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Abstract

In this study, analyses of a high-resolution, three-dimensional seismic reflection dataset
and well-log data were combined to characterise a distinct Pliocene interval in the Levant Basin
offshore central Israel. This succession is characterised by moderate to high-amplitude,
discontinuous to continuous seismic reflections between a mass transport deposit above and an
undeformed basin series below. The studied interval contains two separate channelised
subunits. Morphologically, the channels trend in a north to northwest direction, are incised <50
m, are ~50 m to 350 m wide and increase in number from base to top. A vertical variation in
channel morphology style and stratigraphic organization is identified. The lower part of each
subunit is dominated by coarser grained, narrow V-shaped channels (average width <120 m
and low sinuosity, <1.06). In contrast, the upper part of each subunit is predominantly fine-
grained and U-shaped with relatively wide channels (average width >230 m and higher
sinuosity, >1.1). The mechanisms that control the interplay between sedimentary processes and
channel evolution show a cyclic pattern. Due to the cyclic occurrence of different channel types
and the estimated age of the studied interval, formation and evolutionary processes of the
submarine channels in the study area are likely to be controlled by relative sea level fluctuations
and increased Nile River sediment supply, which is associated with rapid uplift of the Ethiopian
plateau and increased African Monsoon rainfall during the Pliocene.
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1. Introduction

Submarine channels are pervasive geomorphic features documented on both the
modern-day seafloor and in the geological record buried intervals within marine settings (Feng,
2000; Posamentier et al., 2000, 2007; Posamentier, 2001; Miall, 2002; Carter, 2003;
Posamentier and Kolla, 2003; Saller et al., 2004; Samorn, 2006; Wood, 2007; Gamboa et al.,
2012; Gamboa and Alves, 2015; Harishidayat et al., 2015; Qin et al., 2016). They represent
major conduits for transporting sediments from the shelf and upper slope into the deep basin
(Piper and Normark, 2001; Babonneau et al., 2002), and have been described in detail within
the submarine fans that are associated with major river systems such as the Niger (Deptuck et
al., 2003; Adeogba et al., 2005; Heini6 and Davies, 2007), Mississippi (Pickering et al., 1986;
Posamentier, 2003), Amazon (Damuth et al., 1983; Flood and Damuth, 1987), and Bengal
(Hubscher et al., 1997; Schwenk et al., 2003) rivers.

Submarine channels have been the foci of several studies in the last decade as they can
serve as prime targets for petroleum exploration (Mayall et al., 2006, 2010; Weimer et al., 2007;
Di Celma et al., 2010), and may have significant implications for geohazard prediction and
prevention (Bruschi et al., 2006; Thomas et al., 2010; Carter et al., 2014). Additionally, they
can also hold significant sedimentological and climatic information on the controlling
mechanisms behind their formation (Bouma, 2001; Brenchley et al., 2006; Zihlsdorff et al.,
2007; among others). As a result, much work has focused on the depositional processes,
internal architecture, and morphological evolution of submarine channels (Posamentier and
Kolla, 2003; Babonneau et al., 2010; Covault et al., 2014; Li and Gong, 2016; Sylvester and
Covault, 2016; Hansen et al., 2017). Past studies have mostly focused on the understanding of
initiation, geomorphological characteristics, and development of submarine channels and are
mostly based on outcrops, recent fan systems, and 2-D reflection seismic studies (Bouma, 1962;
Mutti and Ricci Lucchi, 1972; Walker, 1978; Posamentier et al., 1991; Mutti and Normark,
1991). This has been due to the paucity of high-resolution deep subsurface geophysical datasets,
which are recently becoming available to academia as hydrocarbon exploration transits into
deep and ultra-deep waters (Pirmez et al., 2000; and others).

This study presents seismic geomorphological analysis of a channelised interval
developed during the Pliocene in the deep Levant Basin, offshore central Israel (Fig. 1).

Previous studies in the region only focused on recent and Holocene submarine channels and
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their interaction with subsurface salt tectonics (e.g., Folkman and Mart, 2008; Clark and
Cartwright, 2009; Gvirtzman et al., 2015; Zucker et al., 2017). The nature and evolutionary
history of deeper channelised units remain poorly constrained. A high resolution, 3-D seismic
reflection data was employed to: (1) characterize and classify submarine channels that were
developed in the Pliocene interval of the Levant Basin, (2) investigate the influences of salt
tectonics on channel evolution, (3) demonstrate their spatio-temporal distribution and
stratigraphic organization, and (4) suggest possible controlling mechanisms on their initiation
and evolution. The findings from this study have important implications for better
understanding the geomorphological characteristics and development of submarine channels
in deep marine settings as well as possible interactions with sub-channel, salt-related
deformations. At a local scale, we have provided new insights into the environmental setting
and geological mechanisms behind the formation and evolution of submarine channels in the

Levant Basin during the Pliocene.

2. Geological settings

The Levant Basin is in the SE part of the East Mediterranean (Fig. 1a). A carbonate
platform developed in the basin that started with post-rift activity during the Triassic and
continued until the Late Cretaceous, when it became intermittently drowned and pelagic
sedimentation dominated (Druckman et al., 1995; Garfunkel, 1998; Gardosh et al., 2008a).
During the Oligo-Miocene, several submarine canyons (e.g., el-Arish, Afigq and Ashdod)
incised the shelf and transported terrestrial siliciclastic deposits to the deep basin (Druckman
et al., 1995; Gardosh et al., 2008b). The more recent geological history of the Levant Basin is
dominated by the Messinian Salinity Crisis (MSC) of 5.9-5.3 Ma (Hsd, et al., 1978; Roveri et
al., 2014). The MSC resulted in desiccation of the Mediterranean Sea and the deposition of a
1.5-2 km thick unit of alternating halite, gypsum, and clastic sediments (Bertoni and Cartwright,
2005; Feng et al., 2016; Fig. 2). A prominent high-amplitude reflection with distinct
topography at the top of the evaporites is well recognised on seismic profiles across large parts
of the Mediterranean Sea (Lofi et al., 2011; Roveri et al., 2014), which is interpreted as the top
of the Messinian Evaporites, and hence serves as a regional chronological marker in this study
(Fig. 2).

