of structural elevation gradi-
ents controlling salt tectonics in Herodotus
Basin. (C) PQ thickness map and salt pinch-
out line (black), showing that a huge PQ load
overlies the area with thin salt. Salt pinch-
out is the line from where salt thins rapidly
(<150 m) landward (Bertoni and Cartwright,
2006; Loncke et al., 2006; Allen et al., 2016;
Gvirtzman et al., 2017). Lines DR4a, DR4b,
and DR4c (red) are seismic profiles provided
in the Data Repository (see footnote 1). SEZ
(salt evacuation zone) is the area from which
salt has migrated as indicated by salt rollers,
welds, and normal faults (see the Data Reposi-
tory). Currently, the only place where the thick
PQ section (~3 km) covers thick salt is Temsah
valley (white dashed line). Note ~100 km shift
between the depocenter mapped here and the
depocenter (gray) mapped by Segev et al.
(2006). (D) Map showing pressure exerted on
top of Messinian evaporites by overlying sedi-
ments and seawater. White arrows indicate
direction of high-pressure gradient separat-
ing extension from compression. AA’ and BB’
represent cross sections shown in Figure 2.

<
<

(Loncke et al., 2006; Allen et al., 2016). Here
we stress the observation that the CNDB around
the NDSF is asymmetric (Fig. 1A), first with
respect to delta morphology; i.e., the distance
from coastline to contraction fold belt is 200 km
in the Levant Basin and 400 km in the Herodo-
tus Basin. This asymmetry is also expressed in
the pattern of turbidite channels surrounding the
NDSF, which are disturbed and diverted by folds
in the Levant Basin but not in the Herodotus Ba-
sin, where folds are located farther north (Zucker
etal.,2017). The CNDB is asymmetric also with
respect to the PQ depocenter (Fig. 1A), which
would be somewhat surprising if the PQ over-
burden were the salt “squeezer”. The 200-km-
long and 50-100-km-wide deformation corri-
dor (Fig. 1A) that obliquely crosses the NDSF
(Loncke et al., 2006, 2010) further enhances the
asymmetry of the CNDB. This unique corridor
is moving basinward faster than its surround-
ings, as evident by the sense of motion along
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strike-slip faults (yellow lines in Fig. 1A) on
its two sides (Loncke et al., 2010). Consider-
ing that a simple squeeze-out mechanism does
not explain this asymmetry, the main question
raised here is: what drives salt tectonics around
the NDSF? Here we show that the role of salt
squeezing has been overestimated in this case,
and propose that this may have been the case in
other salt basins as well.

DATA AND METHODS

To determine what drives salt tectonics, we
quantify elevation and pressure gradients affect-
ing the salt. We begin with the structure of the
top of the Messinian evaporite surface, herein
termed “top salt”, which illustrates basin ge-
ometry and particularly elevation differences.
Our compilation is based on published and un-
published data of thickness and depth, seismic
profiles, well logs, maps, and sections, partly
presented in two-way traveltime (in seconds)
and partly in length units (for previous compi-
lations, see Gennesseaux et al., 1998; Nashaat,
1998; Hall et al., 2005; Segev et al., 2006; Mac-
gregor, 2012). Then, to quantify the pressure
exerted on the top salt, we consider, jointly, the
load of the PQ sequence and the seawater col-
umn (for data sources and calculations, see the
GSA Data Repository!).

RESULTS

The top salt map (Fig. 1B) shows three key
features. First, the contraction domain in the
Herodotus Basin coincides with the deepest
part of the basin, both in terms of depth to
the top of the Messinian salt (~4500 m) and
present-day bathymetry (~2500 m). This ob-
servation indicates that in the western NDSF,
basinward motion can be simply explained by
the elevation gradient; i.e, the salt-overburden
package is gliding downslope. Second, the
Herodotus Basin is separated from the Levant
Basin by ~1 km of elevation difference across
a zone that follows the northeast-trending Ro-
setta (Qattara-Eratosthenes) fault (Fig. 1B;
Neev, 1977; Aal et al., 2000). This is related to
adeep crustal structure (e.g., Sagy et al., 2015;
Granot, 2016; Steinberg et al., 2018). Third,
the Levant-Herodotus structural step is cross-
cut by a nearly orthogonal northwest-trending,
>200-km-long and 50-100-km-wide valley
(Fig. 1B), approximately tracing the Temsah
fault (Fig. 1B; Aal et al., 2000; Dolson et al.,
2005) and coinciding with the thin-skinned
salt tectonic corridor detected on the seafloor
(Loncke et al., 2006, 2010; Fig. 1A, yellow
lines). We suggest that the close association
between the tectonic valley, the deep-seated

!GSA Data Repository item 2020041, data, meth-
ods, and enlarged maps, is available online at http://
www.geosociety.org/datarepository/2020/, or on
request from editing @ geosociety.org.

bounding faults, and the thin-skinned salt tec-
tonic strike-slip faults indicates that the three
phenomena are interconnected. A small canyon
incised across the northern Sinai continental
margin west of the El-Arish canyon, that is
draining into this valley (Fig. DR2 in the Data
Repository) indicates that the valley existed
before the salt-related deformation. This is
consistent with the suggested pre-Pliocene and
even pre-Messinian age of this valley and its
bounding faults (Aal et al., 2000; Mascle et al.,
2000; Dolson et al., 2005; Loncke et al., 2010;
Allen et al., 2016). Note that here we use the
name “Temsah” for three related structures:
(1) deep-seated faults, (2) a pre-salt tectonic
valley, and (3) a post-salt thin-skinned tectonic
corridor.

The PQ thickness map (Fig. 1C) shows a
4-km-thick depocenter located south of the salt
pinch-out line (thick black line), a zone where
salt thickness is <~150 m or absent. Originally,
the edge of the salt basin extended further land-
ward as evident by salt withdrawal structures
(salt rollers, welds, and normal faults), but the
width of the salt evacuation zone (SEZ, Fig. 1C)
is only ~30 km (for seismic profiles supporting
this conclusion, see Fig. DR4). We conclude
that the thick Nile-derived overburden (delta
and deep-sea fan) was mostly deposited over
an area with no (or very thin) salt and therefore
argue that the salt squeeze-out model is inap-
plicable for most of the CNDB. An exception
is the Temsah valley toward the Levant Basin,
where the NDSF prograded over and passed the
salt pinch-out line (Fig. 1C). In this location, a
few hundred meters of thick salt is covered by
~3-km-thick overburden.

The top salt pressure map (Fig. 1D) shows the
pressure exerted on the salt jointly by the rock
and seawater column. This joint pressure map
indicates that, unlike the PQ thickness, which
significantly changes from the delta (3—4 km) to
the Herodotus Basin (~2 km), when the water
column is added, pressure in both areas is quite
similar and relatively high (70-80 MPa). None-
theless, the pattern of the pressure map does not
correlate with the pattern of the CNDB. On the
contrary, the contraction belt in the Herodotus
Basin (green lines) crosscuts the high-pressure
zone (Fig. 1D). The only place on this map
where a large pressure gradient (50 MPa over a
distance of 100 km) almost perfectly coincides
with the extension-to-contraction transition is
the easternmost side of the NDSF; i.e., toward
the Levant Basin.

DISCUSSION

Our analysis shows that the salt squeeze-out
model fits observations well only in the eastern-
most part of the CNDB, where salt spreads out
from under the thick (~3 km) overburden toward
an area with a much thinner (<1 km) overburden.
In other parts of the CNDB, and particularly in
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the western province of the NDSF, salt simply
flows downslope, carrying the overburden with it.

