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Abstract: Multi-channel seismic reflection data and borehole information were used 
to study the structure and stratigraphy of the Levantine basin, offshore Israel. A new, 2D 
seismic survey that covers the southeastern Mediterranean Sea from the Israeli coast to the 
Eratosthenes Seamount shows the entire Phanerozoic sedimentary fill down to a depth 
of 14-16 km. The basin-fill is subdivided into six seismo-stratigraphic units interpreted as 
low-order, major depositional cycles (supersequences A-F). Correlation and mapping of 
these units allowed an investigation of the geological history of the basin and the analysis 
of two important tectonic phases: Neotethyan rifting, and Syrian Arc inversion and contrac- 
tion. The Neotethyan rifting phase is recorded by the strata of supersequences A and B. 
Faulting took place during the Anisian (Mid-Triassic), continued through the Liassic 
and ceased during the Mid-Jurassic. The basin opened in a NW-SE direction, between the 
Eratosthenes Seamount and the Levant margin of the Arabian Massif, at an angle of about 
30 ~ to the present-day shoreline. No indications for sea-floor spreading were found in the 
present study. Late Triassic to Liassic volcanic rocks of assumed intraplate origin accumu- 
lated in the northeastern part of the basin. It is hypothesized that the basin originated as an 
intracontinental rift associated with the nucleation of an oceanic spreading centre, but 
reached only an early magmatic phase. An inversion and contraction phase, associated 
with closing of the Neotethyan ocean system, is recorded by supersequences C and D. The 
contractional structures of the Syrian Arc extend in a wide and elevated fold belt along 
the eastern edge of the deep-marine basin. These structures were formed by the inversion of 
pre-existing normal faults. The folding occurred in several pulses starting in the Senonian 
and ending in the Miocene. The western limit of the main fold belt, located 50-70 km west of 
the coastline, is defined by a transition in crustal properties. Supersequences E and F record 
the Late Cenozoic history of the basin. A Messinian, evaporitic basin was limited to the east 
by the elevated and uplifted Syrian Arc fold belt composed of older, Oligocene to Mid- 
Miocene strata. During highstand episodes, the Messinian evaporites were deposited on the 
entire slope and within canyons incised into the shelf. High sedimentation rates of Nilotic 
and locally derived sediments during the Plio-Pleistocene resulted in the development 
of extensive submarine deltas and basinward progradation of the Levant shelf break. 

The Levantine basin (Fig. 1 a) occupies a consid- 
erable part of the eastern Mediterranean Sea. It 
is bounded to the east and south by the continen- 
tal slopes of the African and Arabian plates along 
the Mediterranean coast of Sinai, Israel, Leba- 
non and Syria, and on the north by the Cyprian 
Arc plate boundary at the southern edge of 
Eurasia. It is a deep marine basin reaching 
water depth of up to 2200 m below mean sea 
level (MSL). 

The basin is a remnant of the Neotethys 
Ocean that opened following the break-up of 
Pangaea in Early Mesozoic times (Dewey et al. 
1973; Robertson & Dixon 1984). During the 
Mid-Late Cretaceous the basin started to close. 
The northern margins were intensely deformed 
and subsequently subducted or accreted at the 
present-day areas of Cyprus and southern 
Turkey (Fig. 1) (Ben Abraham 1989; Garfunkel 

1998; Robertson 1998). The southeastern mar- 
gins, however, remained stable at their original 
position near the Israel-Sinai coastline. The sedi- 
mentary sections on the slope and deep-marine 
basin of the southeastern Levant continental 
margin preserve important evidence of events 
associated with the opening and closing of the 
Neotethys. 

A vast volume of geological and geophysical 
data that were collected in the past 40 years 
have been used to study the structure and stratig- 
raphy of the Levantine basin and to develop 
a conceptual model to explain its origin and 
tectonic evolution. The existence of a deep sedi- 
mentary basin in the southeastern Mediterranean 
Sea area was initially revealed during the late 
1960s to 1980s (Ginzburg et al. 1975; Neev et al. 
1976; Bein & Gvirtzman 1977; Druckman 1984; 
Garfunkel & Derin 1984; Cohen et al. 1988, 
1990). 