The Plio-Pleistocene geological evolution of Levant Basin is largely controlled by the
progradation of Nile-driven sediments and salt tectonics. Following the end of the Messinian
Salinity Crisis (5.33 Ma), restoration of open marine conditions in the Mediterranean was

accompanied by formation of the modern-scale Nile Delta (Said, 1981). Although a deep-water
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turbidite sandy fan (identified as the Yafo Member), sourced from the Levant margin during
the early Pliocene, was developed over areas previously occupied by Oligo-Miocene submarine
canyons, it was immediately buried by Nile driven sediments (Frey Martinez et al., 2005).

The Nile is one of the longest rivers on Earth (>6500 km) and is fed by summer
monsoon rains over the East African highlands (Fig. 1a). The Nile delta has a width and length
of more than 600 km and 300 km, respectively. Thus, forming the largest and thickest
sedimentary unit characterised by one of the highest accumulation rates in the world (Reading
and Richards, 1994; Loncke et al., 2002; Ducassou et al., 2009; Gvirtzman et al., 2015). From
the beginning of the Pliocene, the Nile Delta was subjected to increased sedimentation derived
from augmentation in the monsoonal rains over the tropical East Africa highlands (deMenocal,
1995, Larrasoafia et al., 2003). Transport of the Nile-driven sediments along the Levant
coastline and the shelf by counter-clockwise currents promoted deposition of clay-rich marls
in the deeper areas of the basin, and peak sediment supply to the Levant Basin was reached
during mid-late Pliocene (Zviely et al., 2007; Macgregor, 2011). This increase in sediment
supply was aided by submarine channels, which developed during the Pliocene lowstand (Aal
et al., 2000; Kellner et al., 2009).

The combination of gravitational collapse on the slope and subsequent basinward
spreading of the Nile cone over the ductile Messinian evaporites further deformed the post-
Messinian sedimentary overburden at the end of the Pliocene (Tibor et al., 1992; Frey Martinez
et al., 2005; Gvirtzman et al., 2013; Fig. 2). This situation, in turn promoted slope instability
and successive episodes of submarine mass wasting (Cartwright and Jackson, 2008; Katz et al.,
2015; Eruteya et al., 2016; Fig. 2). The Quaternary section of the Levant Basin is characterised
by long and sinuous submarine channels, which are ubiquitous on the present-day seafloor and
influenced strongly by subsurface salt tectonics (e.g., Loncke et al. 2006; Clark and Cartwright
2009; Ducassou et al. 2013; Gvirtzman et al. 2015; Zucker et al., 2017; Fig. 1b and 1c).

3. Database and Approach

The seismic datasets used in this study include 2-D and 3-D seismic data. The A 2-D
time-migrated multi-channel seismic survey was acquired in 2001 by TGS-Nopec and served
as the background for geophysical interpretation. This survey was acquired with the following
parameters: a 5,000 in® airgun array placed 5+1 m below the sea surface, 25 m shot interval, a
7.2 km long digital Hydroscience streamer with 567 channels and a group interval of 12.5 m.
The record length reached 9 seconds two-way time (TWT), with a sampling interval of 2 ms

and a fold of 144. Standard industrial processing was conducted by TGS-Nopec. The 3-D
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dataset comprises a pre-stack depth migrated (PSDM), high resolution, three-dimensional (3-
D) seismic reflection survey (known as the Sarah-Myra survey). The 3-D dataset covers an area
of about 1350 km? in water depths of 1100-1500 m, about 50 km offshore central Israel (Fig.
1b), and was acquired using 10 streamers, each 6 km long, with a 12.5 m group interval. For
the 3-D seismic survey, the separation between the streamers was 100 m and spatial resolution
was 25x12.5x5 m (x-y-z). The seismic data are zero-phased at the seabed reflection and
displayed using Society of Exploration Geophysicists (SEG) normal polarity (Brown, 2004).
Hence, a positive event represents a downward increase in acoustic impedance (red reflection
on seismic sections), and a negative event represents a downward decrease in acoustic
impedance (blue reflection on seismic sections). The wireline log data was mainly gamma ray
log from the Myra-1 wellbore (Fig. 1c).

The classical seismic stratigraphic interpretation technique of Mitchum et al. (1977)
was used and the seismic section was classified into four main units based on the observations
of this study and the stratigraphic scheme of Eruteya et al. (2015). Identification and mapping
of submarine channels was achieved using a seismic geomorphological approach, which
include a combination of horizontal depth slices and iso-proportional slices (Fig. 3; sensu Zeng
et al., 1998; Zeng, 2001; Posamentier, 2003; Brown, 2004; Kolla et al., 2007). In addition,
seismic attributes such as maximum amplitude, RMS (Root Mean Square) amplitude and
variance, were extracted along and within the horizons to illuminate and visualize the channels
as well as to characterize geological anomalies that are isolated from background features by
an amplitude response (Taner, 2001). The RMS amplitude maps are mathematically computed
by squaring individual traces over a defined time window. They boost high amplitudes in an
interpreted interval, allowing the amplitude reflections related to sands within channels to be
discriminated from their associated low amplitude chaotic masses (Brown, 2004; Omosanya
and Alves, 2013). Variance is the direct measurement of the dissimilarity of seismic traces.
Variance maps convert a volume of continuity into a volume of discontinuity, highlighting
structural and stratigraphic boundaries (Brown, 2004; Zervas et al., 2018). On the variance
attribute maps, faults represent trace-to-trace variability and were mapped as high variance
coefficient features.