Two cross sections constructed from the Nile
Delta outward illustrate the difference between
these two regions (Fig. 2). In the Levant Basin,
the extension-to-contraction transition coincides
with the zone of maximum pressure gradient.
Here, salt is forced to flow from high to low
pressure, and even upslope against the elevation
gradient. As a result, the squeezed-out salt from
the Temsah valley forms a small bulge with a
local structural maximum.

In the Herodotus Basin, pressure gradient
does not explain the extension-to-contraction
transition. Here, elevation gradient plays a ma-
jor role, and both the salt and the overburden
glide down toward the deepest point in the ba-
sin, where allochthonous rocks reaching from
both the NDSF and the Mediterranean Ridge are
pushed against local rocks, forming folds and
thrusts (Fig. 1B). In this area, downdip uniform
gliding over a distance of hundreds of kilome-
ters forms a wide area of translation between
the extension and contraction domains (Allen
etal., 2016).

Considering the different mechanism
controlling salt tectonics in the western
(Herodotus) and eastern (Levant) sides of
the NDSF, we predict differences in timing.
Squeezing of salt toward the Levant Basin
could have started only when the edge of the
NDSF reached the Temsah valley, which is rel-
atively late in the progradation process. This
prediction is consistent with recent observa-
tions indicating that folding in the Levant Basin
started only ~1.8 m.y. ago; that is, ~3.5 m.y.
after salt deposition ended (Ben-Zeev and
Gvirtzman, 2019). On the other hand, gliding
toward the deep Herodotus Basin should have
started earlier, and possibly immediately after
salt deposition.

In a wider perspective, the observation that
most of the NDSF is located landward of the
thick salt is not surprising, because the Messin-
ian salt giant is limited to deep basins (Roveri
et al., 2014; Gvirtzman et al., 2017) whereas
deltas are formed near shore. Considering these
findings, we raise the possibility that the role of
differential loading may have been overestimat-
ed in other salt basins as well. We further argue
that the common scenario for modeling salt flow
in response to differential loading along conti-
nental margins (Brun and Fort, 2011; Rowan
et al., 2012, and references therein) may be un-
realistic in many cases, because the overlap be-
tween the salt wedge and the sedimentary wedge
may be smaller than theoretically considered
(Fig. 3). This conclusion is especially valid for
young basins, where deltas and shelves have
not propagated far enough to reach deep-basin
salt (e.g., the Levant shelf; Cartwright and Jack-
son, 2008; Cartwright et al., 2012; Elfassi et al.,
2019). Thus, we recommend precise mapping of
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Figure 2. Cross sections illustrating the difference between forces driving salt tectonics in the Levant (AA’) and Herodotus (BB’) Basins (see
Fig. 1D for location). Base of salt and faults are after Loncke et al. (2006) and Allen et al. (2016). Red curve is the pressure operating on the top
salt surface as a result of sediment and seawater overburden. Blue curve is elevation of the top salt surface. Red and blue arrows emphasize
pressure and elevation gradients, respectively (arrow length schematically represents amplitude). Note that elevation and pressure gradients
are not relevant in areas with no salt. Gradients dominating salt flow are marked by dashed gray ellipses. PQ—Pliocene—Quaternary sediments.
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Figure 3. (A) Sketch of commonly used model
for salt flow in response to differential load-
ing along continental margins (after Brun and
Fort, 2011). (B) Our suggested model, dem-
onstrating overlap between the salt wedge
and sedimentary wedge that is smaller than
theoretically considered in previous studies.

the salt boundary and the sedimentary overbur-
den before attempting to model their interaction.

CONCLUSIONS

(1) The circum-Nile deformation belt is
asymmetric around the Nile Delta and the PQ
depocenter.

(2) In most of the study area, the salt be-
low the thickest PQ depocenter is rather thin
(<150 m) or completely absent; thus, its
squeezing cannot explain the formation of the
CNDB.

(3) Throughout the western side of the Nile
Delta, toward the deep Herodotus Basin, an
elevation gradient causes gliding of the entire
salt-overburden sequence downslope. This mo-
tion produces updip extension, translation along

the slope, and contraction in the deep Herodotus
Basin.

(4) Toward the Levant Basin, the propagat-
ing front of the Nile Delta was deposited over
a thick salt body that had filled the ancient tec-
tonic Temsah valley. This delta front is associ-
ated with a steep pressure gradient that causes
salt flow northeastward toward the Levant Ba-
sin, producing updip extension and downdip
contraction.

(5) Previous studies of salt tectonics in the
Eastern Mediterranean overestimated the role of
differential loading and salt squeezing compared
to tilting and gliding.
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DATA AND METHODS

Previous regional compilations of the Pliocene-Quaternary section in the Mediterranean
presented sediment thickness data (Morelli, 1988; Morelli and Val’chuk, 1988; Gennesseaux et
al., 1998; Nashaat, 1998; Hall et al., 2005; Segev et al., 2006; Macgregor, 2012). For the purpose
of this study we compiled a base Pliocene (~top salt) structural map. Our compilation (Figure
DR1) is based on published and unpublished seismic and well data. The "International
Bathymetric Chart of the Mediterranean™ (Gennesseaux et al., 1998) is a compilation of the
Pliocene-Quaternary sediment “thickness” in two way time (TWT) for the entire Mediterranean
Sea, produced by the Intergovernmental Oceanographic Commission. We used this compilation
wherever newer data is unavailable. For the Nile deep sea fan (NDSF), the Eratosthenes
Seamount, and the Herodotus basin we use various sources that are detailed in table DR1. For

Israel's exclusive economic zone we used Steinberg et al. (2011) and Sagy et al. (2015). In
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addition, we used local structural and thickness maps and many cross sections, some in TWT and
some in length units. All sources used for our compilation are listed in table DR1.

The top salt pressure map is calculated by the equation: p = pgh, where p is pressure at
top salt surface, g — gravity constant, p - density, h - layer thickness. Using a density of 2200
kg/m? for Pliocene-Quaternary layer and 1030 kg/m?® for seawater layer, we added the effect of
the two layers. The result expresses the vertical present-day pressure (MPa) applied on the top of

the salt layer highlighting areas with pressure gradients.

27 29 31 33 35

Figure DR1: Base Pliocene (~top Messinian Evaporites) structural map. Black area denotes no

Pliocene-Quaternary section. Present-day coastline (gray) is shown for reference.
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Va]ley

33 35
Figure DR2: Base Pliocene structural map showing in detail the steep incised relief left after the
Messinian Salinity Crisis offshore Israel and Sinai. Most canyons incised across the continental
margin were previously described in the literature (e.g., Druckman et al., 1995; Bar et al., 2013,
2016). However the canyon west of the El Arish Canyon (white arrow) is presented here for the
first time (New Channel). This canyon indicates that the Temsah Valley already existed by the

end of salt deposition.
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TABLE DR1. DATA SOURCES FOR BASE PLIOCENE MAP
Sysmic data map / Cross section /

Depth or Thickness

=

Abd-Allah et al., 2012

Depth to Top Salt

Drill hole data
Seismic cross section + map

TWT [sec]

N

Barber, 1981

Depth to Top Salt

Seismic map

meters

Base Pliocene of the Israeli
Exclusive Economic Zone
(Sources from steinberg et
al., 2011 and Sagy et al., 2015)

w

Depth to Top Salt & PQ Thickness

Seismic cross section + map

TWT [sec] & meters

4 [Came'raet al., 2010 Depth to Top Salt Seismic cross section meters

5 [Carton et al., 2009 Depth to Top Salt & PQ Thickness Seismic cross section + map TWT [sec] & [msec]
6 |Ducassou et al., 2007 Depth to Top Salt Drill hole data meters

7 |Ducassou et al., 2009 Depth to Top Salt Drill hole data meters

8 |Garziglia et al., 2008 Depth to Top Salt Seismic cross section TWT [sec]

9 |Gaullier et al., 2000 Depth to Top Salt Seismic cross section TWT [sec]
10|Gennesseaux et al., 1998 PQ Thickness Seismic map TWT [msec]
11|Hanafy et al., 2016 PQ Thickness Seismic map meters
12|Kellner et al., 2009 Depth to Top Salt Seismic map TWT [sec]
13|Loncke et al., 2002; 2006 Depth to Top Salt & PQ Thickness Seismic cross section + map TWT [sec] & meters
14|MIDBAR Depth to Top Salt Seismic map TWT [msec]
15|Sarhan et al., 2014 Depth to Top Salt Seismic cross section TWT [sec]
16(Shaaban et al., 2006 Depth to Top Salt Seismic map & Drill hole data meters

Table DR1: Data sources for the compiled base Pliocene structural map (Figure DR1). Location

of each source number can be found in the source location map (Figure DR3).

