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Abstract

The continental slope off the Israeli coast demonstrates morphologic disturbances,
indicating that the margin sediments are unstable. This is thought to be due to the
Messinian evaporites that lie beneath them, in addition to regular continental slope
building processes. Because of the limited resolution of bathymetry and seismic data,
previous studies focused only on the large scale disturbances and were unable to resolve
small scale features that could indicate the significant processes in shaping the
continental slope. Here we show that the geomorphology of the continental slope is
strongly influenced by instabilities which continually shape the seafloor. We used new
high resolution multi-beam bathymetry, as well as new seismic data, to map and study
small-scale landslides and faults. We also found that the primary control on landslides
formation is the angle of the slope and a primary control on faults formation mechanism
is the flow of the Messinian salt basinward. From our observations we conclude that the
seafloor is probably still geomorphologically active today. This approach is important to
validate seismic and tsunami hazard models, and to plan the locations of gas lines and
other seafloor infrastructure. It can also be used as a first case study of small scale
failures in the Mediterranean Sea and shed light on processes of geomorphology

instabilities in the Mediterranean Sea and similar environments around the world.
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1. Introduction

This work studies submarine landslides and faults exposed along the Eastern
Mediterranean continental margins, off the coast of Israel (study area is shown in Fig. 1).
These slope failures and faults are now comprehensively mapped and analyzed for the
first time, thanks to recently released high resolution bathymetry maps of the area (Fig.
2). Previous works studied mostly large scale failures along the continental slope and
constrained them to salt tectonics processes, caused by the Messinian salt underlying the
Plio-Quarternary sediments (Almagor, 1984; Garfunkel et al., 1979; Garfunkel &
Almagor, 1984; Garfunkel, 1984; Gradmann et al., 2005; Almagor & Garfunkel, 1979;
Almagor, 1980). The new bathymetric maps along with seismic cross-sections of the
studied area enabled us to study for the first time the small and medium failures and to
shed light on the basic processes controlling the morphology of the sea floor in the

studied area.
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Figure 2: A map showing the bathymetry and the slope angle of the studied area (Sade,
2007; Sade et al., 2007; Tibor et al., 2013).
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1.1. General overview of subaqueous near-shelf

geomorphology

1.1.1. Submarine landslides
The term “submarine landslide” or “submarine slope failure” refers to an area of

disturbed seafloor caused by the downslope movement of a failed mass (McAdoo et al,
2000), where the downward and outward movement of the slope material took place
along one or several shear surfaces (Eckel, 1958; Schuster & Krizek, 1978). Submarine
landslides are one of the main ways through which sediments are transferred across the
continental slope to the deep ocean. In general sediments that had arrived from land
(mainly by rivers) and from the continental shelf (by erosion and ocean currents) are
often deposited at first stage on the upper continental slope. Their instability as
unconsolidated slope deposits, together with other conditions (which will be detailed
below) often lead to episodic slope failure and landsliding (Masson et al., 2006).

There are a few important differences between submarine and subaerial landslides
(Hampton et al., 1996). First, submarine landslides may have enormous size in
comparison to subaerial landslides. The largest known Quaternary subaerial landslide on
Earth is the Mount Shasta 26 km?® slide (Crandell et al., 1984); Whereas, the largest
submarine landslide we are aware of, the Agulhas slide off South Africa, has a volume of
20,000 km?® and is purported to have occurred as a single slope failure event (Dingle,
1977). Additionally, in general submarine landslides displace the sliding material a lot
further than subaerial ones. The largest individual flow deposits that have been
documented on Earth extends for 1,500 km offshore from northwest Africa (Talling et al.,
2007 and references therein). Another difference is the slope angle. In contrast to
subaerial landslides, submarine landslides can originate on nearly flat surfaces. For
example, a seafloor slope of 0.5° on the continental shelf off the Malaspina Glacier in the
Gulf of Alaska (Carlson, 1978) or slopes of 0.01° of the Mississippi River delta slides
(Prior & Coleman, 1978 in: Hampton et al., 1996). The sediment in the sea can maintain
only moderate slopes in comparison to sediment on land.

There are various conditions and factors promoting submarine landslide occurrence.

The first and critical factor for landslide initiation is the force of gravity (Hampton et al.,
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1996). Another key factor is elevated pore pressure, leading to decreased frictional
resistance to sliding, (Masson et al., 2006). Elevated pore pressures can result from
transient processes such as earthquake shaking (Masson et al. 2006) or from long-term
depositional processes. A mechanism for such pore pressure buildup is non-equilibrium
consolidation due to high sedimentation rates of fine, low-permeability sediments
(Urgeles and Camerlenghi, 2013). The third key factor for submarine landsliding is the
occurrence of weak layers within the stratified sequences (Masson et al., 2006). Gas
presence in the sediments also plays a role in destabilization of the slopes. Sultan et al.
(2004), show that due to a temperature and pressure increase (e.g. following
deglaciation), hydrates may dissociate. The disassociation of gas hydrates alters the bulk
physical properties of the sediments (Urgeles et al., 2004) and makes them less stable.
Simulation results (Sultan et al., 2004), as well as case studies on the Storegga slide, off
shore western Norway (Binz et al., 2005), show that sediment with increased gas content
might liquefy during mobilization of the slide and show different flow mechanisms than
sediments containing less gas. In places where evaporites are located under the
sediments, salt tectonics can cause instability of the sediments (Garfunkel, 1984;
Gradmann et al., 2005; McAdoo et al, 2000), in a mechanism that is explained below.

Triggers for submarine landslides are variable. They include: large storm waves
(Hampton et al., 1996), rapid snowmelts (Malamud et al., 2003), intense rainfalls
(Malamud et al., 2003; Hungre et al., 2014), sea level change (Camerlenghi et al., 2010),
rapid accumulation and underconsolidation, gas charging, gas hydrate disassociation, low
tides and volcanic island processes (Locat and Lee, 2000) or imposition of dynamic
forces on the slope as a result of earthquakes (Hampton et al., 1996; Masson et al., 2006;
Frydman & Talesnick ,1988; Haeussler et al., 2014; McAdoo et al., 2000).

The major hazards related to submarine landslides include destruction of seabed
infrastructure by the moving mass, collapse of coastal areas into the sea and landslide-
generated tsunamis (Masson et al., 2006).

Subaerial as well as submarine landslides' inventories present frequency-size (area or
volume) distribution best fitted with a negative power law (Guzzetti et al., 2002;
Malamud et al. 2004; ones Micallef et al., 2008; Urgeles and Camerlenghi, 2013). A

power law distribution implies that when we compare the number of events of area size A
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or greater, with the number of events of size nA or greater (where n is an arbitrary
factor), the number always differs by the same factor of nfB (where B is an arbitrary
factor), regardless of the absolute size of the events (Micallef et al., 2008). Two types of
inventories are described in the literature: (1) landslide-event inventories that are
associated with a single triggering event (e.g. earthquake); and (2) historical events’
triggered landslide inventories, which are the sum of many landslide events that occurred
over a long time period within a selected region. They include the cumulative effects of
many landslide events that have occurred over tens to thousands of years (Malamud et al.,
2004). Guzzetti et al. (2002) widen the observation also to historical long processed
inventories. According to them, an historical inventory is composed of landslides which
were not necessarily triggered by events. They emphasize the long process of many years
that has created the inventory, which is the composition of old to recent landslides.
McAdoo et al. (2000), Micallef et al. (2008), Urgeles and Camerlenghi (2013)
present size distribution of submarine landslides inventories. Similar to subaerial ones
these inventories show sizes distribution best fitted by a negative power law, but with a
different power law exponent. Plotting a size distribution enables the comparison of
landslides inventories using statistical tools, as it provides an extensive view of each

inventory as a whole.

1.1.2. Submarine landslide in the Mediterranean Sea
The Mediterranean Sea is characterized by its diversity in tectonic and sedimentary

environments and therefore it enables a wide vision on different types of submarine slope
failures as well as their causes (Camerlenghi et al., 2010) (Fig. 3). Camerlenghi et al.
(2010) indicate that unlike megaturbidites or other types of mass transport deposits that
cover the large areas of seafloor, submarine landslides in the Mediterranean are relatively
small in size and have a total area of less than 400 km?, and a total volume of less than
100 km?®. Most of the landslides originate on the mid-upper continental slope, in water
depths generally shallower than 1,000 m, and generate scar heads mostly less than 40 m
high. The largest landslides form scar heads of up to 200 m height. The information about
landslides ages around the Mediterranean is not always accurate (Camerlenghi et al.,
2010). Considering the youngest age estimation for every landslide, Camerlenghi et al.
(2010) summarize that the vast majority of the landslides have occurred between 20 and
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10 ka b.p. Available age information suggests that failures exceeding 1000 km? are
infrequent and may recur every ~40 kyr. Smaller failures, that are >1km® may recur every

40 years (Urgeles and Camerlenghi, 2013).

Il Debris flow = slump

I Deep seated failure Ml Mass failure
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Figure 3: Submarine landslides around the Mediterranean superimposed to the shaded
relief map of the bathymetry (Camerlenghi et al., 2010).

The landslides, as well as other mass failures, occur in varied geological settings of
the Mediterranean continental margins, among them: aseismic, low sedimentation regions
(Balearic); aseismic, large rated sedimentation (Nile deep sea fan, Ebro margin and
Rhone deep sea fan) and; tectonically and salt-tectonically active regions (Levantine
Basin). In contrast there is lack of evidence for modern submarine landslides at the
accretionary wedges (deformation front of the Calabrian and Mediterranean ridges).
Camerlenghi et al. (2010) concluded that submarine landslides are common on
Mediterranean continental margins that are seismically inactive. Hence, they argue that
the paradigm that earthquakes are the main triggers for large submarine landslides should
be reconsidered.

Regarding tsunami hazard, Camerlenghi et al. (2010) claim that unknown tsunami
sources most probably correspond to aseismic submarine landslides, hence the second
most frequent cause of tsunamis in the Mediterranean basin, after sea floor rapture by

earthquakes, are submarine landslides.
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1.1.3. Salt tectonics
One of the mechanisms promoting slope instability and faulting that prevails in our

research area is the salt tectonics caused by the Messinian evaporites (Garfunkel et al.,
1979; Garfunkel & Almagor, 1984). Salt tectonics, also called Halokinesis, refers to all
those processes that are connected with the movements of salt under the influence of
gravity (Trusheim, 1987). The common usage of the term "salt" include all rock bodies
composed primarily of halite (NaCl) (Hudec and Jackson, 2007). There are two main
reasons which make salt inherently unstable under an overburden. First, under pressure,
salt is mechanically weak, and deforms ductilly even at geologically rapid strain rates;
second, salt is less dense than all moderately and fully compacted siliciclastic rocks and
thus exerts buoyancy forces (Hudec and Jackson, 2007).

A few models of gravity gliding, i.e. movement of the overburden basinward due to
gravity on a slope, were suggested (Humphris 1978; Martin, 1978 and; Gradmann et al,
2005). This movement can be caused either by the gravity force on the tilted continental
slope or by differential loading of a seaward prograding shelf. The result of the
overburden's displacement is extensional brittle structures such as listric normal faults
(faults that their dip flattens with depth) and rotated blocks along the slope (Netzeband,
2006). The mobile salt layer also flows basinward along with the overburden (Netzeband,
2006). The extension on the slope also leads to mass accumulation in a compression zone
at a deeper part of the basin (Netzeband, 2006). A transitional zone of mere translation
between extension and compression zones of the sediment package may occur, depending
on the distance between the two zones (Crans et al. 1980).