From: ROBERTSON, A. H. F. & MOUNTRAKIS, D. (eds) 2006. Tectonic' Development of the Eastern Mediterranean 
Region. Geological Society, London, Special Publications, 260, 201-227. 
0305-8719106l$15.00 �9 The Geological Society of London 2006. 
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Studies of onshore and offshore deep bore- 
holes have shown marked lateral changes in the 
Jurassic and Cretaceous rock record, and a tran- 
sition from shallow-marine shelf and slope facies 
in the south and east to deep marine facies in the 
west. Multi-channel seismic reflection surveys 
shot on the continental shelf have confirmed 
the presence of a thick Mesozoic to Neogene 
rock succession that extends throughout the 
southeastern Mediterranean area. The deep 
sedimentary basin and its bordering land were 
interpreted as a relic of the Neotethys Ocean and 
adjacent passive continental margin that devel- 
oped on the northern edge of the Arabian plate in 
Early Mesozoic times (Fig. 1). 

The relation between the sedimentary rock 
record and the deep crustal structure was studied 
on a regional scale in a later phase of research. 
Long-range seismic refraction profiles and 
gravity and magnetic data were collected over 
the inland part of Israel and across the southeast- 
ern Mediterranean Sea, and revealed consid- 
erable variations in the density and velocity of 
the crust (Ginzburg et  al. 1979; Ginzburg & 
Folkman 1980; Makris et  al. 1983; Ginzburg & 
Ben-Avraham 1987; Makris & Wang 1994; 
Ben-Avraham et  al. 2002). The geophysical dat- 
aset showed a 35 km thick, continental-type crust 
beneath southern Israel that thins to c. 10 km 
in the central part of the marine basin. The 
thickness of the sedimentary cover was found 
to change accordingly from 6 km near the Medi- 
terranean coast to about 15 km in the offshore 
area. These findings further supported the initial 
interpretation of the basin as a major tectonic 
element in the area. 

The analysis of gravity and magnetic data, 
seismic refraction and single-channel seismic 
reflection data from the northeastern Mediterra- 
nean Sea has all revealed more information on 
the northern edge of the Levantine basin (Fig. 1) 
(Ben-Avraham et  al. 1976; Woodside 1977; 
Makris et  al. 1983; Makris & Wang 1994; Ben- 
Avraham et  al. 1995). The elevated structures 
of Cyprus and the submarine Eratosthenes 
Seamount were found to be underlain by a 25- 
35 km thick crust of assumed continental origin. 
An area of prominent deformation and wrench 
faulting found south and east of Cyprus was 
interpreted as an active boundary between the 
African-Arabian plate on the south and the 
Eurasian plate on the north. The uplift and defor- 
mation along the Cyprian Arc plate boundary 
was explained by the closure of the Neotethyan 
Ocean through plate collision, subduction and 
accretion processes in the northern part of the 
Mesozoic Levantine basin. The Eratosthenes 
Seamount was interpreted as a small continental 

body detached from the African plate during 
the Neotethyan rifting and later moved north- 
ward to its present location just south of the 
present plate boundary. 

Although many details of the Levantine basin 
are now well recognized, there is disagreement 
among researchers regarding several important 
aspects of its origin and tectonic evolution. An 
'oceanic' model assumes that the thin crust found 
in the central part of the basin is a relic of a 
Neotethyan oceanic lithosphere. According to 
this model the Levantine basin evolved since the 
break-up of Pangaea in Late Permian time as the 
southern arm of a large Neotethys ocean. Rifting 
and sea-floor spreading episodes in the Triassic 
to Early Jurassic were presumably followed 
by the emplacement of new oceanic crust in the 
central and northern part of the basin (Bein & 
Gvirtzman 1977; Makris et  al. 1983; Ben- 
Avraham et  al. 2002). 

An alternative 'continental' model suggests 
that the central part of the basin is composed of 
thinned continental crust. The Levantine basin is 
assumed to be underlain by a number of aborted 
or failed rifts that opened on the Mesozoic 
shallow shelf, south of the large Neotethyan 
Ocean (Hirsch et  al. 1995). 