34°N

26°E

8°F 30°E

28°E 30°E
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Figure DR3: Location of studies used for compilation. Numbers correspond to Table DR1.
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Salt migration

To reconstruct the original boundary of the salt basin prior to its basinward flow, we examine
salt rollers, welds, and normal faults. These structures are formed as response to salt withdrawal
(Rowan et al., 1999; Wagner and Jackson, 2011; Allen et al., 2016) and thus mark the salt
evacuation zone (SEZ, Fig. 1c). Figure DR4 (modified after Allen et al., 2016) demonstrates that
the width of the SEZ is <30 km. We, therefore, conclude that the difference between the present-
day salt pinch-out line and the original boundary of the salt wedge is quite narrow in terms of the

PQ depocenter, which was originally deposited landward of the thick (>150 m) salt layer.
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Figure DR4: Seismic cross sections (modified after Allen et al., 2016) showing the distribution
of salt rollers, welds, and normal faults. The area marked by a red arrow indicates the salt

evacuation zone (SEZ), which is narrower than 30 km. Section’s location in Fig. 1c.
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ABSTRACT

In the Levant Basin, submarine channels are abundant around the Nile deep-sea fan (NDSF), an area
which is also affected by salt tectonics related to the Messinian salt giant. Here we focus on the rela-
tionship between submarine channels and obstacles formed by salt tectonics. Initially, we use methods
developed for terrestrial morphological analysis and quantify channel sinuosity, width and slope in
search for consistent relationships between morphometric parameters and channel response to obsta-
cles. However, this traditional analysis did not yield robust conclusions. Then, we apply two new
morphometric parameters suggested here to express the distortion of channels by obstacles: incident
angle (a), defined as the acute angle between the regionally influenced channel direction and the strike
of the tectonic obstacle and diversion angle (Q), defined as the angle between the direction of the
regional bathymetric slope and the average direction of the channel. These parameters illustrate the
influence of the regional-scale basin geometry and the superimposed tectonic-influenced seabed pat-
terns, on channel development. We found hyperbolic relationships between incident angle (o) and
diversion angle () in which channels flowing approximately parallel (« = 0°) to tectonic folds are
(obviously) not diverted; channels nearly orthogonal (o = 90°) to obstacles, crosscut them right through
and, again, not diverted much. In contrast, channels with a general direction diagonal to the obstacles
(o0 = 40°), are diverted by ten degrees (Q = 10°). This diversion accumulates along large distances and
significantly influences the regional development of channels around the NDSF. Noteworthy, this phe-
nomenon of channel diversion, indirectly deteriorate normal slope-sinuosity relationships known from
terrestrial studies. In light of these findings, we suggest that these new parameters can be applied to
other basins, where submarine channels interact with seabed obstacles.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Therefore, it is important to study modern submarine channel
systems, assess how active they are, and use them to better un-

While submarine channels are quite abundant along the derstand ancient, buried systems that are not imaged at similar

present-day seafloor, these deposits are rarely exposed on land, and
hence, not sufficiently understood (Peakall et al., 2000; Weimer
et al., 2006). In recent years, the need to study submarine chan-
nel systems has increased for basic understanding of their evolu-
tion but also for practical reasons: (1) assessing the geo-hazard
risks associated with industrial infrastructure laid on the sea floors
(pipelines, cables, facilities); and (2) for tracking and characterizing
ancient and buried turbidite units that may contain hydrocarbons.

* Corresponding author. The Fredy and Nadine Herrmann Institute of Earth Sci-
ences, The Hebrew University of Jerusalem, Jerusalem 91904, Israel.
E-mail address: elchanan.zucker@mail.huji.ac.il (E. Zucker).

http://dx.doi.org/10.1016/j.marpetgeo.2017.01.002
0264-8172/© 2017 Elsevier Ltd. All rights reserved.

details. This study focuses on the Levant Basin, where recent prolific
gas discoveries have enhanced the need for a deeper understanding
of the submarine system of the Eastern Mediterranean Sea and its
relations to the adjacent Nile deep sea fan (NDSF).

Submarine channels as a part of Turbidite Systems around the
western and northern slopes of NDSF (Fig. 1a) were documented in
a series of studies (Gaullier et al., 2000; Loncke et al., 2002, 2006,
2009; Ducassou et al., 2008, 2009). The western province of the
NDSF is probably the best-documented and the most active part of
the Nile fan in terms of turbidite deposition, at least over the past
130,000 years (Maldonado and Stanley, 1979; Bellaiche et al., 2001;
Loncke et al., 2002; Ducassou et al., 2007). In that area, where the
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Levant .4
Basin

Mediterranean

Fig. 1. a) Location map and bathymetry of the southeastern Mediterranean with contour intervals = 500 m. ES = Eratosthenes Seamount. NDSF = Nile deep-sea fan. b) The study
area in the southern Levant Basin. Submarine channels 1—7 analyzed in this study. Map prepared based on data from Gvirtzman et al., 2015.

Rosetta canyon is directly connected to the deep sea fan, a series of
active well-ramified channel—levee systems have been identified.
Turbidite sediments are currently transported through this system
~300 km from the shelf edge (Huguen, 2001; Loncke et al., 2002;
Ducassou et al, 2013) confirming earlier suggestions (e.g.,
Normark et al., 1993) stating that gravity flows are remarkably
mobile and can travel long distances via submarine channels until
settling at distal submarine fans. In the eastern province of the
NDSF (Levant Basin), where evidence for turbidite flow have yet to
have been documented, we use the term ‘submarine channel’ to
describe incised conduits for downslope sediment transport,
without any implication for process or flow type.

The southern part of the Levant Basin was recently described by
Gvirtzman et al. (2015), who showed that the off-Sinai slope con-
tains a net of submarine channels similar to those described north
and west of the NDSF unlike the nearby Levant slope, which does
not present any channels (Fig. 1b). The width of the off Sinai
channels (labelled 2—7) range between 200 and 700 m and their
depth relative to respective shoulders is 10—40 m. Wider and more
sinusoidal (Fig. 1b) than these channels is the 270—km-long Levant
turbidite channel (Gvirtzman et al., 2015), which runs along the
lowest points in the valley formed between the Sinai and Levant
slopes.