The scale, geometries, and stratigraphic organization of submarine channel systems
were illustrated on both planform and section views generated from the seismic data. Each
resulting map is a composite of several observations from a series of closely-spaced depth
slices or iso-proportional slices (2-4 m or 3-5 m thick), which are representative of the styles

of submarine channel systems within either the lower or upper halves of each seismic unit (Fig.
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3; Miall, 2002; Darmadi et al., 2007). Channels from each part of the interval were examined,
considering parameters of meandering morphology and respective channel sizes [channel
width (CW) and channel relief (CR); Fig. 2a]. The CW and CR were measured at 500 m
intervals along the sinuous channel segment, using seismic profiles perpendicular to the path
of the channel axis, at each measurement location (Fig. 3b). Channel sinuosity and length were
measured along the main channel axes, while a straight line was measured between the starting
and ending points of a single channel, as identified in the 3-D dataset (Fig. 3). Following this
step, the resulting parameters were used to evaluate the planform morphology of the channel
system at various intervals. In this study, the sinuosity classification of Mueller (1968) was
used, where straight, sinuous, and meandering channels have sinuosity indexes (SI) of <1.05,
1.05-1.5 and >1.5, respectively. Channel orientation was determined by measuring the mean
azimuth of each channel, which was constrained by the locations at which the channel entered

and exited the mapped areas.

4.0. Observations and Interpretation
4.1. Seismic stratigraphy

The Messinian evaporites (SU1 in this study) serve as the lowermost boundary for
mapping the Plio-Pleistocene sequence (Figs. 2 and 4a). The main stratigraphic interval of
interest in this study lies within the Plio-Pleistocene overburden succession of the Messinian
evaporites in the Levant Basin (SU2). The Plio-Pleistocene overburden (SU2) has been divided
into four main seismic units: SU-2A, SU-2B, SU-2C, and SU-2D based on differences in the
internal seismic reflection configurations (Fig. 4a). Channel like incisions were identified only
in units SU-2B and SU-2D (Fig. 4a). To investigate the geomorphological history of the
submarine channels in the deeper unit, we focused on the SU-2B unit, which consists of
moderate- to high-amplitude, sub-parallel and discontinuous to continuous reflections (Fig. 4a).
Unit SU-2B is bounded by horizons A and C (at the bottom and top, respectively; Fig. 4b), and
thins towards the east and north (Fig. 2). Incisional troughs within this unit were identified and
interpreted as deep-water channels (Figs. 4a and 6), with high-amplitude reflections at their
bottoms probably representing relatively coarser channel lag deposits (sensu Janocko et al.,
2013 and references therein). The low amplitude, uniform conformable horizon B drapes the
channel incisions in their lower parts and can be traced with remarkable continuity, subdividing
the unit into a lower SU-2B-I and an upper SU-2B-I1I (Fig. 4). The gamma ray (GR) values in
these two subunits show symmetrical cyclic patterns characterised by decreasing (from 40 to

25 API) and increasing (from 25 to 50 API) upward trends, suggesting a coarsening upward
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trend in the lower part of each subunit and fining upward trend in the upper part (Fig. 4b). The
peaks in GR coincide with boundaries of the subunits (horizons A, B, and C), perhaps pointing
to rich clay content at these levels. The subunits have similar thicknesses (~30 m — 110 m) and
thin towards the northeast (Fig. 5a and b, respectively). However, some fault-related structures
have increased the thickness locally (Fig. 2), indicating a localised depocenter without any
significant shifting during these periods.

Interaction between the channels and tectonic structures was also identified (Fig. 6).
Several faults detaching from the Messinian evaporites were observed in association with
folding of the overlying sediment (Figs. 4a and 6, respectively). Within unit SU-2B, the buried
channels provide classic markers for relative timing and classification of faults. For example,
sinistral strike-slip faults dissect some channels, but in other locations these channels are not
intersected. The channels are instead observed above folds and are usually undeformed by post-

depositional tectonics (Fig. 6).

4.2 Stratigraphic organization and geomorphology of the submarine channel belt

The submarine channel incisions observed from the lower parts of subunits are V-
shaped in cross section, while channel incisions form the upper parts of subunit are U shaped
with wider angle, flat or curved bases (Fig. 7). Based on this observation, submarine channels
from different parts of the study unit were mapped using depth slices and iso-proportional slices.
Ten distinct V-shaped incised, relatively straight, and shallow channels with an average width
of 130 m and an average relief of 23 m were mapped in the lower part of SU-2B-1. An additional
twenty-two U-shaped incised relatively sinuous, deeper (average relief of 33 m) and wider
(average width of ~200 m) channels were mapped in the upper part of SU-2B-I (Figs. 7 and 8a;
Table 1). In the lower part of SU-2B-11, twelve V-shaped incised low sinuous, shallow (average
relief of 22 m) and narrow (average width of 120 m) channel incisions were identified. Twenty-
Three U-shaped, relatively sinuous, deeper (average relief of 31 m) and wider (average width
of 198 m) channel incisions (Figs. 7 and 8b; Table 1) were identified in the upper part of the
SU-2B-I1 sub-unit. These plan- and section-view geomorphological parameters allow the
observed submarine channels to be categorised into two main types: Type-1 channels that are
V-shaped, relatively straight, and narrow, and Type-2 channels that are U-shaped, relatively
sinuous, and wide (Table 1). The lower parts of SU-2B-I and SU-2B-11 are dominated by Type-
1 channels that have orientations of 15° and 2°, respectively (Fig. 8). The upper parts of SU-
2B-1 and SU-2B-Il have predominantly Type-2 channels with orientations of 4° and 6°,
respectively (Fig. 8).
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The unique seismic geomorphological features associated with the two channel types
are presented in Table 2 (see also Fig. 9). Type-1 channels are infilled with continuous and
variable amplitude reflections. They show small (~12 m) downward bending reflections that
reveal convex-upward shape filling at the top (Fig. 9a). Additionally, Type-1 channels have no
related large levee structures, and in the RMS amplitude extraction map they demonstrate
higher values that contrast to the surrounding low amplitude strata (Fig. 10). Type-2 channels
have much more complex seismic expressions than those characterising Type 1 channels (Fig.
9). The channels infill comprises of low- to high-amplitude, low-frequency and sub-parallel
seismic reflections with vertical aggradation that show either concave-upward geometry or
shingled dipping to flat and parallel reflections in the channel fill (Figs. 9). Laterally migrated
sinuous channels can be identified in the depth slices in the upper parts of the subunits. They
are also displaced by faults, infilling with concave-upward geometry (Fig. 11). Thin and low
amplitude reflections onlap the underlying reflections within the sides of isolated Type-2
channels. These low amplitude reflections are interpreted as channel levees (Fig. 9d). On the
inner channel bends, Type-2 channels are flanked by high amplitude, shingled reflections that
dip towards the last-stage channel incision, probably indicating a lateral accretion as observed
in other studies (e.g., Abreu et al., 2003; Janocko et al., 2013; Figs. 9c and 12a). The
characteristics of the Type-2 channels indicate that they are migrating laterally and have
significant levee structures.