Opposing the flow of salt are two principal resisting forces: strength of the
overburden and boundary friction within the salt layer. If driving forces are sufficient to
overcome resisting forces, then salt flows (Hudec and Jackson, 2007). Otherwise, salt can
remain static in the subsurface for tens or even hundreds of millions of years (Hudec and
Jackson, 2007). Hudec and Jackson (2007) continue Kehle's idea (Kehle, 1988),
suggesting that because salt behaves as a fluid over geological time scales, it is
convenient to refer to it with hydraulic head in fluid statistics (Hudec & Jackson, 2007).
A head gradient can be created as a result of one of two factors: differential thickness of
the overburden or a tilted surface of the salt. Modern interpretations of salt tectonics
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suggest differential loading as the dominant force driving salt flow. A laterally varying
overburden thickness above a horizontal, tabular salt layer produces a pressure head
gradient but no elevation head gradient. Salt will flow along the pressure head gradient
(Fig. 4a). The load variation may be produced by sedimentation (e.g., a river delta) or
deformation (a stack of thrust slices at the left end of the section) or by erosion. A
uniform overburden thickness above an inclined, tabular salt layer produces an elevation
head gradient but no pressure head gradient. Salt will flow down the elevation head
gradient (Fig. 4b) (Hudec & Jackson, 2007).

In addition, where a thin layer of salt exists, it can serve as a localized detachment
plane (Hudec & Jackson, 2007). This structural style is dominated by listric growth faults

and low-amplitude salt structures such as salt rollers.

(a) Elevation head: z1 = z2
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Figure 4: Examples of hydraulic head-gradient analysis in salt tectonics (Hudec &
Jackson, 2007): (a) A laterally varying overburden thickness above a horizontal, tabular
salt layer produces a pressure head gradient from Point 1 to Point 2 but no elevation
head gradient. Salt will flow from left to right along the pressure head gradient. (b) A
uniform overburden thickness above an inclined, tabular salt layer produces an
elevation head gradient from Point 1 to Point 2 but no pressure head gradient. Salt will
flow from left to right down the elevation head gradient.
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1.1.4. Listric and Growth Faults

Listric faults, is a geometrical term, describing normal faults whose dip flattens with
depth (Shelton, 1984). They can be formed in either sedimentary or basement rocks
(Shelton, 1984). These faults may occur where brittle rocks overlie ductile rocks in an
extensional regime (like in salt tectonics), as was suggested theoretically, using rock-
mechanical and simulated model experiments (Gibbs, 1983; McCaly, 1990; McClay &
Scott, 1991) and by foundation-engineering tests and failures. Shelton (1984) adds that,
the flattening of the faults indicate an increase in ductility of the rocks with depth and
sometimes deformation of the fault because of compaction or tilting of the up-thrown
block. In cross sections listric faults may consist of several segments of short faults. This
geometry is particularly characteristic of syn-sedimentary faults (growth faults). Indirect
signs that may indicate the presence of listric faults in the subsurface are thick
progradational sandstone overlying ductile strata and in some cases arcuate fault patterns,
basins, or uplifts. Listric normal faults form during rifting, drifting, and evolution of
passive continental margins with concomitant basinal development (Shelton, 1984).
Listric faults restricted to the sedimentary prism are common features on passive
margins, especially in progradational, post-evaporite sequences (Shelton, 1984).

Growth faults, is a mechanical term, describing a specific type of listric normal
faults, which form contemporaneously with sedimentation, and are thus syn-sedimentary
(Cazes, 2004). They are the structural expression to the inherent tensional stress system
that characterizes the upwardly curved margin of a prograding continental platform. The
geometries of these faults are related to the depositional character and history of the
prograding margin (Galloway, 1986). In shelf and upper slope environments
sedimentation rates often reach the rates of faults displacement, changing the
stratigraphic thickness and enable to calculate the accumulated throw during the
deposition (Baudon and Cartwright, 2008).

1.1.5. Salt tectonics in the Mediterranean Sea
Halokinetic related faulting around the Mediterranean is observed at the Levantine

Basin (a subject that is presented in section 1.2.3). Only few works described these
phenomena in other places around the Mediterranean:
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Evans et al. (1987) worked on the North-eastern continental shelf and slope of the
Mediterranean, between Cyprus and Turkey. They divided their research area to a few
zones, among them: a zone of terraces (offshore Goksu Delta and offshore Anamur), a
zone of faults, a zone with complicated slump structures and a zone of diapirism and
anticlines. They suggest that the asymmetric supply of sediments to the Cilician Basin
from the north and northeast has produced uneven loading that caused the underlying
evaporites and associated sediments to flow. The faults in the outer part of the shelf are a
result of the evaporites flow along with the foundering of blocks of overlying sediments.
Halokinesis in their research area is suggested to be triggered at least partially by
basement tectonics, an idea that was offered due to the agreement between the
morphologic-tectonic zones and the salt structures in their eastward trend. Two
mechanisms of flow were proposed: lateral flow due to asymmetric loading of sediment
from the north and northeast, and vertical flow triggered by differential block subsidence
(Evans et al., 1987).

Mascle et al., (2006) studied the Nile continental passive margin off Egypt. They
reported that various features interrupt the Nile deep sea fan: channel-levee systems,
turbiditity flows, sedimentary slope failures at various scales, massive mud expulsions
and fluid seeps. They divided their research area to 4 main provinces, each of them
containing different failure phenomena. The researchers suggest that the observed
destabilization and strong tectonics of the 3 km thick Plio-Quaternary sediments are due
to the salt-driven gravity tectonic activity caused by the 1-3 km thick Messinian salt
underlying them. One example is the central province. A wide part of the south of the
central province was elevated during the Messinian period, resulting in lack of salt
deposits. Above this part Plio-Quaternary sediments are almost undeformed. However,
around this platform the post-Miocene sediment cover is strongly affected by gravity
spreading and\or gliding processes. They add that the transition between these two, stable
and unstable, domains is well defined by the presence of growth faults (Mascle et al.,
2006).
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1.2. Study area

1.2.1. General Settings
Our study area is located on the submerged continental margin off the Israeli coast,

from Ashkelon in the south to Haifa in the north, and from water depth of 50 m to water

depth 1750 m, at about 80 km from the shore line (Figs. 2, 5 and 6).
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Figure 6: A perspective view of the studied area looking eastwards (from the basin towards
the land). A Steep slope cut by canyons in the north, gradually changes southward to

moderate open-slope with landslides.

Morphologically, the margins are divided into two provinces (Garfunkel & Almagor,
1984): (a) the Open Slope province (Fig. 2), off southern Israel to off Mount Carmel,
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which is characterized by a rather wide continental margin, a smooth and a rather
rounded submarine topography, and a lack of submarine canyons; and (b) the Canyon
province (Fig. 2), from off Mount Carmel and northward, there the continental margin is
narrower, considerably steeper and is cut by numerous submarine canyons approximately
perpendicular to the shoreline, the largest being Akhziv and Rosh-Hannigra canyons.

The continental shelf in the studied area is 25 km wide off Ashkelon in the south and
it narrows gradually northward up to 10 km off Haifa, then widens to 15 km off Acre,
and narrows again to 3 km near the Lebanese border (Ginzburg et al. 1975) (Fig. 2). It
extends to water depth of 0 -150 m, with maximum inclination of 0.5°. The continental
slope further west is about 6 to 12 km wide (Fig. 2). At the canyons province its
inclinations is up to ~35°. Southward from there, the slope's average inclination is ~4°
and it is gradually decreasing southward: between south from Haifa and Netanya the
inclinations gets to a maximum of ~10°; and further south, from Netanya to Ashkelon it is
up to ~5°. The foot of the slope becomes shallower southward, from 1,500 m off northern

Israel to 900 m in the south.

1.2.2. Geological history of the area
The Levantine basin is the easternmost region of the Mediterranean Sea (Gradmann

et al., 2005) (Fig 1). It was formed by the division of the northern edge of the African-
Arabian part of Gondwanaland in the early Mesozoic (Garfunkel, 1984). In the
Cretaceous a convergence of the Arabo-African plate into the Eurasian plate generated
the Alpine Orogenic Zone, as the Levantine basin remained south of the zone of intense
tectonics. The Levantine zone was only mildly folded and faulted creating the "Syrian
Arc" compressional structures, which are exposed on land, and extend in the sea at least
until the base of the continental slope (Garfunkel, 1984). The breaking of the African —
Arabian plate in the mid- Cenozoic epoch caused a seaward flexure, with a structural
relief of 1.5- 2 km, and progredation of sediments over this relief formed the continental
shelf and slope (Ginzburg et al., 1975; Garfunkel, 1984). These sediments - mostly clay
and silt, were comprehensively derived from the African continental. They were
deposited on the east Mediterranean margins since the late Eocene- Oligocene (Almagor
and Garfunkel, 1979). In the Messinian the Mediterranean connection to the Atlantic
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Ocean narrowed due to several reasons, such as tectonic uplift, sea level changes and
climatic conditions. This process caused the Mediterranean desiccation (Hsu" et al., 1973,
1978). The consequences were (Almagor & Garfunkel, 1979; Garfunkel & Almagor,
1984): at the basin’s margins - the formation of an extensive drainage system
characterized by numerous wide canyons, 500 m- 1,000 m deep, cut into Miocene and
older formations and; at the basin - the creation of a voluminous evaporitic series,
hundreds of meters thick, in the Mediterranean under the Levantine platform. This
marginal evaporitic facies is known from offshore and onshore drillings in Messinian and
Pre-Messinian drainage channels (Gvirtzman & Buchbinder, 1976; Gradmann et al.,
2005). It consists mainly of anhydrite, gypsum, rock salt and dark marly shales. Rock salt
deposits, several tens of meters thick, were detected within the anhydrite sequences in a
few boreholes between off Tel Aviv and off Ashkelon (Gvirtzman and Buchbinder,
1976). Carbonates and intercalated shales were also identified (Gradmann et al., 2005).
Seismic images from the Messinian evaporites of the Levantine Basin show homogenous
layers with intercalated reflections (Gradmann et al., 2005). Since the Messinian
evaporites consist mainly of salt, and the salt plays a significant role in the formation of
the morphology of the area, we occasionally refer in this work to the Messininan
evaporites by the term 'salt’ or 'Messinian salt', like Hudec and Jackson (2007).

Since the early Pliocene, Messinian evaporites and erosional regions were covered
by sediments from Nile origin, mostly silt, clay (Almagor and Garfunkel, 1979), and
landward sand (Garfunkel & Almagor, 1984). These sediments are dispersed on a large
part of the southern Mediterranean Levantine basin, but a part of them were transported
eastward by counterclockwise currents and were accumulated along the coast of Sinai,
Israel and Lebanon (Almagor and Garfunkel, 1979; Garfunkel and Almagor, 1984).
These sediments, which build the present coastal plain and continental margin (Almagor
and Garfunkel, 1979), create a lens shape, which becomes narrower northward, away
from the sediment’s source (Garfunkel and Almagor, 1984, Ginzburg et al., 1975). Its
width ranges from 100 km off northern Sinai to 3 - 5 km off Lebanon (Ginzburg et al.,
1975). The continental margin off the coast of Israel is part of this lens. The Pliocene-
Quaternary sediments sequence is thickest under the shelf-edge, reaching a thickness of

1.5-2.0 km. At the basin its thickness decreases gradually to a few hundred meters, and
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becomes thinner landward (Garfunkel and Almagor, 1984). The building of this
sedimentary section was accompanied by progradation of sediments over the salt layer
and propagation of the Levant shelf northwards and westwards (Gvirzman et al., 2015
and references there in). The present basin configuration, Pliocene—early Pleistocene, is
marked by the edge of the Levant shelf reaching the deep basin salt layer and the

continental slope collapsing downwards (Gvirzman et al., 2015 and references there in).