Another area of disagreement is associated 
with the geometry and nature of opening of 
the Levantine basin. Based on plate motion 
reconstruction several workers have suggested an 
east-west-oriented spreading centre within the 
basin that separated the Tauride microplate from 
Africa, and was associated with north-south, 
strike-slip motion on a transform fault along the 
eastern coast of the Mediterranean (Dewey et  al. 
1973; Seng6r et  al. 1984; Dercourt et  al. 1986; 
Stampfli et  al. 2001). A NNE-trending disconti- 
nuity zone identified in geophysical data along 
the base of the Israeli continental shelf, termed 
the Pelusium Line, was interpreted as a major 
transcontinental shear associated with the postu- 
lated north-south strike-slip motion (Neev et  al. 
1976; Neev 1977). 

An alternative view proposes a north-south- 
oriented spreading centre within the basin and 
a NW-SE extension and opening between the 
Mediterranean coastline and the Eratosthenes 
and Cyprus areas. This model postulates an 
east-west, strike-slip motion along the northern 
coast of Sinai (Garfunkel & Derin, 1984; 
Garfunkel, 1998). 

Hydrocarbon exploration activity has taken 
place in the Levantine basin, offshore Israel 
since the 1970s. In the last 10 years, following 
a renewed interest in its hydrocarbon potential 
and significant gas discoveries, a large amount of 
geophysical data were collected across the marine 
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basin and several deep wells were drilled in the 
eastern margin. The new data provide a detailed 
and more accurate image of the subsurface that 
was not previously available. 

This paper presents an analysis of part of the 
new geophysical dataset. It focuses primarily on a 
regional 2D seismic reflection survey performed 
across the southeastern Mediterranean Sea dur- 
ing 2001. A seismic stratigraphic analysis was 
used to define and map the main rock units that 
make up the basin-fill. Several regional fault 
and fold systems were identified in the basin and 
on its margin. The results are used to evaluate 
and update the models previously suggested 
to explain the tectonic evolution and geological 
history of the Levantine basin. 

Dataset 

The seismic dataset used in this research includes 
52 multi-channel, 2D seismic reflection lines tota- 
lling 4000 km. The core of the study is a grid of 
32 regional marine lines acquired during 2001 
in the framework of hydrocarbon exploration 
activity offshore Israel (EM series in Fig. lb). 
These data, obtained by Spectrum Energy and 
Information Technology Ltd, extend from 
the Israeli shallow shelf to the submarine Era- 
tosthenes Seamount, some 200 km to the NW. It 
covers most of the Levantine basin in a relatively 
dense seismic grid of about 10 km x 20 km 
(Fig. lb). The EM lines were acquired by the 
R.V. Geo Baltic vessel using a 7200 m long stre- 
amer with 576 recording channels (group 
interval 12.5 m), and an energy source of a four 
air gun array, each gun with a volume of 3410 
cubic inches and a pressure of 3000 p.s.i. The 
optimal shooting parameters and data processing 
sequence resulted in a highly interpretable dat- 
aset in which seismic reflections are well resolved 
down to about 10s two-way travel time (TWT; 
Figs 2-6). The resolution and depth of penetra- 
tion of the new EM series is superior to most 
other 2D reflection lines previously acquired for 
offshore Israel. 

Twenty additional 2D multi-channel reflec- 
tion lines of older vintages were reprocessed and 
integrated into the seismic dataset (DS, AS, M, 
83, 88 and 91 series in Fig. lb). These lines, which 
cover nearshore and onshore areas, allowed 
the correlation of the seismic data to 16 deep 
boreholes located on the eastern margin of the 
basin (Fig. 1, Table 1). 

An interpretation of the entire seismic dataset 
was performed on a workstation using time- 
migrated profiles. Synthetic seismograms and 
time-converted wireline logs were constructed 

for the correlation of seismic horizons to strati- 
graphic units in the wells. Biostratigraphic 
and lithostratigraphic information, taken from 
published well reports, was used for age control 
and the geological interpretation of seismic 
events. 

