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ABSTRACT

This paper uses three-dimensional (3D) seismic data from the continental margin of Israel (Eastern
Mediterranean) to describe a series of slump deposits within the Pliocene and Holocene succession.
These slumps are linked to the dynamics of subsidence and deformation of the transform margin of
the eastern Mediterranean. Repeated slope failure occurred during the post-Messinian, when a clay-
dominated progradational succession was forming. This resulted in large-scale slump deposits
accumulating in the mid-lower slope region of the basin at different stratigraphic levels. It is probable
that the slumps were triggered by a combination of slope oversteepening, seismic activity and gas
migration.

The high spatial resolution provided by the 3D seismic data has been used to define a spectrum of
internal and external geometries within slump deposits. Importantly, we recognise two main zones for

many of the slumps on this margin: a depletion zone and an accumulation zone. The former is

characterised by extension and translation, and the latter by complex imbricate thrusts and fold

systems. Volume-based seismic attribute analysis reveals transport directions within the slump

deposits, which are predominately downslope, but with subtle variations particularly at the lateral

margins. Basal shear surfaces are observed to ramp both up and down stratigraphy. Slump evolution

occurs both by retrogressive upslope failure, and by downslope propagation (out-of-sequence)

failure. Slump anatomy and the combination of factors responsible for slump failure and transport are

relatively poorly understood, mainly because of the limited 3D of outcrop control; hence, this

subsurface study is an example of how improved understanding of the mechanisms and products can

be obtained using this 3D seismic methodology in unstable margin areas.

INTRODUCTION

Submarine slump deposits are widely recognised from
several continental margins and are an important compo-
nent of many slope systems (Moore ez al., 1976; Field et al.,
1982; Bugge, 1983; Jansen ez al., 1987; Barnes & Lewis, 1991;
Field & Barber, 1993; Evans et al., 1996; Smith ez al., 1999).
Large-scale submarine slumping represents an important
mechanism in shaping both active and passive margins
whereby vast amounts of sediment are transported and
redistributed into deep-water from an originally shallow-
water setting.

Although slumping processes have been studied since
the early 1920s, much of the research has been conducted
on ancient slumps preserved in outcrop, and the incom-
pleteness of the preserved slump bodies has been a persis-
tent obstacle to a fuller, process-based analysis of the
slump system (Locat & Lee, 2002; Strachan, 2002). In the
last few decades, increasing use has been made of geophy-
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sical techniques such as two-dimensional (2D) seismic
interpretation and sonar and multibeam imaging to char-
acterise submarine slump deposits (e.g. Almagor & Wise-
man, 1977; Prior & Coleman, 1978, 1979, 1982; Garfunkel ez
al., 1979; Nardin et al., 1979; Garfunkel, 1984; Moore
etal., 1989,1994a, b; Booth & O’Leary, 1991; Lee et al., 1991,
O’Leary, 1991, 1993; Watts & Masson, 1995; Hampton ez al.,
1996, Lee et al., 1999; Boe et al., 2000; McAdoo et al., 2000).
Many valuable insights have been accrued from these ap-
proaches, but they are essentially 2D and suffer from many
of the same limitations as the field-based analysis. In par-
ticular, 2D seismic data have inherent problems with the
spatial aliasing of slump deposits and the geological struc-
tures within them. This has left many unresolved ques-
tions with regards to the detailed morphology, internal
geometries and accurate areal extent of slump deposits,
which limits our ability to construct more sophisticated
kinematic and dynamic models for slumping.
Three-dimensional (3D) seismic technology offers a
fundamentally novel method for investigations of both
modern and subsurface slump deposits that promises to
add significantly to our understanding of the mechanisms
and results of slope instability processes. Modern,
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high-resolution 3D seismic surveys are now acquired on
many continental margins for hydrocarbon exploration
purposes, and often in areas that are or have been prone
to slope failure. The remarkable high spatial resolution
that 3D seismic data provides (tens of metres in all three
dimensions) can thus be used to define both the full areal
extent and the external and internal morphology of sub-
marine slump deposits to a high degree of precision in a
way that cannot be achieved with any other combination
of methods.

The principal aim of this paper, therefore, is to illustrate
the potential for 3D seismic interpretation of slump sys-
tems by describing the geometry and distribution of a
suite of slump deposits from the post-Messinian conti-
nental margin of Israel. This area is ideal for such an
analysis because it contains many well-preserved exam-
ples of both deeply buried and shallow slump deposits. A
secondary aim is to examine the stratigraphic evolution of
slumping and its role in the overall development of the
margin. The paper commences with an overview of the
geological setting and a description of the stratigraphic
context of the slump deposits in the study area. The main
arguments are subsequently developed through detailed
3D seismic analysis focused on two representative case
studies.

REGIONALTECTONO-STRATIGRAPHIC
CONTEXT

The study area is located offshore Israel, and comprises the
continental margin that bounds the onshore platform of
Israel with the oceanic lithosphere of the Eastern Mediter-
ranean Sea (Fig. la). This margin is situated in an active
tectonic setting at the zone of interaction between the
Anatolian, African and Arabian plates (Fig. 1a). Its early de-
velopment is related to a sequence of rifting events from
the Early Permian to the Middle Jurassic, during the first
stages of disintegration of Pangea (Garfunkel, 1998).
Throughout this period, opening of the Tethys Ocean
caused rifting to the north of the African plate resulting
in break-up of the extensive shallow-water carbonate plat-
form that had dominated the palaeogeography of the area.
The subsequent continental break-up that led to the in-
itiation of spreading in the eastern Mediterranean region
resulted in the formation of a passive continental margin
from the end of the Middle Jurassic (Garfunkel & Derin,
1984). During this period, high-energy carbonate plat-
forms bordered by deep-water basins developed until the
Late Cretaceous (Garfunkel, 1998).

In the Late Cretaceous, a change in the relative motion
of the African plate with respect to the Eurasian plate led to
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Fig. 1. (a) Geological sketch of part of the Eastern Mediterranean showing the main structural elements. The box marks the approximate
location of the study area. Modified from Garfunkel (1998). (b) Location map for the study area showing the 2D and 3D seismic database
used in the study and locations of key exploration wells (A and B mark the location of the Gaza Marine-1 and the Or-South-1S wells,
respectively). Dashed lines indicate the location of seismic profiles (Figs 2 and 5).
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a compressive stress-regime and the formation of the Syr-
ian Arc system (Figs la and 2; Ben-Avraham, 1989; Tibor &
Ben-Avraham, 1992; Eyal, 1996). The Late Cretaceous car-
bonate platform was drowned and pelagic sedimentation
prevailed until the Oligocene (Druckman ez al., 1995).

During the Miocene, the shelf area experienced loca-
lised tectonic uplift and became intermittently emergent.
Conversely, the slope and basin areas continued to subside
(Buchbinder & Zilberman, 1997). As a result, several sub-
marine canyons (e.g. el-Arish, Afiq and Ashdod) that initi-
ally incised during the Oligocene (Druckman ez al., 1995)
extended to the shelf through headward erosion (Buchbin-
der & Zilberman, 1997). These canyons subsequently
played an important role in the overall progradation and
stability of the margin. Marine sedimentation was limited
to the slope and basin areas, where the submarine canyons
provided a conduit for fine-grained siliciclastics to be de-
posited directly onto the basin floor.

In the Late Miocene, the evolution of the margin was
greatly influenced by the desiccation of the Mediterranean
Sea during the Messinian Salinity Crisis (Tibor & Ben-
Avraham, 1992). An extensive subaerial unconformity
formed along basin margins while thick evaporitic depos-
its (Mavgiim Formation) were laid down over the former
basin floor (Hsti ez al., 1978; Montadert e al., 1978) (Figs 2
and 3).

During the Pliocene, the vertical tectonic movement
reached its peak (Almagor, 1993) and a major transgression
submerged the exposed Upper Miocene shelf (Buchbin-
der & Zilberman, 1997). Clay-rich marls, sandstones and
claystones deposited in the slope and basin areas (Yafo For-
mation; Fig. 3). During this period, the gross configura-
tion of the margin constituted a strongly aggradational
system, with sigmoidal clinoforms linking shelf to slope
(Fig. 2). Several episodes of large-scale slumping and grav-
itational tectonics (e.g. Almagor, 1980, 1984, 1986; Garfun-
kel, 1984; Garfunkel & Almagor, 1985 and 1987) alternated
with periods of hemipelagic deposition.

