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ABSTRACT

The current study describes the architecture of Pleistocene-Holocene depositional features
that is affected by the underlying structurally topography. The study area is located offshore
Israel, at the Levantine Basin of the southeastern Mediterranean sea and is part of the eastern
Nile’s middle to lower submarine fan at depth of approximately 1200 m. The underlying
topography in the study area is controlled by thin-skinned tectonic deformation resulted from

the underlying mobile Messinian salt sequence.

Previous work in the area of study has delineated several turbidite channel levee
systems that are fed and has described in details qualitatively and quantitatively the most well
illustrated depositional features in terms of interaction between the evolution of the
depositional systems and the surrounding structures. This study is focused on the turbidite
systems that have not been mentioned before or if they have been mentioned and they have

not been described in details.

The analysis of the data is based on the seismic interpretation of 3D HR seismic data
and the extraction of attribute maps that cover an area of 1400 km’. Based on the attribute
maps in combination with the seismic lines, qualitative and quantitative measurements took
place for the main depositional elements of interesting, with the small scale lower submarine

fan turbidite channel levee complexes to be the dominant sedimentary features in the area.

The depositional system of the study consists of five different seismic Facies with
Facies 1: channel fill deposits (HAR’s), Facies 2: channel levee deposits, Facies 3: mass
transport deposits, Facies 4: frontal splays or crevasse splay deposits (HARP’s) and Facies 5:
hemipelagic or sheet like turbidite deposits. The oldest system consists of a channel system
while the most recent depositional feature is a turbidite channel system which ends up to

frontal splay deposits.

Based on the observations from the interaction between the depositional features and
the deformed structures in the study area four models were created and an attempt to interpret
external factors that control the stratigraphy of the Syn-tectonic sequence such as sea-level

flunctuations took place.






ACKNOWLEDGEMENTS

This study was conducted at the Department of Earth Science at the University of Bergen.

I would like to thank my supervisor professor Robert Gawthorpe and my Co-Supervisor
Researcher Dina Vatchtman from the University of Bergen for their instructions and guidance
through this “’long trip”’.

I wish to thank Yossi Mart from the Leon Recanati Institute for Marine Sciences of the
University of Haifa for his advices.

I also want to thank the Professors Adonio Velegraki and Thoma Hasioti from the University
of the Aegean and the Professor Jonny Hesthammer from the University of Bergen for their
advices.

Many thanks to the “’Seismic Lab Crew’’: Amando Lasabuda, Thomas Kristensen, Vegard
Hausken, Remi Ersland, Andreas Hovland and Zhiyuan Ge, for their patient to help me, their
advices and the good moments.

I would like to thank Joseph Daratsiano Geophysists in Chevron, Njal Solberg and Victor
Vaga Master students in Geophysics at the University of Bergen, for their advices.

Finally I would like to thank my parents for supporting me and for their love.
My girlfriend Melanie Preuss for their love and care.

My friends: Evangelo Economopolulo, Martin Mavrogennh, Efthimio Iatropoulo, Stelio
Tsilidi, Kwnstantino Christako, Penny Papadakou and Matina Karakitsiou for the good
moments.






Contents

Lo INEEOAUCTION .ttt ettt b e bt s be e s bt s ae e sat e et e sabe s bt e be e beenbeesbeesaeesae neeens 1
1.1 The aim of the Present STUAY .....ccvveeeeriiieeree e e 1
1.2 THE STUAY BICA ...eveeuieiirieeieite ettt ettt sttt b et e st s bt et et e sb e et e s beshe et e b e sae e b e nbesneebenteeneens 2

2. Deep marine depositional ENVIFONMENTS.......ciicciii i e e e e e 4
2.1 DETINTEION weeuvtiieiiiiieiie ettt ettt st sttt et e st e s bt s bt e bt e bt et e et e enbeesbeesbnens smreens 4
2.2 CONLIOIING FACTOTS . c..veitieiieitieittiitte ettt ettt ettt e bt bt e sae e sat e st e st e eabe et e e beenbeesbeesbeenneennes 5
2.3 Deep water processes and dePOSILS.......cuerrireerrerirersierereeeese ettt see e se s e eeenne e 6

2.3.1 Mass Transport DEPOSILS ...ccueeuerrireerieriiriieiesieeieeese ettt eesreene e 6
2.3.2 Sediment gravity flows and their dePOSILS........ccerereeriirieriereneneerene et 7
2.3.3 SUDMAIING fANS.ccuiiiiieiieciee ettt sttt sttt e b e r e ne e e 11
2.3.4 SUBMArINE ChANNEIS ..ot e 13
2.3.5 Submarine channel development affected by seabed deformation ...........cccceeeecvieernnnenn. 15

I U=t 4 oY o1 I == To] (o =4V AP 18
3.1. Historical evolution of the basin ..........eoiiiiii e e 18
I A U (o AU T | I =T ={T o o1 TSP 19
3.3 The NIlE AEIA ..ttt sttt st st b e beesbeesaeesane e 21
3.4 The Nile dEEP SEA TAN ...eiii et e e e e bte e e et e e e e ate e e e ebaee e e nbaeeeennneas 21
3.5 Submarine channels of the StUdY area...........ooooiii e e 23
3.6 The MeSSiNian EVAPOIITES........uuiiieii et e e e ettt e e e e e e etree e e e e e e e eatrre e e e e e eesasbaaaeeeeesennssraeeeeeanans 27
3.7 PlO-PlEIStOCENE UNIT ..eiiiiiiiiieiiieiiee ettt ettt ettt ettt et sab e st e s bt e e sateesabeesabaeesaneesanes 28

4. Dataset and MethOdOIOZY .....ccuuiiiiiiiiicec e et e e e s e e e e ae e e s abae e e eneeas 31
4.1 DAtASET .eviiiiiiiiii it e a e s s abe s 31
V=Y d T o] o -V S 31

DL RESUIES ettt sttt e h e s bt e be e e nra e e enr e e s ree eeesareeereean 36
5.1 Seismic Facies Description and Interpretation.........ccccceieeecciiieee e 36

5.1.1 SEISMIC FACIES 1 ..eeeiiiiiiiiieeeee e e e 36
5.1.2 SEISMIC FACIES 2 ..eiiiiiiiiiiiiiiiiiiiic ettt 37
5.1.3 S@ISMIC FACIES 3 ..ottt e 38
5.1.4 SEISMIC FACIES 4 ..ottt e e e e s nreee e 40
5.1.5 S@ISMIC FACIES 5 ..ttt e s s e s e e s e e e s nneeeeas 40
o0 2 U oY Tl ' o o N 43
N0 R U oV A S OO OO R OO U ST P O PP PPPPPPPPPPPR 49

5.2.2UNIT A o e 53



D 2 3 UNIt B e s sres 61

5.204 UNTT 2 ettt ettt e e e e ettt e e e e e e sttt e e e e e e e abrte e e e e e e e nnbateeeeeeeaanrraeeee sanne 65
0T U 1o T At RO PP P PP P PP PPPOROPPPRPPPIOt 72

O B Tl § 1Y o] ISP PP P PP PP PPPPPPPPTN 79
6.1 Synthesis of the MaIN FESUILS .......eeiiiiiii e 79
6.2 Topographic controls on submarine channels and lobes...........ccoeiveviiiiciiie e 80
6.3 StratigraphiC @VOIULION ..o e e e e e e e e et e e e e e e saarereneeeeeeean 84
7 CONCIUSIONS ...ttt ettt et sttt et e e bt e e sat e e st e e e be e e ae e e saseesabeeesbeeesabeesabeesaneeesanees eeeneean 88
8. DULIOOK ...ttt e e et a e s b et e he e e e abe e e aree s be e £eesreeereean 89

S I U=y LY =T A Lol LU TTTPT 90






1. Introduction

1.1 The aim of the present study

The purpose of the present study is focused on the interaction between the depositional
systems consist of submarine channels and frontal splay deposits and the underlying
structures of the deep Levantine Basin that are deformed from thin-skinned tectonics.
Previous workers have describe the turbidite channels of the northern part of the area covered
by the dataset in details, however, a detailed analysis of the southern most part has not been
described in details and some of the depositional features described were unknown prior to
this study.

Based on the integrated seismic facies analysis the thesis intends to analyze the

following:
1) To perform a detailed seismic facies analysis of the different depositional systems of
deep water settings through the study area of main focus by dividing the Pleistocene

sequence into five subsequences.

2) To describe the interaction between the evolution of the submarine channels and the

surrounding deformed by salt tectonics structures.

3) To infer the factors controlling the transport and deposition of the different
depositional systems described from the facies through a sequence stratigraphic

framework.



1.2 The study area

The Levantine basin (Figure 1.1) occupies a considerable part of the southeastern
Mediterranean Sea and is considered as a relic of the Mesozoic Neo-Tethys ocean (Garfunkel,
2004). It is bounded (Figure 1.1) to the north by the subduction zone and transform fault of
the Cyprian Arc plate boundary of the southern edge of Eurasia, to the south by the
continental margins of Egypt and Sinai where the north eastern segment of the Nile deep sea
fan is located and all together constitute the northeastern edge of the African plate, to the east
by the passive continental margins of Israel, Lebanon and Syria and the Eratosthenes
Seamount west (Vidal et al., 2000).
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Figure 1.1: The Levantine basin with the boundaries (the thick white line represent the plate
boundaries) (modified from Gardosh et al., 2010).



From the deep Levant basin the segment of main focus where the data are derived
from belongs to an easternmost segment of the middle to lower fan region of the Nile deep sea
fan complex (Figure 1.2) located offshore Israel, a few tens of kilometers away from the W-
NW dipping slope of the Israil’s passive margin (Folkman and Mart 2008) and approximately
120 km from the north shoreline of Sinai on the N-NE dipping slope of the Sinai passive
margin (Mascle et al., 2000; Segev et al., 2006).

Eratosthenas
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Figure 1.2: The location and geological setting of the Gal C 3D seismic survey used in this study
(modified by Clark and Cartwright, 2011).

The segment covers an area of 1400 km® and it is located at water depths of about
1000 to 1400 m where the seabed has a gentle gradient of approximately 0.45 degrees to the
N-NE (Folkman and Mart 2008), 0.38 degrees at the downslope direction and 0.02 degrees in
the cross slope direction (Clark and Cartwright, 2009). The area is dominated by a dense
network of submarine channels that are fed from the Damietta (Figure 1.2) branch of the Nile
(Folkman and Mart 2008) and have been developed in the deep-water compressional province
of fold and thrust belt setting of the Levant basin where compressional deformation is driven
by the up-dip collapse of the Nile cone to the south west in combination with the eastwards
collapse of the Levant margin (Clark and Cartwright, 2011) above the ductile Messinian
evaporites (Clark and Cartwright, 2009) that forming the detachment layer.



2. Deep marine depositional environments

2.1 Definition

As a deep marine environment in the modern oceans the term refers to the seaward from the
shelf break (200 m depth) bathyal sedimentary environments from the continental slope, rise
to the basin floor (Figure 2.1). However the depth threshold from the shallow to the deep
water environments is different from place to place (Shanmugam, 2006). The continental rise,
which represents that part of the continental margin between continental slope and abyssal
plain, is included under the broad term “basin.”

Environments

Shallow
Subaerial Marine Deep Marine

Sea Level

Figure 2.1: Slope and basin deep marine depositional environments (Shanmugam, 2006).