Seismic stratigraphy 

Seismic &terpretation and mapping 

A thick reflection series (up to 10 s TWT) com- 
prises the entire sedimentary rock record that 
accumulated on the northern edge of the 
Arabian-African plate during the Phanerozoic 
(Figs 2-6). Six seismic packages were identified in 
the Phanerozoic sedimentary interval, between 
the crystalline basement and the water bottom 
surface (Fig. 2). The packages are distinct seismic 
units that are bounded by regional markers 
recognized through truncation and both onlap- 
ping and downlapping reflections. Correlation 
with deep boreholes shows that the seismic 
packages comprise major lithostratigraphic units 
(Fig. 2) and their boundaries are regional uncon- 
formity surfaces associated with relative sea-level 
changes. 

The seismo-stratigraphic units were inter- 
preted as low-order depositional cycles that 
developed in response to the main tectonic events 
that shaped the Levantine basin and margin. The 
time span of most of these depositional cycles, 
labelled from bottom to top as units A to F 
(Fig. 2), ranges from 5 to about 80 Ma. Accord- 
ing to sequence stratigraphic terminology they 
are defined as second-order depositional sequ- 
ences or supersequences (Haq et al. 1988; Emery 
& Myers 1996). Supersequence E, comprising 
the Messinian evaporate, is a higher-order 
depositional cycle with a time span of <2 Ma. 
However, the Messinian strata represents a con- 
spicuous seismic and lithostratigraphic unit that 
is well recognized throughout the basin and is 
therefore described here, for simplicity, within 
the supersequence scheme. 

Mapping of supersequences A-F  involved 
several steps. First, time-structure and time- 
thickness grids (isochrons) were prepared for 
each of the interpreted seismic horizons. The 
isochron grids were converted to isopach maps 
by multiplication of one-way travel time values 
by a single interval velocity (Fig. 7a-f). The iso- 
pach maps were then summed (in a layer-cake 
manner) to create the depth maps of the various 
unit tops (Fig. 8a and b). 

Seismic interval velocities used for depth con- 
version were calculated from check shot surveys 
of the 16 deep wells in the study area (Table 1, 
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Fig. 2. Interpreted, time-migrated seismic reflection line EM-24 (eastern part), showing the six 
seismo-stratigraphic units composing the Phanerozoic sedimentary fill of the Levantine basin (supersequences 
A-F). Each supersequence is dominated by a unique seismic facies: A is a series of parallel, high-amplitude 
reflections above the chaotic crystalline basement; B is characterized by discontinuous, low-amplitude 
reflections and reflection-free zones; C is a series of parallel, continuous reflections, in places onlapping the top 
of B; D is characterized by discontinuous, low-amplitude reflections; E is chaotic to reflection-free (Messinian 
evaporite); F is composed of a thinly layered, basinward-prograding reflection pattern. The supersequence 
boundaries are correlated with regional unconformity surfaces that are dated in onshore and offshore wells. 
An interpreted lithological column of the basin-fill is partly taken from cutting sample description of the Yam 
West-1 well. The composition of the Precambrian basement and the overlying supersequence A is assumed 
based on seismic character and the extrapolation from nearby onshore wells. CDP, common depth point. 
Location of the seismic profile and the wells is shown in Figure lb. 

Fig. 1). The velocity data available for time to 
depth conversion are limited and come only from 
the shallow, eastern part of the basin (Fig. lb). 
Therefore, the following approximations are 
required: an interval velocity of 4200 m s -1 was 
used for depth conversion of the Messinian 
evaporates, as the velocity calculated for this 
interval from the Yam-2 well (3311 m s -1) is 
considered unrepresentative (Table 1); units D 
and C have similar compositions; both are 
dominated by argillaceous limestone and chalk, 
therefore, the same interval velocity value of 
3000 m s -1 was used (Fig. 2, Table 1); for unit B 
we used the interval velocity of the deeper marine 
facies (3400 m s-l), which occupies most of the 

study area. Correction for the effects of com- 
paction was not applied. Although some of the 
interval velocities used here for depth conversion 
are approximate we consider them sufficiently 
adequate for the large scale and scope of the 
study. 