Salt tectonics significantly deforms the Levant Basin shaping the
seafloor morphology (e.g. Garfunkel, 1984; Garfunkel and Almagor,
1984, 1987; Gradmann et al., 2005; Netzeband et al., 2006; Bertoni
and Cartwright, 2006, 2007; Cartwright and Jackson, 2008;
Gvirtzman et al., 2015). This study focuses on the relationships
between submarine channels and lineaments produced by salt
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tectonics. Interestingly, a few of the channels in the Levant Basin do
not always take the steepest downslope path (i.e. do not follow the
maximum slope). Rather, at certain segments they are deflected
towards the northwest by elongated tectonic ridges forming a zig-
zag channel pattern (Gvirtzman et al., 2015). Therefore, our goal is
also to understand how seabed obstacles that originate in salt
tectonics influence submarine turbidite channels in the Levant
Basin and in general.

To achieve this goal we begin with a classic morphometric
analysis measuring channel sinuosity, width, and slope, looking for
consistent relationships between these parameters and the channel
response to tectonic related obstacles. Then, we introduce a
morphometric parameter that expresses the distortion of channels
by obstacles. This parameter quantifies and assists in explaining the
influence of the regional basin geometry and the superimposed
tectonic influenced seabed pattern on channel development.

We conclude this study with insight and implications derived
from our research; comparing channel flow direction to the
regional basin architecture allows for the immediate identification
of regions in which channel morphology is affected by tectonics.
This is done by demonstrating the potential applicability of our new
analysis method in our neighboring region; The analysis presented
here demonstrates how channel morphology can be used to trace
areas with very gentle tectonic elements that cannot be traced
without high resolution bathymetry data by emphasizing the dif-
ferences between the western province off the NDSF and the Levant
basin in the east. To give this new method an even broader appli-
cability, we present several examples from different basins around
the world and discuss how tectonic obstacles may affect channels



100 E. Zucker et al. / Marine and Petroleum Geology 81 (2017) 98—111

Fig. 2. 3D-bathymetry images of two types of interactions observed in the southern
Levant Basin between submarine channels and seabed obstacles: a) Channel flowing
alongside an obstacle. b) Channel cuts through an obstacle. ¢) and d) display channel-
obstacles interactions that affect channel sinuosity. e) and f) display channel-obstacle
interactions that affect channel width. Blue lines represent ridges. Vertical exaggera-
tion is x3. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

and how they respond morphometrically. We further offer the
method presented here when analyzing the effect of tectonic ob-
stacles on the regional channel systems.

2. Geologic setting

The Levant Basin (Fig. 1a), located in the southeastern most
corner of the Mediterranean Sea, is an extensional basin formed at
the margins of the Neotethys Ocean during the late Paleozoic and
early Mesozoic (Garfunkel, 1998; Robertson, 1998). About 6 million
years ago, towards the end of the Miocene (Messinian), the Medi-
terranean transformed into a giant saline basin and ~2 km-thick
salt layer was deposited on its seafloor (Hsii et al., 1973; Ryan, 1973;
reviewed by Ryan, 2009). This short event in the history of the Earth
is termed the Messinian Salinity Crisis (MSC, for overall review see
Roveri et al., 2014 and references therein). In the Levant Basin, the
MSC and the deformation caused later by subsurface salt motion
was documented and studied by numerous works over the past
four decades (e.g. Neev et al., 1976; Ryan and Cita, 1978; Ben-
Avraham, 1978; Almagor and Hall, 1983; Mart and Ben-Gai, 1982;
Tibor et al., 1992; Martinez et al., 2005; Huebscher et al., 2008;
Cartwright et al.,, 2012; Gvirtzman et al, 2013). This sequence
wedges out to a few tens of meters at the basin margins.

Following the MSC, when normal marine conditions resumed,

{/Iaximum Slope <@

Channel Bearing

Segment Channel
direction -

Diversion Angle Q

Incident Angle
Ridge
Isobath

Fig. 3. Method for determining the morphometric parameters, suitable for the
channel-obstacle analysis: Diversion angle (Q) and incident angle (o). The arrow A-B is
the direction of the maximum downstream slope in the channel flowing area. Arrow
A-C is the actual general channel bearing. Angle BAC is the diversion angle (Q).

sediment supply from the Nile River produced a giant delta with a
well-developed deep sea fan (NDSF). Unlike the Oligo-Miocene
deposits that are thick in the deep Levant Basin and thin along
the Levant continental margin (Steinberg et al., 2011; Macgregor,
2012), the Plio-Quaternary section is thick along the continental
margin and thin in the deep basin. The thickness of the Plio-
Quaternary section in the deep basin is only 400—500 m whereas
below the NDSF it reaches ~4 km (Said, 1981; Mascle et al., 2006;
Segev et al., 2006; Loncke et al., 2006; Gvirtzman et al., 2008;
Steinberg et al., 2011). These Plio-Pleistocene deposits, overlying
the Messinian evaporites, consist of Nile-derived clay-rich silici-
clastic sediments (Gvirtzman and Buchbinder, 1978; Mart and Ben-
Gai, 1982; Ben-Gai et al.,, 2005) unconformably overlying and
leveling the rough Messinian relief (Gvirtzman and Buchbinder,
1978; Bertoni and Cartwright, 2006; Steinberg et al., 2011).
Offshore Israel, Nile-derived sediments have produced a wide shelf
that had propagated about 20 km westwards since the early Plio-
cene (e.g. Gvirtzman and Buchbinder, 1978; Mart et al., 1978;
Almagor and Garfunkel, 1979; Buchbinder and Zilberman, 1997;
Goldsmith and Golik, 1980; Ben-Avraham and Mart, 1981; Mart,
1982; Ben-Gai et al., 2005).

At the end of the Pliocene, about 2.5 million years after the end
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of the MSC and about 2.5 Ma before present, significant deforma-
tion related to subsurface salt motion has begun (Almagor, 1984;
Garfunkel and Almagor, 1984; Cartwright et al., 2012). Salt mo-
tion, over the past 2.5 million years, developed into a complex
circum-Nile radial contraction domain of folds and faults. The
surface expression of folds is quite subtle; tens of meters high,
hundreds of meters wide, and a few kilometers long, forming a

pattern of elongated obstacles with spacing of 1.5—6 km. In the
subsurface, fold amplitudes increase and frequently overlay thrust
faults with vertical displacement of a few hundreds of meters. The
radial system of folds and thrust faults is accompanied by a nearly
perpendicular swarm of strike-slip faults and a fringing belt where
shortening is accommodated by conjugate sets of strike-slip faults.
The surface expression of strike slip faults is quite narrow forming a

34°E

33° N+

Legend

Sinuosity
1-1.2

12-14
14-16
16-18
18-2

—— Faults
—— Ridges

32° N+

0 5 10 20 30
— e — Kilometers

33° N

32° N

M°E

Fig. 4. Sinuosity of channels determined for 15 km long segments. Location in Fig. 1.
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few meter high step or fissure (Gvirtzman et al., 2013, 2015). Updip,
towards both the Nile River in the south and towards the Israeli
slope to the east, the contraction domain is accompanied by an
extensional domain of normal faults (Almagor and Hall, 1983;
Garfunkel, 1984; Gradmann et al., 2005; Cartwright and Jackson,
2008).

At present the seafloor is shaped by two synchronous processes
(Gvirtzman et al., 2015): 1) Salt tectonics that produces faults and
folds (references above) and 2) various processes of sediment
transport and deposition such as landslides along the upper
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continental slope (Martinez et al., 2005; Mart and Ryan, 2007; Katz
et al,, 2015) and turbidite channels in the deeper basin (e.g. Pratson
et al., 2000; Peakall et al., 2000; Bellaiche et al., 2001; Mayall et al.,
2006; Folkman and Mart, 2008; Garziglia et al., 2008; Kane et al.,
2008; Gvirtzman et al., 2015).