The rapid development of the knowledge for the deep marine sedimentary started in the mid
1980’s. The initiation of the deep water research was the result of a communication disruption
when the communication cables between the North America (on the southern margin of the



Grand Banks-east coast of Canada) and Europe were successively deactivated in an offshore
direction after an earthquake on 18 of November 1929 (Heezen and Ewing, 1952).

2.2 Controlling factors

The deep marine environments are controlled by three major factors (Figure 2.2): tectonics,
fluctuations of global relative sea level and climate which controls the sediment flux, the
nature and composition of the sediment supply in the system (Reading and Richards, 1994).
The interplay of these various factors determines accommodation space and sediment supply
in the deep-water which influences the systems’ facies association and depositional elements.
Based on these processes the deep marine environments have been classified based on the
morphology and their dominant grain size of the submarine fans that they consist from. From
the twelve different types of classification the sedimentary system that represents the study
area belongs to the category of the point source submarine fan mud rich systems.
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Figure 2.2: The main factors controlling the deep water deposition (Bouma, 2001, Richards et al.,
1998).



2.3 Deep water processes and deposits

2.3.1 Mass Transport Deposits

Mass transport deposits (Figure 2.3) cover areas of thousands square kilometers when they
are resulted from instability processes near the shelf edge or the upper basin margin part and
smaller scale deposits when they occur in a basin by local slope failure (Moscardelli and
Wood, 2008). These deposits have internal content of slumps, slides and gravity-flows and
where they occur, they are indicators of changes of the basin sedimentation.

The mass-movements of coherent to semi cohesive masses that can travel up to
hundreds of kilometers are subdivided based on their intensity and internal deformation to
slides and slumps. These types of deposits occur when the gravity exceeds the tensile strength
of the sediments, they travel hundreds of kilometers and stop when the frictional force
exceeds the gravitational (Mulder and Alexander, 2001). Mass-movement deposits are
separated from the gravity flows based on their internal deformation which is higher for the
gravity flows (Middleton & Hampton 1973).

a Slide b Slump ¢ Flow

basin floor

Figure 2.3: Types of mass transport deposits based on the degree of internal deformation (Middleton
& Hampton 1973).



2.3.2 Sediment gravity flows and their deposits

Sediment gravity flows (Figure 2.4) are the main flows of mass-movement processes for deep
water sedimentation of sand and gravel (Middleton & Hampton 1973). Silt and clay can be as
well the result of sediment gravity flows but their main driving force is the suspension form
the water column.
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Figure 2.4: Sediment gravity flows and their deposits (Shanmugam, 1996, 2000).

The gravity currents occur because of the density contrast of a moving fluid of higher
density because of suspended sediment and the surrounding less dense fluid that is displaced.
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Sediment gravity flows have been divided into the following four end members based on the
maintaining of the density contrast and the mechanism of suspended sediments: turbidity
currents, debris flows, grain flows and fluidized/liquified flows (Mulder and Alexander,
2001).

Debris flows can travel over tens of kilometers and are cohesive mud flows which
have the same order of phase magnitude between the volume of the solid and the fluid
(Mulder and Alexander, 2001) and their deposits are characterized a sheet to lobe external
geometry with steep margins. Their deposits range from mud to sand rich with a disorganized
and poorly sorted character (Nemec and Steel, 1984).

Turbidity currents (Figure2.5) are frictional flow currents that are characterized from
the head which is the most sediment rich part of the flow, the body and the tail (Kneller and
Buckee, 2000). The responsible for the initiation of turbidity currents force is a function of the
slopes angle and length, the thickness of the suspension currents and the difference in density
between the surrounding water and the suspension.
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Figure 2.5: Turbidity current (Meiburg and Kneller, 2010).

"Confined turbidite systems are those deepwater clastic depositional systems whose
development has been fundamentally constrained by pronounced basin-floor topography"
(Lomas and Joseph, 2004). The turbidite facies have been desribed since 1962 from Bouma
who linked the sequence of the structures and their origin from turbidity currents and is
known as the Bouma sequence (Figure2.6). The facies model of a turbidite consists of an

ascending order of vertical sequence of structures that has been subdivided into the five



internal divisions: Division a (lower part)-Ta which is basal normally graded or massive,
Division b-Tb which is lower parallel laminated, Division c-Tc which with current ripples and
is convolute laminated, Division d-Td which is upper parallel laminated and Division e (upper

part)-Te which is uppermost pelitic
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Figure 2.6: The classic Bouma sequence and the conventional interpretations (Shanmugam, 1997).

Basin floor depositional elements

"Elements are the basic mapable components of both modern and ancient turbidite systems
and are characterized by a distinctive assemblage of facies and facies associations" (Mutti and
Normark, 1991). Turbidite deposits are observed on the basin floor and based on Posamentier
and Kolla, (2003) they are consisted from the following five key elements: 1) turbidite levee

channels, 2) channel overbank deposits, 3) frontal splays, 4) crevasse splays and 5) debris
flows (Figure2.7).
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Figure 2.7: The main elements of the basin floor turbidite deposits (Posamentier and Kolla, 2003).

The turbidity systems represent highly confined channels that end to be unconfined
from up-flow to down-flow respectively (Posamentier and Kolla, 2003). In the up-flow part of
the turbidity system the flow is confined and erosion occurs, further down-slope the
confinement is decreased and deposition occurs with the subsequent levee development and at
the transition zone when the flow is unconfined the channel pass to a lobe (Lomas and Joseph,
2004).

Based on variations in the volume and the caliber of the sediment load the turbidite
systems can be subgrouped into the following three types of turbidite systems: 1) deposits
consisted mainly of thick-bedded, unchannelized sandstone lobes and sheets, 2) deposits
consist of channelized sandstones with associated thin to thick bedded lobes and mud rich
deposits consisting of small scale sandstone channel fills and thick mudstone and siltstone
levee/overbank deposits (Mutti, 1985).

Overbank/Levee deposits

These deposits are thin bedded fine grained, are located adjacent to the main turbidite channel
and are laterally extensive. They can be subdivided into two types with the first one to be
related with positive relief along the active channel margins where the levee relief is negative
and the distal parts without major relief (Mutti and Normark, 1987).

10



Crevasse splays

Crevasse splays are formed along the outer channel bends and occur when the levees of a
channel breached. At the area of the channel breached the crevasse splays transferred through
the crevasse channel (Posamentier and Kolla, 2003).

Channel-lobe transition zone

The transition (Figure 2.7) occurs when the turbidity currents pass from a high gradient area
of channelized and confined conditions to a gentler slope unconfined area (Mutti and
Normark, 1987). This zone reflects the hydraulic jump that transforms the turbidity current
through erosion caused from the increased turbulence and deposition. The hydraulic jump in
that area except of the erosion produces as well dilution and enlargement of the flow
(Ravenne and Beghin, 1983).

Depositional Lobes

Lobes are deposited in the proximal part of the basin floor and represent the maximum down-
current extent of the transported to the basin sand. They have channels without levees and the
turbidity currents in combination with the size of the basin and the system control their extend
(Mutti, 1985).

The depositional lobes can be further subdivided into the following three architectural
elements (Meyer and Ross, 2007):

1) Deep channels that have locally steep margins, incision up to a few of ten of meters and
they are the main sediment supply conduit of the depositional lobe.

2) Shallow channels that form a distributive network located down-flow of the deep
channels and have a scour with a depth of a few meters.

3) Downflow of the shallow channels the flow becomes unconfined which results in high
deposition rate and the formation of a frontal splay.

2.3.3 Submarine fans

Submarine fans are defined as “’ terrigenous, cone or fan shaped deposits located seaward of
large rivers and submarine canyons.”’ (Gary et al., 974). They are consisted from mass
movements with the most dominant to be the turbidites. The mass-movement flows are
affected by the seabed topography (Kneller and Mc Caffrey, 1999) and during the deposition
of the submarine fan can be transformed from slides and slumps to sediment-gravity-flows as
their fluid content is increased from proximal (shelf edge) to the distal (basin-floor)
respectively (Fischer 1983).

Submarine fans have been subdivided into upper fan, middle fan and lower fan form
proximal to distal respectively based on their sediment erosion and deposition spatial patterns

11



(Pirmez et al 2000). The upper part belongs to the uppermost slope and is characterized by
erosion and sediment bypass, the middle part is an area of deposition resulted from flow
expansion because of flow unconfinment and the lower part which is located to the basin
floor, is characterized from decrease of deposition (Pirmez et al, 2000).

The deep sea fans are subdivided based on their grain size (from gravel to mud) and
the deep-marine fan of this study belongs to the category of the mud rich deep sea fans
(Figure 2.8) which are fed from point sources of major rivers. The transportation of the
sediments occurs from pro-delta sediment gravity flows or from concentrated suspension
currents from the river (Reading and Richards, 1994). This category of submarine fans is
consider to represent decrease in grain size, slope gradient, flow frequency and channel
migration.
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Figure 2.8: Mud rich fine grained submarine fan (DeVay et al, 2000).
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2.3.4 Submarine channels

"Channels are elongate negative relief features produced and maintained by turbidity current
flow and represent major relative long term pathways for sediment transport”" (Normark 1970)
while Mutti (1977) defined a submarine channel as a long-term conduit for the down-slope
transport of sediment. On modern submarine fans there are two types of channels: the primary
sediment feeder systems of large leveed valleys and smaller un-leveed distributary channels
(Normark 1970).

Channel fill

There are three types of channel fill deposits (Figure 2.9): 1) erosional channel fill deposits
where basal coarse grained deposits are overlain by finer channel abandoned deposits. 2)
depositional channel fill deposits that infill the channel after its main activity process. 3)
Mixed type deposits which are a combination of the two types that have been mentioned
(Mutti and Normark, 1987).

13
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Figure 2.9: Channel fill deposits (Mutti and Normark, 1987).

Contrasting low sinuosity fan channels producing sheet sands by lateral migration with
high sinuosity channels with abundant spillover producing ribbon sands in an aggrading
package of levee deposits. The channel deposits can be divided into two end members,
erosional and aggradational. Erosional channel deposits tend to occur on smaller fans and are
usually low sinuosity channels with low levees transporting coarse sediment at down
relatively steep slopes, avulsion is frequent and locally is achieved a high degree of channel
deposition density. Aggradational channel deposits are high sinuosity channels with large
levees on gentler slopes (Clark & Pickering, 1996).
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2.3.5 Submarine channel development affected by seabed deformation

The interaction of submarine turbidity channel evolution on their flow downslope and the
surrounding deformed topography have been documented by several authors (Clark and
Cartwright, 2011,2009; Mayall et al., 2010, Cross et al., 2009; Gee and Gawthorpe, 2006,
Ferry et al., 2005, Huyghe et al., 2004, Smith, 2004).

The different patterns of channel development are the result of channel structure interactions
through the following four end members (Figure 2.10-1) (Clark and Cartwright, 2009):
confinement, blocking, diversion and deflection.

Confinement results in restriction of the channel, its levees and lateral migration
because of pre-dated from the channel structures that are inactive. The degree of confinement
depends on the scale and number of the surrounding structures and in the case of non-active
structures can be decreased with aggradation of the channel.

Blocking occurs when the flow of a submarine channel downslope is prevented by the
uplift and the orientation of a structure relative to the channel flow which results in blocking
and backfilling. Blocking of the channel system can occur as well at enclosed intra slope
basins because of the growth of coalescing structures.