During the Pleistocene, global eustatic sea-level oscil-
lations and local vertical tectonic movements resulted in
repeated advances and retreats of the shoreline. Conse-
quently, interbedded sands, clays and marls accumulated
in the shelf under alternating terrestrial and marine condi-
tions (Sivan et al., 1999) (Herfer Formation; Fig. 3). A Ho-
locene transgression resulted in sedimentation of silt-rich
clays over the present-day continental terrace. The gross
configuration of the margin was similar to that in the Plio-
cene, i.e. a strongly aggradational system affected by
slumping and gravitational tectonics (Fig. 2).

DATABASE AND METHODOLOGY

Conventional 2D and high-resolution 3D seismic data re-
present the main source of information for this study.
Wireline logs (y-ray, sonic and resistivity) and commercial
stratigraphic reports, mainly based on cuttings analyses,
were available from 10 exploration wells located in the
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study area (Fig. 1b). The regional 2D seismic database of
offshore Israel used for this study comprises approximately
6000 km in a 10 km by 10 km grid (Fig. 1b).

Three 3D seismic surveys were available for this study
(Med Ashdod, Levant and Gal C) and constitute the
high-resolution data (Fig. 1b). The total 3D seismic cover-
age amounts to 3200 km”, extending from the shelf to the
deep basin areas. These datasets, in comparison with the
2D seismic data, allow considerably better seismic—strati-
graphic resolution because of improved acquisition and
processing methods. All three surveys were acquired with
an in-line trace interval of 6.25 m and a cross-line spacing
of 25 m. Final processing yielded a time-migrated 12.5m
by 12.5m grid (i.e. 6400 bin cells km?). The dominant fre-
quency of the seismic data varies with depth, but it is ap-
proximately 50 Hz at the base of the Pliocene. Vertical and
lateral resolutions are estimated to be about 10 and 100 m,
respectively. An average seismic velocity of 2000m's ~ ' has
been assumed within the first 2.5 s of the 3D datasets. This
velocity is derived from the check-shot measurements
made from the Gaza Marine-1 exploration well.

Firstly, regional mapping at different stratigraphic levels
on the 2D and 3D seismic datasets was undertaken to
identify and map the main slump deposits. Secondly, a de-
tailed seismic—stratigraphic framework was established by
tying the 3D seismic interpretation of the slumps and the
intervening sedimentary units with litho- and biostrati-
graphic information from the 10 wells located in the
study area (Fig. 1b). Detailed 3D seismic mapping of slump
deposits was undertaken by correlating the base and the
top of the selected slumps. Subsequently, flattened
horizontal coherence slices and seismic attribute extrac-
tions were generated in representative areas to analyse the
external seismic geometry of individual slump deposits
and to examine their transport directions and internal
fabrics.

RECOGNITION OF SLUMP DEPOSITS
ON 3D SEISMIC DATA

There is considerable overlap and confusion in the litera-
ture in the usage of the terms ‘slump’and ‘slide’ In this pa-
per, slumps are defined after Stow (1986) as downslope
movements of sediments above a basal shear surface where
there is significant internal distortion of the bedding.
Mulder & Cochonat (1996) divided slump deposits into
two end members: simple and complex. Simple slump de-
posits are those in which slumping operates as an isolated
and single event and does not generate other significant
failures (e.g. Knebel & Carson, 1979). In contrast, complex
slump deposits are those in which the motion of the main
sedimentary block leads to instability of neighbouring
areas, and the volume of such induced successive events
is similar to the volume of the initial slump (e.g. Lewis,
1971; Barnes & Lewis, 1991). All the examples of slump
deposits presented in this paper belong to this latter
complex type.
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Fig. 3. Generalised chrono-stratigraphic and lithological scheme
of the post-Eocene continental margin of Israel. The lithological
column is based on unpublished well reports.

Slump units are recognised on seismic data using some
simple criteria established from a number of previous stu-
dies (Embley & Jacobi, 1977; Woodcock, 1979; Embley, 1980;
Field ez al., 1982; Prior & Coleman, 1982; Prior ez al., 1984;
Buggeeral., 1987, Jansen ezal., 1987; Kenyon, 1987; Normark
& Gutmacher, 1988; Trincardi & Normark, 1989; Evans
et al., 1996; Hampton et al., 1996; Smith er al., 1999; Lee
et al., 2002). Most important of these is the recognition of
a body that is characterised internally by chaotic or highly
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disrupted seismic facies that covers a large enough area to
be identifiable as a discrete stratigraphic unit (Fig. 4). Scale
is thus important because of the limitations of seismic re-
solution: ifa slump is so small that it is beyond vertical and
horizontal seismic resolution, then clearly it is impractical
to interpret it as a slump per se. The external geometry of
the chaotic unit is therefore a critical parameter allowing
slump masses to be distinguished from other types of de-
positional units that often exhibit chaotic seismic facies,
such as canyon fills, channel fills or talus wedges as, for ex-
ample, described by Brown & Fisher (1977).

The basal shear surface is perhaps the most critical as-
pect leading to the correct identification of a slumped
mass. Discrete slump events are usually associated with
specific basal shear surfaces (e.g. Farrell, 1984), so an accu-
rate definition of these surfaces offers a potential method
for discriminating between successive slump events within
a slump complex. The basal shear surface is identified in a
similar way to unconformities, i.e. by termination of stratal
reflections (Fig. 4). This is aided by the often significant
contrast between the chaotic facies of the slump and the
much more continuous seismic facies of the undeformed
slope deposits (Fig. 4). Over much of the area of a slump
deposit, the basal shear surface forms a continuous plane
that dips parallel to the underlying strata. However, this
surface may locally ramp up and down the stratigraphy to
form a step-like geometry. Near the headwall, the basal
shear surface exhibits a listric, concave upward appear-
ance, cutting the upslope strata (Fig. 4a). Approaching the
toe (sensu Varnes, 1978), the basal shear surface generally
ramps upwards cutting into the downslope strata to form
a frontal ramp (Fig. 4b).

The top of the slumped unit is simply defined by corre-
lating the boundary between the chaotic or disrupted fa-
cies and the more continuous overlying strata. In the
event that the depositional system following the slump
episode is itself comprised of discontinuous or chaotic
seismic facies, this boundary can be very difficult to inter-
pret with accuracy. However, on many slopes where slumps
occur, hemipelagic deposits tend to be the first sediments
to drape a slump mass, and these are generally highly con-
tinuous, and easily separated from the underlying slump
(Fig. 4b). In many cases in the study area, the top surfaces
of slump bodies correspond to irregular and mounded
surfaces with localised depressions where it is common to
find onlap or downlap of the overlying units (Fig. 4).

STRATIGRAPHIC CONTEXT OF SLUMP
DEPOSITS IN THE STUDY AREA

Using the diagnostic criteria described in the previous
section, over 40 slump complexes have been identified
within the post-Messinian succession of the southern Is-
raeli continental margin. It is apparent that there are dis-
tinct regions of the margin where these slump complexes
are concentrated; in particular the presence of a slump de-
posit influences the position of succeeding slumps. This
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section describes these gross stratigraphic relationships
using a combination of regional 2D and detailed 3D seis-
mic interpretation.

The post-Messinian succession of the southern
parts of the study area has been divided into three seis-
mic—stratigraphic units as a basis for discussing the distri-
bution of slump deposits (Fig. 5). These three units (T30,
T20 and T10) correspond approximately to the Pliocene,
the Early—Late Pleistocene and Late-Pleistocene-Recent,
respectively. The Plio—Pleistocene boundary is based on
biostratigraphic data tied to the seismic data from 10 ex-
ploration wells, and is a remarkably consistent seismic re-
flection throughout the basin. The boundary between the
upper two units is not constrained by biostatigraphy, but it
is assumed to be of Late Pleistocene age based on the aver-
age thickness of the upper unit and an extrapolation of se-
dimentation rates from the exploration wells. The areal
distribution of the main slump complexes within these
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Fig. 4. 3D visualisation of
representative slump deposits
in the study area. Slump
masses form intervals of
disrupted and chaotic seismic
facies enclosed by the basal
shear and the top surfaces.
Black arrows mark the main
downslope direction of
movement. (a) 3D seismic
block showing the upslope
parts of a slump deposit. Note
the listric character of the basal
shear surface towards the
headscarp and the irregular
morphology of the top surface.
Presence of downlap from

the overlying strata. (b) 3D
seismic volume showing the
downslope parts of a slump
deposit. Note the presence of
other older slump deposits
being intersected. The basal
shear and the top surfaces
mark the limits between the
chaotic seismic facies within
the slump deposits and the
continuous reflections of the
outer undeformed strata. Note
the presence of a frontal ramp
towards the toe of the slump
mass.
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three units as mapped within the 3D seismic data sets is
summarised in Fig. 6.