3. Data and methods

To perform the morphometric analysis we first prepared a
10 x 10 m digital elevation model (DEM) of the study area by
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Fig. 5. Width of the channels, analyzed in ~100 m long segments. Location in Fig. 1.
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integrating grids taken from Gvirtzman et al. (2015). These grids
were acquired from various commercial ventures either ready-to-
use seismic data grids, or seismic data from which seafloor was
independently interpreted. To obtain water depth values using time
grids, two way travel time (TWT) values were multiplied by a
constant velocity of 755 m/sec (corresponding to a water acoustic
velocity of 1510 m/sec; see Table 1 of Gvirtzman et al., 2015 and
references therein). Then, we accurately mapped seven submarine
channels employing an ArcGIS hydrological model, commonly used
for analyzing continental drainage networks and channels together

with several other ArcGIS tools that enhance channel outline. This
procedure follows many studies assuming that morphology of
deep-water channels can be observed similarly to terrestrial fluvial
channels (Flood and Damuth, 1987; Clark et al., 1992; Shanmugam,
1996; Imran et al., 1999; Babonneau et al., 2002; Kolla et al., 2007).
The data generated by this algorithm-based mapping (Fig. 1b) are
more accurate than the manually digitized channels of Gvirtzman
et al. (2015) and set the basis for quantitative morphometric
analysis of the marine channels.

Morphometric analysis is useful in quantifying morphologic
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Fig. 7. A map showing channel 2 diversion (as defined in Fig. 3). 3D-bathymetry images show the different incident angels (Red dashed arrows) for each segment. Vertical
exaggeration is x3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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parameters such as width, sinuosity, and slope. It is based on the
assumption that noticeable, systematic changes in these measur-
able characteristics are caused by primarily tectonic and lithologic
impacts (e.g. Schumm, 1977; Schumm, 1986; Wells et al., 1988) on
streams. Systematic morphometric changes between channels or
between different reaches of the same channel are therefore used
in evaluation of local and regional tectonics. Previous studies have
used morphometric analyses, amongst others, to identify and
classify sediment transport systems worldwide (Schumm, 1986;
references therein; Clark et al., 1992; Normark et al., 1993; Broucke
et al.,, 2004; Weimer et al., 2006; Mayall et al., 2006; Deptuck et al.,
2007).

In the southeastern Levant Basin we observed two main types of
interactions between submarine channels and seabed obstacles: a)
Flowing alongside the obstacle (Fig. 2a), which is similar to what
Clark and Cartwright (2009) termed “confinement”, and b) cutting
right through the obstacle (Fig. 2b). These interactions may occur
one right after the other, for example: a channel will flow alongside
an obstacle till it reaches a weaker or lower relief that enables
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cutting through. When a channel flows alongside a fold (or
confined by a syncline; i.e. two sub-paralleling folds) it frequently
decreases its sinuosity (Fig. 2c). When the channel crosses faults it
frequently increases its meanders (Fig. 2d). Similarly, at some dis-
tance from obstacles channels widen (Fig. 2e); at other points they
may show narrowing (Fig. 2f). Here we examine, define, and
quantify such consistent relationships, if and where they exist, for
channel-obstacle interactions.

We begin with a common morphometric analysis measuring
sinuosity (the ratio of channel length to direct distance from start
point to end point), width, and slope employing self-developed
ArcGIS and Global Mapper models. Initially, a centerline is pro-
duced along each channel (i.e., the GIS-generated thalweg). Then,
the channel slope, sinuosity, and width are calculated along it.
Sinuosity of each channel was characterized in two scales: a) A
single number that expresses the total sinuosity of the channel
within the studied area, and b) sinuosity measured continuously for
15-km-long segments along the thalweg. In our exploration for the
best scale to represent sinuosity changes along channel, we
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identified this 15 km “window” as most suitable (discussed more
below). Unlike sinuosity, channel width (bank-to-bank, normal to
channel direction) and thalweg slope were measured at ~100-m
long windows to catch smaller changes. In addition, a single
average slope was calculated for the entire studied length of each
channel.

Besides sinuosity, width, and slope, we applied two new
morphometric parameters suitable for the channel-obstacle anal-
ysis: diversion angle (Q) and incident angle () (Fig. 3). Without
interfering by any obstacle or tectonics, it is expected that a channel
beginning at any point (e.g., point A in Fig. 3) will take the steepest
route (the direction of maximum slope; blue arrow in Fig. 3)
downstream. In reality, preexisting or coeval elongated obstacles
may divert the channel by an angle (a), which is the acute angle
between the regionally influenced channel direction and the strike
of the tectonic obstacle. After several incidences each causing a
local diversion, a channel that had started at point A reaches point C
(orange arrow in Fig. 3) rather than point B and the angle Q = BAC is
termed channel diversion.

4. Results

We analyzed seven submarine channels (black lines in Fig. 1b,
annotated 1—7). Due to a gap in the bathymetric data, the Levant
Turbidite Channel of Gvirtzman et al. (2015) we split it into north
and south segments (1IN and 1S, respectively). Discontinuous
channels (gray lines in Fig. 1b) are not considered here further.

Sinuosity generally changes along the studied channels between
1.2 and 1.4 (orange segments, Fig. 4). Two exceptions to this rela-
tively narrow range are channels 1N and 2 where sinuosity is
higher and lower, respectively. The maximal measured sinuosity in
the studied channels and in the entire area is 1.8—2 (dark blue),
which indicates doubling of channel length vs. Valley length.
Obviously, sinuosity depends on the length of segments chosen for
analysis (e.g., for segment length close to zero sinuosity approaches
1; i.e. a straight line) as discussed by Ferry et al. (2005) and Clark
and Cartwright (2009, 2011). To examine the dependence of our
results on segment length, we prepared sinuosity maps for 0.4, 2.5,
5,10, 15, and 20 km long segments (not shown here). We realized
that a length of 0.4 km is too short to catch common meanders in
the study area that are considerably longer. Fifteen-km long seg-
ments seem to be the most informative. Regardless of the precise
length, the use of segment lengths of 10 and 20 km, do not alter the
main outcome of the results presented below.

The most frequent channel widths in the study area ranges
between 100 and 500 m (colder shades in Fig. 5). The wider
channels in the northern part of channel 1 are the exception and
reach 900—1600 m (hotter colors). In addition, at specific locations
width changes near faults or folds (Fig. 2e and f). However, we did
not identify a simple rule associating changes in channel width to
locations of obstacles, as was demonstrated in several terrestrial
cases (Schumm, 1986).

Fig. 6 presents four ranges of channel slope: high (50%o—100%o),
low (15%0—50%o0), sub-horizontal (15%0 to —15%o), and negative
sub-horizontal (<-15%c). Negative (or reverse) slope means that
locally the thalweg is going upwards while advancing in the general
flow direction, indicating either post-flow deformation with some
uplift component of the channel thalweg or a depositional process
that leaves a negative slope when sediments settle down after a

flow event (examples in Weimer et al., 2006, Chapter 6, and ref-
erences therein). The most frequent channel slope in the study area
is sub-horizontal (—15%0—15%0), but low (15%0—50%0) and high
(50%0—100%o) slopes are recognized as well. Again, a simple rule
relating changes in slope to interference with obstacles is difficult
to identify.