Deflection occurs when the structure that grows on the same time with the channel's
development (Clark and Cartwright, 2009) is of a small scale (less than 5 km) (Mayall et al.,
2010) but in the case of increase in the relative rate of the structure's growth in combination
with decrease in channel erosion and deposition can create transition from deflection to
blocking (Clark and Cartwright, 2011). Opposite if the relative rate of the growth uplift of the
structure is smaller than the relative rate of channel erosion, the channel will maintain it's
original flow path direction downslope by cutting across the structure.

Diversion is the lateral shifting of the channel flow path around a large-scale (more
than 5 km) (Mayall et al., 2010) slope inactive pre-existed structure (Clark and Cartwright,
2009) which is and can be accompanied by resuming of the initial flow path after the channel
have passed the structure. The channels can be inhibited by large-scale structures and flow
parallel to the slope over long distances (Mayall et al., 2010).

The channel development affected of deformation has been described as well in terms
of levee geometries (Figure 2.10- 2) (Clark and Cartwright, 2011). The levee of confined
channels, when the deformation and channel development are on the same time, are illustrated
as tilted reflections that progressively rotate towards the base of the levee package while the
levee are illustrated as onlap reflections on the flank of the structure when the structure pre-
dates the channel development. In the case of unconfinement, the levee reflectors downlap
onto the pre-channel development while when there is structure that post-dates the levee
development then the levee is folded and incorporated on the crest of the growing structure.
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Figure 2.10: Interactions between channel development and deformation based onl) four end
members (from Clark and Cartwright, 2009) and 2) levee geometries (from Clark and Cartwright,
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Stratigraphy of deep water settings

An ideal model of a deep-water sequence based on Posamentier and Kolla (2003) consists of
one cycle of relative sea level change with the initiation of the cycle during relative sea level
fall and the ending during the relative sea level rise with the an idealized depositional
sequence (Figure 2.11) consists of mass transport deposits on the base on the base, capped
with turbidite deposits subdivided into the upper channel levee complex and the lower part
consists of frontal splay deposits. Another mass transport deposit overlain the channel levee
complex and the sequence ends with a condensed section of sediments deposited through
suspension from the water column.
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Figure 2.11: 4) Seismic profile representing the stratigraphic succession of a deep water sequence
and B) the resulted interpretation model (Posamentier and Kolla, 2003).
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3. Regional geology

3.1. Historical evolution of the basin

The basin is located at an area with complex tectonic regime resulted from the
interaction of four plate (Figure 3.1). The north-north west moving Arabian plate, the
northward moving African plate, the westwards moving Anatolian plate and the postulated
Sinai sub-plate (Mascle et al., 2000).These plates interact forming a complex tectonic
environment and make the basin and its margins key areas for understanding the geodynamic
evolution of the eastern Mediterranean (Mascle et al., 2000).

Figure 3.1: Simplified tectonic map of the Eastern Mediterranean Sea. Arrows indicate the
sense of plate motion, half arrows indicate transform/strike-slip faults (Netzeband G.L. et al., 2006).

During the initial break-up of the Pangea from Early Permian to Middle Jurassic a
sequence of rifting events resulted to the formation of the basin and the adjacent margin. At
the late Cretaceous the development of the Syrian Arc Fold belt with combination of
compression resulted in the creation at the Levant Margin of a fold series with NE-SW
direction (Garfunkel, 1998).

14 Ma ago the Mesozoic Neotethys lost its connection to the Indo-Pacific Ocean in
Middle Miocene (Gvirtzman and Buchbinder, 1987). The combination of different factors
such as climatic conditions, sea level change and tectonic uplift during Late Miocene (5,3-5,9
Ma ago) resulted to a narrowing of the western passage of the Mediterranean sea to the
Atlantic ocean followed by the Messinian Salinity Crisis (Hsu et al., 1978). The subsequent
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rise in the salt concentration finally lead to precipitation with a sea level drop about 800-1300
m and the creation of up to 2 km of evaporites deposited during that time (Druckman et al.,
1995). Erosion along the marginal areas of the Levant Basin accompanied the events that
mentioned above (Garfunkel and Almagor, 1987).

Increased rate of sediment influx and deposition derived from the Nile delta to the
south west took part during Pliocene (Mart and Ben Gai, 1982, Tibor et al., 1992) with
combination of huge water masses, resulted to the loading of the Messinian evaporites with
subsequent subsidence of the Messinian sequence (Ben-Gai, 2005) which created a critical
slope angle and was the main driving force for the thin skinned salt tectonics (Gradmann et
al., 2005).

3.2 Structural regime

The post-Messinian sequence of the study area has been deformed because of the combination
of tilting induced collapse of the Levant Margin and the basin-ward spreading of the Nile

cone resulted from gravity collapse on the ductile Messinian evaporites

The ductile Messinian evaporites have been deformed from the combination of tilting
induced collapse of the Levant Margin and the basinward spreading of the Nile cone resulted
from gravity collapse (Loncke et al., 2006). This deformation affects the overling Post-
Messinian sequence with the development of a set of thin-skinned strike slip faults and linked

compressional (down-dip) and extentional (up-dip) domains (Rowan et al., 2004).

The strike slip faults of the Post-Messinian sequence can be traced from the top of the
evaporitic sequence to the present day seafloor and represented from two dominant trends,
northeast-southwest set of dextral strike-slip faults which are obscured by seabed submarine
channels and an east-west trending set with sinistral displacement that reaves the seafloor
(Clark and Cartwright, 2009). At zones of local transtension the strike-slip fault sets are
characterized from the development of small scale pull-apart structures while small scale pop-

up structures can be observed in zones of transpression (Clark and Cartwright, 2009).

A northwest-southeast trending fold belt (Figure 3.2) in the study area is associated
with thrust faults with a dominant vergance towards the north-east. The folds have a
symmetrical detachment fold style at the lateral tips of the individual thrusts (Higgins et al.,

2007). The folds are characterized from a transported detachment fold style towards the centre
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of many thrusts along strike (Mitra, 2002). That type of folds is associated with the

development of depressions within the footwall and hanging wall synclines.
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Figure 3.2: The NW-SE trending fold belt and the strike slip fault structures of the study area
(Clark and Cartwright, 2009).
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3.3 The Nile delta

The Nile’s delta is concerned as arc shaped with a triangle plan view and erosive outer
edges. It belongs to world class river deltas with an extension that covers an area of 240 km
across the Mediterranean coastline and river length 160 km. The delta in the ancient times
was divided on land to seven distributaries but in the present days due to climatic and tectonic
processes it is divided only into two main active deltaic distributaries that correspond to two
of the seven older, the Rosetta to the western delta and the Damietta to the eastern delta
(Figure 3.3) that drain the area and flow to the Mediterranean sea (UNU, 1983).
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Figure 3.3: The Nile Delta and the two main distributaries Rosetta (western part) and
Damietta (eastern part) (adapted from UNU, 1983).

3.4 The Nile deep sea fan

The development of the fan started by the influx of clastic sediments from the Nile River at
the end of the Messinian Salinity crisis, during the latest Miocene and continue to evolve
during the Holocene (Loncke et al., 2006). The Nile’s deep sea fan (Figure 3.4) is a passive
margin fan that covers part of an older passive margin formed in Jurassic and early
Cretaceous during successive rifting episodes (Hirsch et al., 1995). The thick sedimentary
wedge that forms the deep sea fan covers an area of approximately 100,000 km® with a
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maximum thickness of approximately 4 km than thinning progressively towards the deeper
areas of the south eastern Mediterranean Sea (Segev et al., 2006).
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Figure 3.4: Shaded bathymetric map of the Nile deep-sea fan (Loncke et al., 2006).

The Nile deep sea fan can be divided laterally into the following three different parts
(Figure 3.5) based on the distribution of modern sediment processes (Loncke et al., 2006): A)
the eastern part which belongs to the area of main focus for this study and where since 2008
there was not information about this part (Folkman and Yossi, 2008) with the Damietta
distributary which is dominated by a single long channel relative to smaller discontinuous
channels embedded in mass transport deposits. This part of the Nile fan forms the continental
shelf and slope of the northern Israel (Buchbinder et al., 1993). B) An intermediate part,
constituted of mass transport deposits embedded with segments of discontinuous seabed
channels and C) The western part which is supplied with sediments derived from Rosetta
(Bellaiche et al., 2002), the western active branch of the delta, transferred through the canyon
on the self-edge and deposited on the seabed of the basin as a network of dense turbidite
channel complexes.
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Figure 3.5: The seabed turbidite channels at the three segments of the Nile’s deep sea fan (Bellaiche
et al., 2002) and inset with seabed channels from the study area (Folkman and Mart, 2008).

3.5 Submarine channels of the study area

The study area can be characterized from channel complexes in the Plio-Quaternary unit,
from the top of the Messinian evaporites until the present day seabed that have been affected
from the thin-skinned deformation of the surrounding topography that is consisted of folding
and strike slip faulting (Folkman and Mart 2008).

The channel path is affected from the structurally modified slope of the Levantine
basin because of the fold and thrust belt setting created by compressional deformation resulted
from the collapse of the Nile cone on the ductile Messinian strata (Clark and Cartwright,
2009).

On the top of the Messinian evaporites can be observed a system of subparallel
sinuous channels (Figure 3.6) developed with NW-trending on a pre-Nile slope setting and
they are segmented by polygonal pattern of densely spaced strike-slip faults (Folkman and
Mart 2008). The fact that the direction of the channels is different compared with the
overlying ones indicates a southeast source from the Levant platform from where the
sediments where transferred through a pre-Nile NW-trending slope and finally they were
deposited in the study area (Bertoni, 2006; Mart and Ryan, 2007).
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Figure 3.6: The sinuous channels on the Top of the Messinian strata (modified from Folkman, 2008).

The sub-seabed channels of the Plio-Pleistocene Unit above the Messinian evaporites
and the seabed channels on the top of the Unit at the present day seabed are characterized
from a network of NE-trending channels (Folkman and Mart, 2008). Until now (Figure 3.7),
from the total amount of sixteen channels in the study area, eight have been mapped in that
unit (Figure 3.8), from which six channels have been described qualitatively and
quantitatively by Clark I.R. and Cartwright J.A. 2009, 2011. This has been achieved based on
a detailed database of channel-structure interactions based in four end members: confinement,
diversion, deflection and blocking (Clark and Cartwright, 2009, 2011).
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Figure 3.7: Map illustrating all the channels and folds of the Pleistocene sequence of the
dataset.
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3.6 The Messinian Evaporites

The seismic character of the evaporites (Figure 3.9) consists on the top from horizon
M with high amplitude positive seismic reflection because of the seismic velocity contrast
between the evaporites and the overlying Plio-Pleistocene marine clastic sediments and at the
base it is constituted from horizon N with negative acoustic impedance contrast between the
evaporates and the underlying deep marine sediments (Bertoni and Cartwright, 2007). In the
evaporitic body can be observed four internal reflections that are different distorted and folded
and indicate syn-depositional deformation. These reflections divide the evaporites into 5
transparent layers which suggest deposition during temporal sea level rises that resulted in a
change of the evaporitic facies, possibly inter-bedded clastic sediments (Netzeband et al.,
2006).

The unit of the Messinian Evaporites in the study area has an average thickness of 2
km and is bounded (Figure 3.10 b) to the top from Plio-Quaternary siliciclastic deposits
(Ross and Uchupi, 1977) and is separated with them with an erosional unconformity traced
throughout the whole Mediterranean sea (Almagor, 1984), the M-reflection. On the base the
unit is separated by the Pre-Messinian Oligo-Miocene layers with the N-reflector (Ryan et al.,
1970).
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Figure 3.9: Waveform response of a single wavelet of the Messinian top and base (Bertoni
and Cartwright, 2007).