1.2.3. Morphology of the sea floor
1.2.3.1. Disturbances

Morphological features related to downslope mass movements are very common on
the continental slope off Israel, and they locally affect 40% of the surface area (Almagor
and Garfunkel, 1979). Up until recently, attention was mainly given to the most
distinctive and large landslides on the Israeli continental slope, at least 10 km wide each,
known as Palmahim disturbance (Garfunkel et al., 1977; Garfunkel et al. 1979; Almagor
& Garfunkel, 1979; Garfunkel, 1984; Gradmann et al., 2005) and Dor disturbance
(Garfunkel, 1984; Garfunkel & Almagor, 1984; Gradmann et al., 2005). Both were
interpreted as large-scale seaward sliding of the post Messinian sediments forming blocks
tilted landward on top of the Messinian evaporites (Garfunkel et al., 1979). Technological
limitations prevented extensive previous research of the smaller landslides and slope
failures.

1.2.3.2. Growth faults

Previous works mapped and interpreted the presence of the growth faults off Israel as
a part of the mechanism of salt tectonics (Garfunkel et al., 1979; Almagor & Hall, 1983;
Garfunkel, 1984; Garfunkel and Almagor, 1984; Frey-Martinez et al., 2005; Gradmann et
al., 2005; Netzeband et al., 2006; Mart and Ryan, 2007; Cartwright and Jackson, 2008;
Gvirtzman et al., 2015 and references there in). Many of the faults are considered to be
still active and produce a terraced topography on parts of the continental shelf and slope
(Almagor and Garfunkel, 1979; Almagor, 1980). The terraces are coast parallel and are
up to 30 to 80 m high, 0.5 to ~2 km wide. Their lengths range from 3 to 10 km (Almagor
and Garfunkel, 1979) (Fig. 7). The faults, which become flatter with depth, are rooted in
the underlying Messinian evaporitic (Almagor and Garfunkel, 1979; Gradman et al.,
2005; Gvirzman et al., 2015) (Figs. 7 and 8). It was suggested that these growth faults are
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formed where a thick series of Pliocene- Quaternary sediments lay upon relatively thick
Messinian evaporitic sequences, as a result of gravitational sliding and rotations of large
sediments blocks over the Messinian series (Almagor & Garfunkel, 1979; Garfunkel et
al., 1979; Garfunkel & Almagor, 1984). Garfunkel and Almagor (1984) suggested that
the pressurized fine clastics within the evaporitic beds act as a lubricant, which reduces
the shear resistance of the evaporites, and allow them to flow under the sedimentary
overburden. Gradmann et al. (2005) added that a new regional tectonics, parallel to the
Dead Sea Transform, as well as diapirism and sedimentation, often superpose the process
of gravity gliding. These processes were also suggested to be earthquake-triggered within
the studied area (Almagor and Garfunkel, 1979). A recent extensive mapping of the sea
floor, using higher resolution than before, revealed a complicated picture (Gvirzman et
al., 2015), with faults and other morphological features over most of the Israeli Exclusive
Economic Zone (EEZ). They identified three different contractional subdomains: (1) a
radial fold system associated with the Nile Cone, accompanied by (2) a radial belt of
conjugate strike-slip faults, and (3) a domain of wave-like ridges offshore northern Israel
that is probably not related to salt tectonics (Gvirzman et al., 2015). Their observations
showed that the circum-Nile radial fold system is not limited to the northern Sinai slope,
but continues onto the Levant continental slope. They suggested that salt flow away from
the Nile is strong enough that evaporites climb updip over the Levant slope and carry the
Plio-Pleistocene overburden on top of them, and squeeze them against local rocks (Fig.
9).
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Figure 7: A Diagram showing faults and listric faults rooted at the Messinian evaporites
(Almagor & Garfunkel, 1979). Vertical exaggeration = ~ 12 X.

COMPRESSION EXTENSION

«—— buckling ——

salt pinch-out

- basement [:, salt l: overburden

Figure 8: Model of gravity gliding (Letouzey et al., 1995 in: Gradmann et al., 2005).
Gravity driven faulting above a viscous salt layer on the slope yields extension and
basinward movement. This ceases where the salt layer pinches out and the overburden
gets buckled and folded, showing a compressional stress regime.
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Figure 9: Salt flow and tectonic transport
directions in Messinian evaporites and in
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respectively (Gvirzman et al,, 2015). (a)
Schematic cross-section illustrating how
salt is squeezed out by the Nile Cone
overburden and flows northeastwards,
pushing the Plio-Quaternary overburden
up-dip over the Levant continental margin.
Israel (b) Observed pattern of the circum-Nile
fold system (black lines) spreading over
the Levant continental slope (red lines)
east of the lowest area marked by the

b Egyp Levant Turbidite Channel (green line).

Here, we present additional observations regarding the faults spatial distribution and
comparison with the salt thickness below them, as detailed below.

1.3. This work

In this work, we focus on the shallow, small to medium submarine landslides. These
landslides occur along the open slope province off shore Israel, from south to Haifa - to
Ashkelon. The nature of these slope failures is not comprehensively understood.
Additionally, we examine the properties and distribution of the faults, especially
regarding their field relations with the landslides and their spatial relation with the

underlying Messinian salt.
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New high resolution bathymetric data of the Israeli continental slope (Sade, 2007;
Sade et al., 2007; Tibor et al., 2013) (Fig. 2) enable us, for the first time, to
comprehensively map these numerous relatively small submarine surface features, in
order to better understand their triggering mechanism, as well as the overall slope

stability or instability of the area.

2. Goals and Objectives

The objectives of the research are to, first, identify and map the submarine landslides
and fault scarps along the continental slope off shore Israel at higher resolution than ever
before. Second, to analyze the processes that underlie the formation of the Israeli
continental slope landscape, particularly with respect to the general morphology of the
continental slope and to the Messinian evaporates underlying the continental margin.
Understanding these processes will contribute to the understanding whether the
continental slope off Israel is currently stable or unstable, and what are the conditions for
future instability. Additionally, this will enable us to provide verification and validation
to general geo hazard and earthquake hazard maps.

The above goals are achieved by the following steps:

1. Morphological mapping of the studied area (continental shelf and slope off shore
Israel) using a bathymetric map, in particular submarine landslides and fault
scarps. We focus on the shallow, small to medium, landslides with size range of
10" km*to 10" km?.

2. Analysis of the nature of landslides (e.g. type, size, water-depth) and examination
of statistical trends of position and properties of the landslide populations along
the studied area, as well as the size distribution of the landslides. these trends are
then compared to other landslide inventories studied around the world.

3. Analysis of crosscutting relations among the different landsliding events and
among faulting and landsliding.

4. Creation of Messinian evaporates isopach using seismic cross sections and
examination of the connection between the spatial distribution landslides and

faults and the salt thickness.
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5. Deducing constraints on the driving mechanisms for the submarine landslides and

faults.

3. Research Importance

Mapping the small to medium landslides off shore of Israel, in high resolution,
continues the previous mapping works of this area (Garfunkel et al., 1979; Almagor and
Hall, 1980; Almagor and Hall, 1983; Gvirtzman et al., 2015) and provides a more
detailed picture of the sea floor landscape. This enables an improved understanding of the
stability of the continental slope, and provides information that can be used as the base
for geo hazard analysis and regulations. It is also critical to the evaluation of the landslide
and tsunami hazard, and in order to validate hazard models. Further implications are for
the energy industry and infrastructure: this information is necessary for planning

locations of gas lines and facilities on the seafloor.

4. Methods

4.1. Mapping:

4.1.1. Bathymetric grids
Bathymetric grids were used in order to map and study the submarine continental

slope. The grids were made in the framework of the Israel National Bathymetric Survey
(NBS), a joint project of the Israel Oceanographic and Limnological Research Institute
and the Geological Survey of Israel (Sade, 2007; Sade et al., 2007; Tibor et al., 2013).
The resolution is 15 m up to water depth of 700 m, and 50 m between water depths of
700 - 1750 m. The maps were prepared using Global Mapper v13.2 (kindly made
available to us by Dr. John K. Hall) and ArcGIS programs.

4.1.2. Landslides
Landslides were manually mapped as polygons. They were defined (similar to

McAdoo et al., 2000) as areas of rapid change in slope gradient, with a shape of sub-
arcuate head scar and extending sub-parallel sidewalls (Fig. 10). Thus only landslides that
are exposed on the surface were mapped. Other properties that were analyzed, in order to

identify the landslides, were different roughness of the inner part of the landslide in
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comparison to its surrounding, as well as rubble deposited at the base of the landslide.
We mapped all the landslides in the studied area with areas larger than 0.002 km?. Where
recognized, landslide deposit was included in the landslide area. In places, it could not be
identified and thus the mapped landslide area is the minimal area. Additionally, we
mapped the scar area for every landslide. Disturbed surfaces which didn't have a clear
head scar were not mapped and thus the mapped area is an underestimate of the true total
disturbed area. Relevant spatial and bathymetric characteristics of each individual
mapped landslide were measured directly using the grids and the mapped polygons.
Characteristics of all the individual landslides were summarized in a database. The
database (Table S1 in supplementary data) includes the following properties: Location of
the Landslide, marked by the (global) coordination of the head scar center; Hierarchy:
We divide the complex landslides to three generations according to their order of failure,
based on cross cutting relations. A 'Primary' landslide, the first in the hierarchy, is a
failure that occurred on the original continental slope without an evidence of a former
landslide on the same place. A 'Secondary' landslide is a failure that took place on the
scars of the primary landslide, probably as a result of the over-steepening of the landslide’
scar. The deposited material of the secondary landslide is often found within the scar of
the primary one. In the same way, a 'Tertiary' landslide is a secondary failure to the
secondary landslide, occurring on its over-steepening scar and its deposit is observed
within the surface of the secondary landslide. For every primary landslide there can be
several secondary landslides; Size, measured as the scar and deposit surface area
enclosed in the landslide polygon (calculated by the Global Mapper Program); Minimal
and maximal elevation measured at the scar head and at the toe, respectively; Scar
height: the maximum altitude difference on the head scarp perimeter; Type of landslide:
'soil slump slide', where deposited material is present at the base of the landslides (Hungr
et al., 2014), vs. ‘flow slide’ (Hungr et al., 2014), where the deposited material liquefied
and flowed down the slope; The field relation of each landslide with the fault scarps,
whether a landslide is triggered from the fault scarp, covers the fault scarp or is cut by it.
Slope angles of intact slope around the scars were calculated using the ArcGIS
program. A strip of 250 m outside each landslide's scar was marked in a polygon on top

of a slope angles map. For each polygon, containing numerous pixels, the program
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calculated the average value. Then we summarized the frequency of each value for all the

landslides together in a histogram.
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Figure 10: A map view (a) and a perspective view (b) of a simple landslide and a fault scarp
(location in Fig. 11). The deposit material below the scar is elevated in comparison to its
surrounding.

In addition, the slope angles within the landslides were measured for a sample of 47
landslides divided to groups of Northern and Southern landslides, and of Primary,
Secondary and Tertiary landslides (Table 1). Three typical angles were measured: Head
scarp (the steepest and upper most part of the scar), Deposit (slope material that had been
displaced and deposited below the scar) and Toe (the lowest part of the deposited
material). Each typical area was enclosed by a polygon containing numerous pixels and a
mode (most frequent) value of the slope angle within each polygon was calculated using
the Global Mapper program. Then we calculated the average of the modes for each type

of areas (Head scars, Deposits and Toes), divided to the groups.