The channel bearing diversions from the steepest slope direc-
tion are emphasized in Fig. 7. A comparison between channels and
maximum slope directions (Fig. 7, dashed black boxes) demon-
strates that the directions of channel 1 and channel 6 and 7
approximately coincide with the regional slope, whereas other
channels are diverted to the northwest. A detailed numeric
example for such an analysis is presented in Fig. 8a (and in ap-
pendix A) with an average incidence o = 14°, and divergence
Q = 15°. This figure also demonstrates that for very low (1°—5°) and
very high (70°—80°) incident angles, diversion is very small (Q~0°).
For intermediate incidence angles, diversion is relatively high
(10°—15°). The explanation for this is that when a channel reaches a
barrier orthogonal to flow direction (o ~90°), channels cut right
through without a diversion. Similarly, when a channel is approx-
imately sub-parallel to obstacle, channels will flow alongside ob-
stacles without diversion. Only when the channel flow direction is
approximately diagonal (o.745°) to obstacles, channels are diverted
significantly until finding a point where they can crosscut the
obstacle or a point where the obstacle ends and returning to the
regional slope direction is possible (Fig. 2b).

5. Discussion
5.1. Morphometry of submarine channels

The first order responses of channels to active salt tectonics in
the southeastern Levant Basin are either (a) bypassing of the ob-
stacles or (b) cutting them through weaker or lower zones or during
initial stages of formation. Often, these responses are associated
with changes in morphometric attributes, but no consistent
behavior is identified. Upon encountering an obstacle, channel
sinuosity sometimes increases and sometimes decreases, whereas
channel width and slope generally do not change much (Appendix
B). Hence, we conclude that the classic approach of analyzing sin-
uosity, width, and slope, do not provide much insight to channel-
tectonic interaction in the area studied.

In contrast, the diversion analysis proposed in this study, shows
hyperbolic relationships (Fig. 8b) between incident angle () and
diversion angle (Q). Channel 1 flows parallel to tectonic folds (¢70°)
and is not diverted. Channels 6 and 7 crosscut folds at nearly
orthogonal (2~80°) direction and therefore are considered as non-
diverted. Channels 3, 4, and 5 are diverted by ~10° as a result of
incidence with many small folds with an average incidence angle of
about 40°. Channel 2 presents the highest diversion with a diver-
gence angle of 15°, despite its relatively small average incidence
angle (14°). This high diversion of channel 2 from the regional slope
is forced by its confinement both along several relatively long
submarine synclines and in-between two obstacles. These two
types of tectonic features are in affect ~70% of the total length of
channel 2. The confinement prevents the channel from meandering
by creating barriers that define the path of channel flow (Fig. 2a).

Regardless of channel-tectonic interaction, slope and sinuosity
of the entire channel lengths are reversely well correlated (Fig. 9a

Fig. 9. Sinuosity-slope relationships. Figures a) and b) are sinuosity of all channels using their entire length and of their 15 km long segments, respectively. Channel 2 (marked in
red) deviates from the general trend of channel sinuosity. Removing it, increase the correlation between slope and sinuosity r2 = 0.86. See Table 1 for data. Figures c—f present the
slope-sinuosity relationships for the individual channels using sinuosity determination for 15 km long segments. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Table 1
Sinuosity and slope for the entire length of each channel.

Channel Total sinuosity [%o]Average slope
1N 1.7 3.1

1S 135 4

2 1.07 4.5

3 15 3.5

4 137 4.4

5 13 4.6

6 14 43

7 13 4.4

and Table 1). This is consistent with observations from continental
rivers that cut their way through steep landscape and meander in
low relief terrains, a general observation that begun with Leopold
and Wolman (1957). For instance, the Levant Turbidite Channel
(channel 1) is less sinusoidal at its southern segment (1S) and
presents numerous meanders in the gently sloping deeper basin
(1N). Interestingly, channel 2 is, again, an exception to this rule;
removing it from the regression analysis increases the correlation
to 0.86. In other words, channel 2 is diverted, straight, and does not
fit the general slope-sinuosity trend observed in the southeastern
Levant Basin channels.

Sinuosity-slope relationships using many 15-km-long segments
(Fig. 9b—f), instead of considering each channel as a whole (Fig. 9a),
indicates that sinuosity-slope relationships are more complex
when splitting the channels to segments. On the same sinuosity-
slope axes, segments from all the channels show large scattering
and poor correlation of R>~0.2 (Fig. 9b). Separating this large
number of segments according to their respective incidence angle
reveals significant differences. All segments of channel 1 that are
parallel to tectonic folds yield well correlation (R>~0.7, Fig. 9c¢),
whereas channels 6 and 7, which are orthogonal to folds show poor
correlation (R2~0.2, Fig. 9d). In channels 3, 4, and 5, which flow
diagonally to folds there is no correlation (R>70.05, Fig. 9e) between
sinuosity and slope. Overall In channel 1, the normal slope-
sinuosity behavior remains; in channels 6 and 7, it is completely
disordered and in channels 3, 4, and 5, it is slightly disturbed. These
observations are consistent with the diversion analysis, indicating
that tectonic elements within the basin not only affect channel
diversion, but also improve or deteriorate slope-sinuosity rela-
tionship. Channel 2 is an exception with an opposite slope-
sinuosity trend and relatively high correlation (R*~0.8, Fig. 9f) be-
tween slope and sinuosity.

These slope-sinuosity results are consistent with variations
along the Levant Turbidite Channel (channel 1) that is wider and
more sinusoidal in its distal northern part, which is less steep.
Gvirtzman et al. (2015) has raised the question of its sources
arguing that it may be fed by the NDSF sediments just like the rest
of the submarine channels in the Levant Basin or by a combination
of the El-Arish and Ha-Bsor rivers as an alternative source. Our
results indicate that the high sinuosity of this channel 1 is well
explained by its relatively low slope (e.g., Leopold and Wolman,
1957). Unfortunately, its morphology attributes do not shed new
light on its sources.

5.2. Regional implications

Studying the local channel evolution around individual struc-
tures in southern Levant basin, Clark and Cartwright (2011) pre-
sented a local scale “Diversion” as a type of interaction between
submarine channels and underlying deformation. From their work
it can be concluded that even on that localized scale, submarine
channel deformation is controlled by the frequency and scale of the
structures. This emphasizes that the morphology of submarine

channels is controlled directly by the regional style of deformation.

Fig. 10 shows that the channels we mapped (green) in the
southern Levant basin are a part of a larger channel system (blue)
surrounding the NDSF (Loncke et al., 2006, 2009). Interestingly,
comparing channel direction to the shape of isobaths allows im-
mediate identification of regions with channel diversion. For
instance, in the northern part of the Levant basin (approximately
between lat. 33°-34° and long. 33°-34°) channels are not orthog-
onal to isobaths, but divert westwards similar to what we described
in detail, south of this region. In contrast, in the western province of
the NDSF (facing the Rosetta branch of the Nile River) the channel
system is quite orthogonal to isobaths fitting the regional slope.

Consistent with our analysis is the circum-Nile fold belt mapped
and described by Loncke et al. (2006) and later by Gvirtzman et al.
(2015), which crosses the Levant basin in the region where we
identify channel diversion, but it does not cross the Rosetta channel
system in the west (i.e. in the western province area where chan-
nels flow perpendicular to the isobaths, the fold belt are further
north). This quick analysis of Fig. 10 demonstrates how channel
diversion can be used to trace areas with very gentle tectonic ele-
ments that cannot be traced without high resolution bathymetry
data.

5.3. Implications to other basins

The analysis of channels in the Levant Basin illustrates that
diversion is strongly dependent on incidence angle [¢.], which in
turn, depends on the basin geometry and the tectonic pattern. In
the area studied here, folding axis direction varies from NNW in the
east (near channel 1) to NW in the central area (channels 3, 4, and
5) to WNW in the west (channels 6 and 7). This pattern is not
random, but is the outcome of the salt tectonics that forms the
circum-Nile delta radial system (Loncke et al, 2006, 2009;
Gvirtzman et al., 2015).