In the case of mixed channels with several different channel incisions, it is difficult to
differentiate each single channel from its associated levee deposits. The concave-upward shape
is mainly observed in the higher sinuosity channels. When lateral accretion was not obvious in
seismic profiles, a depth slice was used to decipher their geometry (Fig. 12a). Concave-upward
filled channels demonstrate lower amplitude contrast to higher amplitude surroundings, and
probably indicate the presence of finer sediment infill compared to adjacent sediments (Fig.
12d).

5. Discussion
5.1 Geomorphological interpretation of the channel systems

The evolution of submarine channels usually begins by the creation of low sinuosity
incisions by erosion and ends with the migration of leveed channels (Mayall et al., 2006;
Deptuck et al., 2007; McHargue et al., 2011). Accordingly, submarine channels in the study
area display a cyclic geomorphological evolution pattern (Table 1). The lower parts of both

SU-2B-1 and SU-2B-11 subunits are dominated by relatively straight Type-1 channels while the
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upper parts have relatively sinuous Type-2 channels. Within the relatively shallow incised
Type-1 channels, no structures related to channel migration were observed. However, the
relatively deeper incised Type-2 channels revealed well-developed levees, lateral migration,
and accretion packages (Fig. 9). These observations suggest that Type-1 channels are an early
stage channel system and Type-2 channels, mature stage. The absence of evidence for vertical
stacking of U-shaped Type-2 channels above V-shaped Type-1 channels and differences in the
number of identified channels for each type indicates that the channels are not markers of a
channel system evolutionary history. However, they might suggest temporal variation in
depositional conditions.

Clark et al. (1992) showed that fan gradient, sediment loading type and flow type play
an important role in submarine channel development and that gradient is the most important
factor in submarine channel development. When fan gradient decreases, sinuosity reaches its
maximum and subsequently decreases. The studied unit is highly deformed due to salt-related
deformation, making it difficult to constrain the paleo-seafloor gradient. However, depth slices
indicate that channels predate the deformations and signify a possible low gradient paleo-
seafloor (Figs. 6 and 11). Furthermore, the work of Cartwright and Jackson (2008) support this
assertion. These authors restored the paleo-structures of the study area and proposed a similar
bathymetry to present day seafloor with water depths of at least 500 m, implying a deep-water
setting. Nonetheless, the cyclic occurrence of low and high sinuosity channels (Fig. 7) in the
studied interval cannot be explained by changes in seafloor gradient. Alternatively, latitudinal
control on channel evolution might be considered, as latitudinal control is strong when gradient
is low (e.g., Peakall et al., 2012). However, channel peak sinuosity in the studied channels is
still smaller than expected for the region, restricting latitudinal control compared to the
channels studied by Peakall et al. (2012) in the Amazon, the Indus, and the Zaire fan. Therefore,
the differences in flow type and sediment loading system are the main factors modulating the
geomorphological characteristics of the interpreted channel system.

Furthermore, the Type-1 submarine channels are considered single channels with
respective bed load systems (i.e., large sediment load, low stability, and coarse-grained
sediments; following Miall, 2006). This hypothesis is corroborated by the lack of well-
developed levees and more importantly, the convex-upward filling patterns at the top, which is
attributed to differential compaction of the axial sandy fill and adjacent muddier deposits,
presumably indicating that the channels are more sand-rich than the surrounding sediments (e.g.
Posamentier, 2003; Janocko et al., 2013; Fig. 10b). On the RMS map, Type | channels show

higher amplitudes that contrast to the surrounding low amplitude strata, indicating coarser
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channel fill (Fig. 10b). The coarse sediment fill is also indicated by the coarsening upward
stacking patterns (Fig. 4b). Hence, Type-1 channels are believed to have been formed by rapid
incision with high-density turbidity currents that behave aggressively with the substratum and
form erosive V-shaped incisions. This prevented lateral migration to shorten the pathway of
channels and thereby decrease their sinuosity.