4.1.3. Fault scarps
Faults were manually mapped as polylines. They were defined as lineaments longer
than 1 km, which form a step like morphology with a steep slope, up to more than 20°
(Fig. 10).
4.2. Statistical analysis
We statistically examined the landslides size distribution following Malamud et al.
(2004). There, the probability density function, p(A.), is defined as Equation 1:
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1 86N,

(1 p(AL) = N_LT 5 A,

Where N_ is the number of landslides with areas between A and A_ + 8Ay, and N is
the total number of landslides in the inventory. We used the LStats tool developed in the
frame of FP7- LAMPRE project (Rossi et al., 2012) to calculate the probability density
function of our landslides inventory and compare it to other landslides inventories studied

elsewhere.

4.3. Seismic analysis

4.3.1. Seismic cross sections

We used 2D (TGS-NOPEC Geophysical Company L.P) and 3D (Modiin Energy)
seismic surveys, acquired for oil and gas exploration, to analyze the subsurface structure
of the study area. Seismic material was interpreted using HIS’s Kingdom 8.8 software of
the seismic interpretation lab of the Geological Survey of Israel. The cross sections are
either depth migrated or time migrated. We converted the time migrated sections to depth
sections by multiplying the time by the average velocity of seismic waves in each
medium. The velocities we used were 1500 m\s in sea water, 1800 m\s in the Plio-
Quarternary sediment and 4200 m\s in the Messinian evaporates (following Gardosh and
Druckman, 2006). The sections were correlated to wells where these were available. The
resolution limitation of the seismic sections enabled us recognize layers whose minimal
thickness exceeded 100 m. In places where the salt is thinner, we were not able to
determine what its exact thickness was. Where M reflector (which represents the top
Messinian) and N reflector (represents the base Messinian) were observed attached to
each other, we referred to this location as a place with no salt.

We qualitatively examined structural figures correlated with the bathymetric map, in
order to reveal the landslides’ deep roots and their structural control, and the extent,

structures and roots of the faults.

4.3.2. Isopach map
We prepared a salt isopach (salt thickness) map using the seismic sections, about 30

2D cross sections in TWT (~10 coast parallel cross sections and ~20 coast normal cross
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sections). We mapped by manually "picking": the bathymetry horizon, top Messinian
horizon (M reflector) and base Messinian horizon (N reflector) as well as landslides and
faults. Using the Kingdom program we interpolated each mapped horizon to a spatial
time map. Then, using the ArcGIS, we calculated an isochron (time difference map) for
the Messinian salt by reducing the top Messinian map from the base Messinian map. We
converted the isochron to an isopach map by multiplying the average velocity of seismic
waves in the Messinian evaporates (4200 m\s according to Gardosh and Druckman,
2006). The isopach map represents the salt thickness in each point.

We analyzed the spatial distribution of the landslides and faults, on top of the
isopach map in order to examine their possible correlation. Each landslide or fault, is
divided to pixels of 80m x 80m and the value of the isopach map is given to each pixel.
Then, the data was summarized by histograms showing the frequency of salt thickness

underlying the faults and landslides.

5. Results

5.1. Landslides

5.1.1. Nature of landslides
We mapped 447 small to medium landslides found between water depth of 100 m to

1000 m (Figs. 11 and 12, Table S1 in supplementary data). These landslides are shallow,
observed on the current sea-floor, with a sliding plane within the uppermost submarine
sediments (Fig. 11). Palmahim disturbance is not included here because it is a large
landslide with a sliding plane on top of the Messinian evaporites, 1.5 km below sea-floor
(Garfunkel, 1984). The total area of all mapped landslides is about 440 km? out of
approximately 3500 km? (the sea floor area between water depth of 100 m to 1000 m).
Landslides areas (composed of scars and deposits) range from 0.0024 km? to 91.4
km? (Table S1 in supplementary data). Landslide widths range from 0.05 km to 5.5 km at
the scar. Landslides' scars are up to 90 m high. Landslides follow either a ‘simple’ (Fig.
10) or a ‘complex’ (Figs. 13 and 14) nature. Simple landslides are defined as those that
show evidence of a single slope-failure event, continuous, almost undisturbed, arc-like

scar shape and a well constrained deposit. Complex landslides, on the other hand, are
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defined as those that show a hierarchical pattern, resulting from sequential, slope-failure

events.
34°E 345°E 35°E
Slope ) Py
/,; ~,/“/“ / > T"\
angle e Ty ? »
o : ) ‘ : /
4 > 15 S 7 Z
< M 125° 3
10°
75"
50
2.5°
> Z
o ol
P> )
Hadera
"/":‘"’ 4
Yot 4 Netanya
> Tel Aviv -
& BN
™ ™
Legend ; N
— Fault A
I Primary Landslide Ashkelon
B Secondary Landslide - Kilometers
I Tertiary Landslide 0 20 40
[ —
34°E 34.5°E 35° E

Figure 11: Mapped faults and three generations of landslides in the studied area, shown

on top of a slope angle shader.
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Figure 12: Mapped faults and three generations of landslides in the studied area, shown on
top of an elevation map.

These landslides comprise a primary landslide, developed within the intact slope, and a
few secondary landslides, developed in the over steepened (>10°) head scars of the

primary one.
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Figure 13: A map view (a) and a perspective view (b) of soil slump slide, characteristic of
the northern part of the open slope (location is in Fig. 11).
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Figures 14: A map view (a) and a perspective view (b) of a flow slide, characteristic of the
southern part of the open slope (location is in Fig. 11).

Secondary landslides are usually created in a retrogressive process, where serial
sliding causes the migration of the slope failure due to progressive instability processes
(Hampton and Lee, 1996). In other words, the over steepening on the scar head often
causes more unstable material to fail, making a new scar head up the slope. We divided
the complex landslides to three generations according to their order of failure, as was
detailed in the methods.
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It is more common to find soil slumps (Fig. 13) in the north of the studied area, and
flow slides (Fig. 14) in the south. The difference in the landslide nature between north
and south will be described and detailed below.

Average slope angles near the landslides were measured in order to examine
connection between certain slope angles and slope failures. An average value was
calculated from the pixels within a strip of 250 m around each scar. The average value of
the slope outside of each scar is represented in the map in Fig 15 and the pixels’
frequency of each value for all the landslides together is shown in a histogram in Fig. 16.
The slope angels host most of the landslides scar areas are 3° to 7°. Fewer scars areas are

located at slope angles of 2° and slopes of 7° to 9°.
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Figure 15: Slope angle around the landslides' scars. The value of each polygon is
calculated as the average slope value of all the pixels in a strip of 250 m outside the

scar.
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Figure. 16: A histogram that represents the data from the map in Fig. 15. the pixels'
frequency of each value of slope outside the scars are summarized for all the
polygons together.

Slope angles were measured within 44 selected landslides (Table 1), from both the
northern and southern regions of the studied area, and including primary (P), secondary
(S) and tertiary (T) landslides. The modes (most frequent values) of slope angles of the
(25) northern landslides range between 5° - 17° with an average mode of 11° + 3°. The
18 southern landslides range in mode values between 9° - 26° with a modes average of
16° £ 4°. Primary, Secondary and Tertiary scar head have similar mode average angles of
13° £ 7°,

Slopes of the deposits have lower angles than the slopes of the scar heads and similar
slopes as the angles of the intact slope. for northern landslides deposit angles vary
between 2°-6° with an average of 4° £+ 2° and for southern deposits between 3°-9° with an
average of 6° + 2°. The slopes of the material at the toe have even lower angles of 1°-2°

with an average of 1° + 1°.

37



Table 1. Slope angle of the scar-head, deposit and toe of
selected landslides. Landslides are grouped according to their
location (North vs. South) and hierarchy (primary, P, secondary,
S or tertiary, T). n is the number of landslides used for the
calculation. Range, average and St. Dev. are the range, average
and standard deviation of the slope mode (most frequent
values) calculated over n landslides. Details of each selected
landslide used in Table 1 appear in Table S1 (Supplementary

data).
Average St.
Description n Range mode Dev.
) ) )
All 43 5-26 13 4
North 25 5-17 11 3
- South 18 9-26 16 4
éﬁ P 6 5-26 14 7
= S 26 7-21 13 4
3 T 11 7-13 12 3
All 10 2-9 5 2
Deposit  North 5 2-6 4 2
South 5 3-9 6 2
Toe All 3 1-2 1 1

Scar and deposit (if exists) of landslides in the studied area can be observed also in
seismic section (Fig. 17). Not all mapped landslides are observed on the seismic cross
sections, apparently because of limited resolution. In the seismic cross sections there is
also evidence for buried ancient landslide deposits and other discontinuities in the layers.
However here we focus only on the landslides that are exposed on the sea floor.

The landslides’ scars recognized using seismic cross sections fit well with the
bathymetry (Figs. 17 and 18). Some landslides scars show spatial association with faults.
Landslides’ deposits create a small elongated chaotic area on the sea floor, elevated from
its surrounding (Fig. 17). The sea floor in that part of the landslide is rough and disturbed.

Two appearances of structures are observed in the landslides: (1) Landslides that are
disrupted by faults (Fig. 18), where the reflectors inside the landslide can be seen clearly,
but are very disturbed - folded and cut - by numerous faults, which are observed below
the landslide, and sometimes pass threw it up to the seafloor. The sliding surface of the
landslide is usually hard to distinguish; (2) Chaotic Landslides (Fig. 17) with no observed
interior structure. The material inside the landslide seems granular and chaotic. This

granulation is usually an indication for the process of liquefaction that the sliding
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material has passed during the sliding (Hungr et al., 2014). The reflectors below the

landslide are quite continuous.

Figure. 17: Southern
landslide in map view
and in seismic cross
section. Its location is in
fig. 11. Sea bottom, top
Messinian and base
Messinian horizons are
marked in green, red and
yellow respectively.
Faults are marked in
purple and the landslide
Top Messinian_ with its deposit is

Sea Bottom

T
Q1.
k]
-
21
-

marked in red in the
seismic section. In the
small figure: the material
inside the landslide's
deposit seems granular
and chaotic and it is
elevated from the sea
floor.

Figure 18: A map view and in a
seismic cross section showing
a landslide disrupted by faults,
typical of the northern part of
the studied slope. The
landslide location is shown in
Fig. 11. Sea bottom, top
Messinian and base Messinian
horizons are marked in green,
red and yellow respectively.
Landslide is marked in red in
the section. Listric and normal
faults are marked in purple in
the seismic section. A few of
them create a step on the
bathymetry (marked in purple
in the map view).



5.1.2. Size distribution of the Landslides

Landslides from different generations - primary (complex and simple), secondary and
tertiary - comprise 89%, 10% and 1% of the mapped landslides area, respectively (Table
S1 supplementary data). Landslides’ character changes gradually from north to south,
where the transitional zone is around landslide 260, Latitude ~32.45° (Table S1 in
supplementary data). Landslides’ areas are smaller in the northern section, showing
prominent increasing southward (Figs. 12 and 19). This trend is strongest for the primary
landslides, because these are the ones been affected by the variation of the regional
topography where the secondary landslides are affected by the local slope of the primary
landslides scars. The northern landslides (landslide 260 northward) have an average size
of ~0.4 km? (median: 0.07 km?) in comparison to southern landslides (landslide 261
southward) with an average size of ~1.9 km? (median: 0.1 km?) (Table S1 in
supplementary data). The northern landslides are located at relatively shallow water
depths close to the shore-line (starting from ~100 m water depth, 9 km from the shore
line). They gradually become deeper and further from the shore-line southward (reaching
water depth of ~700 m, 29 km from the shore line) (Figs. 12 and 20).
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Figure 19: The size (surface area in a map view) of landslides as a function of their
location.
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Figure 20: Depth of scar head as a function of landslide locations.