The exceptional behavior of channel 2 further indicates that the
length of the tectonic segment confining and bounding the channel
is also important. With the same line of reasoning, we hypothesize
that the spacing between tectonic elements is of vast importance;
large spacing allows long segments to flow without disturbance in
the direction of the regional slope. As a generalized prediction that
may be tested in other basins, we suggest that Q = f (L, D, &), where
L is the length of obstacles and D is typical distance between ob-
stacles. We hypothesize that Q will increase with increasing L,
decrease with increasing D, and will show hyperbolic relationship
with a, as in the Levant basin (Fig. 11).

Can this analysis be applied for other basins in the world? In
what follows we bring some examples of different basins around
the world describing how obstacles affect channels and how they
respond morphometrically.

In the southeastern corner of Iran, the Indus Valley and the
Mississippi Valley, diversion was described for fluvial rivers upon
encountering tectonic obstacles (Schumm, 1986).

The migration and aggradation of submarine channels in the
western Niger Delta were seismically analyzed (Deptuck et al.,
2007). The results show that in many cases, the thalweg of the
submarine channel is confined due to “local factors” that shape the
channel morphology, consistent with our results. The same
channel-levee system was seismically interpreted further down dip
(Tripsanas et al., 2012). These seismic sections of the Niger Delta
display a 50—100 m deep and 500—1000 m wide channel climbing
over a 19 km long and 5 km wide ridge that present a 20—70 m tall
obstacle across the channels path.

Offshore Angola, Gee and Gawthorpe, 2006 use seismic data to
demonstrate how submarine channels react to obstacles generated
around salt diapirs. The diapirs offshore Angola are 3—6 km wide at
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Fig. 10. The different provinces of the eastern Mediterranean Sea as divided by Loncke et al. (2006). Blue lines indicate channels mapped by Loncke et al. (2006). Green lines are
channels mapped in this study. ES = Eratosthenes Seamount. NDSF = Nile deep-sea fan. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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Fig. 11. Illustration of the parameters documenting channel diversion; Q=(L,D, ). Q = diversion angle; « = incident angle; L = segment length; D = distance between obstacles;
blue arrow = regional slope. Incident angles that are parallel or perpendicular (2 = 90° or 0°) do not affect channel flow direction (top). If incident angle =~45°, segment length and
distance between obstacles have opposite effects on diversion (bottom). An increase in segment length increases the diversion and an increase in distance between obstacles
decreases the diversion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the subsurface forming a twice as wide deformation zone on the
seafloor with a radial system of arcuate faults and folds >200 m
high. These channels, upon encountering obstacles, are shifted
laterally and vertically.

In the Sao Tomé system in the southern Brazil Basin, Viana et al.
(2003) focused on causes of changes in sediment volume delivered
by submarine channels. They demonstrate that, amongst other
variables such as sea level and volcanic activity, salt diapirisim
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shifts the course of a submarine channel, affecting the final sedi-
ment volume delivered.

Regional diversion can be applied in other salt-tectonic affected
submarine basins such as other Brazil basins (Rohais et al., 2010),
the southern Bering Sea, the Gulf of Mexico (Nelson et al., 2011),
and the Congo Fan (Kolla et al., 2001).

These previously studied basins have been morphometrically
studied to a great extent, mostly focusing on local affects.
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Understanding the regional effect of tectonic obstacles on subma-
rine channels, as sediment suppliers, can further explain different
depositional settings not yet understood. Therefore, while
analyzing different submarine channel systems and basins the
method presented above should be taken into consideration when
analyzing the effect of tectonic obstacles on the regional channel
systems.

6. Conclusions

Submarine channels are abundant features in the eastern
Mediterranean Sea with sinuosity, width and slope characteristics
that vary significantly downstream. The bathymetry data show
how geomorphology of channels responds and is tightly related to
obstacles created by salt tectonics (i.e. faults and folds) on the sea
floor of the basin (Gvirtzman et al., 2014, 2015). To measure the
impact of tectonics on the basin-scale morphology of the subma-
rine channels, two new geomorphic parameters, termed Channel
Diversion and Incident Angle, were developed. These new param-
eters determine (a) whether a submarine channel is morphologi-
cally affected upon encountering obstacles, (b) how this channel
morphology is affected by the tectonic obstacle in a regional point
of view, and (c) which other parameters affect these observations.
In our basin, submarine channels that encounter obstacles on a
near parallel or near perpendicular angle on average, are mildly or
not diverted. On contrary, if this channel-obstacle incident occurs
on a ~45° angle, the channel will be highly diverted.

Furthermore, sinuosity-slope relations demonstrate that sub-
marine channels have similar behavior to fluvial channels. This
study demonstrates that tectonic elements within a basin not only
affect channel diversion, but also slope-sinuosity relationship.
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Synthesis and Conclusions

Chapters 2-4 have contributed to the understanding of the (a) sedimentary processes
involved in forming the Nile Delta/cone and the accretion of the eastern
Mediterranean shelf during the late Cenozoic (b) mutual relationships of the delta and
the Messinian salt giant, and (c) sediment distributary channels and their large-and
local-scale interactions with the deforming evaporites. | presented my multiple-
methods study of the Eastern Mediterranean basins including seismic stratigraphy,
stratigraphic modeling, salt tectonic analysis, and bathymetric and submarine
geomorphologic analyses. All these analyses were conducted within the unique
setting of mutually affecting giant delta atop a salt giant; together, they have a large
impact on the evolving basins of the Eastern Mediterranean.

Below, I first present and shortly summarize the highlights and the main contributions

from each chapter. Then a list of conclusions is drawn.

The Nile Delta and the continental shelf of the Levant

The Nile Delta, one of the largest deltas in the world, is a globally unique feature
controlling the sedimentary and morphologically of the Eastern Mediterranean.
Numerous studies (e.g., Schumm, 1969; Salem, 1976; Summerhayes et al., 1978;
Barber, 1981; Said, 1981; Sestini, 1989; Stanley, 1990, 1996; Stanley and Warne,
1993, 1998; Dolson et al., 2000; Gaullier et al., 2000; Loncke et al., 2002, 2006;
Goudie, 2005; Mascle et al., 2006; Segev et al., 2006; Ducassou et al., 2008; Kellner
et al., 2009; Macgregor, 2012; Abdelsalam, 2018; Be’eri-Shlevin et al., 2018) have
focused on the evolution of this delta, its feeding river, the channels that distribute
sediments into the deeper basins around the delta, and the evolution of the Levant
continental shelf. The Nile River has been shown as the source of sediments not only

of the delta, but also of the abyssal plains of the Eastern Mediterranean and the
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continental shelf of the Levant. The sediments from the Nile were transported
alongshore and margin-parallel, within the Nile littoral cell, deposited eastward along
the southern Levant shoreline and eventually progradated north forming the Levant
continental shelf. The evolution of the Levant shelf began relatively late, 2-3 million
years after the MSC (Ben-Zeev et al., 2019). Modeling the evolution of the Levant
continental shelf indicates (Chapter 2) that only after the formation of a shallow
submarine structural connection between the NDSF and the northern shoreline of the
Sinai Peninsula due to margin-parallel sediment transport, sediments can begin
accreting and initiating the continental shelf of the Levant. Due to the understanding
that margin-parallel sediment transport is a strong depth-dependent process, initially,
shales were transported and deposited to construct the shale base of the shelf. These
shale basal units build up to forming a base for the shelf shallow enough (up to 50 m
depth) so sandy sediments can be transported on, and eventually deposited to form the
continental shelf of the Levant.