The Messinian evaporitic layer of the Levantine Basin is characterized as
comparatively young, single and massive and is considered to be consisted mainly of ductile
halite with NNW-SSE flow direction (Figure 3.10 a) towards the Cyprus Arc (Netzeband et
al., 2006). The sediment load that overlies the basinal Messinian strata varies along the basin
margin (Huebscher, 2006) and the maximum thickness is 2 km in the basin and thins in a
wedge-like manner towards the continental margin (Bertoni and Cartwright 2007). The
Messinian paleo-slope and shelf are covered by a thin layer of the Messinian strata
(Druckmann et al., 1995) and the marginal evaporitic part is mainly consisted of gypsum,
anhydrate, or carbonates and intercalated shales.
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Figure 3.10: a) Messinian salt flow (Netzeband et al., 2006), b) Seismic stratigraphy of the Levant
Basin and continental margin (Bertoni and Cartwright, 2007).

3.7 Plio-Pleistocene Unit

That Unit is composed with Pliocene-Holocene sediments which are mainly consisted of Nile
derived deposits that constitute the distal part of the Nile’s deep marine fan the thickness of
which decreases northwards to the deep marine basin from 1100 to 500 m (Folkman and Mart
2008). The Unit have been subdivided in three different Units by Clark and Cartwright, 2009
(Figure 3.6) based on the differences of the dominant seismic facies.
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Figure 3.6: The subdzvzszon of the Plezstoce’ne-Holocene Unit into three subunits (Clark and
Cartwright, 2009).

Post Messinian Unit 1

The Unit 1 which is the lower of the three units that have been mentioned at the literature, is
separated from the Messinian evaporites with an erosional unconformity (Almagor, 1984) and
its seismic character is mainly constituted of uniformly layered with overall high seismic
amplitude (Folkman and Mart 2008), locally continuous and parallel reflections with poor
continuity through the whole survey area (Clark and Cartwright, 2009).

The seismic facies of the unit indicate deep marine basin floor setting indicating the
basinal stage of the evolution of the Nile deep sea fan during the early to middle Pliocene and
constituted of terminal turbidite sheets rich in sand without significant channel complexes
(Folkman and Mart 2008), although channels up to 500 m wide can be observed (Clark and
Cartwright, 2009). The sedimentation in that Unit pre dates salt related deformation and
provides evidence of post-Messinian faulting (Clark and Cartwright, 2009).
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Post Messinian Unit 2

In the Unit 2 the seismic character that can be observed is composed of low to medium
amplitude with localized packages of lower amplitude, the reflection continuity described as
mainly continuous with areas of chaotic reflections that pass laterally into the more
continuous units (Clark and Cartwright, 2009).

The low amplitude reflections in combination with chaotic reflections indicate mud
rich mass transport deposits (Loncke et al., 2002; Frey-Martinez et al., 2005) while the low
amplitude reflections in combination with thin seismic layers are indicators of rich in mud
deposition of Hemipelagic sedimentation through the water column (Loncke et al., 2002). In
that Unit are included larger (2 km width) than Unit 1 channel levee systems with wedge
shaped levees that thinning progressively far from the channel axis. Possible periods of
channel abandonment are indicated in that Unit from parallel reflections of constant thickness
that separate the channels (Clark and Cartwright, 2009).

Expanded into the hanging wall and footwall synclines thrust related folds are
interpreted as syn-kinematic intervals with the largest and most continuous structures to have
been initiated earlier. Episodic growth of the thrust folds after the onset of deformation is
indicated in the Unit by the separation of the growth packages by intervals of parallel
reflections of constant thickness (Clark and Cartwright, 2009).

The sedimentary architecture of the lower part of that Unit compared to its upper part
indicates interaction between two slope environment processes, mass transport and periodic
turbiditic activity with Hemipelagic sedimentation respectively (Folkman and Mart 2008).
This subdivision of the Units suggests two stages in the evolution of Nile deep sea fan from
the middle Pliocene to the Late Pliocene with a basin stage and a slope environment stage
respectively (Folkman and Mart 2008).

Post Messinian Unit 3

In the Unit 3 the seismic character that can be observed is mainly composed of continuous
reflections of medium to high amplitude indicative of multiple embedded turbidite slope
channel complexes that contain localized sand bodies (Folkman and Mart 2008) with the
younger ones to be illustrated on the present day seafloor (Clark and Cartwright, 2009).

That Unit is strongly affected from Post-Messinian deformation which is indicated
from the high amount of thickening and growth into the hanging wall and footwall synclines
that are associated with thrust related faults (Clark and Cartwright, 2009). This Unit is
assumed to have higher structural growth relative to the deposition rate in comparison with
the Unit 2 because of the higher amount of growth into the fold limbs. The channels of the
Unit are described as aggradational and not erosional because of the confinement of the
channel axis between the levees instead of incision into the underlying sequences. The
orientation in combination with the location of the channels suggests that they are derived
from the Damietta branch of the Nile (Clark and Cartwright, 2009).
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4. Dataset and Methodology

4.1 Dataset

The dataset used for the current study is a 3D seismic data volume acquired during the Gal C
survey in 2000 by BG and its joint venture partners and covers an area of 1.400 square
kilometers. The data set was migrated with a single pass 3D post-stack time migration with an
initial in-line acquisition trace interval of 6.25m and a cross-line spacing of 25m with a 1 ms
sampling interval in order to generate after the final processing a 12.5m by 12.5m grid with
6400 bin cells per square kilometers after processing (Frey-Martinez et al., 2005). The seismic
data are processed to near zero phase and is displayed using SEG normal polarity, with an
increase in the acoustic impedance being represented by a positive amplitude (red) excursion
on seismic trace of the sections.

The dominant frequency of the seismic data varies by decreasing with depth with the
Plio-Quaternary sedimentary section overlying the Messinian evaporites with a dominant
frequency of 50 Hz and the estimated vertical and lateral resolution for this interval being 10
and 40 m, respectively (Frey-Martinez et al., 2005). This was determined using an average
interval seismic velocity of 2000m/s within the first 2.5 s of Pliocene unit of the 3D datasets
and was derived from velocity checkshot data measurements made from the GazaMarine-1
exploration well (Frey-Martinez et al., 2005). The Messinian evaporites are characterized by a
lower dominant frequency of 30 Hz and seismic velocity 4000 m/s with the resulting vertical
resolution to be 22.5-50m (Bertoni & Cartwright, 2006). Although the frequency and velocity
within the Messinian is variable and this results in significant changes in vertical resolution
within this unit (Bertoni and Cartwright, 2006).

4.2 Methodology

The workflow of the thesis is based on the use of two Geosoftwares, the Petrel (version-2012)
and the Geoteric (version-2013) with the main part to be made by the use of Petrel.

Initially the data imported into the software, the seismic cube was realized and a
variance cube was extracted for the initial overview of the different elements of the whole
study area. Then the area was subdivided by cropping of the dataset into two parts, the
northern and the southern part which is the mostly analyzed. The subdivision of the study area
is based on the fact that the previous studies have already analyzed the northern part of the
survey in details. In terms of depth, the volume initially was "scanned" from the top of the
Messinian evaporites until the present day seafloor in order to have a complete view for the
whole area covered by the data and afterwards the volume was cropped on the z-axis on the

level of the Pleistocene-Holocene unit which belongs to the upper part of the dataset.
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Four horizons were interpreted throughout the whole volume, the lower horizon-M
which belongs to the top of the Messinian evaporites, the second one who was the syn-
tectonic horizon who in terms of depth consists the base of the main study area, the
intermediate horizon who subdivides the Pleistocene-Holocene unit into two parts and the
present day seafloor which consists the top of the sequence of main focus.

Afterwards the southern part of the data was subdivided into five Units bounded by six
interpreted horizons. The color of each Unit is the color of the base of the Unit. The
subdivision of the seismic stratigraphy into the different seismic stratigraphic Units is based
on the different seismic facies and the continuity of the seismic reflectors.

The interpreted horizons were tracked based on the lateral continuity, at the s-crossing
which is the area between a through (negative acoustic impedance) and a peak (positive)
acoustic impedance or the z-crossing which is the area between a peak and a trough. The
interpretation of the horizons at a z-crossing or an s-crossing offers a better precision in
comparison to the interpretation at a peak or a through. The density of the interpretation has
initially an increment of 32 between the in-lines, with denser interpretation in more complex
areas. During the interpretation of the horizons at the in-lines the cross lines were used for the
confirmation of the correct interpretation.

After the manual interpretation of the horizons the paintbrush interpretation was used
on a 2D window. During the paintbrush on the 2D window were activated the interpreted
horizon and the variance cube in order to identify difficult areas. After the paintbrush
elevation time (ms) surfaces were created which represent the topography of the horizon and
were used for the extraction of attribute and time thickness maps (ms).

The time thickness or isochron maps represent the TWT thickness of each Unit and
were created by the use of the base and the top surface that bounds the Unit. The isochron
maps can be used for the identification of the main sedimentary depocenters because they
represent the thickness variations of the Unit.

Two types of attribute maps were extracted in order to illustrate the geological
expression of the geophysical data, amplitude and variance which can illustrate the
depositional features and the structures respectively.

The attribute maps were extracted by the use of time (ms) windows of minimum 20
ms and maximum 80 ms which are the minimum (depositional lobes) and maximum

(aggradational channels) thickness of the depositional elements respectively.
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Another technique that allowed the more precise analysis of the features between two
selected horizons was the iso-proportional slicing which allowed the creation of a chosen

amount of iso-proportional horizons between the two selected horizons.

Attribute maps extraction and iso-proportional slicing took place as well with the software

Geoteric with the following steps:

1) Frequency decomposition technique where initially the frequency spectrum is
decomposed and three dominant frequencies from the decomposed spectrum are
chosen based on selected frequency volumes, depending on the highlighting of the
geological expression of the main sedimentary bodies that respond at a certain
frequency.

2) The color blending technique which allows the blending of the three selected
frequency volumes and results in a RGB color blend volume that reveals the interplay
of the three different frequency volumes through the enhance information of the
depositional features. The best color blending was chosen based on qualitative
comparison and with random seismic lines crossing the depositional features of
interesting.

From the attribute maps extracted from Petrel and maps extracted from the Geoteric the main
depositional features of each Unit recognized and confirmed with seismic sections vertical to
the flow axis of each feature.

Submarine channels qualitative observations

The qualitative submarine channel observations is considered about the interaction
between the channel evolution and the deformed underlying structures and has been achieved
based on a detailed database of channel-structure interactions based in four end members
(Figure 2.10-1): confinement, diversion, deflection and blocking. The levee geometries were
used as well in order to provide information about the temporal interaction between the
channel development and the topographic deformation in four different ways (Figure 2.10-2).
Submarine channel quantitative measurements
From the submarine channels of each Unit the most representative were selected and
described qualitative and quantitative by the following measurements:

1) Sinuosity (Figure4.1) measurements with increment of 1 km along the main channel
distance axis which based on Clark and Cartwright (2009) can be applied in order to

illustrate the sinuosity ranges, at channels with meander widths of the order of 500-
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1000 m. The sinuosity is calculated by the ratio of the along channel distance between

to points divided by the straight line distance between these two points.
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Figure (4.1): Sinuosity measurement.