Miall (2006) showed that a high sinuosity meandering channel signifies a mixed load
system with weak hydrodynamic conditions and that are usually infilled by fine-grained
sediments. Fine-grained fans such as the Amazon and the Bengal fan, also exhibit lower
sinuosity channels (Reading and Richards 1994; Piper and Normark, 2001). Type-2 channels
with relatively higher sinuosity index appear as concave-upward shape filling patterns and
further interpreted as evidence for fine-grained infilling, due to differential compaction of more
mud-prone axial sediments than the adjacent hemipelagic deposits (sensu Posamentier, 2003;
Janocko et al., 2013; Fig. 12c and d). The U-shaped incisions may be explained by slow and
weak turbidity currents that are not as erosive as those forming the V-shaped channels and
incise the sub-channel surfaces in a laterally homogeneous fashion, to form the almost flat
bottoms. Such U-shaped channels are common in distal plains characterised by low dynamic
conditions in the NW Mediterranean (Alonso et al., 1995). In addition, the levee structures in
sinuous channels with shingled reflections and lateral migration patterns that are inferred as
lateral accretion packages suggest lower flow velocity and mixed load relative to straight
channels (Fig. 12b; Schumm, 1981).

5.2 Submarine channel formation and evolution mechanism

The evolution of submarine channels and related features associated with the
progradation of fans or deltas towards the basin in deep-water environments is usually
controlled by several intrabasinal and extrabasinal factors. These include tectonics, climate,
sediment supply, sea level fluctuation and seafloor topography (e.g. Reading and Richards,
1994; Popescu et al., 2001; Heini6 and Davies, 2007; Wynn et al., 2007). Typical deep-water
channels are related to long-lived feeding by rivers en-route to deep-water fans, such as the
Amazon, Mississippi and Congo (Deptuck et al., 2007; Wynn et al., 2007). Relative to the
study area, the modern Nile Delta started to form from the beginning of the Pliocene, and
became an important sediment source to the Levant Basin (Macgregor, 2012; Fielding et al.,
2018 and references therein). The submarine channels identified in this paper are located to the
northeast, on the basinward extension of the Nile delta and were formed during the Pliocene

(Fig. 1a). However, the lack of biostratigraphic data for the study interval, has limited
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understanding of the allogenic and autogenic processes controlling the submarine channel style
and overall stratigraphic organization.

The chronology of the studied interval is well constrained based on the framework
presented by previous studies (e.g. Cartwright and Jackson 2008; Eruteya et al., 2015; Schattner
et al., 2017; Lang et al., 2018). The northeastward decrease in sediment thickness and
positioning of the submarine channels indicate that the main source of sediments is to the
southwest from the Nile delta. This is consistent with the Mart and Ben Gai (1982), who
showed that the Pliocene-Pleistocene sequence in the Levant Basin is predominantly detrital
and its major single source for sedimentation has been the Nile River. During the early Pliocene,
a deep-water turbidity basin-floor fan (the Yafo Sand Member) was deposited in the Levant
area. However, this member is restricted to the southeastern part of the basin, and does not
reach the study area (Frey Martinez et al., 2005; Gardosh and Druckman, 2006; Fuhrmann,
2010). Pliocene submarine channels identified in the slopes near the Nile delta are interpreted
to have resulted from relative sea-level fall (Aal et al., 2000; Samuel et al., 2003; Cross et al.,
2009). This is particularly valid considering that the submarine channels are only identified in
SU-2B within the Pliocene succession and coeval to those observed near the Nile delta area.

5.2.1 Tectonic background and slope topography

The importance of tectonics and slope topography in controlling the formation and
evolution of morphological features such as submarine channels has long been appreciated.
Previous studies have shown that the Pliocene evolution of the Levant Basin is part of the post-
rifting stage (Garfunkel and Derin, 1984; Garfunkel, 1998). During the Pliocene the subsidence
rate in the basin peaked and the basin tilted northward by 0.6°. However, the Pliocene is still
considered as being tectonically quiescent in the region with no significant tectonic events that
could necessitate such channel incisions (Tibor et al., 1992; Ben-Gai et al., 2005; Tibor and
Ben-Avraham 2005; Reis et al., 2013). Furthermore, a series of Pliocene channels were
identified in the western Nile Cone, and interpreted as partly resulting from gravity flows
related to major sea-level lowstands on a very gently inclined (1:25) slope (Aal et al., 2000;
Samuel et al., 2003; Cross et al., 2009). A similar condition may have prevailed for the eastern
Nile cone and the gentle slope in the margin did not play a major role in the initiation of the
studied channels.

Plio-Pleistocene sequences of the Levant Basin experienced post-Messinian thin-
skinned deformations and gravitational collapses of the Levant margin (Loncke et al., 2006;

Frey Martinez et al., 2005; Cartwright and Jackson 2008), which probably influenced the cyclic
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nature of the channels as well as their spatial distribution. The identified submarine channels
are also displaced by faults without any significant shift in the depocenter and changes in the
channel direction. Thus, indicating that the channels predated salt-related tectonics in the basin.
This interpretation contradicts the results of Clarks (2009) and Zucker et al. (2017), who
proposed that some submarine channels on the seafloor were influenced by the sub-channel

deformations in the Levant Basin.

5.2.2 Climate and sedimentation rate

Rapid sediment supply and high sedimentation rate may increase the sediment load on
a slope, leading to significant instability and large-scale sediment failure as well as turbidity
channels (Reading and Richards, 1994; Miall, 2002). The Nile River crosses through equatorial
Africa, tropical and arid areas that discharge sediments into the Eastern Mediterranean.
However, Nile River discharge comes from the Ethiopian Highlands through the Blue Nile
system (Said 1981; Williams et al., 2000; Fig. 1a). The final uplift of the Ethiopian and
Somalian plateaus during the Pliocene provided important sediment source and supply to the
Levant Basin through the Nile River and sediment discharge of Nile River peaked during the
mid-Pliocene (Macgregor, 2011; Macgregor, 2012; Palacios, 2013; Fig 13). Additionally, the
increased African Monsoon rainfall during the Pliocene was due to changes in insolation at low
latitudes combined with the blocked moisture brought from the Indian Ocean (Rossignol-Strick,
1983; and references therein). The moisture was brought by the southeast trade winds due to
rapid uplift of the Ethiopian plateau. This increased precipitation established suitable erosion
and efficient sediment transport mechanisms for the transport of materials to the Nile delta
(Partridge, 1997; Griffin, 1999; Sepulchre et al., 2006; Corti, 2009). Hence, the influence of
climate on sedimentation rate and erosion has been documented for the Ethiopian Highlands

and by proxy for the Nilotic sediments deposited in the study area.