Unit T30

Unit T30 consists of a ca. 750m thick accumulation of
mainly fine clastic sediments that are part of a prograding
and aggrading slope wedge (Fig. 5). The basal part of this
unit is devoid of any slumps, and consists of sandstones in-
terbedded with thin glauconitic claystones and marls in-
terpreted as basin floor turbiditic fan deposits (Yafo Sand
Member; Fig. 5). The seismic character of the Yafo Sand
Member is expressed as a package of high-frequency, con-
tinuous, high-amplitude seismic reflections that are re-
stricted to the areas underlain by the Afiq and el-Arish
canyons. Overlying this is a ca. 700 m thick package con-
sisting mainly of continuous high-amplitude reflections
representing the main phase of hemipelagic and turbiditic

© 2005 Blackwell Publishing Ltd, Basin Research, 17, 83-108
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Fig. 5. Seismic section (a) crossing the central parts of the Levant 3D area (see Fig. 1b for location) and (b) interpretation showing the
stratigraphic context of slump deposits in the study area. Shaded areas correspond mainly to simple slump deposits. Note that there is a
concentration of slump deposits in the locations overlying pre-Messinian canyons. Slumps increase in number and decrease in size

upwards (see text for discussion).

slope wedge deposition, with strongly aggradational re-
flection configurations (Fig. 5).

Within the upper part of Unit T30 a major slump com-
plex extending almost continuously along the margin is
identified (Figs 5 and 6a). This slump complex comprises
a minimum of three large-scale slump deposits and cre-
ates the biggest seismic stratigraphic break not just on
Unit T30 but also within the entire post-Messinian conti-

© 2005 Blackwell Publishing Ltd, Basin Research, 17, 83-108

nental margin of Israel. It involves up to 350 m of sedi-
ments and covers most of the slope region of the
continental margin of Israel. In volume, this slump com-
plex consists of up to ca. 1000 km® of Pliocene sediments,
and affects, therefore, up to ca. 30% of the total Pliocene
sedimentary column. This slump complex is herein
termed as the Israel Slump Complex (ISC) and it is de-
scribed in greater detail in a later section.

89



J. Frey-Martinez et al.

(@)

\
Mediterranean \l
Sea |

I

I

Unit T30

32 32°4
ed Ashdod 3D
Q Israel
\
\
Mediterranean
Sea ’l ¥ N
I ] Gaza city I
‘ Levant 3D
El-Arish
canyon
Unit T10 34° Km 20

Fig. 6. Maps showing the areal distribution of slump deposits
within the 3D seismic surveys in the three seismic—stratigraphic
units defined in the text. Arrows indicate the interpreted
directions of movement. Dashed lines represent the flanks of the
Afiq and el-Arish canyons. (a) Areal distribution of a major slump
complex within Unit T30. (b) Areal distribution of slump
deposits within Unit T20. Note the concentration of slump
deposits in the areas underlain by the Arish and el-Arish
canyons. (c) Areal distribution of slump deposits within

Unit T10.
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Unit T20

Unit T20 consists of a ca. 1000-m thick interval of contin-
uous, moderate-to-high amplitude seismic reflections de-
fining a major aggradational slope wedge with dominantly
sigmoidal clinoform geometries (Fig. 5). Shallow to deep-
marine claystones and limestones that locally alternate
with sandstones, siltstones and marls form the bulk of this
unit. Many small-to-moderate-sized slump bodies (typi-
cally < 100 m thick) are mapped within this interval in an
upper-mid slope position. A volumetric analysis reveals
that up to ca. 400 km” of Pleistocene sediments are affected
by slump units in Unit T20. This figure represents nearly
half of the slump volume of that in Unit T30. However, the
number of individual slump complexes in Unit T20 is over
15, which is considerably higher than the small number
computed for Unit T30.

The areal distribution of slump complexes within Unit
T20 is particularly interesting. In the vertical sense,
slumps form two sets of stacked bodies that are commonly
interbedded with undisturbed, continuous and well-
bedded seismic reflections interpreted here as hemipela-
gic slope sediments (Fig. 5). This distribution suggests
that the presence of a slump deposit influences the vertical
position of succeeding slumps and that compensational
stacking does not apply. The lateral distribution of slumps
within Unit T20 is also interesting as they are restricted to
areas underlain by the Afiq and el-Arish canyons (Figs 5
and 6b). This lateral distribution suggests some sort of in-
trinsic control for these areas to act as major conduits for
the generation of slump complexes.

Unit T10

Unit T10 is the uppermost 100-200 m of the post-Messi-
nian section consisting of mainly fine-grained clastic sedi-
ments deposited in an aggrading sigmoidal clinoform
configuration (Fig. 5). Piston core testing carried out in
the study area (e.g. Almagor & Wiseman, 1977; Almagor &
Schilman, 1995) shows that the present-day shelf and slope
sediments consist mainly of normally consolidated dark
grey claystones (up to 75%) comprising 60-80% mon-
tmorillonite, 20-40% kaolinite, 1-15% illite, and very
low carbonate content. Geotechnically, the sediments are
characterised by bulk density of p= 1.44—1.51gcm73,
water content of 90-110%, liquid limit of 70-95%, plasti-
city index of 45-65%, effective angles of internal friction of
21-29° and total angles of internal friction of 14-17° (Fryd-
man et al., 1982).

Numerous slump bodies have been mapped within Unit
T10. These are particularly well imaged on the present day
seabed as described in the following section (Fig. 7). The
slump bodies are distributed over the entire Upper Pleis-
tocene-Recent section forming complexes that extend
from the shoreline break to the base of slope (Figs 6c and
7). The dimensions of these slump complexes are consid-
erably smaller than those in Units T20 and T30, typically
with surface areas of ca. 80km” However, their total

© 2005 Blackwell Publishing Ltd, Basin Research, 17, 83-108
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Fig. 8. Map of the Israel Slump Complex (ISC) showing its areal
extension. Note its enormous areal extent (ca. 4800 km?). The
dashed line (parallel to the coastline) marks the general trend of
large tectonic structures from the Syrian Arc system. Arrows
indicate the gross transport direction of the slump mass. Seismic
sections (indicated with thick dashed lines) are used to illustrate
the regional seismic appearance of the ISC (Figs 9-11). The area

where detailed 3D seismic interpretation has been undertaken is
indicated by the shaded box (Fig. 12).

number (ca. 25) is significantly higher to that of Units T30
and T20 (ca. 1 and ca. 15, respectively).

Within Unit T10, one slump complex extends almost
continuously from the shelf-break to the base of slope
areas. This consists of a composite of three different
slumps that form an intricate cross-cutting array. In this
paper, it is referred as the Gaza Slump Complex (GSC
in Fig. 7) and will be described in detail in the following
section.

DETAILED 3D MAPPING OF SLUMPS

Two slump complexes display typical characteristic on 3D
seismic data and are described here. The first case study is
of the ISC of Early Pliocene age, which is remarkable in
several aspects, not least of which is its enormous volume
(ca.1000 km®), placing it amongst the world’s largest slump
deposits (i.e. Storegga Slide ; Bugge, 1983). The second is of
the much smaller GSC of Late Pleistocene/Holocene age,
which is expressed at the present seabed. This allows for a
much higher resolution of surface topography, comparable
with modern multibeam bathymetry data. The combina-
tion of surface imagery with the vertical seismic profiles
allows for very detailed morphometric analysis that has re-
vealed a complex kinematic history.
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The ISC

The ISC is a large-scale buried slump complex that ex-
tends over an area of 4800 km? (Figs 8 and 9). The ISC af-
fects in excess of 300 m of deep-water claystones from the
Upper Pliocene and has a volume of up to ca. 1000 km®.
These enormous values make the ISC comparable with
some of the largest documented examples of submarine
mass-wasting deposits (e.g. Woodcock, 1979; Bugge, 1983;
Bugge et al., 1987; Jansen et al., 1987; Kenyon, 1987; Evans
et al., 1996; Hampton et al., 1996).