1) Channel thalweg depth which represents the depth from the sea level to the channel
floor.

2) Erosional depth which represents the depth from the sea level to the lowermost erosive
surface of incision of the pre-channel sequence.

3) Centerline structure depth which is the depth from the sea level to the syn-tectonic
horizon and allows the comparison of the underling deformation and the overlying

channel erosional and thalweg depth.

The parameters that mentioned above have been measured (Figure 4.2) with an increment of

500 m along the channels sinuous length with the use of perpendicular seismic lines along the

channel axis. The increment was chosen because of the channel morphology changes which

were less than 1 km (Clark and Cartwright, 2009).
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Figure (4.2): Channel quantitative measurements (Clark and Cartwright, 2009,2011).

The dimensions of the depositional features including crevasse splays, frontal splays and the

structures including folds were measured based on the length of the of the long axis multiplied

by the short axis of the area covered by the feature.
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5. Results

5.1 Seismic Facies Description and Interpretation

In the following subchapter are described the main seismic facies (Table 5.1) that can be
observed between the different Units in the study area of main focus. The five seismic facies
which spatial and temporal distribution varies in the study area have been described based on
their seismic character, internal and external geometry and in terms of depositional processes
and sedimentary environment.

5.1.1 Seismic Facies 1

The seismic facies 1 (Figure 5.1) has seismic reflection parameters consists of
discontinuous and high amplitude seismic reflections (HAR’s) or medium amplitude
reflectors, the reflection configuration is described as contorted and the external geometry as
subhorizontal and in some case where incision occurs as U shaped.

The facies 1 can be interpreted as submarine channel fill deposits of meandering
channels with sinuosity 1,9 and lateral accretion packages of 300 m wide and 70 ms TWT
deep at the outer bends of the channel. Submarine channels with low sinuosity equals to 1,12
and erosional base with width 140 m are observed in areas of confinement as well. Based on
the high amplitude pattern of the channels axis deposits the channel fill can be described as
sand prone with thickness 20 ms TWT, features that have been described at other areas of
deep water settings described from Posamentier and Kolla (2003) and Flood et al., 1997. The
medium amplitude channel fill indicates muddy channel axis fill deposits. The responsible
process for these deposits could be high energy flow of turbidity currents and gravity related
deposits for the sandy prone channel fill and low energy turbidity currents for the muddy
filled channel. In some cases is observed the combination of the two type of channel fill with
erosional sandy base covered from muddy fill. The depositional environment indicates the
submarine slope environment of the Levantine Basin.
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Figure 5.1: Seismic section illustrating buried channel fill deposits and channelized lobe complex
deposits from the channel 2 and 3 of the Unit 2 respectively.

5.1.2 Seismic Facies 2

The seismic facies 2 (Figure 5.2 a) has seismic reflection parameters consist of
continuous to discontinuous and low to medium amplitude seismic reflections, the reflection
configuration is described in some cases as transparent and the external geometry at a cross
section of the channel axis can be described as thinning out as transported away from the
flanks of the channel. Onlap reflection terminations can be observed from the reflectors that
start from the flanks of the submarine channel and end at the base of the levee deposits.

The facies 2 can be interpreted as channel overbank/levee deposits with width 2,5 km
and height 80 ms TWT in unconfined areas with decrease at areas of confinement. The
seismic character of these deposits indicates channel levee deposits at aggradational, non-
high erosional deep water channels of other areas of deep water settings described from
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Catterall et al., 2010. The responsible process for these types of deposits is the flow of the
turbidity currents.
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Figure 5.2: Attribute map of Unit 4 and seismic lines illustrating a) channel levee deposits (seismic
facies 2) from the channel 7 and b) channelized lobe complex (seismic facies 4).

5.1.3 Seismic Facies 3

The seismic facies 3 (Figure 5.3) has seismic reflection parameters that consist from
discontinuous/discordant and low to medium amplitude seismic reflections, the reflection
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configuration is described as transparent to chaotic/contorted and the external geometry as
lens shaped with erosional base and irregular top.

The facies 3 can be interpreted as mass transport deposits MTD’s based on the
transparent, chaotic and low amplitude patterns which are indicators of debris flow deposits at
other areas of deep water settings described from Posamentier and Kolla (2003). These
deposits have an extend 18 km wide and they are 100 ms TWT high with basal grooves on
their base and pressure ridges on the top with areas where channels excavate their top. The
responsible process for these types of deposits are considered to be gravity flows while the
environment can be described as relatively high energy slope setting. The internal architecture
of the deposits is controlled by the gravity flows of MTC’s that feeding the Facies 3 while the
upper surface of the deposits was resulted from turbulent flows that created the channels.

35.19 Hz

38.98 Hz 831 39 1

cutting through MTC ==
Chaoticreflectors ~ ~x

Pressure ridges
slode

——

Figure5.3: Attribute map of Unit 5 (Upper figure) and b) Seismic line illustrating mass
transport deposits from the channel 10 of the Unit5.
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5.1.4 Seismic Facies 4

The seismic facies 4 (Figure 5.2 b) has seismic reflection parameters consist from
continuous to slightly discontinuous and high amplitude seismic reflection packages
(HARP’s), the reflection configuration is described as relative flat and the external geometry
is described as mounded in a cross-section view.

The facies can be interpreted as a channelized lobe complex with dimensions 1,2 km
to 9 km wide, 3 km to 16 km length and thickness 20 ms (TWT) to 70 ms (TWT). Based on
the continuous and slightly discontinuous high amplitude patterns which are indicators of
sheet like units and distributary-channel complex deposits at other areas of deep water settings
described from Posamentier and Kolla (2003). The responsible process for that type of
deposits is the transition of the turbidity current flow from a confined to an unconfined area in
combination with an increase in the slope gradient while the environment of these deposits is
the basin floor of the Levantine Basin.

Smaller size deposits are characterized as crevasse splays resulted from the breaching
of the outer bend levees. The proximal lobe area in the end of the feeding channel (Facies 1)
is characterized by the presence of secondary channels while the distal lobe area is less
complicated as it consists of the distributaries of the secondary channels. The lobe shape
might be the result of the pre-existing topography which created the channelization of the
sediment supply.

5.1.5 Seismic Facies 5

The seismic facies 5 (Figure 5.4) has seismic reflection parameters consists of
continuous and medium to low amplitude seismic reflections, the reflection configuration is
described as parallel to subparallel and the external geometry is described as sheet draped.

The facies 5 that in some cases seismically are illustrated as condensed section can be
interpreted as pelagic/hemipelagic deposits based on the continuous and low amplitude
patterns which are indicators of uniform low energy deep marine sedimentation processes in a
basin floor setting. The facies could be interpreted as well as basin floor sheet shaped turbidite
deposits.
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Figure 5.4: Attribute map of Unit 1 (upper figure) and b) seismic line illustrating hemipelagic
sedimentation or sheet like turbidite deposits from the channel 1 of the Unit 1.
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5.2 Unit Description

The analyzed sequence belongs to a previous characterized by Folkman and Mart
(2008) slope stage and belongs to the upper Pleistocene-Holocene 500 m of the seismic
dataset. Initially the Pleistocene-Holocene Unit was subdivided into 2 subunits for the whole
area covered by the dataset (Figure 5.5 a) with base for the whole package to be the syn-
tectonic horizon and the top to be the present day seafloor. Because of the detailed description
of the northern most part of the dataset, the main area of focus belongs to the southern part of
the area covered by the data where there are depositional elements that had not been identified
before this study. This area has been subdivided into five different Units (Figure 5.8) based
on the seismic facies and the continuity of the reflectors.

The Syn-Tectonic sequence for the whole range of the dataset was subdivided into two

subsequent Units:

1) The lower Unit consists of the seismic Facies (1, 2, 3 and 4) and is bounded on the
base from the (purple color) Base Syn-tectonic surface (Figure 5.5 b) and on the
top from the (green color) Intermediate surface which is the surface that separates
the Syn-tectonic sequence into two parts. The selection of the Base Syn-Tectonic
surface was based on the weakly developed onlap on the fold-limbs and the tilting
of the channel levees on the limbs of the folds indicated by the tilting of the
reflectors towards the fold crest (Figure 5.6). The Base Syn-Tectonic surface was
tracked along an s-crossing and is characterized from a fold zone (red color) with
northwest-southeast trending, east-west strike slip (brown color) faults and
southwest-northeast strike slip faults. The depth of the surface from the present
day sea-level varies with the shallower parts of the surface to be at the south
western part with depth -1525 ms TWT while the deepest areas are at the eastern
part of the surface with depth -2000 ms TWT.

The Intermediate surface (Figure 5.5 c¢) was tracked along a z-crossing and is
characterized from the same fold zone with the Base Syn-Tectonic surface with
northwest-southeast trending but with a reduced number of folds towards the
southeast. East-west strike slip faults can still be observed but there are not
southwest-northeast strike slip faults like the Base Syn-Tectonic surface. The
depth of the surface from the present day sea-level varies with the shallower parts
of the surface to be at the south western part with depth -1425 ms TWT with a
progressive increase in depth towards the eastern part of the surface with depth -

1425 ms TWT.
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2) The Upper Unit consists of the seismic Facies (1, 2, 4 and 5) and is bounded on the
base from the Intermediate surface and on the top from the (blue color) Seafloor
surface (Figure 5.5 d) which is the surface of the top of the Syn-tectonic sequence.
The Seafloor surface was tracked along a peak reflector because of the high
continuity of the seafloor reflector and is characterized from a fold zone (red color)
with northwest-southeast trending and east-west strike slip faults. The depth of the
surface from the present day sea-level varies with the shallower parts of the surface
to be at the south western part with depth -1300 ms TWT while the deepest areas
are at the eastern part of the surface with depth -1800 ms TWT.

The thickness map (Figure 5.7) of the Syn-tectonic sequence is characterized from
a decrease in thickness towards the northwest with the fold crests to be areas of the
minimum thickness (yellow-red color) values because of the pinching out of the
two bounded surfaces (Base and Top Syn-tectonic) sequence. The thickest part of
the sequence is observed at the south eastern area of the thickness map with
thickness 500 ms TWT. On the map can be identified the presence of east-west

strike slip faults and segments from the seabed channels of the study area.
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Figure 5.5: a) Seismic line illustrating the top of the Messinian sequence and the Post
Messinian layers of the study area and the upper Pleistocene part subdivided into two Units b) surface
of the base Syn-Tectonic horizon, c) surface of the Intermediate horizon and c)surface of the Top

Syntectonic horizon-present day seafloor.
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Figure 5.8: The subdivision of the Syn-tectonic sequence of the southern part of the study area
into 5 Units.
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5.2.1 Unit 5

The Unit 5 (purple color) is the lower Unit of the Syn-Tectonic sequence and is bounded on
the top by the surface 5 (light blue color) and on the base by the (purple color) surface 6 (Base

Syn-tectonic surface) (Figure 5.9) which is the base of the Syn-Tectonic sequence.

The Base Syn-Tectonic surface has been tracked along an s-crossing and is
characterized from an increase in depth with the maximum values (-1920 ms, TWT) observed
at the eastern part of the surface and at the fore limb synclines while the minimum values
observed at the southwestern parts (-1520 ms TWT) of the surface. The thickness map of the
Unit 5 (Figure 5.10) illustrates an overall thinning of the surface towards the northeast with
the minimum values observed at the fold crests where the two surfaces pinch out and the
maximum values at areas of forelimb synclines and in areas along the channel flow where the
channel axis is meander.