We statistically examined the size distribution of the landslides using the LStat
program, for each generation of landslides separately and for the inventory as a whole.
All the area distributions are described by an Inverse Gamma trend line (Equation 2).
Equation 2 (Rossi et al., 2012):

2a (a+1)
@ pdf rlan,2) = P (1)

2
(@) exp_<xin2)]
Where the parameter o controls the slope of the distribution for high values tail, n the
slope for low values and A the position of the maximum of the distribution functions
(rollover, 1).

Size distribution of primary landslides (with areas between 0.013 km2 to 91.6 km2)
is shown in Fig. 21a (Equation 2). The most probable landslide area is 0.3 km? and the
decay slope of the large landslides (a) is 0.69. Size distribution of secondary landslides
(with areas between 0.002 km? to 2.2 km?) is shown in Fig 21b (Equation 2). Most
probable landslide size is 0.02 km? and the decay slope of the large landslides () is 1.03.
Size distribution of tertiary landslides (with areas between 0.005 km?to 1.3 km?) is show
in Fig 21c (Equation 2). Most probable landslide size is 0.01 km? and the decay slope of

the large landslides (a) is 1.31. The three generations together construct the whole

inventory (Fig. 22, Equation 2) and best fit for comparison of our data to other landslides
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inventories. Most probable landslide size is 0.016 km? and the decay slope of the large

landslides (a) is 0.67. The parameters of this distribution are shown in table 2 in the

Discussion part.
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Figure 22: Size distribution of the whole landslides' inventory calculated by LStats tool
(by Dr. M. Rossi, IRPI-CNR LAMPRE program). Statistical parameters are presented in
Table 2.

5.2. Faults

We mapped elongated step- like features expressed on the sea floor which create a
terrace-type morphology that trends generally N — S. These step- like features are
interpreted as faults scarps (Almagor and Garfunkel, 1979). The faults scarps are up to 80
m high and are up to 35° steep (Fig. 10). Overall we mapped approximately 1260 km of
fault scarps in total, where each individual fault segment is up to 30 kilometers long
(Figs. 11 and 12).

We divided the faults into two main groups:

1) Segments sub-parallel to the shoreline. On east-west lines, crossing the entire
studied area width, 10 — 15 North - South striking individual fault segments were traced.

The offset between parallel faults scarps ranges from less than one to a few kilometers.
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The locations of the faults are very variable regarding water depth, distance from the
shore-line, location on the continental margin and slope angle of the area there. The faults
are divided to five zones from north to south, according to their locations relative to the
continental margin (Fig. 23): (a) Off north Israel, at the canyons' zone, the faults are
located at the foot of the continental slope, about 20 km from the shore line at water
depth 900 m and basinward (Figs. 12 and 23). They are located at slope angle of about
2°; (b) Between off Haifa and off Hadera, near Dor disturbance, the faults appear on the
continental slope, starting from a distance of 15 km from the shore line at water depth of
100 m and basinward (Figs. 12 and 23). The slope angle of the undisturbed slope there is
up to 6°. Other faults, which are located basinward in that zone are described below; (c)
From off Hadera to off Tel Aviv, the faults are located further into the basin, starting
from the foot of the slope, 35 km from the shore line at water depth of 1000 m. They
occur at slope angle of 2° (Figs. 12 and 23); (d) in Palmahim disturbance the faults form
the upper part of the disturbance, appearing on the continental shelf, 13 km from the
shore line at water depth of 100 m. They are observed at slope angle of up to 2.5° (Figs.
12 and 23); (e) southern from Palmahim no faults are exposed on the sea floor (Figs 12
and 23).

2) Faults concentric about the Dor disturbance. Up to 8 pairs of faults segments, 3 -
20 km long (Figs. 11 and 12). These faults form a channel- like shape, as their scarps face
each other, creating a graben-like structure area in the middle (Fig. 24). Their maximum
separation is up to 2 km.

Faults are well observed in the seismic cross sections (Figs. 25 and 26). They
displace layers' reflectors, causing discontinuities in the Plio-Quaternary sediments.
Above minimal salt thickness (tens to hundreds of meters) where the salt layer is
deformed, the faults are rooted at the salt or at the disturbed sediments above it in
correlation to the salt's rollers (Figs. 25 and 26). This salt thickness is usually located
basinward from the foot of the slope. Under the continental slope and shelf faults usually
appear in the post Messinian sediments with no observed underlying salt. More results

regarding faults distribution over different salt thicknesses are presented below.
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Figure 23: Mapped faults and landslides in the studied area, shown on top of a slope angle map.
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Figures 24: A map view (a) and a perspective view (b) of faults that form a channel like
shape (location is in Fig. 11).

Figure 25: Faults in map view and in seismic cross section are marked in purple (for
location see Fig. 11). Sea bottom, top Messinian and base Messinian horizons are marked in
green, red and yellow respectively.

Faults observed in the seismic section sections are either expressed on the sea floor,
creating step like features, or are covered by continuous reflectors and are not expressed
on the surface (blind faults) (Figs. 25 and 26).
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The faults were interpreted as syn-sedimentaric growth faults (Garfunkel et al., 1979;
Garfunkel, 1984), formed contemporaneously with sedimentation and displace gradually

thickening series of sediments (Garfunkel, 1984).

TWT (sec)

Figure 26: A seismic cross section of the studied area (for location see Fig. 11). Sea bottom,
top Messinian and base Messinian horizons are marked in green, red and yellow
respectively.

5.3. Relation between landslides and faults

Landslide and faults appear together only in zone (b) near Dor disturbance (Fig. 23).
In this zone we find complicated cross cutting relations between the landslides and the
fault scarps (Fig. 27). Fault scarps both cut landslides and are cut by other landslides. 83
of 447 mapped landslides have cross cutting relations with faults (Table 1 in
supplementary data): 54 of these landslides are triggered from fault scarps, 14 of these
landslides are cut by faults, 6 of the landslides deposits cover fault scarp. Another 2 both
begin from fault scarps and cover other faults, and 7 are both cut by faults and cover

other fault scarps.
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Figure 27: A perspective view showing the complicated cross cutting relations between

landslides and faults in the studied area.

Outside of zone (b) landslides and faults do not coincide (Fig. 23): At the north of the
studied area (zone a) only faults are observed; off Hadera to off Tel Aviv (zone c) the
landslides appear on the continental slope and faults appear basinward; around Palmahim
disturbance (zone d) there are only faults that constrain the disturbance, and one landslide
basinward; and at the south of the mapping area (zone e) there are only landslides but no

faults.

5.4. Messinian Isopach

The isopach map (Fig. 28) shows a gradual increase in Messinian salt thickness
basinward: near the shoreline its thickness varies between 0 and 100 m sequence,
increasing to up to 300 m under the foot of the continental slope; and up to 1600 m
thickness at the westernmost mapping area, 80 km from the shore line. The largest

gradient within the westwards salt thickness increase is between salt thickness of 100 m
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and 500 m. Overall isopach lines are coast parallel (Fig. 28). Two zones deviate from this
trend, the Palmahim and the Dor disturbances (Fig. 28). There, hundred meters thick
sequences of salt are located laterally near tens meters thick sequences (Fig. 28). The
thick sequences are related to pre-Messinian topography (Garfunkel, 1984).
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Figure 28: Landslides and faults shown on top of an isopach map of the Messinian salt.
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5.4.1. Landslides and faults spatial distribution over the salt
isopach

We analyze the spatial relations between the landslides and the fault scarps exposed

on the sea floor and the Messinian evaporites buried more than a kilometer below (Figs.
28). Fig 28 shows that the faults mostly coincide with the edge of the salt layer, the
region where salt thickness transitions from 0 near the shore to >400 m in the basin. A
statistical calculation is made to determine the average salt thickness under each landslide
and fault (Figs. 29 and 30). The results for landslides and faults are summarized in Figure
31. Landslides occur above various thicknesses of salt, from 0 to 450 m, most of them
between 0 to 150 m thickness (Figs. 29 and 31). Faults are mapped above salt thickness
of 0 to 1,200 m, many of them between 100 to 250 m thickness (Figs. 30 and 31). They
have a noticeable trend, of coinciding with the 100- 200 m thickness isopach (Fig. 28).
This trend is clear especially around Dor and Palmahim disturbances where the thick
series of salt are found closer to the shore line (Fig 28). No coast-parallel faults are
observed over salt sections thicker than 800 m. The meaning of these trends is discussed

in the Discussion section.
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Figure 29: Average salt thickness under the landslides using pixel size of 80 m.
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Figure 31: Probability for finding a given salt thickness under landslides and faults.

6. Discussion

Our mapping enables a broad view of the small - medium morphological structures,

landslides and faults, that shape the continental shelf and slope off shore Israel. The new
insight on the area enables the approval or rejection of the theories that were suggested
before, as well as the suggestion of new ideas. In the discussion part we will discuss the
mechanisms controlling the development of the studied morphological features.
Additionally, we will discuss whether the formation of these structures is still active and

what the possible implications of instability are.

6.1. Mechanisms and conditions for formation of landslides

and faults
Landslides and faults do not spatially overlap across most of the studied area (Figs.
11, 12 and 23). The only site where they overlap is around Dor disturbance (Fig. 23).
Therefore, we eliminate the possibility that one of them is the sole result of the other, as
well as the option that the two phenomena were formed by the same mechanism. In

continuation we discuss each mechanism separately, relying on our observations.
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6.1.1. Landslides geometry
We want to better understand the landslides geometry and dimensions in order to

assess their potential of occurrence and for geo-hazard estimation. Landslides appear as
very shallow geomorphic structures in all our observations. Scars heights reach a
maximum of 90 m (Figs. 10, 14 and Table S1 in supplementary data). Also seismic
sections show that the landslides are superficial, with very low scars, that are sometimes
hard to distinguish (Figs. 17 and 18). Another indication for the landslides thickness is
the observed ratio between the landslide thickness (t) and its length (). This ratio was
observed by several authors to fall in the range of 0.02 — 0.15 for areal landslides
(Whitehouse, 1983; Hovius et al., 1997; Stark and Guzzetti, 2009; Katz et al. 2014),
regardless landslides’ size, location and trigger. Here calculate t using the equation of
Hovius et al. (1997) where ¢ (/1 ratio) for submarine landslides is taken as minimal, 0.05,
since they tend to be larger and thinner than aerial ones (Hampton, 1996). Our most
frequent landslide has the surface area of ~0.016 km? (1.6*10* m?) thus, the calculated
thickness of ~6 m. A reasonable estimation only when the failed material remains rather
coherence during the sliding and doesn't totally lose its internal characters. When the
failed material disintegrated and flows like mud, t/l ratio is not valid since the landslide is

more similar to a flow and extends to a very large area.

6.1.2. Landslides’ mechanism: slope angle
Unlike the faults, the landslides are located only at the upper most part of the section,

apparently not directly affected by the Messinian salt (Figs. 17 and 18). It is also
observed that their spatial distribution is not correlated with the salt thickness (Fig. 28).
Although there is an apparent correlation between the landslides locations and salt
thickness of 100 to 150 m (histogram in fig. 31), this connection is probably made
coincidentally by the location of this salt thickness interval below the continental slope.