TheISCis positioned at the transition between two dis-
tinct morpho-structural zones: the Syrian Arc system and
the Levant basin (Fig. 8). The first zone underlies the up-
slope parts of the ISC, where the Pliocene margin consists
of steep slopes with maximum gradients of ca. 6° (Fig. 9a).
The second zone lies beneath the downslope and central
parts of the ISC. Here, the undisturbed Pliocene strata
dip at ca. 1° and are underlain by thick (> 800 m) deposits
of Messinian evaporites (Fig. 9a). The gross transport di-
rection of the ISC is west-northwest.

Seismic character of the ISC

The limitations of the coarse regional grid of the 2D seis-
mic data preclude any accurate mapping of the northern
and central parts of the ISC. Therefore, detailed mapping
and seismic analysis was undertaken in its southern parts
where 3D seismic data were available (Fig. 8).

The seismic expression of the ISC is recognisable as a
zone of chaotic to discontinuous seismic reflections
bounded above, below and laterally by continuous strata
of Unit T30. In the downslope direction (Fig. 9a), the ISC
is seen as a continuous package that extends for ca. 150 km
along the continental margin. On strike profiles (Fig. 9b),
the ISC forms an approximately rectangular body domi-
nated by a chaotic seismic facies sharply in contrast with
the more continuous seismic reflections from the undis-
turbed strata. The ISC shows significant variations in
thicknesses that are spatially related to large-scale discor-
dances at its basal shear surface (Fig. 9b).

Headscarp. The headscarp of the ISC is located between 2-
and 20 km offshore the present day coastline of Israel (Fig.
8). In plan view, it is mapped as an irregular boundary, with
three main salients suggesting that the ISC consists, at
least, of three major slump bodies (Fig. 8). Unfortunately,
the lack of high seismic resolution data has precluded a
more detailed analysis of their spatial distribution and
chronology. On seismic profiles, it is recognisable as a con-
cave upwards surface that separates the chaotic seismic
facies of the slump body from the undisturbed surround-
ing strata (Figs 9a and 10a). Its upper tip is generally
between 200 and 300m above the level of the basal
shear surface and has a gradient ranging from ca. 2° in
the southern parts of the ISC to ca. 15° in the north.
Near the headscarp, the top of the ISC is depressed
with respect to the undeformed region of the slope and it

© 2005 Blackwell Publishing Ltd, Basin Research, 17, 83-108
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Fig. 10. Seismic profiles along the Israel Slump Complex (ISC). (a) 2D seismic profile in the upslope parts of the ISC (see Fig. 8§ for
location). The headscarp forms a steeply dipping interface forming the updip boundary between the chaotic seismic facies within the
slump body and the continuous reflections of the upper slope. Clear onlap of the headscarp by post-slump sediments is observed.

(b) 3D seismic profile through the toe region of the ISC (see Fig. 8 for location). The toe region appears as the downslope boundary
between chaotic seismic facies of the ISC and the continuous reflections of the base of slope. Note the presence of a clear frontal ramp
and the slump mass being buttressed against the downslope strata. Older slump deposits appear affected by the ISC.

is onlapped by post-slump deposits, suggesting that the
ISC is thinned relatively to the pre-slump slope template
(Fig. 10a).

Toe. The toe of the ISC is positioned between 100 and
140km offshore Israel (Fig. 8). On downslope seismic
profiles, it is very well constrained by an abrupt change
from the chaotic seismic facies within the ISC to the
continuous seismic reflections at the base of the
slope areas (Figs 9a and 10b). In some parts of the toe
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region, the ISC is seen to affect various intervals of chaotic
seismic facies interpreted as older slump deposits (see
Fig. 10b).

In the toe region, the basal shear surface steepens dra-
matically to form a frontal ramp seen as a boundary be-
tween the chaotic seismic facies within the ISC and the
continuous seismic facies outside. In this region, the
slump mass appears buttressed against the outer continu-
ous strata. Only locally developed evidence of slumped
material overlying the downslope strata are observed.

(© 2005 Blackwell Publishing L.td, Basin Research, 17, 83-108
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Fig. 11. 3D seismic profile across the Israel Slump Complex (ISC) (see Fig. 8 for location). Note the intensively chaotic seismic facies of the internal parts of the ISC bounded above and below by the
top and basal shear surface, respectively. A lateral flank of the ISC forms a highly steep ramp separating chaotic for continuous seismic facies. Note the presence of a ramp indenting the basal shear
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surface and a block of undisturbed reflections within the ISC (see text for discussion). A horizontal coherence-slice (Fig. 12) and three seismic profiles (Fig. 13) are used to further illustrate the internal

geometry of the ISC.

3D seismic interpretation of slump complexes

However, the volumes involved are in no case consistent
with the dimensions involved by the ISC. In the area sur-
rounding the toe, the top of the slump mass is elevated
with respect to its lateral correlative reflection within the
undeformed region of the slope and it is onlapped by
post-slump deposits (Fig. 10b). These relationships sug-
gest that the ISC is thickened relatively to the pre-slump
slope template.

Lateral margins. The lateral margins of the ISC are only
approximately constrained by the limits of the seismic grid
in the study area. However, these are still recognisable on
strike-oriented seismic profiles as abrupt lateral limits be-
tween the highly chaotic seismic facies within the ISC and
the outer undeformed strata (Figs 9b and 11). Steep lateral
ramps of the basal shear surface are observed along most
of the margins abutting against the undeformed slope se-
diments (Figs 9b and 11). Although significantly steeper,
these lateral ramps are similar in geometry to the frontal
ramps observed at the toe of the slump body (e.g. Fig. 10b).

Internal geometry. The seismic character of the ISC is
dominated by chaotic facies. However, there is sufficient
coherence of individual intra-slump seismic reflections
to allow local recognition and mapping of deformational
features. These are particularly well imaged on the 3D
seismic data, but can also be seen on 2D seismic profiles
wherever the quality resolution of the data permits.

Throughout the upslope region of the ISC, the internal
geometries generally consist of plane-parallel and
laterally continuous reflections that are affected by exten-
sional structures (e.g. listric normal faults). On seismic
profiles, these are approximately parallel to the headscarp
and create a series of tilted downslope rotational blocks
(Fig. 10a).

The dominant internal seismic character within the
downslope region of the ISC is significantly different to
the upslope region (Figs 9b and 10b). Highly deformed
and discontinuous seismic reflections are seen to be af-
fected by compressional structures that contribute to a
substantial thickening of the downslope parts of the ISC
(e.g. thrusts and folds, Fig. 10b). The thrust systems are de-
tached from the basal shear surface and ramp up to deform
the upper surface of the ISC, such that localised mounded
topographies and onlapped depressions are created (Fig.
10b). Flattened horizontal coherence slices show these
thrust systems as concentric arcs of ridge-like structures
extending in a gross downslope direction (Fig. 12). These
are largely developed towards the toe region of the ISC
and in areas where the basal shear surface shows significant
topographic relief. On seismic profiles, their typical struc-
tural configuration is of an imbricated series of closely
spaced thrusts (ca. 500-1000 m) with small thrust propaga-
tion folds developed at the thrust tips (Fig. 13). The average
thrust displacement is of the order of 50-100 m, as mea-
sured on correlative markers within the slump body, and a
typical degree of shortening expressed in the imbricate
thrust set is of the order of 10%. This value of shortening
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Undisturbed
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Compressional
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Undisturbed
sediment

Older slump
deposit

Fig. 12. Structurally flattened
horizontal coherence-slice
across the Levant 3D area
(see Fig. 8 for location). The
internal geometry of the
lower region of the Israel
Slump Complex is clearly
observable. Sharp lateral
ramps mark the limits of the
slump mass. Note the
contrast between the
slumped and the undisturbed
sediment and the presence of
concentric arcs of ridge-like
structures because of
downslope compressional
stress. In situ blocks of
undisturbed sediments are
observed. Arrows indicate the
interpreted direction of
transport of the slump mass.

accords well with the thickening of the slump body ob-
served in the toe region (Fig. 10b).