5.2.3 Sea level fluctuations

Relative falls in sea level may result in both shoreline and basin depocenter shifts, and
exposure of the shelf to erosion, forming canyons and turbidity currents, which accelerate
sediment transport to the deep-water environment (Posamentier, 2001; Posamentier and Kolla,
2003; Antobreh and Krastel, 2006; Catuneanu, 2006). Nevertheless, increased sediment supply,
growing fan sizes, and accelerated turbidity activity are also known to have prevailed during
highstands in the Congo and Bengal fans (Van Weering and Van Iperen, 1984; Weber et al.,

1997). The gentle slope morphology and lack of evidence for significant mid-Pliocene failures
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has excluded the possibility of submarine canyon and channel development during the
highstand (Samuel et al., 2003). In the case of the Nile delta slope, several submarine channels
have mainly attributed to relative sea level fall (e.g., Aal et al., 2000; Samuel et al., 2003). An
apparent sea level drop and records of deep-sea oxygen isotopes during the mid-Pliocene has
also been documented (Miller et al., 2011; Fig 13). Therefore, relative sea level fluctuations
also played an important role in the occurrence and extension of submarine channels in the
study area.

Considering the sediment discharge rate and thickness of the studied Pliocene unit, we
infer that the two observed cycles characterised by channels and their respective
geomorphological evolution, may have taken at least one million year (Fig. 12). Relative sea-
level fluctuations (especially on an orbital scale; Tuenter et al., 2003) likely influenced the
channel development. Also, relatively fast uplift of the Ethiopian plateau might have
contributed to the sedimentation rate, as well to the initiation of a network of the submarine
channels. However, none of these tectonic or climatic processes could produce the cyclic
distribution and variability of the deep-sea turbidity system responses identified in this study
within a timeframe of half million years. Orbitally forced sea level fluctuations can cause cyclic
change within hundreds of thousands years (fourth order cycles) and plays an important role in
the systematic and cyclic development of deep-water sequences (Vail et al., 1977; Posamentier
et al., 2000; Catuneanu, 2006; Posamentier and Kolla 2003; Miall, 2013). Badalini et al. (2000)
showed that frequent alternation of aggradation and erosion are possibly related to flow
parameters on a thousand-year timescale.

Accordingly, the evolution of the different channel types can be explained by sea level
fluctuations. During regressions, turbidity currents in the deep basin are dominated by higher
density flows due to increased sediment supply (sediment load > energy of the flow), lower
hydraulic pressures and abundance in coarser grain size sediments (Catuneanu, 2006; Wang et
al., 2016). Submarine channels during lowstands are highly erosive, display lower sinuosity
patterns, and comprise a higher sand/mud ratio (e.g., Shanley and McCabe, 1994; Tripsanas et
al., 2006), which are represented by the V-shaped Type-1 channels (Fig. 13). In contrast, during
periods of relative sea level rise, the shoreline and depocenter shift landward with significantly
less and finer sediments delivered to the deep-water environment through turbidity currents.
These turbidity currents tend to be low-density and under-loaded on the steep continental slope
(flow energy > sediment load, which causes erosion), but become overloaded on the basin floor
(sediment load > flow energy). The low-density turbidity flows travel farther into the basin

relative to the high-density flows that formed during the regression, because the higher
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proportion of mud sustains the construction of levees over larger distances (Catuneanu, 2006;
Fig. 13). These turbidity channels, therefore, tend to be overloaded/aggradational on the low-
gradient basin floor (sediment load < flow energy). Hence, submarine channels in this period
displayed a lateral meandering morphology, a lower sinuosity, and were mostly infilled with
finer sediments compared to the surroundings (Shanley and McCabe, 1994; Catuneanu, 2006),
similar to the Type-2 channels. When sea level reached its relative high, turbidity currents
became very weak and did not travel as far as the transgressive low-density currents, leaving
the distal basin for hemipelagic deposition, represented by the uninterrupted uniform horizon
B (Fig. 4). During the relative sea level fall, this cycle repeats again until the channels cease to

be active under the influence of sea level fluctuations, sedimentation rate and climatic change.

5.3. Evolutionary model for the interpreted channel-belt interval

Following the end of the Messinian salinity crisis, sediment discharge from the Nile to
the Mediterranean Sea increased, but submarine channels remained at low activity, mainly due
to rising sea level, with hemiplegic sediments (unit SU-2A) dominating the entire deep sea
environment during this period (Fig. 14a). Sediment discharge peaked during the mid-Pliocene,
probably as a result of the last uplift stage of the Ethiopian plateau (Macgregor, 2012; Palacios,
2013) and increased east African monsoon activity (Tuenter et al., 2003). Meanwhile, relative
sea level fell, delivering coarser sediments to the deep basin and increasing the possibility of
turbidity channel development (Fig. 14b to f). The turbidity currents initially had higher
velocities and formed relatively straight, erosive V-shaped channels, which were mostly
infilled with coarser sediments (Fig. 14b). Subsequently, orbital-forced sea levels started to rise
(higher order cycle), which led to the decrease in turbidity current velocity and the formation
of sinuous U-shaped depositional channels infilled with finer sediments (Fig. 14c). In the final
stage, the deep-sea environment was characterised by the deposition of about 20 m of
hemiplegic sediments (Fig. 14d). This cycle repeated, with the alternate deposition of Type-1
and Type-2 channels (Fig. 14e and f), until climate forced an increase in sediment discharge
from the Nile and sea level rose to its maximum during this period (Fig. 14Q).