We now examine the correlation between the landslides scars' location and the nature of
the continental slope. As described in the Introduction, the continental slope gradient
decreases from north to south, from 35° at canyons province in the north to up to ~3° at
the south of the mapping area (Figs. 2 and 6). Landslides' scars occur in a very narrow

angle range of the continental slope, mostly between 3° to 5° (Fig. 23). We further
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explored this correlation by calculating the average slope angle in a strip of 250 m
outside each landslide' scar (Fig.15). The slope angels that host most of the landslides
scar areas are 3° to 6°. Fewer scars are located at slope angles of 2° and slopes of 7° to 9°
(Figs. 15 and 16). These data are in agreement with other data from different sites around
the Mediterranean (Urgeles and Camerlenghi, 2013). Submarine slope instability at 5° or
less are also known from many other sites around the globe (Masson et al., 2006 and
references there in).

The sediment in the sea can maintain only moderate slopes in comparison to
sediment on land (Masson et al., 2006). We examine a few typical angles within 44
selected landslides (Table 1) in order to check the characteristic angles of the submarine
sediment, exposed in the scar and in the landslide deposit material. The slope angle at the
head scarps ranges between 5°-26°, the deposited material that is close to the headscarp is
laid in angles of 2° - 9°, while the deposited material at the toe, more basinward from the
scar, is laid in angles of 1°- 3°, similar to those angles in Urgeles and Camerlenghi
(2013). There is accordance between the angles of the original slope and the deposited
material near the headscarps. Where landslides occur, the deposited material laid in the
same angles of the original slope, indicating that the characters of the material dictate its
maximum angle for long-term stability (the steepest angle of descent which the material
can be piled without slumping) (Fig. 23). The lower angle of the material at the toe
represents the angle of the disrupted material, possibly liquefied, which was deposited
after its long downslope motion. This dynamic angle is lower than the maximum angle
for long-term stability. The higher angles of the headscarps in comparison to the
sediment’s depositional angle are harder to explain. One possible explanation refers to a
consolidation process. Unlike the sediment located on the sea floor, the buried sediment
underwent compaction, consolidation and healing processes that probably increased its
strength. Headscarps heights are up to 90 m, meaning they reveal sediments from deeper
parts of the section. The higher slope angles of the headscarps in comparison to the sea
floor slope angles are similar to laboratory rock-mechanical tests on slope material,
where angles of internal friction were found to be 15° — 17° (based on consolidated-
undrained triaxial compression tests for the Israeli continental slope, Almagor and

Wiseman, 1982). Another possible explanation is that the headscarps are in quasi-stable
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position and they will pass a series of secondary failures (similar to the sequence appears
in Figs. 13 and 14) eventually reaching the maximum angle for long-term stability (see
also Katz et al.,, 2014, Figures 4a, b for snapshots from modeling of such a failure
sequence). Similar mechanism, where an over-steepened landslide scar reaches stability
at the maximum angle for long-term stability via a series of upslope retrogressive
failures, was suggested analytically by Utili (2005) and numerically by Utili and Nova
(2008).

We conclude that angle of slope approaching the angle of repose is a primary
condition for the occurrence of slope failures. Triggers like earthquakes, elevated pore
pressure, and fluid seeps can promote this process, as is further discussed below. Where
landslides' scars initiate from faults it is reasonable to determine that the over steepening
of the slope that was created by the faults made a trigger for the sliding of the material.

6.1.2.1. A continuous process

We use the cross cutting relations between the landslides and faults in order to
understand the process of formation of ~450 landslide inventory. Faults in the studied
area were observed to be syn-sedimentary and therefore indicate a long geological
history. Since faults reveal complicated cross cutting relations with the landslides where
they predate and postdate one another, it is reasonable to conclude that the landslides
were also formed over long periods of time. This conclusion diminishes the possibility
that the whole inventory was formed by a single triggering event like some other
inventories in the world (Malamud et al., 2004; Guzzetti et al., 2002). Regarding that, it
should be emphasized that while on land small landslides will be eroded in less than 10
years, the submarine erosion is much slower. Even though continuous sedimentation
should be also taken into consideration as a factor erasing the submarine landslides, the
sedimentation erases the landslides at rates of centimeters per hundreds of years
(Hamman et al., 2008; Schilman et al., 2001), very slowly in comparison to erosion
processes on land. Therefore, submarine historical inventories (which is the composition
of old to recent landslides, as was defined in section 1.1.1.) may appear as event triggered

since the erosion is minimal and old landslides almost don't disappear along the years.
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6.1.2.2. Is a trigger involved?

After understanding that the critical condition for landslides formation is a minimal
angle of the slope, we now discuss whether the process involves a trigger. We mentioned
in the Introduction that triggers like earthquake or pore pressure increase can cause slope
failures in situation of quasi stability of the slope (Hampton et al., 1996; Masson et al.,
2006; Frydman & Talesnick ,1988; Haeussler et al., 2014; McAdoo et al., 2000). The
strong seismic accelerations from earthquakes repeatedly imposes dynamic forces, that
are added to the large downslope component of the gravitational force (Hampton et al.,
1996). Active seismic zones known in the area are the Dead Sea Transfrom, the Carmel
fault (Garfunkel et al., 1979) and faults in the Suez Rift area (Garfunkel, 1984). Although
the option of earthquake triggering of the slope failures cannot be eliminated (Garfunkel,
1984), the importance of this process is not clear: Urgeles and Camerlenghi (2013)
discuss the different landslides sizes in relation to the tectonic activity of the margins
where they are located. In their work they examined almost 700 mass-transport deposits
and almost 1000 failure scars in 9 different regions in the Mediterranean and the black
sea. They suggest the idea that in active margins the deposited sediment has short
residence time on the seafloor as it is mobilized in frequent but smaller landslides to the
deep sea each time that an earthquake occurs. Conversely, on passive margins, large
sedimentary accumulations tend to build up undisturbed, and when some minor
perturbation occurs (e.g., relatively small earthquake), this sediment is mobilized in large
landslides (Urgeles & Camerlenghi, 2013). Following their work, we can suggest for the
Israeli margin the idea that the north part of the studied area is closer to the active seismic
zone of northern Israel (Garfunkel et al., 1979; Garfunkel, 1984) and therefore have more
frequent triggers, which cause smaller landslides in the north. In contrast, the south part
of the studied area is more similar to a passive margin and therefore the sediments there
form larger landslides. Other triggers that may cause sliding are over steepening of the
slope as a result of faults formation or the sea level raising during deglaciation. A further

discussion on the possible triggers appears below.
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6.1.2.3. Relative age of the landslides inventory

We follow the statistical examination of several studies in order to compare and
analyze our inventory's parameters to other aerial and submarine inventories; by that we
want to learn about the characteristics of our inventory, especially regarding its relative
age and whether it is still active. Malamud et al. (2004) studied three aerial inventories
that are associated with a trigger, as well as 2 recent historical inventories of up to 25
years, and 2 other historical inventories from the last 10 k years. The event- triggered
inventories are composed of landslides that were formed as a result of a known event and
were mapped immediately following its occurrence. Their landslide areas distribute as an
Inverse Gamma (Fig. 32, Equation 3), with the parameters shown in Table 2 (in this
chapter). Their three inventories are considered complete inventories since they were
mapped only a short time after they were formed and they fit the expected areas
distributions trend line (Fig. 32) (Malamud et al., 2004).

Equation 3 (Johnson and Kotz, 1970; Evans et al., 2000):

— []P* exp[———]

(3) p(AL;p,a,S)= al(p) ‘a,-s AL—s

Where A_ is the area of landslide, the parameter p primarily controls the power-law
decay for medium and large landslide areas, the parameter a primarily controls the
location of the maximum probability distribution, the parameter s primarily controls the
exponential decay for small landslide areas. I'(p) is the gamma function of p (Malamud et
al., 2005).

For large values of A, the Inverse-Gamma distribution given in Equation 3 can be
approximated by Equation 4 (Malamud et al., 2004):

1
@ plA) =~ oo P

The tail of the probability distribution for large landslide areas is a power-law (a ‘fat-

tailed’ distribution) with exponent —(p + 1) (Malamud et al., 2004).
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According to Malamud et al. (2004) an inventory is complete if it distributes as an
inverse gamma and contains the left tail of the distribution with the expected slope,
expressing the existence of all the small scale landslides. Their assumption is that over
time the small scale landslides are erased from the inventory because of erosion and other
aerial activities, or their boundaries become indistinct and harder to identify. In that case
2004) or there will
be less small landslides than expected for the large landslides’ amplitude, thus the
2004).
Submarine landslides have a better preservation potential because they are exposed to

the distribution will either lack its left tail (Fig. 5 in Malamud et al.,

distribution will deviate from its expected shape (Fig. 6 in Malamud et al.,

less erosion than on land (Urgeles and Camerlenghi, 2013). Nevertheless, taking into
consideration the sedimentation, the small landslides are expected to be erased over time
also in submarine inventories, and therefore we consider Malamud's et al. (2004) theory
valid for submarine inventories too. Malamud et al. (2004) suggest that using their
function, every inventory can be checked regarding its completeness and in the case it’s

not, the small landslides can be restored from the function.
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Our inventory, composed of the three generations of landslides together, distributes
as an Inverse Gamma distribution (Fig 22 and Table 2). Referring only to one of the
generations separately we get only a part of the Inverse Gamma distribution. The primary
landslides' curve has only the right tail but lacks the rollover imposed by the small
landslides (Fig. 21a). The secondary (Fig. 21b) and tertiary (Fig. 21c) landslides' curves
have the rollover of the small and middle landslides, but lack the right tail of the large
landslides. Only the three generations together construct the whole inventory. That means
that the landslides are related to the same population, where the large landslides are
primary landslides which are formed as a result of the external conditions and the small
landslides are secondary and tertiary ones that are developed because of the large ones.

Guzzetti et al. (2002) studied two aerial landslides inventories: one was triggered by
an event and one historical composed of very old, old and recent landslides. Like
Malamud et al. (2004) they claim that every inventory, an event triggered or historical
one, complete or lack the small landslides, distributes as a power law function in its right
tail (middle and large landslides), within the range of sizes they checked (10 km? to 4
km?). The difference is in the roll over: while in complete inventories the roll over is
considered real, in incomplete inventories it is considered an artifact, because there is no
a good record of the small landslides (Guzzetti et al., 2002). Guzzetti et al. (2002) present
two inventories: Data Set B, which is considered complete, since it was mapped a short
time after its occurrence and the area distribution of its landslides fits the expected trend
line and; Data Set A, which is considered not complete and lack the small landslides (Fig.
33).

Urgeles and Camerlenghi (2013) represent data of submarine landslides. Their
parameters are more relevant to us than the other works because submarine landslides
differ from aerial ones in basic criteria such as sizes and erosion processes. Nevertheless,
Urgeles and Camerlenghi (2013) examined significantly larger landslides than our
landslides, spread on the whole Mediterranean (their landslides range from 10? km? to
~10° km?in comparison to our inventory: 10 km? to ~10* km?). Thus, we won't compare

their absolute landslides' sizes but only the parameters of the distribution.
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Figure 33: Landslides
frequency-dNc./dAL as a
function of landslide area A,
for landslides at central Italy
(Guzzetti et al., 2002).
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section.