In the Unit 5 can be observed channels (Figure 5.11) located to the southern part of
the Unit and consist of the main channel which has been described as (purple color) channel-
10 for the area and four channel segments (blue dashed color). The main channel has a
northeast flow direction with average sinuosity 1,29 which is higher at the southwest part of
the channel and decreases towards the northeast. The length of the channel is 22,31 km. The
four of the channel segments are located 7 km southern from the main channel, are spaced 2-4
km, have sinuous lengths 3-9 km and have a northeast flow direction with an exemption for
the southern channel segment which flow direction is towards the east.

In terms of seismic facies, Unit 5 consists of four of the Seismic Facies (1, 2, 3 and 5),
with the most dominant being Facies 3 at the south part which is incised from the channel 9 of
the overlying Unit 4 and has thickness 70 ms and 15 km width with the reflecting MTC’s
indicated from chaotic and low amplitude to transparent seismic character. The seismic Facies
1 is observed along at the main channel flow of the Unit 5 with discontinuous, contorted, and
medium amplitude subparallel reflectors indicative of buried channel fill of depth 60 ms TWT
and width 250 m. The seismic Facies 2 (Figure 5.11 c¢) can be observed from
continuous/discontinuous, low to medium amplitude, parallel even reflectors indicative
channel levee deposits across the channel flow axis with lateral extend 700 m at each side of
the channel and height 30 ms TWT. The seismic Facies 5 reflects hemipelagic deposits that
occur at the largest part of the area.
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5.2.2 Unit 4

The Unit 4 (light blue color) is located above the Unit 5 and is bounded on the top by
the surface 4 and at the base by the light blue color surface 5 (Figure 5.12).

The surface 5 has been tracked along an s-crossing and is characterized from an
increase in depth with the maximum values (-1900 ms, TWT) observed at the northeastern
part of the surface while the minimum values observed at the southwestern parts (-1520 ms
TWT) of the surface. The thickness map of the Unit 4 (Figure 5.13) illustrates the thinnest
areas (10 ms) to be mostly located around the fold crests while the thickest values (100 ms
TWT) are observed at the southern part of the area where there are mass transport deposits, at
the middle and north-east part of the Unit at areas along channel meandering and unconfined
areas where the channel transits to depositional lobe occurs respectively.

In the Unit 4 can be observed 5 channels (blue color) (Figure 5.14) located in the
middle part of the Unit with distance between each of them 2-8 km. The northern channel is
the channel number 5 which has an erosional base with length 39,52 km and sinuosity 1,49.
The channel 5 is affected with confinement and diversion from the folds 4,5 and 6 located at
the downstream part of the channel flow. Along the channel flow are observed the following
4 crevasse splays at the channel bends: crevasse splay 1 is the first upstream with dimensions
1,6 km?, the crevasse splay 2 with dimensions 1,9 km?, the crevasse splay 3 with dimensions
1,2 km? and the crevasse splay 4 with dimensions 2,3 km® The average thickness of the
crevasse splays is 20 ms (TWT). The downstream part of the channel is characterized by
confinement and diversion from the pre-existing folds upon entering the fold belt while after
the exit from the fold belt it changes flow direction 30 degrees towards the north and
unconfinement resulting in the deposition of the frontal splay 1 (Figure 5.15 a) with
extension 20,5 km? and thickness 80 ms (TWT).

Southern of the channel 5 in distance 2 km is located the channel 6 with length 27,45
km and sinuosity 1,45. At the upstream part the channel 6 is characterized from developed
levee deposits that decrease in size towards the downstream part of the flow. The channel 6
has a northeast flow direction which is diverted from the pre-dated of the channel fold 3 and it
crosses the post-dating fold 4 and it is diverted at the downstream part of the flow from the
fold 5. At the northern outer bend of the channel 2 km south west from the fold 3 there is the
crevasse splay 5 of the Unit which covers an area 4,8 km®> and has thickness 25 ms (TWT)
while after the diversion at the fold 3 the frontal splay 3 is deposited at an area of 38 km® with
thickness 75 ms (TWT). After the channel exits the fold belt (Figure 5.15 b) it deposits the
frontal splay 2 with extend 14 km® and thickness 30 ms (TWT). Two distributary channels are
observed to the southern part of the frontal splay deposits.

Seven kilometres southeast of the channel 6 is located the channel 7 with length 32,48
km, sinuosity 1,49 and flow direction northeast. At 12 km from the upstream part of the
channel flow there is the crevasse splay 6 extending 1,9 km® and has a thickness 25 ms
(TWT). At 5 km downstream from the point of the crevasse splay deposition the channel
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passes to the transition zone from channel to frontal splay (Figure 5.14 ¢) with the deposition
of the lobe 4 extending 31,5 km” and 60 ms thick (TWT) and two distributary channels.

The channel 8 is located 3 km southern from the channel 7 and has length 16,94 km,
sinuosity 1,22 and north east flow direction. At distance 7 km after the from the upstream part
of the channel is located the frontal splay 5 (Figure 5.15 ¢) with extend 29,3 km” and
thickness 55 ms (TWT) and one distributary channel.

The southern channel of the Unit 4 is located 2,5 km southern of the channel 8 is the
channel 9 with length 7,21 km, sinuosity 1,12 and northeast flow direction. The channel is
diverted from the fold 1 deposits the crevasse splay 7 with extend 1,1 km” and thickness 25
ms (TWT).At the downstream part the channel deposits the frontal splay 6 (Figure 5.15 d)
with extend 9.75 km® thickness 50 ms (TWT), and one distributary channel.

In terms of seismic facies, Unit 4 consists of all the Seismic Facies (1, 2, 3, 4 and 5),
with the mass transport deposits to be the most dominant at the southeastern part of the Unit
indicated from chaotic and low amplitude to transparent seismic character. The Facies 4 of the
Unit 4 are the prominent facies of the eastern part of the Unit 4 can be observed at the
downstream part of the channels flow from continuous to slightly discontinuous, high
amplitude (HARP), relative flat reflections indicative of channelized lobe complex deposits.
The seismic Facies 1 is observed along at the main channel flow of the Unit 4 with
discontinuous, contorted, HAR subparallel reflectors of depth 50 ms TWT and width 190 m.
The seismic Facies 2 can be observed from continuous/discontinuous, low to medium
amplitude, parallel even reflectors indicative channel levee deposits across the channel flow
axis with lateral extend 1 km at each side of the channel and height 45 ms TWT. The seismic
Facies 5 is observed at the northern part of the Unit and reflects hemipelagic or turbidite
deposits that observed as continuous, parallel reflectors of low amplitude.
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Figure 5.12: Elevation time map TWT representing the base of the Unit 4- surface 5 of the study area.
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Figure 5.14: a) Amplitude attribute map combined with variance, illustrating the main
channels of Unit 4 and b) their interpretation in plain view, c) seismic line illustrating channel fill
surrounding by levees deposits that overlie the frontal splay 4.
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The most representative channel of the Unit 4 that has not been described before is the
channel 7 which is characterized from the seismic Facies (1, 2 and 4). At the first 5 km the
channel is characterized from high sinuosity 1,85 resulted from unconfinement in
combination with the small gradient of the underlying topography which abruptly decreases
towards north-east for 8 km with subsequent increase of incision. At 15 km the sinuosity
increases to 1,39 as the axis flow is transferred in area of topographic low created by faulting
and is accompanied by aggradation of the channel deposits. At 23 km the channel axis
decreases the sinuosity because of confinement created from the bounding pop-up structures
(Plot 5.1) developed from strike-slip movement in a zone of local transpression. The exit of
the channel from the confined area results in the transition from channel to frontal splay. On

58



the same time when the channel exits the area of confinement it increases abruptly the
sinuosity because of diversion from the fold 2 and it becomes aggradational (Figure 5.16 A).
After diversion the channel’s sinuosity is characterized from a small decrease and the channel
becomes aggradational (Figure 5.16 B).

Pop-up structures
increase of confinement
decrease in sinuosity

~

ecause of migration of the channel

towards a topographic low

.

ncrease in sinuosity

unf gL

Figure 5.16: Plan view of channel 7 with the transition zone from confinement because of
surrounding structures (pop-up structures) to unconfinement and A) diversion from fold 2
accompanied from increase in sinuosity and B) channel aggradation.
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5.2.3 Unit 3

The Unit 3 (green color) that is located above the Unit 4 is bounded on the top by the
(orange color) surface 3 and by the (green color) surface 4 (Intermediate surface) on the
bottom (Figure 5.17) which is characterized from a progressive deepening towards the
northeast. The thickness map of the Unit 3 (Figure 5.18) illustrates an overall thinning
towards the northwest and an accommodation area is observed at the south east part of the
area.

The main depositional elements of the Unit 3 (Figure 5.19) consist of the main
channel which has been described as channel-4 (green color) and one frontal splay. The main
channel has an east-northeast flow direction with average sinuosity 1,17 and the sinuous
length of the channel is 27,78 km. The channel development pre-dates of the strike slip
faulting in the area, fact that is observed from the offset of the channel while it post-dates the
fold 14 which cause to the diversion of the channel. After the channel 4 exits the fold belt it
becomes unconfined and deposits a frontal splay with extension 53.21 km? and thickness 50
ms (TWT).

In terms of seismic facies the Unit 3 consists of four of the mentioned Facies with the
most dominant through the whole area to be the Facies 5 which consists of hemipelagic or
turbidite deposition with continuous, low amplitude and subparallel reflectors. The Facies 1
can be observed at the northern part of the Unit 3 with discontinuous, contorted, high
amplitude (HAR), subparallel reflectors indicative of buried channel fill. The Facies 4 of the
Unit can be observed at the downstream part of the channel flow and consists of (Figure 5.19
¢) continuous to slightly discontinuous, high amplitude (HARP), relative flat reflections
indicative of channelized lobe complex deposits.
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Figure 5.18: TWT thickness time (ms) surface of Unit 3.
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Figure 5.19: a) Amplitude attribute map combined with variance, illustrating the main
depositional elements of Unit 3 and b) their interpretation in plain view, c) seismic line illustrating
channel fill that feeds the frontal splay.
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5.2.4 Unit 2

The Unit 2 (orange color) that is above the Unit 3 is bounded on the top by the surface
2 (yellow color) and by the (orange color) surface 3 (Figure 5.20) on the base. Both of the
bounded surfaces are characterized from a progressive deepening towards the north east. The
thickness map of the Unit 2 (Figure 5.21) illustrates the thinnest part of the Unit to be
northwest while the thicker areas which act as depocentres are mostly observed at areas along
the channels flow.

The main depositional elements of the Unit 2 (Figure 5.22) consist of two main
channels (dashed orange color) which have been described as channel-2 and channel-3 for the
area of analysis, three avulsion channels (orange color) , 2 abandoned channels (red color), 9
crevasse splays yellow color) and 3 frontal splays (dark green color). From the two main
channels the northern channel-2 has a northeast flow direction with average sinuosity 1,63
which is high at the northern part of the channel and decreases towards the south. The length
of the channel is 43,54 km and the channel fill has an average thickness 50 ms (TWT). The
second main channel-3 of the Unit 2 is located southern of the main channel-2 and has an
overall sinuous length 34,13 km and average sinuosity 1,44. Southern of each main channel
can be observed one 1 abandoned channel indicated by red color number as abandoned
channel-1 and abandoned channel-2.