The observed thrusts and fold systems are invaluable as
kinematic indicators, and allow the direction and magni-
tude of translation of the slump mass to be constrained
(e.g. Strachan, 2002). According to these compressional
systems, a dominant eastern—western direction is ob-
served within the overall downslope region of the ISC
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(Fig. 12). This direction accords well with the inferred
down-palaeoslope trend and suggests a simple compres-
sional regime. However, towards a lateral margin, the com-
pressional lineations suggest a more complex situation
with a dominant north-west—south-east direction. This
variation may be indicative of a change in the kinematics
of the slump mass as a result of compressional and fric-
tional stress-regimes along the interfaces of the ISC.

(© 2005 Blackwell Publishing L.td, Basin Research, 17, 83-108
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Fig. 13. Seismic examples of the internal geometries of the Israel Slump Complex (ISC) (see Fig. 12 for location). The direction of movement is
north-east—south-west. (2) Dip seismic section showing imbricated series of closely spaced thrusts. (b) Enlargement of the section across a
ramp in the basal shear surface. Note the presence of imbricated thrusts propagating in the direction of movement and an onlapped depression.

group of thrusts. Note that thrusts ramp up from the basal shear surface (see text for discussion). (c) Dip seismic section showing a large-
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Another important observation regarding the internal
geometry of the ISC is that in certain areas, blocks of un-
disturbed and continuous seismic reflections remain as
totally undeformed ‘islands’ surrounded by the highly de-
formed slump mass (Figs 11 and 12). These are remarkable
in that they exhibit a laterally concordant and continuous
seismic facies and are clearly coupled to the undeformed
sedimentary succession below (Fig. 11). The blocks are se-
parated from the surrounding slump body by steep out-
ward dipping flanks of between 20° and 25° (Fig. 11).

These blocks could be interpreted as intact masses of
sediment that have been translated as rafts within the
more highly deformed slump mass. However, this inter-
pretation can be discounted as a possibility, because their
internal stratigraphy is clearly rooted to the strata directly
below, and there is no visible detachment surface present
at their base. An alternative interpretation that appears
more plausible is that they represent isolated cores that
have not experienced failure, and that the failed material
propagated around them. This interpretation places sig-
nificant constraints on the local kinematics of the slump
mass surrounding these cores, and it is unlikely from this
argument that large-scale translation could have occurred
within these parts of the ISC.

Basal shear surface. The basal shear surface of the ISC
forms a continuously traceable seismic reflection that se-
parates the highly deformed seismic units within the
slump body from the underlying and undeformed strata
(Figs 9—11). On seismic profiles, it appears as a high-am-
plitude negative reflection that cuts up and down the stra-
tigraphy in a staircase-like geometry (Fig. 11). Towards the
headscarp region, the basal shear surface becomes in-
creasingly steeper forming a concave upwards surface that
cuts the overlying stratigraphic interval (Figs 9a and 10a).
In the toe region, it steepens dramatically to form a frontal
ramp (Fig. 10b). The lithology within the basal shear sur-
face of the ISC is unknown; however, the significant
acoustic impedance contrast suggests an abrupt lithologic
or diagenetic contrast at this stratigraphic level.

Large-scale ramps (e.g. 80-90 m) that form indentations
in the basal shear surface are recognised in several sectors
of the ISC (Figs 9b and 11). These are most clearly delim-
ited within the downslope parts of the ISC although their
presence should not be ruled out in other areas where the
resolution of the data is inferior. Seismic sections, both
parallel and perpendicular to the main direction of slump
movement, exhibit these ramps as conspicuous erosional
features against which underlying seismic reflections are
truncated. They have remarkably steep flanks that dip at
between 20° and 25° and connect the deepest segments of
the basal shear surface to shallower stratigraphic levels
(Figs 11 and 13c). Above the ramps, the slump mass under-
goes folding in order to accommodate the topographic
gradient of the basal shear surface (Fig. 13c). We propose
that these ramps are related to changes in the mechanical
properties of the slumped material, the basal shear surface
or the interaction of these factors.
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In summary, the ISC constitutes a buried and but-
tressed large-scale slump complex within the Upper Plio-
cene succession. From the data available, we suggest that it
is comprised of a minimum of three large-scale slump
bodies, although smaller scale episodes of mass wasting
should not be ruled out. A continuous basal shear surface
that corresponds to a strong negative and continuous seis-
mic reflection underlies the entire slump mass. This basal
shear surface is affected by several ramps that form a stair-
case-like geometry. The ISC is divided into two main
zones according to its seismic character. The first islocated
in a steep upslope region (ca. 6°) underlain by folded struc-
tures from the Syrian Arc system. This zone is charac-
terised by extensional deformational structures (i.e. listric
normal faults) and by thinning of the slump mass. Its up-
slope perimeter is well constrained by the presence of a
continuously mapped headscarp. In this paper, this area
is interpreted as the depletion zone of the ISC (sensu
Varnes, 1978). The second zone is situated in a gentle (ca.
1°), downslope area that is underlain by thick accumula-
tions of Messinian evaporites. This sector is dominated
by compressional structures (i.e. folds and thrusts) and by
thickening of the slump body Its downslope limit is
marked by the toe region. Blocks of undeformed seismic
reflections that are rooted to the underlying strata and to-
pographic ramps are locally observed. This area is inter-
preted as the accumulation zone of the ISC (sensu Varnes,
1978). The main features of the ISC are summarised in

Fig. 14.

The GSC

The GSC is an array of three slump bodies observed on the
present day seabed of the study area (Figs 7 and 15). Morpho-
metric analysis of the seabed map combined with cross-sec-
tional interpretation has led to the recognition of these three
component slumps. Their cross-cutting relationships have
been used to define the sequence of slumping events.

The GSC is located 40 km offshore from Gaza city, in a
water depth ranging from 500 to 1150 m, with slope gradi-
ents between 2° and 0.5°, respectively. The failure zone
trends north-westwards and covers an area of ca. 110 km?
(mean length 22 km, mean width 5 km; Fig. 15b). The GSC
affects up to 80 m of fine-grained claystones within Unit
T10. It is, therefore, a moderately sized feature compared
with other reported submarine slope instability products
(e.g. Dingle, 1977; Bugge, 1983; Bugge et al., 1987).

Seismic character of the GSC

Headscarp. Three different headscarps are recognised with-
in the GSC based on the abrupt offsets of the seabed topo-
graphy (Figs 7 and 15b). Two of these (GSC-1, GSC-2)
are clearly seen on the dipmap of the seabed (Fig. 15b).
The GSC-1 is confirmed in seismic cross-sections
(Fig. 16a) as a excisional feature, where there is an abrupt re-
duction of stratigraphic section in a downslope direction.

The third headscarp within the GSC (GSC-3), is less

© 2005 Blackwell Publishing Ltd, Basin Research, 17, 83-108
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Fig. 14. Schematic depiction of part of the Israel Slump Complex. The upslope parts of the slump mass correspond to the depletion
zone. This is characterised by extensional deformational structures and thinning of the slump mass. Note the presence of listric faults
forming a series of rotational blocks that are tilted downslope. The downslope part of the slump body corresponds to the accumulation
zone. This is characterised by compressional structures and thickening of the slump mass. The slump mass is buttressed against the
downslope strata in the toe region. Note the presence of individual iz situ blocks, which have been interpreted as indicators of a limited

downslope displacement.

obvious on the dipmap (Fig. 15b), but is observable on the
seismic profiles as an excisional scarp with ca. 10-20m loss
of stratigraphic section (Fig. 16a). The planform geometry of
all three headscarps is crescentic, with either single salients
(e.g. GSC-1 and GSC-3) or a double salient (e.g. GSC-2;
Fig. 15a). Immediately downslope of the headscarps GSC-1
and GSC-2, there is a region of marked extensional thin-
ning, where the slump bodies are cut by minor listric faults
that have a distinct seabed scarp of up to 70 m height (Fig.
16a). The geometry of these faults bears a close relationship
to the respective headscarps immediately updip, and are in-
terpreted as retrogressive failure surfaces, that are widely re-
cognised on other slump deposits (e.g. Evans et al., 1996;
Mulder & Cochonat, 1996).

Upslope of the headscarp of GSC-1 is a region affected
by elongated and subtle topographic depressions that are
parallel to the headscarp and reach a length of ca. 4km
(Fig. 15). On seismic sections, these appear as small-scale
faults and fractures that are locally coincident with larger-
scale fault systems (Fig. 16a). By comparison with subaerial
analogues (e.g. Farrell, 1984; Fitches ez al., 1986; Martinsen
& Bakken, 1990) and previous models for slump deposits
(e.g. Varnes, 1978), these features are interpreted here as
crown-cracks. Crown-cracks may form in the undisplaced
material adjacent to the headscarp of a slump deposit as a
result of development of extensional stresses by undermin-
ing and represent the upslope propagation of slumping dur-
ing retrogressive failure.