Our whole inventory (composed of the three generations together) distributes as an
Inverse Gamma function (Fig. 22 and Table 2), similarly to the complete inventories that
we mentioned (Figs. 32, 33 and Table 2). Additionally, the parameters are comparable to
the parameters expected for a submarine inventory, as it is explained below. These
agreements are important in approving that our mapping was quite accurate, consistent
and included at least the significant part of the landslides. This conclusion has a great
importance concerning validation of our work and relaying on our mapping for further
implications.

Another understanding from the comparison is regarding its relative age. Under the
conditions of continuously sedimentation (an issue that is discussed in section 6.3.1.), the
fact that the inventory includes the sufficient amount of small landslides for a complete
inventory indicates that the inventory is relatively young and probably still active. This
conclusion has an importance for future implications as it is discussed in the Conclusions
section. In the Implications to geo-hazard (section 6.3) we use sedimentation rates to
estimate the inventory's age. In Table 2 we compare the parameters of our whole

inventory distribution with those of previous works.
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Table 2: Comparison of statistical parameters

inventories in the world.

between our landslide's inventory and other

Variable This work Urgeles and
description Camerlenghi | Guzzetti et al. (2002) Malamud et al.
P (2013) (2004)
Submarine Submarine Subaerial Subaerial
Three inventories:
Max landslide 2 ~131,000 4 km? 0.259 km®
area 91.4 km km? 0.156 km?
3.87 km®
Data get Az(historicgl):
2 *1 A"
- 2 4%10°  Km? Eigl ggg to | 3*10 km“ to 4 km _
g to 91.4 km? km? ' Data set B (triggered):
107 km? to 0.1 km?
Three inventories
Mean landslide 2 (Median): Data set B (Average): (respectl\_gely):z
area ~1 km 19.1 km? ~0.1 km? 2.14 X107 km
' 3.01 x10° km?
3.07 x10° km?
Power-law decay Data set A | Data set B
exponent for (hiStOFiCﬂ') (triggered)
medium and large
values in the|0.67 0.8 15 15 14
distribution. called
o in equ. (2) and
p in equ. (3)
The  parameter Data set A | Data set B
primarily controls (historical): | (triggered):
the location of the
maximum ~ 3.3*102%km? - 2%102 km? | 6*10 km? | 1.28*10°km?
probability
distribution. called
A?inequ. (2) and a
in equ. (3)
Exponential
rollover for small
values  in the | 3 gguy g3y i . . -1.32%10*km?

distribution. called

-’) in equ. (2)
and s in equ. (3)
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A few differences are observed when comparing our size distribution statistics with
the one of the subaerial inventories (Malamud et al., 2004; Guzzetti et al., 2002). First,
the landslide areas are significantly larger in our inventory (range, mean and max
landslides area in Table 2). Second, the power law decay, which expresses the frequency
of the large landslides in relation to the medium landslides is less steep in our inventory —
-(p+1) = (-1.67) than in the subaerial inventories -(p+1) = (-2.4) or (-2.5). The other
submarine inventory (Urgeles and Camerlenghi, 2013) shows close parameter to ours
-(pt1) = (-1.8)) (Table 2). The difference in power laws between areal and subareal
slides, indicates that in submarine inventories there are more large-sized landslides
relative to medium ones in comparison to subaerial inventories. It is important to keep in
mind that we discuss landslides sizes in terms of areas, and there may not be a difference
in landslides' volumes. In other words, the difference in landslides sizes and power law
decay between submarine and subareal inventories may indicate different physical
processes of flow and deposition, rather than a difference in the amount of displaced
material. In that case the volume distribution, it is expected to be similar for submarine
and subareal inventories. A larger deposition area underwater is indeed expected since in
the sea the transformation of the original mass from the failure location downslope
involves fragmentation, reduction in friction during the sliding, possibly pore pressure
increase and other processes that significantly reduce the strength of the soil mass to
remolded shear (Locat & Lee, 2000 and references there in). As a result, the failed
material can spread over larger areas and result in landslides with larger surface area. In
several cases, this mass may show flow structures characteristic of debris flow processes
(Masson, 2006), a phenomena that also increases the landslides' area sizes in submarine
inventories.

6.1.2.4. A power law size distribution: optional models

A few authors tried to explain why medium and large landslides consistently satisfy
power-law (fractal) frequency-area statistics (Guzzetti et al., 2002 and references there in;
Katz & Aharonov, 2006). Two approaches were taken: one is a statistical method,
explaining the landslides' size distribution by the model of Self Organized Critically
(SOC), and the other one is a mechanical explanation. We review the two approaches

here.
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Bak et al. (1987), numerically modeled a sand-pile using a constant input of grains
from above, in order to explain the power law distribution of landslides. Using simple
system stability rules for slope failure the output of numerical grains was observed to
occur in an avalanche style failure with a power law frequency magnitude relation. This
spontaneous emergence of power law avalanche sizes in a homogeneous system was
termed by Bak et al. (1987), as self organized criticality (SOC). However, A simple
explanation invoking sandpile model was not sufficient because noncumulative power-
law exponent for subareal landslides is p= 2.5+ 0.5 (Equation 5) whereas the
noncumulative power-law exponent for the sandpile model avalanches is p ~1.0 (Guzzetti
etal., 2002).

Equation 5 (Guzzetti et al., 2002):

(5) Ny = C'A*

where Ng is the (noncumulative) number of slip events with area Ag, the number of
blocks that participate in the event, and C' and B are constants. One idea was to explain
that difference by combining slope stability analysis with self-affine topography and soil-
moisture content, which gave a power-law noncumulative frequency-area distribution
with B = 2.6 (Equation 5, Pelletier et al., 1997). Another attempt was to use a numerical
model combining slope stability and mass movement (Hergarten and Neugebauer, 1998),
which gave an exponent of § ~ 2.1 (Equation 5, Guzzetti et al., 2002). However, there is a
real question if these models are realistic in terms of governing physics (Guzzetti et al.,
2002). In addition, these models don’t predict a rollover as observed in nature.

Katz and Aharonov (2006) ruled out the SOC model for explanation of power law
distribution in landslides, not only because these models fail to reproduce the slope of the
observed power law, but also because models that produce power law distributions
(cellular-automaton, forest-fires, spring-blocks) use stability rules that are physically
inconsistent with processes occurring in natural slope failures. In other words, since we
observed connection between different properties of landslides, such as thickness, area
and volume (Whitehouse, 1983; Hovius et al., 1997; Stark and Guzzetti, 2009; Katz et al.
2014), we cannot treat their sizes distribution merely as statistically determined, but have
to consider physical mechanism to explain our observations (Katz and Aharonov, 2006).
The mechanism proposed by Katz and Aharonov (2006), distinguishes between two parts
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of the size distribution. The first is the roll-over, which represents the small landslides
with characteristic size. These landslides are formed at the homogenous unconsolidated
environment that is formed at the upper part of the section. There, the thickness of the
landslides is limited to the thickness of the homogenous environment, and as a result the
area of the landslides is limited as well. The second part is power law part of the
distribution that represents the large landslides. These landslides are formed at the rock
mass below the unconsolidated sediment, a heterogenic environment due to bedding,
layers and fractures located within it. The nature of the landslide size distribution is
controlled by the heterogeneity. The heterogeneity in nature arises due to pre-existing
fractures, variable water content, variability in material properties and the natural
variability in mechanical properties of sedimentary sequences (Katz and Aharonov,
2006), and due to variable topography (Frattini and Crosta, 2013). Since we consider
landslides as mechanical structures, we tend to accept the mechanical model as a better
explanation for their size distribution. Thus the most frequent landslide thickness has a
mechanical meaning. Possibly below this depth the sediments are stronger because of
more compaction and therefore they require stronger triggering in order to fail.

The suggested mechanism is one example for the formation of this distribution, and
other models can be acceptable too. This question can be further referred to in future

research.

We showed before that our landslides' inventory has been created over a long period
of time, as it is composed of several phases of failures and the landslides have
complicated cross cutting relations with the syn-sedimentary faults. Its sizes distribution,
of an Inverse Gamma can be either controlled by events like earthquakes that took place
over the years, or be a result of a continuous long process of failures only as a result of
the slope angle. Since the failures are determined by the pre-existing conditions of
instability, we cannot determine from the distribution whether a trigger was involved in

the process, a question that will remain for further research.
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6.1.2.5. Landslides' mechanism summary

From the information we observed and discussed until now, we demonstrated that
the slope angle is the most significant factor influencing the landslides location. Our
landslides' inventory shown to have formed over a long period of time and not after a
single event, although it is possible that triggers such as earthquakes or elevation of pore
pressure were also involved in the process. We suggest to explain the size distribution of
the landslides by a mechanical model and not by a statistical model. The inventory is a
complete inventory as the size distribution of its landslides is in agreement with other
complete inventories in the world, meaning it is probably still active. Another evidence
for the continued activity are the cross cutting relations of the landslides with the syn-
sedimentary still active faults. Thus, we determine that the mechanism of the landslides'
formation is still active and the area is not stable and is likely to pass further slope

failures in the future.

6.1.3. Faults mechanism
Faults are observed in the bathymetry map as elongated structures, rupturing the sea

floor, and in the seismic sections as syn-sedimentary faults displacing the Plio-
Quarternary sediments. In this section we will discuss the controlling factors on faulting
and suggest a mechanism determining their spatial distribution.

Unlike landslides, which correspond to certain slope angles (Fig 23), the faults occur
over various slope angles: rupturing the shelf edge, the continental slope, and further
basinward (Fig. 23). In addition, faults are observed at various water depths, from ~100
m to ~1600 m (Fig. 12). Thus, faulting mechanism seems not to be controlled by any
superficial factor. From previous works we learn that these faults are not interpreted as
tectonic faults either, as they have no deep roots (Almagor and Garfunkel, 1979;
Gradman et al., 2005; Gvirzman et al., 2015).

6.1.3.1. A salt tectonics process

Similar to Garfunkel and Almagor (1984), we observe that the faults are thin-skinned
features, rooted at the Messinian evaporites (Figs. 25 and 26) or at the disturbed
sediments above it (Figs. 26 eastern part). The faults are correlated with a minimal salt
thickness of less than 100 m (Fig. 28), and thus the faults are formed in a salt tectonics

process. In the salt layer we observe salt rollers (similar to Gradmann et al., 2005) (Figs.
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25 and 26 eastern part). Above these rollers at the basinal part of the seiemic sections we
observe that the sediments are folded, expressed on the sea floor as wavy patterns, or they
are thrust faulted, expressed on the sea floor as eastward tilted steps (Fig. 26 western
part). We interpret our observations following the salt tectonics process that was detailed
in the Introduction section. The sliding of the sediments basinward on top of the salt
result in formation of an extensional zone at the upper part of the continental shelf and
slope, expressed by normal faults. Basinward, there is a compressional region, where the
thick salt sections make pressure-induced plastic structures such as rollers. The
sedimentary overburden above these deformations passes compression too, as the
sediments of the slope are pressed at the sediments of the deeper parts of the basin. This
is expressed by folds and thrust faults which influence also the bathymetry.

We observe that the faults are correlated to Messinian evaporites' minimal thickness
of less than 100 m (Fig. 28, 31). The agreement between the faults and <100m thickness
of the Messinian salt may indicate that the presence of a minimal thickness of salt in the
section is a primary factor in the mechanism of the faults, as it is discussed in
continuation.