The main channel-2 consists of two avulsion nodes (purple color) and three avulsion
channels. The avulsion node upstream of the flow is observed before the channel emerges
enters the fold belt (black color) and consists the pathway for the flow of the avulsion
channel-1 with length 8,8 km which is characterized from 5 crevasse splays, crevasse splay -1
with dimensions 3,72 km?, crevasse splay-2 with dimensions 2,98 km?, crevasse splay-3 with
dimensions 4,24 km’, crevasse splay-4 with dimensions 1,75 km® and crevasse splay-5
(Figure 5.22 ¢) with dimensions 9,7 km®. The second avulsion node can be observed when
the channel-3 has enter the fold belt and has result to two avulsion channels, the avulsion
channel-2 with length 1,76 km that is characterized from the crevasse splay-7 with
dimensions 4,92 km? and the avulsion channel-3 with length 2,3 km that is characterized from
the crevasse splay-8 with dimensions 4,46 km®. After the channel-2 has exit the fold belt two
crevasse splays can be observed at the channels bends, the crevasse splay-6 and the crevasse
splay-9 with dimensions 5,5 km”and 5,3 km” respectively. From the three frontal splays the
two of them that can be observed at the southwest part of the Unit 2 have not been measured
because of their unknown source channel which is not covered by the dataset. The third
frontal splay at the eastern part of the Unit 2 was fed from the abandoned channel-2 and it has
dimensions 31,67 km?.

In terms of seismic facies the Unit 2 consists of three of the mentioned Facies with the
most dominant through the whole area to be the Facies 1 and 2 can be observed in the middle
part of the Unit 2 across the channel flow path with discontinuous, contorted, high amplitude
(HAR), subparallel reflectors indicative of buried channel fill and continuous/discontinuous,
low to medium amplitude, parallel even reflectors indicative channel levee deposits
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respectively. The Facies 4 of the Unit 2 can be observed at the eastern part of the Unit 2
downstream part of the abandoned channel-1 flow and is consisted from continuous to slightly
discontinuous, high amplitude (HARP), relative flat reflections indicative of channelized lobe
complex deposits (Figure 5.22 d).
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Figure 5.20: Elevation time map TWT representing the base of the Unit 2- surface 3 of the

study area.
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Figure 5.21: TWT thickness time (ms) surface of Unit 2.

67

Thickness time [ms]



Crevasse splays/HARPS
Seismic Line

D S

WNW - Interpretation of seismic line 1 ‘ ESE

Folds [ )
Avulsion channels (]

Main channel fill

Fault =

/h

Figure 5.22: a) Amplitude attribute map combined with variance, illustrating the main

depositional elements of Unit 2 and b) their interpretation in plain view. Seismic lines c) illustrating
the main depositional elements of the channel 2 and d) 3.
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The most representative channel of the Unit 2 that has not been described before is the
channel- 2 which is characterized from the seismic Facies (1, 2 and 4). At the first 17 km the
channel is characterized from an average low sinuosity 1,3. Along that distance the channel is
characterized from well-defined levees and erosional base while it progressively becomes
aggradational down flow. After the channel crosses the first E-W strike slip fault it is
characterized from change in flow direction towards the south-east and an increase in
sinuosity because of lateral migration towards the bathymetric low resulted from a pull-apart
structure created by the strike slip fault in a zone of transtension (Figure 5.23). After the
lateral migration the channel is diverted from the E-W strike slip fault towards the north and
enters the fold belt.

In the fold belt the channel initially is deflected towards the north-west (Figure 5.23
a) from the coeval growing fold 6 and migrates laterally towards the pre-dating fold 9 where
the channel is diverted (Figure 5.23 b) again north-east towards the fold crest of fold 6. After
the channel is diverted from the fold 9 it migrates laterally back to the fold 6 where it is
deflected again north-west (Figure 5.2.3 c) towards the fold 9. After the channel is deflected
and exits the fold 6 it is observed an avulsion point along the outer bend of the northern side
of the channel which results to decrease of vertical aggradation of the channel. Afterwards
the channel reach the fold 9 it is going to be diverted again north-east towards the pre-dating
fold 8 where it is diverted north-west towards the coeval growing fold 13. The fold 13
(Figure 5.23 d) deflects the channel flow axis which cause lateral migration of the channel
north-east towards the fold 8. After the channel migrates laterally towards the fold 8 it is
diverted towards the north-west where at 2 km from the point of diversion from fold 8, a
topographic low results in the lateral south-east migration of the channel towards the coeval
growing fold 7 where the channel is deflected towards the north. After the deflection from the
fold 7, the channel has exit the fold belt with subsequent loss of confinement, it flows towards
the north and is characterized from increase in sinuosity and subsequent aggradation.
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5.2.5 Unit 1

The Unit 1 (yellow color) is the uppermost Unit and is bounded on the top from the
seafloor surface 1 (blue color) (Figure 5.24) which marks the top of the seismic study
package and on the base by the (yellow color) surface 2 (Figure 5.25). Both of the bounded
surfaces are characterized from a progressive deepening towards the north east. The thickness
map of the Unit 1 (Figure 5.26) illustrates an overall thinning towards the north and an
accommodation area is observed at the south east part of the area.

The main depositional elements of the Unit 1 (Figure 5.27) are consisted from the
main channel which has been described as channel-1for the area of analysis, four distributary
channels and three frontal splays. The main channel is 16,5 km long and has a northward flow
direction with average sinuosity 1,17 which is high at the southern part of the channel and
decreases towards the north. In the south eastern part of the Unit 1 it can be observed an
abandoned channel (red color) and a channel remnant (blue dashed color).

The dimensions between the three frontal splays vary from east to west with the
castern Frontal splay 1 to be the smaller with an extent of 5,6km” and thickness 45 ms (TWT)
and is fed by the southern distributary channel of the system which length is 5,6 km. The
intermediate Frontal splay 2 is the biggest in size with extent 19,1 km? and thickness 65 ms
(TWT) and is fed from the longer distributary channel with length of 8,2 km. The western
Frontal splay has an intermediate size of 11,6 km? and thickness 50 ms (TWT) and is fed from
a distributary channel of total length 7,1 km.

In terms of seismic facies, Unit 1 consists of four Seismic Facies (1,2,4 and 5), with
the most dominant being Seismic Facies 5 reflecting hemipelagic that occurs across the
whole area. The Facies 1 and 2 can be observed at the south eastern part of the Unit 1 with
discontinuous, contorted, high amplitude (HAR), subparallel reflectors indicative of buried
channel fill and continuous/discontinuous, low to medium amplitude, parallel even reflectors
indicative channel levee deposits respectively. The Facies 4 of the Unit can be observed at the
downstream part of the channel flow and is consists from continuous to slightly
discontinuous, high amplitude (HARP), relative flat reflections indicative of channelized lobe
complex deposits.
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Figure 5.24: Elevation time map TWT representing the top of the Unit 1- surface 1 of the
study area (Seafloor).
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Figure 5.25: Elevation time map TWT representing the base of the Unit 1- surface 2 of the

study area.
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Figure 5.27: a) Amplitude attribute map combined with variance, illustrating the main
depositional elements of Unit 1 and b) their interpretation in plain view, c) seismic line and d)
interpretation the main depositional elements of the Unit 1.
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6. Discussion

6.1 Synthesis of the main results

The examined Syn-tectonic Plio-Pleistocene sequence consists of five subsequent seismic
Units that contain the most common depositional elements of deep water settings (Figure

2.11) described (e.g. Posamentier and Kolla, 2003).

The prominent sedimentary features observed in the study area consist of submarine
channels that are mostly aggradational and from a general trend of an overall decrease in the
rate of incision along strike from the southwest to the northeast across the study area where

the flow becomes unconfined downslope and deposits frontal splays.

The structures within the study area affect the channel morphology in terms of channel
location, orientation and sinuosity, with a decrease in sinuosity because of confinement and

change in the channel flow towards topographic lows.

The depositional elements of the study that were fed from the submarine channels include two

types of depositional lobes:

a) Small scale lobes which are represented seismically by 1 km long and 20 ms (TWT)
thick high amplitude reflection packages. These are deposited because of the increase
in the erosive power of flow along the channel axis, resulting in the channel levee
breaching with the creation of crevasse channels which are the conduit for the
deposition of the small-scale lobe crevasse splays. These deposits are observed along

the flow of the channel-2 (Unit 2) and the channels of Unit 4.

b) Bigger scale lobes deposits that seismically are illustrated by extended high amplitude
reflection packages. These occur at the transition point from submarine channel to
frontal splay deposits at areas where the slope gradient becomes steeper and the flow
unconfined. These deposits are observed at the down flow part of the channels of the

Units 1, 3 and 4.

The other sedimentary features observed include mass transport deposits which are dominant

in the southeastern part of the area and in some cases appeared to be incised by overlying
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channels. Hemipelagic or sheet-like turbidite sedimentation is also observed, mostly in the

upper layers of the seismic sequence and in the north-eastern part of the study area.

6.2 Topographic controls on submarine channels and lobes

The evolution of the channels in the study area is controlled locally by the underlying
structures which have been created as the result of thin-skinned deformation consists of folds
and strike slip faults. The northwest-southeast- trending folds have created a fold belt which is
the main cause of channel-structure interaction in the area. These structures act as bathymetric
obstacles and modify the evolution of the submarine channels temporally and spatially in a
way that has been described in terms of four end members (e.g. Clark and Cartwright, 2009).
These four end members are: diversion, deflection, blocking and confinement and represent
the relationship between type of interaction depending on the time difference between the

channel evolution and the underlying structural growth (Clark and Cartwright, 2009).

The channels in the study area have a flow direction towards the north-east and
sinuosity that varies from low to very high. The channels at the upstream part of the flow are
characterized by an erosive base (seismically channel fill cutting through the underlying
strata) and well-defined levees (seismically low amplitude reflectors of wedge-shape that
thinning progressively form the channel axis). Downstream the channel fill becomes
aggradational (seismically HAR's stacking vertical each other) and in some cases crevasse
splays (seismically small extension HAR's) occur at the outer channel bends (e.g. channel-2

(Unit 2) and the channel-5 (Unit 4)).

Where the channels cross the fold belt they have an increase in sinuosity because of
the effects of diversion or deflection. The effect of confinement by the surrounding folds
across a long distance with the channel-2 to be representative is observed through a set of
diversions and deflections of the channel axis in the fold belt. Channel-2 (Unit 2) is

characterized by a set of diversions and deflections along its flow path.

The restriction of lateral migration of the channel because of surrounding structures
results in an overall decrease of the channel sinuosity depending on the quantity of
confinement. However the sinuosity is still preserved in a moderate level because of the
deflections and diversions while characterized from lateral migration seismically indicated by
(LAP's), towards a newly forming topographic low such as the axis of a growth syncline.

Channel shifting towards a topographic low is also observed in areas of small scale pull-apart
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structures developed by strike slip faults. Another example of decrease in sinuosity because of
confinement is observed in channel-7 (Unit 4), where the confinement is the result of small

scale pop-up structures developed by strike-slip faults in zones of transpression.

Blocking is not be observed in the area of study, although the fold 4 (Unit 4) seems in
a plan view to create an obstacle but from the seismic lines it is identified that the fold growth

post-dates (folded levee package on the fold crest) the channel evolution.