6. Conclusions

Integrated analysis of a high-resolution, 3-D seismic reflection dataset and borehole
data from the Levant Basin offshore central Israel has revealed a duplex submarine channel
belt within the Pliocene succession. The channels were likely developed in response to

lowering sea level and increased sediment discharge as result of increased humidity and
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precipitation in the upper-Nile river watershed. Geomorphologic characterization of the
channels includes two recognised types: V-shaped Type-1 and U-shaped Type-2 channels, with
respective low sinuosity-isolated channels and higher sinuosity-depositional channels. Type-1
channels dominate the lower part of each unit, while Type-2 channels are prevalent at the upper
parts, hence indicating a periodic sea level change during the Pliocene. The channels in the
lower parts of each subunit are inferred to have been generated during periods of orbitally
forced sea level fall, while the channels in the upper part were carved during relative sea level
rise. The long-term occurrence of channels in the studied area is likely controlled by relative
sea level fluctuations, coupled by increased Nile River sediment supply. The possible influence
of a rapid uplift stage of the Ethiopian plateau is taken into consideration, as well as increase
in the east African monsoon activity during the Pliocene. The high-resolution investigation of
turbidity channels in deep marine environments, such as this study for the Pliocene in the
Levant Basin, serves as an important tool for better understanding of the different mechanisms
behind source-to-sink processes in basins worldwide. Moreover, the current work provides a
novel technique to measure the impact and magnitude of orbital-scale climate variability on

deep marine sediments.
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Figure Captions

Figure 1. (a) 30 Arc-Second Elevation (GTOPO30) digital elevation model (DEM) of Africa
(NASA LP DAAC, 2013). The blue line represents the Nile River; the black rectangular
represents the location of Figure 1b. (b) Bathymetry map of the Levant Basin (modified from
Hall et al., 2015). Locations of the 2-D tow lines and 3-D seismic survey area are represented
by black straight lines and red rectangular, respectively. Location of the Myra-1 well is also
shown. (c) Seafloor map of the study area from 3-D seismic data (location in Figure 1b), with
location of seismic sections from 3-D data. Normal faults and present-day seafloor channels

are shown.

Figure 2. Interpreted SE-NW (a) and NE-SW (b) 2-D seismic profiles. The Pliocene and
Pleistocene boundary is based on the interpretation of Schattner et al. (2017) and Cartwright
and Jackson (2008).

Figure 3. Schematic drawing showing the methods adopted to identify and measure the
morphometric parameters of the submarine channel systems in this study. (a) Plan view map
showing the morphometric parameters: channel sinuous length (L1), and channel straight
length (L2). Sinuosity (SI) was calculated as the ratio of L1 to L2. (b) Section view map
showing the method adopted to measure the channel relief (CR) and channel maximum width
(CW), from the cross-section. (c) Simplified illustration of the difference between two
horizontal “depth” slices and an iso-propositional slice. Depth slices are horizontal slices that
are taken through the original 3-D seismic volume, whereas the iso-proportional slices are
obtained by slicing between two non-parallel reflections. Notice that only the combination of
these two methods can document all the channels within the two reference horizons. (d)
Simplified illustration of the method used in creating the interpretive plan view maps presented
in this study. These maps are composed of successive depth slices and iso-proportional slices.
(i) Plan view map of channels generated by iso-propositional slices; (ii) Plan view map of
channels generated by depth slice (; (iii) Plan view map of channels generated by depth slice
@ (iv) Plan view map of channels generated by combining two depth slices and the iso-

proportional slice bounded by the top and base of the study area.
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Figure 4. Interpreted seismic section and seismic well tie map. (a) Interpreted W-E seismic
section through the study area. The seismic dataset illustrates the vertical distribution of the
eight seismic units and the seven bounding horizons (Top Messinian to Seafloor). Note that
Horizon B consists of a unique conformable low amplitude reflection and drapes the paleo
incisions, and units SU-2B-1 and SU-2B-11 are characterised by prominent incisions interpreted
as submarine channels. Yellow arrow represents onlap. The gross geometries of the major
channel systems are also shown by their “U” or “V” cross-sectional profiles, represented by
white dashed lines. (b) Seismic-well tie map. Seismic well tie was done to correlate the seismic
horizons to their depth equivalent in the borehole. The main study unit SU-2B divided into two
subunits. A, B, and C stand for the top, middle and base of the SU-2B unit. Yellow arrows on
the log curve show decreasing value of the gamma value, indicating a coarsening upward trend,
while the green arrow represents increasing gamma value, implying a fining upward trend. The
location of “depth” slice and iso-propositional slices are represented by dashed black and white

lines, respectively.

Figure 5. Thickness map of (a) unit SU-2B-Il and (b) unit SU-2B-1, which shows the
significant decrease in thickness towards the northeast, indicating a sediment dispersal into the
basin in a SW direction. Faults are highlighted in red. Edge in the right side marked with brown

triangles represent cutting edge of mass transport deposition.

Figure 6. (a) Maximum amplitude map generated 10 m below horizon C (location in Figure
4). Submarine channels and faults are imaged on the map. (b) Interpreted variance slice at 1750
m (location in Figure 4) and vertical seismic section (section location in Figure 6a) from the
3D dataset reveal a network of submarine channel features within unit SU-2B-11. Submarine
channels are highlighted in blue. The channels here provide useful markers for assessing the
strike slip fault systems. Note a meandering channel in the centre, cut and displaced by a SW-
NE trending left lateral strike slip fault highlighted by the white dashed line.