6.1.3.2.  Faults formation mechanism

Two possible mechanisms can explain the observed phenomena:

The first mechanism is active salt flow (Gvirzman et al., 2015 and references
therein). The thick sequences, of up to 2 km of sedimentary overburden, overlying
hundreds of meters of salt rocks (Almagor & Garfunkel, 1979; Garfunkel & Almagor,
1984), provide the potential to instability (Ginzburg et al., 1975; Garfunkel, 1984). The
proximity to the continental slope and shelf initiates motion (Humphris, 1978; Martin;
1978 both in: Gradmann et al., 2005) due to either gravity on a slope (Garfunkel, 1984)
or differential loading (Hudec & Jackson, 2007). The salt flows basinward, as the
overburden promotes its movement, gradually sliding toward the basin. The removal of
the salt from parts of the section was also mentioned before (Gradmann et al., 2005 and
references there in) and is further discussed below.

From our observation that the faults are rooted in or above the deformations of the
salt (Figs. 25 and 26) we conclude that the salt and the overlying sedimentary are

mechanically coupled. That means that the salt "drags” the sediments with it basinward.
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According to that we find unreasonable the claim that over thin sections of salt, the salt
acts as a lubricant, making the sediments above it slide basinward (Hudec & Jackson,
2007). Considering the salt role in the proposed mechanism of faults formation, it is
understood why a critical minimum thickness of salt is needed in order to create the
process (Garfunkel, 1984). Very thin salt section may not act plastically under the
pressure of the overburden. Another option is that the process will start normally, but will
be stopped shortly afterwards because of lack of salt.

The correlation of the faults with the minimal salt thickness can be differently
explained. The salt thickness may not be a factor in the process, but a result of the
process. The suggestion is that the salt was originally deposited further east than its
current location. With time and progression of the process, it was squeezed out and
changed its thickness, pushed by the sediments from under the shelf and slope-
basinward. That can explain the presence of faults above places with minimal or no salt
thickness under them, a phenomena that is observed both in seismic sections (Figs. 17, 25
and 26) and in isopach map (Fig. 28: faults over 0- 50 m thickness). The interpretation
should then be different: faults are observed over a minimal salt thickness not because
this is the critical thickness needed to create faults, but because the process of faults
formation is accompanied by the thinning of the salt due to its ejection out basinward.

The second mechanism proposes that the removal of the salt from the subsurface
creates a depletion of material from the section and therefore causes instabilities and
faulting. Similar process was described in the formation of sinkholes near the Dead Sea
(Abelson et al., 2003). There, the dissolution of a buried salt layer by fresh groundwater
due to the drop of the Dead Sea and the associated groundwater levels causes gradual
land subsidence and the formation of young fault systems (Abelson et al., 2003). Other
processes that exhibit similar mechanism deal with the depletion of other materials rather
than salt. One example is a study on a collapse of caldera after magma is extracted
(Acocella, 2007). A model of sediments and silicon exhibits the phenomena, that after the
fluid is extracted from the subsurface, the missing matter induces compaction and related
faults in overlying layers (Acocella, 2007). Another analogue is from gas and oil fields.
Extraction of the hydrocarbon from a reservoir in the subsurface creates compaction in

overlying layers and normal faulting (Segall and Fitzgerald, 1998). In our studied area,
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without the mechanical support of the salt, the sediments directly above it fail in the form
of faults. Hudec and Jackson (2007) explain the lack of salt by a combination of creep
flow and dissolution, a process that causes the top and bottom contacts of the salt to
merge, forming a salt weld. Since the failure happens above places where the salt was
removed, we observe the faulting above the edge of the depleting layer, where it pinches
out, there the depletion is maximal. Similar process is depicted by Segall and Fitzgerald
(1998): when the depleted reservoir is located in an extensional environment, normal
faults develop on the flanks of the field as a result of fluid withdrawal from its center
(Fig. 34). Garfunkel (1984) explains that having the sediment already in the state of
gravitational instability or very close to that state, faults activity will trigger basinward
sliding, thus the faults will be normal, tilted toward the basin. According to that
mechanism, a minimal salt thickness is correlated with the faults location, because this
certain thickness is the pinch out, the edge of the salt layer. With time and progressing of
the process, the salt movement basinward causes the migration of the pinch out toward
the basin. Then new depletion zone, which will be located more basinward, will create
new faults above it. Thus, we expect to find that the faults become younger as we move
basinward. The proposed mechanism can explain the occurrence of faults above sections
with no salt under them, a phenomena that is observed both in seismic sections (Figs. 17,
26 and 27) and in isopach map (Fig. 28: faults over 0- 50 m thickness). In the past these
sediments were located above the edge of the salt layer, what caused their faulting. Later

the salt migrated from there basinward.

Figure 34: Summary of observed faulting associated with fluid withdrawal from a hydrocarbon
reservoir (Segall and Fitzgerald, 1998). Open arrows indicate horizontal strain. Normal faults

develop on the edges of the field as a result of fluid withdrawal from its center.
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We believe that the two proposed mechanisms function together, where the salt
flows basinward as a result of the gravitation and overburden pressure, causing
instabilities in the sediments above it as a result of the reduction of the mechanical
support under the.

Our ideas can be examined in a future research and modeling. Since we know the
thickness of the sedimentary overburden and the salt and can check the physical
properties of both these rocks, we can produce the process in both real and theoretical
models. By that we can examine its progress and properties, such as flowage velocity of
the salt, formation of the faults, including their formation order and rates and the
influence of different inclination and overburden thickness. We can get additional data
from dating the faults in the seismic sections. By that we can examine whether they are
indeed progressing basinward as expected.

6.2. Implication to geo-hazard

6.2.1. Dating

Much work has been attempted around the world to constrain the time of occurrence
of submarine landslides (Lee, 2009 and reference there in; Urlaub et al., 2013), either
directly estimated using the numerical age of the pre or post sliding sediments (Normark
et al., 2004) or by using the thickness of the post sliding sediment and the estimated
sedimentation rates (Prior et al., 1986).

The timing of the studied landslides, and the question whether they are still active
are important questions. This section provides a first estimate for a general age constraint,
using the relief of the small submarine landslides in the studied area and the local
sedimentation rates. The thickness (t) of a landslide with a mapped area (A) of less than
0.1 km? (242 such landslides were mapped, Fig. 11) is expected to be ~15 m (t = ¢ x VA,
where ¢ = 0.05+0.02 on land; Hovius et al., 1997). Mechanical constraints on the
geometry of landslides do not allow the head scar to exceed significantly this thickness.
Sedimentation rates calculated for the studied area are evaluated to range between a few
tens centimeters per 1000 years (e.g. Hamman et al., 2008) and up to a meter per 1000

years (Schilman et al., 2001). Using sedimentation rates of between 0.5 m and 1 meter
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per 1000 years, we calculate that a scar relief of 15 meters will be half filled by
sedimentation in ~7,000 years for high sedimentation rates to ~14,000 years for low
sedimentation rates, at which point we won’t be able to resolve it anymore with our
current vertical resolution. Thus, we suggest that the small to medium landslides mapped
in the studied area are less than 14,000 years old assuming the slowest sedimentation
rates, and are constrained to be younger than 7,000 years old if we assume sedimentation
occurs rapidly at 1 m per 1000 years. These ages constraint also overlaps with landslide
age estimates presented in Camerlenghi et al. (2010), who conclude that the vast majority
of the landslides in the Mediterranean continental margins have occurred between 20 and
10 ka b.p. and therefore they coincidence very well with the last major global climatic
change, corresponding to the deglaciation following the last glacial maximum.

In this framework, it should be noted that the sedimentation regime is changed
during the last 60 years since the Nile River stopped being the main source to the
sediments of the slope and shelf off Israel (Almogi-Labin et al., 2012). This change
started after the building of several dams on the river, the last one of which is the Aswan
dam. The dams stop almost completely fine sediments derived from Ethiopia source from
entering the Mediterranean through the Nile. The drastic reduction of the sediment supply
causes rapid and continuous withdrawal of the Nile delta, which is the main source of
sediments in our area today (Zviely et al., 2007 and references there in). Nevertheless,
this change has no expression in our data, since it took place only recently. The building
of the Aswan Dam forced the currents to take sand from the Nile Delta coast, and led to
significant erosion in this area (Zviely et al., 2007). The sand taken from the Delta coast,
however, has compensated for the reduction of Nile River sand and prevented sand
shortages further up the Nile littoral cell coastline (Zviely et al., 2007). The reduction is
expected to ultimately affect the Israeli coast only within approximately 400 years
(Rohrlich and Goldsmith, 1984). Nevertheless, it should be taken into consideration in

future forecasts, as detailed in the Conclusions section.
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7. Conclusions and prognosis to the future

In this work we mapped and studied the small and medium features which
morphologically form the bathymetry, in order to determine the mechanism controlling
them and conclude about the current and future stability of the sea floor. We first mapped
on the bathymetry all the landslides and faults in the study area. We examined their
properties, spatial distribution and cross cutting relations. For the landslides we used
statistical tools in order to compare them to other inventories. In addition, we observed
both landslides and faults in seismic sections and examined their spatial distribution on
top of a map of the Messinian evaporites thickness.

From all our observations and calculations we conclude that faults and landslides are
created and controlled by different mechanisms. In the studied area, landslides are
developed over a critical slope angle. It seems that the whole landslides inventory has
been formed over a long continuous process, and therefore it fits the definition of
historical inventory. Faults in the studied area are formed in a salt tectonics process,
where the salt and overlying sedimentary sequence gradually slide basinward. The salt
seems to be active in the process. The faults are formed probably during the depletion of
the salt from the underground, possibly as a result of the weakening of the mechanical
support under them. Landslides and faults seem to be contemporaneous and their
mechanisms of formations are probably still active.

It is still not clear whether the landsliding took place following triggers, like
earthquakes (Almagor and Wiseman, 1977, 1982; Frydman and Talesnick, 1988) or
changes in sea level, or occurred only as a result of the continuous sedimentation and
creation of critical slope angles on the slope. Both the landslides and faults formation
mechanisms are not totally clear yet.

Considering the instability of the continental shelf and slope, it seems that placing
gas lines and other infrastructure on the seafloor is currently quite problematic. It is hard
to find a path from the basin to the shore line on the continental slope that is not disturbed
either by landslides or by faults.

It is likely that the significant reduction in sedimentation rates due to the dams that
were built on the Nile River will reduce the formation of the landslides in the future. The

places that are currently instable may fail, but new instability as a result of further
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sedimentation will decline. On the other hand, the coverage of the landslides will be also
reduced significantly and the seafloor will stay in a similar form. This is a process that is
expected to begin only when the delta of the Nile stops supplying sediments to our
region, and until then the process is expected to continue.

Regarding the faults, we expect that the process will continue without a change
despite the change in sedimentation, because their formation is dependent on relatively
deep processes which are attributed from the salt. Nevertheless, since the sedimentary
overburden is one of the main factors in the process, the reduction in sedimentation may
reduce the rate of the faults formation.

Our work may and should be taken as a case study for the instability of the
continental slope and shelf around the Mediterranean. Most of the mapping works which
were made in the Mediterranean, and in other locations around the world (e.g.
Camerlenghi et al., 2010; Hu hnerbach & Masson, 2004; Masson et al., 2006) studied
large scale structures. Our study enables a new and better comprehension about the
stability question of the region, considering the small scale structures. Our conclusions
should be taken into consideration also regarding tsunami hazard, associated with the
occurrence of submarine slope failures in the Mediterranean, whose vulnerability is
extremely high due to the large coastal population. Further studies on similar regions
around the Mediterranean, as well as additional study of our region will shed more light
on the processes that shape the continental slope and shelf and on the instability of these

regions.
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