The spatial distribution of the three main headscarps
and their cross-cutting relationships are the major criteria
to constrain the relative timing of the slump bodies within
the GSC. A lateral margin of GSC-1is clearly seen on Fig.

© 2005 Blackwell Publishing Ltd, Basin Research, 17, 83-108

15b to be cross-cut by the headscarp of GSC-2. The head-
scarp of GSC-3 cuts into the seabed topography associated
with both GSC-1and GSC-2 in their combined toe region

(Fig. 15b). The sequence of slumping is, therefore, inter-
preted to be GSC-1 followed by GSC-2 and finally GSC-3.

Toe. The toe regions of the three slumps forming the GSC
are to a great extent overlapping and hence are difficult to
distinguish. In a combined sense, the gross toe region for
the entire GSC is recognised on the seabed dipmap as an
area of intense rugosity (Fig. 15b), which in cross-section
appears as short wavelength and low relief ‘crumpling’ of
the seabed and the immediately underlying sections (Fig.
16a). The precise geometry of these topographic irregula-
rities cannot be described in detail because of the limits of
vertical and lateral resolution of the 3D seismic data. How-
ever, some of these ‘crumples’ have a ridge-like morphol-
ogy that is evident on the seabed dipmap and are
approximately arcuate in the downslope direction (Fig.
15b). These features are interpreted here as compressional
ridges.

Seismic profiles across the toe region show the gross
thickening within the GSC, with the resultant top surface
of the slump body forming an irregular and elevated re-
gion above the level of the undeformed slope section (Fig.
16a and c). Downslope seismic profiles also show a frontal
ramp where the basal shear surface climbs up section simi-
larly to that described for the ISC (Fig. 16a). However, the
GSCis not buttressed against the downslope strata as pre-
viously seen for the ISC (c.f. Fig. 10b). Instead, it overlies
these strata for up to 2km forming an interval of diffuse
and very low amplitude seismic facies (Fig. 16a), with a

99



J. Frey-Martinez et al.

‘(Appan0adsar ‘g1 pue 91 s31]) [-SJ 2y pue DS a3 Jo dduereadde [euraur oy a3ensny[i 01 pasn sa[goid orwisias jo uonisod oy

d1ed1pUI SAUI] JYSIeals snonunuod 3y I, (z-Sd pue [-Sd) sduns-o1o01d se paordiaiur sa1poq paleduo[d om1 Jo 90udsaId a3 910N SYOLIO-UMOID St palardiaiul are 7-0)SL) pue [-)HSH) sdiedspeay oy
Jo adoysdn syuowreaury [o[ered-oyLns oy T, K1[iqeasut jo £103s1y xo[dwod e SunsadSns sdredspeay Jea[d 22113 Jo 30uasaxd a1 210N "HSL) 23 Jo Juswadre[us] (q) (HSD) xo[dwor) dwinig ezer) 9yl Jo
uonsod ay1 saurIno xoq ay [, -2do[sumop Surpuaixa sarpoq pajeduod ead sysodop dwin(g Yea1q-J[ays ay3 01 3s0[d paIed0] sd.1easpeay pasjiew a1 0N 9[qrAIISqO aIe (SmoLte £q payyrew) sdwnys jo
sAe1Ie UTRW 1IN0, "YeAIq-J[oys Y1 syudsaxdor our] paysep oy T,"2do[s pue Jays Aep-1uasaid oy Suimoys dewr di(J (&) "eoe (J¢ IULAY T 913 UI paqeds Aep Judsaxd o) woaj pajoenxd sdew di( ‘61 "S1,]

(© 2005 Blackwell Publishing L.td, Basin Research, 17, 83-108

100




3D seismic interpretation of slump complexes

‘paze[nuasd sieadde paqeas ay I, ‘Jora1 orqderdodol aanisod e w10y surdrew [e1a1e] 9y [, (U01180[ 10§
QG "31,1 99s) uorda1 901 91 y3noayl 11o0dsuer) Jo uondAIIp Y3 03 Jendrpuddiod Uo11d9s J1WSIAG (9) *21N18IJ AI[-YO0[q © Jo 9oudsaid oyy pue Ayderodol aanesou e JurIedsd SULSIewW [LI91R] JBI[O 0M] Y]
20N 'T-DSD 2y jo dreaspeay a1 ySnoay) 31odsuen Jo uondaarp ay3 o3 refnorpuadiod uordas orwsiag (q) -oanjrey 2a1ssarSon1ar Sunsaddns dipdn sypnej ourw pue [-Hg0) 9yl Jo dIedSpeay 93 uUaamiaq
diysuone[ar aso(d ay3 10N ‘umoys are syisodop dwnys yioq 10y suordar 201 pue sdaeospeay oy 1,'¢-)SH) 2y pue [-)§0) 23 Sunjensnyji 11odsuery Jo uondarp ay3 o1 [p[ered uorioas orwsiag (e) -90eyIns
Ieays [BSEQ AU SYIBW AUI] PIaysep oy I, (Uo11ed0] 10J qg[ “31,] 99s) s1red [ewrarur si1 jo souereadde orwisios oy Sunensny[i (DS D) xo[dwon) dwn|g ezer) 911 YSNO0IY) SUOIIIIS JIWSIAS Jo anJo[ele)) "9] “SL,]

(sw) LML

uibiew - - . uBsew | 00S

0S01— E |esae] |eiore]

uiblew uiblew

|essje] |essje] Pyl E
() (@

= e e
e SR = duie
et o, e

)

==t |BJUOU |

00€1L

00L1L—

006

(sw) LML

004

005

00e—{[MN]

101

© 2005 Blackwell Publishing Ltd, Basin Research, 17, 83-108



J. Frey-Martinez et al.

rather chaotic appearance in plan view (Fig. 15b). This in-
terval is interpreted as block clusters and debris flow de-
posits derived from the toe regions of the GSC.

Lateral margins. Well-developed lateral margins are recog-
nised along the flanks of all the three-component slumps
within the GSC. In plan view, these lateral margins, to-
gether with the headscarps, define a chute-like slip domain,
with an aspect ratio strongly elongated downslope, indicat-
ing a north-westwards gross slip direction (Fig. 15b). On
seismic profiles, although the internal resolution of the
slump deposits is poor, they can be seen to separate the
undeformed slope sediments from the deformed units
within the slump bodies (Fig. 16b and c). Their aspect varies
from steep scarps in the upslope parts of the GSC (Fig. 16b),
to smooth positive topographies downslope (Fig. 16c¢).
Often, the steep scarps in the upslope areas are flanked by
subparallel groups of smaller-scale fractures that define
blocks of well-layered strata (Fig. 16b). These are interpreted
as hanging blocks that might be metastable to rigid lateral
collapse along the lateral margins.

Basal shear surfaces. Three different basal shear surfaces
(one for each slump) can be correlated throughout the
GSC. These are all defined as the lower boundary of the
deformed and chaotic stratal seismic reflections within
each slump body abutting against the undeformed under-
lying slope strata (e.g. Fig. 16). These basal shear surfaces
are generally highly concordant with the underlying strati-
graphy, except near the headscarps, where they cut up sec-
tion and exhibit a listric geometry, and along the toe

Crown-cracks

faults

Basal shear
surface

0 km 2
e —

region, where they are seen to ramp downslope (Fig. 16a).
The original lithology of the basal shear surfaces is un-
known, because of the lack of petrophysical calibration of
the shallow section in the available exploration wells. How-
ever, it is noteworthy, that all three basal shear surfaces cor-
relate laterally with intervals of discontinuous and low
amplitude seismic reflections (Fig. 16a, b). These intervals
could be interpreted as a buried slump or slide deposits
formed initially at the seabed. However, this is discounted
as a possibility because they form continuously traceable
intervals of constant thickness that are concordant with
the surrounding strata throughout the study area and have
no evidence of significant downslope displacement. In-
stead, we propose the interpretation that these intervals
represent weak or incompetent layers because of loss of
coherence in the sediment.