After channels exit the fold belt zone they are unconfined and are characterized by an
increase in sinuosity when the slope gradient decreases with the most well-defined example
being channel-2 (Unit 2). The exit from the fold belt in combination with an increase in the
slope gradient results in the transition from channel to frontal splay deposits (seismically large
scale HARP's) with the most representative examples derived from the channels of the Unit 4
and more precisely the channel 7 which is also characterized from a decrease in sinuosity
because of high degree of confinement from the surrounding structures consist of pop-up
structures which represents the model illustrated in Figure 6.1 A in terms of sinuosity and the
model illustrated in Figure 6.2 A in terms of transition from a confined to an unconfined
zone. The channel 1 (Unit 1) illustrates the same transition but for this case the main driving

force is the increase in slope gradient.

A model for channel-topography interaction based on the analysis of the data used in this

study can be summarized as follows:

1. When the submarine channels cross a fold belt with the scale of confinement allowing
a moderate degree of preserving in the sinuosity, they change direction towards a
topographic low created by folds which results in the subsequent diversion or
deflection (Figure 6.1). This model deviates from the model of Clark and Cartwright
2009 in terms of the distance between the pre-existing surrounding structures which is
short and limits the ability of the channel to migrate laterally and form plan form
geometry although aggradation in combination with no-active structure cause in a
decrease in unconfinement.

2. When flows are confined in a fold belt over long distance the increase in confinement
results in the decrease in sinuosity which is preserved in a moderate level because of
the multiple and successive deflections and diversions from the surrounding structures

(Figure 6.1).
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3. When flows exit from a zone of confinement to an unconfined zone, they transit from
channels to frontal splays when the slope gradient increase while if the gradient

decreases are characterized from an abrupt increase in sinuosity (Figure 6.2).

A) B)

Flow

Low sinuosity
Moderate sinuosity

Small distance between structures Large distance between structures

Q = Pre-existing structures (Diversion)

= Coeval structures (Deflection)

Figure 6.1: A) confinement produced from pre-existed structures that deviate short distance that does
not allows diversion of the flow and subsequent increase in sinuosity and B) confinement produced
from pre-existed and coeval structures that deviate large distance and results in multiple diversions
and deflections.
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Figure 6.2: A) Transition from a zone of confinement to a zone of unconfinement in combination with
increase in slope gradient results in the transition from channel to frontal splay while B) transition
from a zone of confinement to a zone of unconfinement in combination with decrease in slope gradient
results at the increase of the sinuosity.
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6.3 Stratigraphic evolution

An idealized depositional sequence in a deep-water setting related cycle of relative sea level
change initiates during relative sea level fall and the ends following subsequent the relative
sea level rise. The stratigraphy resulting from this consists of mass transport deposits at the
base, followed by turbidite deposits subdivided into a lower part consisting of frontal splay
deposits and an upper channel levee system. Another mass transport deposit overlain the
channel levee complex and the sequence ends with a condensed section of sediments

deposited through pelagic/hemipelagic suspension (Posamentier and Kolla, 2003).

The five Units of the Plio-Pleistocene sequence represent different seismic Facies
which can be used to describe the evolution of the deep-marine environment through a local
point of view that is based on the sea-level fluctuations. The observations are based on the
spatial variations of the different facies vertical and lateral with the lack of dating control. All
the facies of a sequence representative of an ideal complete cycle of a deep-marine setting
have been identified through the Units with the most prominent to be the seismic Facies 1

which seismically is indicated from vertical stacked high amplitude reflectors.

One the main driving forces for incision of submarine valleys of the shelves and the
upper slopes is relative sea level fall. During that system tract the basin floor becomes an
active depocenter consists of sediments sourced from hinterland and eroded sediments from
the upper shelf and middle slope (Posamentier and Walker, 2006). This stage is also
characterized from widespread upper slope gravitational instability resulting in mass transport
deposits on the basin floor. The mass transport deposits have been described as Facies 3 in the
study area and can be observed as seismically low amplitude to transparent with chaotic
internal configuration and are located in the Unit 3,4 and 5 with being the dominant facies of

the Unit 5.

During the lowstand system tract the sediment flows bypass the submarine canyon and
continue to the middle and lower slope with the creation of poorly confined low to moderate
sinuosity channels result in the deposition of lobes with reduced down flow sediment supply
(Posamentier and Walker, 2006).The depositional lobe during the late lowstand system tract
progrades basinwards. These types of deposits have been described as seismic Facies 4 and
seismically are illustrated from HARP's and are observed in the Units 1,2,3 and 4 with being

more dominant in Unit 4.
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During the Transgressive system tract the sediment supply to the deep basin starts to
diminish whereas in the middle and lower parts of the slope the channels are characterized by
erosive base flanked by well-developed fine-grained levees. The channel themselves are
highly sinuous and confined (Pirmez et al., 2000). These types of deposits have been
described as seismic Facies 1 for the channels and seismic Facies 2 for the levees and
seismically they illustrate HAR's and continuous/discontinuous low to medium amplitude
reflector for the channel fill and levee deposits respectively. Seismic Facies 1 and seismic

Facies 2 are observed in every Unit of the studied succession.

During the high stand system tract a condensed horizon of hemipelagic sediments is
deposited by suspension in the basin when the deposition becomes focused in to the inner and
middle shelf the supply from the shelf is shutted off (Posamentier and Walker, 2006). That
Facies of low to medium amplitude and parallel reflectors are observed in the Units 1,3,4 and

5 with being dominant in Units 1 and 3.

Based on the type of seismic Facies of each Unit the interaction between vertical
evolution of each Unit and the cycles caused by sea-level fluctuations can be described as

follows:

The oldest Unit includes the seismic Facies 1, 2, 3 and 5 with the most dominant to be
the seismic Facies 5-hemipelagic deposits or sheet like turbidite deposits. The lack of the
seismic Facies 4 (HARP’s) illustrates an incomplete cycle. The Unit 4 includes all the seismic
facies in order that illustrates a complete cycle with the seismic Facies 3 (mass transport
deposits on the base overlaid by seismic Facies 4 (HARP’s) that are covered from seismic
Facies 1 (channel fill deposits) which are surrounded by seismic Facies 2 (levee deposits) and
the whole sequence to be covered from seismic Facies 5 (hemipelagic or sheet like turbidite
deposits). The Unit 3 includes the seismic Facies 1,3,4 and 5 and the Unit 2 includes the

seismic Facies 1,2 and 4. Finally the Unit 1 includes the Facies 1,2,4 and 5 which represent.

Based on the above description is observed that only the Unit 4 illustrates an ideal
sequence of a cycle while the rest of the Units represent incomplete vertical successions of
Facies with variations in seismic Facies between the Units with the common seismic Facies
for all the Units to be the seismic Facies 1. These could be used to suggest that the described
from Posamentier and Kolla (2003) sea-level sequence model cannot be applied for the

individual Unit with exception of the Unit 4 but it is applicable for the vertical succession of
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the Pleistocene sequence (Figure 6.3) based on the prominent seismic Facies for each Unit
that include seismic Facies 3 (mass transport deposits) for the base consists of the lower Unit
5, passing upwards to seismic Facies 4 (HARP’s) in Unit 4, that are overlaid by the seismic
Facies I(HAR’s) in Unit 3 which is surrounded from seismic Facies 2 (levees) of the Unit 2

and ending with seismic Facies 5 (hemipelagic or sheet like turbidites) on the top.

[ $. Condensed-section deposits
(28] 4 Upper debris-flow deposits
3, Levee deposits
3a. Channel-fill deposits

% E= 2. Frontal-splay deposits

= 1. Lower debris-flow deposits

m After Posementier & Kolla, 2003

Figure 6.3: A) Seismic section of the Pleistocene sequence and B) its subdivision into the five
Units with the prominent seismic Facies of each Unit that fits with C) the model of Posamentier and

Kolla (2003).
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Another driving force that can be observed from the seismic dataset is the structural
control on the development of the seismic stratigraphy with the underlying structures being
deformed from the salt movement which creates strike slip faults and subsequent folds. The
interaction between the active structures and the stratigraphic evolution can be observed
through the onlap of the deposits on the structures and the tilting of the reflectors from the
fold crests. The weakly developed onlap on the fold limbs and the thinning of the Units onto
the fold crests indicate that the deformation is coeval to the deposition. Based on Cartwright
and Jackson (2008) and Folkman and Mart (2008), the main driving force of deformation in
the study area is the collapse of the Levant margin to the east combined with gravitational
collapse of the Nile Delta to the south-west with the detachment layer to be the Messinian

sequence.
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7. Conclusions

e Three horizons were mapped for the whole area covered by the dataset that subdivide
the Pleistocene Unit into subunits.

e For the area of main focus (southern part of the dataset) six horizons were mapped that
subdivide the Pleistocene sequence into five Units with the Base to illustrate the Base
Syn-tectonic surface and the top the present day seafloor which represents the Top
Syn-tectonic surface.

e The Base of the Syn-tectonic sequence was mapped based on the onlap relation of the
internal reflections of the packages that thin onto the fold crests with the fold limbs

e Five seismic Facies identified that reflect a range of depositional environments that
include: Facies 1-channel fill deposits, Facies 2- channel levee deposits, Facies 3-
mass transport deposits, Facies 4-channelized lobe complexes and Facies 5-
hemipelagic or sheet like turbiditic deposits.

e The structures in the area comprise a set of NW-SE trending fold belt, pop-up and pull
apart structure created from a set of SW-NE and E-W strike slip faults. The fold
structures can be observed on thickness maps from low values because of the thinning
of the packages onto the fold crests.

e The deposits that have been mapped include:

o Channel fill deposits, straight or sinuous illustrated from high amplitude
reflectors that are stacked vertically, laterally or both and interact with the
growing structures in the following ways: 1) Deflection, when the structural
growth is coeval with the channel development which results in the channel
laterall migration towards a newly forming topographic low. 2) Diversion,
when the structural growth pre-exists the channel development and the channel
which results in the channel laterall migration. 3) Confinement where the flow
is restricted by the surrounding structures which results in the limitation of
laterall migration of the channel. 4) Cases that a flow is confined by structures
that deviate large distance, they are characterized from a decrease in sinuosity
which is preserved in a moderate level because of progressive diversions and
deflections by the pre-existing and coeval growth structures respectively. 5)
Cases that the sinuosity of the channel increase because of the passage from a
zone of confinement to a zone of unconfinement in combination with a
decrease in slope gradient.

o Frontal splay deposits that are resulted because of the increase in the slope
gradient in combination with the passage from a zone of confinement to a
zone of unconfinement.

e The stratigraphic evolution is mainly affected from thin skinned tectonics and
an attempt was made during this study for the interaction of the sea-level
change which can be applied as the Posamentier and Kolla (2003) for the
whole syn-tectonic sequence but not for each Unit individually with exception
of Unit 4.
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8. Outlook

This study aims to describe the interaction between channel development and structural
deformation for the Syn-tectonic Unit of the area covered by the dataset. Previous workers
have described qualitatively and quantitatively the interaction between submarine channels
and deformed structures for the whole Post Messinian sequence. However the description was
mainly focused on the upper parts of the Pleistocene sequence. It should be a matter of further
discussion the more detailed analysis of the Pliocene sequence and the top of the Messinian
which represents a very interesting set of NW-SE channels that are in different direction of

the Pio-Pleistocene channels that are characterized from a NE-SW flow direction.

Another interesting subject for further discussions should be the controls in sequence
stratigraphy that can include the climate in terms of the monsoons which act periodically and
they assumed to affect the sediment discharge of the river Nile with possible subsequent

effects in the stratigraphy of the Levantine Basin.
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