These insights from Chapter 2 contribute two fundamental understandings to the

margin-parallel sediment transport and shelf formation:

(1) Alongshore sand transport is a part of a much broader process that is termed here
margin-parallel sediment transport. Sand is transported in a nearshore shallow
water belt where margin-parallel current energy is high. Shale transport occurs at
greater depths over the deeper shelf and the continental slope. Shales are the first
sediment to be transported and deposited to create a base on top of which later
sandy sediments can be transported and form the sedimentary body and its
internal structures observed today.

(2) The formation of the continental shelf of the Levant became possible only after a

morpho-sedimentary connection was established between the NDSF and the
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southern shores of Israel. We propose this as the reason for the 2-3 My delay
observed in the shelf formation relative to the initial stages of the main deposition

of the NDSF, almost immediately after the MSC.

Salt tectonics

Salt tectonics in the Eastern Mediterranean has been a highly researched topic by
academics, gas and oil industries and different countries for many years (Neev et al.,
1976; Ben-Avraham, 1978; Ryan and Cita, 1978; Said, 1981; Mart, 1982; Almagor
and Hall, 1983; Almagor, 1984; Garfunkel and Almagor, 1984; Tibor et al., 1992;
Gaullier et al., 2000; Gradmann et al., 2005; Frey Martinez et al., 2005; Loncke et al.,
2006, 2009, 2010; Mascle et al., 2006; Netzeband et al., 2006; Hubscher et al., 2007,
2009; Cartwright and Jackson, 2008; Kellner et al., 2009; Cartwright et al., 2012;
Gvirtzman et al., 2015, 2013). Many of these studies focused on local phenomenon
and were site specific. Here, | focused on the broader region by asking what the main
drivers of the regional patterns in salt tectonics are. Unlike the ‘common knowledge’
that the sedimentary load of the thick Nile deep sea fan squeezed out the underlying
salt (Loncke et al., 2006, 2010; Netzeband et al., 2006; Cartwright et al., 2012;
Gvirtzman et al., 2013, 2015), my results demonstrate that for most of its special
extent, this load does not even overly the salt layer. Therefore, the load cannot be
considered as the regional salt tectonic driving force. The only area, where such a
squeeze-out mechanism works, is towards the Levant Basin. There, the relatively
thick NDSF sediment overburden squeezes out the salt trapped in the Temsah valley
(Chapter 3, Fig. 1). The rest of the deformation around the NDSF is driven by salt
moving towards the deepest part of the basin by elevation-head gradient. | conclude
that most probably, salt squeezing by differential loading was overestimated as the

main driving force in the Eastern Mediterranean. This may have been the case in other
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salt basins as well as delta cones accumulate at margins of depositional basins and the
thick-enough salt sequences most commonly form at their centers. This work also
emphasizes the importance of high-accuracy separate mapping of the spatial
distribution and thickness of the siliclastic and other sedimentary sequences and of the
salt layers; only then can the regional driving forces be proposed or determined. The
very long time | invested in such mapping and the final maps were highly beneficial
in the understanding sediment thickness, salt tectonics, and the potential driving

forces throughout the Eastern Mediterranean.

Submarine channel geomorphology response to salt tectonics

Submarine channels act as conduits of sediment into the deep basins all over
continental margins. Such submarine channels are the main source-to-sink sediment
conduits to the deep Eastern Mediterranean basins (e.g., Maldonado and Stanley,
1979; Peakall et al., 2000; Pratson et al., 2000; Gaullier et al., 2000; Bellaiche et al.,
2001; Huguen, 2001; Loncke et al., 2002, 2006, 2009; Mayall et al., 2006; Ducassou
et al., 2007, 2008, 2009, 2013; Garziglia et al., 2008; Kane et al., 2008; Yehoshua and
Yossi, 2008; Gvirtzman et al., 2015). Due to active salt tectonics in this region over
the past ~5 Ma, submarine channels have been affected by the salt tectonics (Almagor
and Hall, 1983; Almagor, 1984; Garfunkel and Almagor, 1984; Garfunkel, 1984;
Gradmann et al., 2005; Cartwright and Jackson, 2008; Cartwright et al., 2012;
Gvirtzman et al., 2013, 2015). In order to express semi-quantitatively how seabed
obstacles influence the morphology of submarine channels, 1 first used the common
geomorphic/morphometric methods including changes of channel width, sinuosity,
and slope in searching for a systematic relationship. In other words, the goal was to

characterize how width, sinuosity, and slope of submarine channels change when
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facing obstacles formed and forming by salt tectonic on the sea floor; do these
interactions form systematic patterns in the channel morphology.

These classic analyses did not produce a systematic rule for the local interactions of
channels and obstacles. | have shown, however, that at the wider-scale of the entire
length of the channels, there is a substantial effect of the obstacles on the direction of
the submarine channels and they are deflected from the direction of the regional slope.
| incorporated a new morphometric analysis that quantifies how and when the channel
flow direction is diverted by salt tectonics (Chapter 4). These results can be applied
for the entire Eastern Mediterranean and elsewhere in the world. This contribution can
assist in detecting courses and in determining deviations of buried paleo-channels that

are important targets for sediment conduits and exploration in the gas and oil industry.

Contributing to the evolution of the post-Messinian Eastern

Mediterranean

This dissertation displays a geologic evolution that focuses on a unique opportunity
where an evolving basin comprises of a giant delta atop a salt giant. The three
previous chapters show how sedimentation and salt tectonics are two processes in the
geological record that have a mutual effect on each other and on the evolving basin
they both lay in, and that effect leaves its morphological mark on the present-day
bathymetry. A deeper understanding of the broader process termed margin-parallel
sediment transport and the evolution of the Levant continental shelf in the past 5 My
enables the deeper understanding of the main sedimentary features that evolved in this
geologic time. Likewise, the discovery and the disproof of common approaches
enabled a deeper understanding and clarification of the existing driving forces that

form the present-day morphology. Finally, the innovation of a new method was
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invented when no existing method could describe the morphological effect that salt
tectonic obstacles have on submarine channels. All these discovery's and inventions
demonstrate that by using many different disciplines of geological research it is
possible to piece together different parts of the geological history and understand the
relation and affect a salt giant and a giant delta have on each other and on an evolving
geologic region. This study contributes to the creation of a regional synthesis
demonstrating mutual sedimentation and salt tectonics impacts and assists in
understanding the evolution of the Eastern Mediterranean since the Messinian salinity
crisis.

Conclusions

The main conclusions of this thesis are:

(D) The margin-parallel sediment transport has a great impact and is crucial for the
evolution of the Levant continental margin. The process of margin-parallel
currents first transporting shaly sediments to create a marginal foot for sandy
sediments to be transported and deposited on. In time, this builds a continental
shelf connection that enables the formation of the Levant continental shelf.

@ In the Eastern Mediterranean the forces that govern salt tectonics are two: in
the Levant salt tectonics is governed by differential loading whereas towards
the Herodotus Basin salt tectonics is governed by elevation gradient. This
conclusion proves that previous studies of salt tectonics in this region have
overestimated the role of salt squeezing compared to tilting and gliding.

(3 Measuring the impact of tectonics on the basin-scale morphology of the
submarine channels that exist within can be done only by the new method |
have proposed. In order to do so, two new geomorphic parameters, termed

Channel Diversion and Incident Angle, were developed. These new
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parameters determine (a) whether a submarine channel is morphologically
affected upon encountering obstacles, (b) how this channel morphology is
affected by the tectonic obstacle in a regional point of view, and (c) which
other parameters affect these observations. In the Levant Basin, submarine
channels that encounter obstacles on a near parallel or near perpendicular
angle on average, are mildly or not diverted. On contrary, if this channel-
obstacle incident occurs on a ~45° angle, the channel will be highly diverted.
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