In summary, the GSC forms a medium-scale slump
complex comprised by three simple slump deposits from
the Late Pleistocene—Holocene. Each slump deposit con-
sists of an upslope region characterised by gross volume
loss and extensional structures, and a downslope region
dominated by gross volume gain and compressional fea-
tures (Fig. 17). These areas are interpreted here as the de-
pletion and accumulation zones (sensu Varnes, 1978) of the
GSC, respectively. The majority of extensional structures
correspond to listric normal faults that die out on the basal
shear surface and involve retrogressive failure. The com-
pressional structures correspond to arcuate and compres-
sional ridge-like geometries that propagate in the
downslope direction (Fig. 17). The sequence of slumping
within the GSC is interpreted to be GSC-I1 followed by

Sediment overruning

seafloor
Downslope undisturbed

sediment

Fig. 17. Schematic depiction of part of the Gaza Slump Complex. The slump body is divided into two main parts: the depletion zone and
the accumulation zone. The depletion zone shows a spoon-shaped depression suggesting reduction of the sediment column. Note the
presence of a clear headscarp and evidences of retrogressive failure in the upslope parts. The accumulation zone is characterised by
compressional structures and gain of material. In the toe region, the slumped material over runs the previous seabed. Inspired by

O’Leary (1991).
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Fig. 18. Seismic profile through proto-slump-1 (PS-1) (see Fig. 15b for location). Note the small topographic depressions on the seabed
interpreted as crown-cracks. These correspond to faults and fractures that are rooted in an interval of discontinuous seismic reflections

interpreted here as an incompetent layer.

GSC-2 and GSC-3, respectively. This is a highly impor-
tant observation as it implies that slump evolution within
the GSC occurs by downslope propagation failure. Three
different basal shear surfaces are identified within the
GSC (one for each component slump). They all correlate
laterally into intervals of discontinuous and low-ampli-
tude seismic reflections that are interpreted here as in-
competent layers characterised by loss of coherence in the
sediment.

PROTO-SLUMPS

In this paper, a proto-slump is defined as the resulting
product (as imaged on 3D seismic data) of an immature or
failed stage of slumping. We consider proto-slumps to be
the result of long-term strength degradation processes of
dipping strata and the potential precursors to mass move-
ment. Proto-slumps may display many of the diagnostic
structures identified from slump deposits (e.g. lateral mar-
gins, crown-cracks). However, they lack a basal shear sur-
face and clear extensional or compressional deformational
structures, as their downslope displacement is highly re-
stricted or absent.

In the study area, two main proto-slumps (PS-1 and
PS-2) are observed in a region of the present day seabed
that is not affected by slump deposits (Fig. 15b). In plan
view, these proto-slumps appear as chute-like features
that extend from the shelf-break to the mid-slope area
with an aspect ratio strongly elongated in the downslope
direction (Fig. 15b). The planforms of the PS-1 and PS-2
are defined by two groups of lineations that are parallel
and perpendicular to the downslope direction (Fig. 15b).
By analogy with the GSC, these lineations are interpreted
as lateral margins and crown-cracks, respectively.

On seismic profiles, the PS-1 and PS-2 do not show a
chaotic seismic facies as those described from slump de-
posits. Instead, they appear as intervals of slightly irregu-
lar, continuous and well-layered strata that overly a unit of
discontinuous and medium-amplitude seismic reflections

© 2005 Blackwell Publishing Ltd, Basin Research, 17, 83-108

interpreted here as an incompetent layer (Fig. 18). Small-
scale faults and fractures are the only deformational struc-
tures observed within the PS-1and PS-2. These are rooted
in the incompetent layer and are locally expressed on the
seabed as small topographic depressions that correspond
to the crown-cracks previously described (Fig. 18). No in-
dication of loss or gain of material is observed in any part
of the PS-1and PS-2, which is compelling evidence to in-
dicate a very restricted downslope displacement.

DISCUSSION

The most important observations undertaken from seis-
mic interpretation of the slump complexes within the
study dataset are summarised as follows:

1. Several discrete examples of medium- to large-scale
slump complexes (ca. 40) have been identified within
the Pliocene to Holocene succession of the Israeli con-
tinental margin.

2. In seismic profiles, these slump complexes appear as
intervals of chaotic or highly disrupted seismic facies
in sharp contrast with the laterally continuous and un-
deformed strata. They are bounded by an erosional ba-
sal shear surface and by a continuous and mounded top
surface.

3. The majority of these slump complexes are composed
of several (~3) discrete slump deposits of (approxi-
mately) the same order of magnitude.

4. Fach slump deposit is divided into an upslope and a
downslope region. The first is dominated by extensional
deformational structures and thinning of the slump
mass. The second is characterised by compressional
structures and thickening of the slump mass.

5. Slump complexes are distributed along the entire post-
Messinian Israeli margin and extend from the shelf to
the base of slope areas. In the vertical sense, they tend
to form sets of stacked bodies regularly interbedded
with hemipelagic sediments.
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6. There are distinct regions along the Israeli continental
margin where slump complexes are concentrated.
These are overlying large submarine canyon systems in
the pre-Messinian section and structures from the Syr-
ian Arc system.

7. There is a general increase in the number of slump
bodies on moving up through the stratigraphy of the
post-Messinian slope system within the southern parts
of the study area. However, the volume of individual
slump bodies clearly decreases upwards.

8. The ISC (Late Pliocene) is the oldest large-scale slump
complex identified along the Israeli continental margin
and involves large amounts of material (ca. 1000 km® in
volume). It forms a buttressed slump body that is com-
prised by a minimum of three large-scale slump deposits.

9. The GSC (Late Pleistocene—Holocene) corresponds to
a slump complex on the present day continental margin
of Israel. It forms a medium-scale array of three slump
deposits that exhibit evidence of upslope and down-
slope propagation failure.

The foregoing observations demonstrate that the entire
post-Messinian continental margin of Israel is intrinsi-
cally affected by processes of slope instability. The most
outstanding resultant elements are a series of large-scale
slump complexes that extend from the shelf-break to the
base of slope areas involving an average of ca. 15% of
the total post-Messinian sediments. Analysis of their stra-
tigraphic context in the southern continental margin has
revealed that these slump deposits diminish in size and in-
crease in number towards the shallowest intervals. It has
also been shown that there are regions of the margin where
slump deposits concentrate and the presence of a slump
body influences the position of succeeding events. These
regions correspond mainly to the parts of the margin over-
laying regional structures from the Syrian Arc system or
large pre-Messinian canyons (e.g. the Afiq and el-Arish
submarine canyons).

Large-scale slumping initiated during the Late Plio-
cene with the ISC, which represents the largest slump
complex in the region and is comparable with some of the
biggest documented examples of submarine mass-wasting
deposits in the world (i.e. Storegga Slide; Bugge, 1983). The
most striking characteristic of the ISC is that the slump
mass is clearly entrenched within the underlying strata
(e.g. Figs 10b and 14). This is especially patent in its toe re-
gion where the ISC buttresses against the undisturbed se-
diments, which trap the slump mass preventing its
movement farther downslope. This observation raises im-
portant implications for the mechanism and kinematics of
movement and emplacement of the slump body. A detailed
mechanical analysis of the ISC goes beyond the scope of
this paper. However, from the previous observations, it is
likely that the ISC resulted from a confined type of slump-
ing that experienced a very limited downslope movement
(ca. 5-15km). The presence of blocks of undisturbed and
continuous reflections that are coupled to the undeformed
sedimentary succession corroborates this interpretation.
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Previous investigators have reported other submarine
mass-wasting deposits presenting this characteristic style
of emplacement and have interpreted them as the result
of quasi i situ deformation processes (e.g. Suvero Slide;
Trincardi & Normark, 1989; Gela Slide; Trincardi &
Argnami, 1990). The previous examples considered mor-
phological obstacles as the main contributing factor for
confinement of the respective slumped masses. In this
paper, however, this is precluded as the cause for the en-
trenching of the ISC within the underlying sediments as
the toe region is built in a near horizontal area where there
is no morphological barrier able to create such a topo-
graphic confinement. Instead, we propose that a major con-
tribution to the style of emplacement of the slumped mass
resulted from relatively deep rooting of the basal shear sur-
face within the underlying strata probably because of an
abrupt lithological variation at that stratigraphic level com-
bined with the general morphology of the strata.