Figure 7. Seismic section (location see in Figure 1c¢) showing the different types of channel in
the different levels. Notice that the lower part of each unit is dominated by V-shaped incised
channels (c and d) classified as Type-1 channels, while upper part of each unit is dominated by

U-shaped incised channels (a and b) and classified as Type-2 channels.
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Figure 8. Two interpreted plan-view maps of the submarine channels within the study units.
(a) Submarine channels from the lower part (green) and upper part (yellow) of Unit SU-2B-I.
Faults are depicted in dark blue. Channels from the lower part have straight to lower sinuosity
and an average orientation of N15°W, while channels from the upper part have higher sinuosity
and an average orientation of NO6°W. (b) Submarine channels from the lower part (green) and
upper part (yellow) of Unit SU-2B-I1. Faults are depicted in dark blue. Channels from the lower
part have straight to lower sinuosity and an average orientation of N0O2°W degree, while

channels from the upper part have higher sinuosity and an average orientation of NO6°W degree.

Figure 9. Seismic section showing the characteristics of internal reflection configurations and
external forms (left) and its interpretation (right) of different channel-fill styles of the
submarine channels identified within the study interval. (a) Convex-upward “hat” filled
channel with simple internal geometry; (b) Concave-upward “hat” filled channel; (c) shingled
filled channel, in which shingled reflections are dipping towards the last-stage channel incision;
(d) Parallel filled channel. The filling reflections consist of moderate-amplitude horizontal
reflections; overspill deposits are also delineated. Seismic facies one is typical in Type-1

channel, while the other three seismic facies occur in Type-2 channels.

Figure 10. (a) RMS map of a Type-1 channel in SU-2B-1 (location in Figure 8). The channel
is filled by relatively high amplitude reflections, and a probable overbank sediments are
depicted. Channel is highlighted in red dotted line. (b) Seismic profile crossing the channel

shows a convex-upward “hat” shaped filling.

Figure 11. Depth slices (a, ¢) and seismic sections (b, d) of Type-2 channels (location in Figure
8). Channel a shows a flat, parallel filling in cross section. Channel b is a meandering channel
showing an abandoned channel fill and a last stage channel fill. Channels are highlighted in red

dotted lines.
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Figure 12. Interpretation of shingled reflection and concave-upward filled channel facies.
Depth slice showing a migrating channel facies, (c) Seismic cross section showing the channel
filling reflections dipping towards the last-stage channel incision. Channel is highlighted in red
dotted lines. (b) RMS amplitude map that shows a meandering channel, showing a low-
amplitude in contrast to the surrounding high amplitude strata. (d) Seismic cross section
showing the concave-upward geometry of the channel. Channels are highlighted in black dotted

lines.

Figure 13. A correlation map of relative sea level, sedimentation rate and seismic cross section
of the Post Messinian successions of the Levant Basin. Relative sea level was calculated form
oxygen isotopes Miller et al. (2011), sediment discharge of Nile River was calculated form
Macgregor (2011). Age estimation of the top Messinian and top Pliocene is based on Schattner
et al. (2016).

Figure 14. Conceptual model explaining the evolutionary pattern of submarine channels in
light of the interpreted depositional environment. (a) Lower sediment discharge with relatively
higher sea level, which resulted in deposition of pelagic to hemipelagic sedimentary unit SU-
2A, represented by parallel to subparallel, low amplitude reflections in seismic profiles; (b)
High sedimentation rate with relatively sea level falling, which resulted in the development of
submarine channels in the lower part of SU-2B-1. Those submarine channels are characterised
by V-shaped, low sinuosity and sandy channel incisions; (c) High sedimentation rate with
relative sea level rise that resulted in deposition of upper part of SU-2B-I, which was incised
by U-shaped, higher sinuosity and muddy channels; (d) High sedimentation rate when relative
sea level reached its maximum in this period that resulted in a higher sea level and deposition
of hemipelagic sediments characterised by parallel to subparallel, low amplitude reflection B
in seismic profiles and without any channel incisions; (e) High sedimentation rate with relative
sea level fall, which resulted in the development of submarine channels in the lower part of
SU-2B-I1l. These submarine channels were characterised by V-shaped, low sinuosity, sandy
channel incisions; (f) High sedimentation rate with relative sea level rise, resulting in the
deposition of the upper part of SU-2B-11, which was incised by U-shaped, higher sinuosity and
muddy channels; (g) Decreasing sedimentation rate with relative sea level rise that resulted in

the deposition of hemipelagic sediments, characterised as parallel to subparallel, low amplitude
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reflections, without channel incisions (unit SU-2C). Note that the stratigraphic layers and sea

levels are not to scale.

Table Captions

Table 1: Main types of channel morphologies as observed in the studied interval. The
description and the parameters include channel width (CW), channel relief (CR), sinuosity (SI),

and width-depth ratio of these types of channel systems.

Table 2: The four major seismic facies and their respective descriptions as identified in the

studied interval.
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Table 1

Section view )
- Plan view parameters
. Number of| description
Units Channels Channel Type
Incision shape | Average CW (m) [Average CR (m)| CW/CR Ratio|Average Sl
Top 23 U shaped 198 31 6.4 1.11 Type 2
SU-2B-I |
Base 12 V shaped 120 22 5.5 1.05 Type 1
To 22 U shaped 201 33 6.1 1.13 Type 2
SU-2B-I P P P
Base 10 V shape 130 23 5.7 1.04 Type 1
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Table 2

o i Internal seismic texture
Seismic Reflection External
Channel Type . . :
facies configuration geometry
Amplitude Continuity
Type -1 Facie 1 Sub-parallel Variable High Convex-up
Type -2 Facie 2 Sub-parallel High High Concave-up
Type -2 Facie 3 Chaotic Low Moderate Shingled
Type -2 Facie 4 Parallel Variable High Horizontal Parallel
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Highlights:
e Pliocene submarine channels in the Levant Basin show a duplex-storey

architecture
e Two channel types are identified based on morphology and internal architecture

e Channels are driven by an interplay of climate change and sea level fluctuations
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