Since the deposition of the ISC, slump events contin-
ued episodically up to the Holocene. As a result, tens of
slump deposits and complexes formed at different strati-
graphic levels interbedded with periods of normal hemipe-
lagic deposition. The GSC is the most representative
example of one of these slump complexes. It is located on
the present day seabed of the study area and is composed
of several different elements, resulting from an orderly se-
quence of linked slumping events. The overall resultant as-
semblage comprises three cross-cutting slump deposits
that are interpreted as Late Pleistocene to Holocene in
age. Each of these deposits includes an upslope area char-
acterised by gross volume loss and extensional structures
(depletion zone; Fig. 17), and a downslope region domi-
nated by gross volume gain and compressional features (ac-
cumulation zone; Fig. 17). The architecture and geometry
of each slump deposit indicate that slump evolution
was controlled by a combination of retrogressive upslope
and downslope propagation of failure. The relative ages
of the three component deposits have been determined
from their cross-cutting relationships, with the inter-
preted ordered sequence: GSC-1 followed by GSC-2 and
GSC-3, respectively. Three basal shear surfaces, one asso-
ciated with each component slump, have been observed
and correlated with intervals of incompetent layers. This
critical observation strongly suggests that movement in
the GSC took place along surfaces of weakness and was
controlled and limited by the number and distribution of
these planes.

The occurrence of such alarge number of slump depos-
its as that observed in the study area raises the obvious
question of what internal or external factors predisposed
the post-Messinian continental margin of Israel to be
so susceptible to repeated failure. Previous studies have
identified a number of possible causes controlling the
development of submarine slump deposits along conti-
nental margins. These include:

e Destabilisation of gas hydrates (e.g. Andreassen ez al.,
1990, Laberg & Vorren, 2000).
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e Presence of gas in the sediments (e.g. Prior & Coleman,
1978; Carpenter, 1981; Duperret ez al., 1995).

e High-sedimentation rates (e.g. Prior & Coleman, 1982;
Aksu & Hiscott, 1989; Hiscott & Aksu, 1994, Laberg &
Vorren, 2000; Imbo ez al., 2002).

e Seismicity (e.g. Lewis, 1971; Dingle, 1977; Hampton
etal., 1978; Prior & Coleman, 1984; Keefer, 1994; Hasio-
tis eral., 2002; Imbo ez al., 2002).

e Steepening of slope angle (e.g. Martinsen, 1989;
Hampton ez al., 1996; Imbo ez al., 2002).

In the case of the slump deposits presented here, the num-
ber of possible controlling factors is constrained by the
available data. There is no evidence from seismic or well
data of gas hydrates, which probably rules out this possibi-
lity as a controlling factor for slumping in the study area.
However, abundant accumulations of biogenic gas within
the post-Messinian succession have been revealed by the
seismic and well data. Bubble-phase gas has the effect of
increasing pore fluid pressures and hence reducing the ef-
fective normal stress on a potential slide plane, along with
increasing its susceptibility to failure when stressed by
earthquakes (Whelan ez al., 1976; Barnes & Lewis, 1991).
The presence of free gas could thus have played an impor-
tant role in facilitating the mobilisation of sediments in
the study area.

Rapid deposition because of high-sedimentation rates
can result in underconsolidation of buried layers of clay-
rich sediment in which upward hydraulic gradients reduce
the internal shear strength of the sediment and lead to
slope instability. The Pliocene—Quaternary section in the
study area is up to 2-km thick with an average accumula-
tion rate of about 0.5 mmyr ~ . According to these figures,
the sedimentation rates are not likely to be sufficient to
build up significant excess in pore pressure within these
deposits in order to generate the observed large-scale
slump deposits. However, the role of temporal variations
in the sedimentation rates within the study area should
not been discounted. During the Pliocene and Pleistocene
period, the margin was affected by several episodes of
global eustatic sea-level oscillations and local vertical
tectonic movements that resulted in repeated transgres-
sions and regressions (e.g. Almagor, 1993; Buchbinder
& Zilberman, 1997). In such situations, sedimentation
rates could have been considerably higher than the average
rates, and could have thus facilitated mass-wasting
processes.

The direct link between seismicity and instability of
submarine slopes have been widely described in the litera-
ture (e.g. Lewis, 1971; Prior & Coleman, 1984; Edwards et al.,
1993; Keefer, 1994; Hasiotis et al., 2002; Imbo ez al., 2002).
Earthquakes have two effects on the sediments of a slope
system (Hampton et al., 1978). Firstly, violent earthquakes
generate intermittent horizontal and vertical acceleration
stresses that produce a direct loading on the sediment.
Secondly, earthquakes can increase fluid pressure in the
sediment that causes a reduction in the effective stress
and therefore friction in the basal shear surface.

© 2005 Blackwell Publishing Ltd, Basin Research, 17, 83-108
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Because of its position at the zone of interaction be-
tween the Anatolian, African and Arabian plates, the conti-
nental margin of Israel is a seismically active region. Recent
seismic activity in the area is presently concentrated in a
broad zone off the coasts of Israel and Lebanon (Arieh,
1967) and along the Dead Sea Transform (Al-Tarazi,
1999). In the investigated area, the main seismic hazard
is associated to the Syrian Arc system and the Dead
Sea Transform, which is the result of a rifting process
active in the region since the Miocene (e.g. Garfunkel,
1981; 1998).

Despite the importance of slope gradient in slope stabi-
lity assessment (e.g. Hampton ez al., 1996) our results show
that occurrence of slope instability in the study area does
not correspond with regionally increased slope gradients.
The average slope angle within the post-Messinian succes-
sion is modest compared with many unstable slopes
(o0 = 2—-6°). Slopes are stable as long as the angle of internal
friction (@) is greater than the slope angle (o). Considering
a typical total angle of internal friction for a claystone of
® = 15°, it is evident that the slope angles in the study
area are not sufficient to cause large-scale instability under
static gravitational loading alone. However, local increases
in the slope angle appear to control the occurrence of
slumping in specific areas. As previously argued, the ma-
jority of slump deposits within the study area are concen-
trated in regions underlain by regional structures from
the Syrian Arc system and by pre-Messinian canyons. In
these regions, locally accentuated slope angles occur
(o0 = 5-6°). This concurrence might suggest a link between
local oversteepening and higher occurrence of slope
failure.

3D seismic interpretation has proved to be a very
powerful tool for analysing slumping processes and re-
sults. It has provided excellent coverage of both recent
and ancient slump deposits, allowing for a better under-
standing of their basinal distribution and geological
setting. In addition, the higher spatial resolution
provided by the 3D seismic data have offered a better defi-
nition of the basal shear surface of individual deposits,
which is critical for unravelling the chronology of
events within slump complexes. 3D seismic data have
also allowed a greater understanding of the geometries
(external and internal) and a more accurate volumetric
analysis of slump deposits, which are critical aspects for
modelling the kinematics and dynamics of slumping
processes. The value of 3D seismic data as a tool for
submarine slope instability risk assessment has also
been proved in this paper. An interesting aspect of
this approach is the possibility to map the extent of
zones where diagnostic features of mass movement
(i.e. proto-slumps) can be inferred, thus highlighting
potential areas affected by slope instability. It must be
emphasised, however, that the nature of the data has al-
lowed for identification of only medium to large-scale
slump deposits and proto-slumps, but unresolvable
small-scale features most probably also exist throughout
the study area.
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CONCLUSIONS

1. Slumping is an intrinsic facet of the slope system of the
Israeli continental margin from the Early Pliocene to
the present day.

2. Simple and complex slump deposits occur at many dif-
ferent stratigraphic levels within the post-Messinian
succession of the Israeli continental margin.

3. Large-scale slumping in the Israeli continental margin
commenced in the Late Pliocene with the ISC, which is
one of the largest slumps in the world (ca. 1000 km® in
volume) described to date.

4. Since then, slumping processes repeatedly occurred up
to the Holocene. Slumping events increased in number
through time although the resulting products de-
creased in size.

5. The high occurrence of slumping processes was possi-
ble because of a combination of seismic activity, pre-
sence of gas within the sediments and slope over-
steepening. The degree of interaction between these
triggering mechanisms may have varied through time.

6. Evidence of potential slope instability occurring in the
future in the study area is indicated by the presence of
proto-slumps.

7. 3D seismic interpretation has proved to be a powerful
tool when analysing slump processes and results. The
availability of a 3D understanding of slump deposits is
critical to evaluate the geological context and architec-
tural elements of slump deposits. From this geometri-
cal foundation, many aspects related to the mechanics,
processes and controlling factors of slumping seem
likely to be inferred.
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