The crystalline basement 

The deepest seismic horizon interpreted in this 
study is the near top of the crystalline basement. 
It is correlated throughout the study area 
with the transition from a chaotic and reflection- 
free seismic character below to a continuous, 
parallel to divergent, high-amplitude reflections 
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Fig. 3. Interpreted, time-migrated seismic reflection line EM-50 showing the deep structure in the central part of 
the Levantine basin. A series of normal faults offset the top of the basement, supersequence A and the lower 
part of supersequence B. Supersequences C-F are not affected by normal faulting. The graben and horst system 
in the lower part of the basin-fill developed during the Early Mesozoic, Neotethyan rifting phase. Thickness 
variations in supersequence A (Permian-Aalenian) indicate syntectonic deposition. Fault activity ceased during 
the deposition of the lower part of supersequence B (Bajocian-Bathonian). Some of the normal faults at the 
eastern margin of the basin (east of CDP 14000) were later reactivated in a reverse sense of motion during the 
Syrian Arc contractional phase. The shallow fault system at the top of supersequence E (Messinian evaporites) 
associated with Plio-Pleistocene halokinesis should also be noted. The location of the profile is shown in 
Figure lb. 

series above (Fig. 2). We interpret this transition 
to characterize a major acoustic boundary bet- 
ween non-layered, magmatic and metamorphic 
basement complexes to the overlying, layered 
Palaeozoic-Mesozoic sedimentary interval. 

The transition in seismic character is more 
evident in the southeastern corner of the study 
area, near the Yam West-1 well, where it is found 
at a relatively shallow depth of about 5-6 s TWT 
(Fig. 2). In this area the seismic boundary is 
correlated with the top of the Precambrian to 
Infra-Cambrian basement penetrated by the 
Heletz Deep-1 and the Gevim-2 wells (Fig. lb). 
The resolution of the seismic data generally 
decreases below 7-8 s as a result of the reduction 
of the seismic energy. However, the transition 
between chaotic seismic character and overlying 
high-amplitude, partly continuous reflection 
series was identified below 8 s in many seismic 
profiles located in the central, deep part of the 
basin (Figs 3 and 4). 

The basement dips gradually westwards from 
7 km depth at the Levant shoreline to 14-16 km 
at the centre of the basin (Figs 5 and 8), and it 

rises to 5-6 km beneath the Eratosthenes Sea- 
mount further NW (Fig. 3; Makris & Wang 1994; 
Garfunkel 1998; Ben-Avraham et al. 2002). The 
top of the basement marker is dissected by many 
faults. These are predominantly normal faults in 
the western and central parts of the basin and 
reverse faults at the eastern margin (Figs 3-5). 
Most of the normal faults in the central part of 
the basin trend to the NE, forming an extensive 
graben and horst structure extending across 
the entire basin, from the Eratosthenes Seamount 
area in the west to the base of the Israeli continen- 
tal shelf in the east (Fig. 8a). 

An 80-100 km wide graben was identified at 
the centre of the basin where the top of the 
basement marker reaches its maximal depth 
(Fig. 8a). This central graben appears to termi- 
nate gradually to the NE, across the postulated 
seaward extensions of the Carmel fault and the 
Mount  Carmel and western Galilee structures 
(Fig. 8a). No indication was found of a structural 
discontinuity along these features, as suggested 
by Ben-Avraham & Grasso (1991) and Ben- 
Avraham & Tibor (1994). A horst of 15-30 km 
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Fig. 4. Interpreted, time-migrated seismic reflection line EM-48 (central part), showing a deep-seated 
asymmetrical graben in the northern part of the Levantine basin. The graben is interpreted as a Neotethyan rift 
structure that was formed during the deposition of supersequence A (Permian-Aalenian). The chaotic strata of 
supersequence B on top of the graben (between CDP 2642 and 3642) are interpreted as post-rift clastic fill. The 
transition in seismic character from the chaotic crystalline basement to the continuous, high-amplitude parallel 
reflections in the lower part of supersequence A should be noted. The location of the profile is shown in 
Figure lb. 

width and 80 km length trending in a NE-SW 
direction is located in the centre of the graben, 
where the top of the basement is 2-3 km higher 
than in the adjacent flanks (Fig. 8a). 

Seismic refraction, gravity and magnetic 
data show that  the crust underlying the area of 
Jordan and Israel thins from 35 km on land to 
about 10 km within the basin, and that it thickens 
to about 25 km further west beneath the Era- 
tosthenes Seamount (Ginzburg et  al. 1979; 
Makris et  al. 1983; El-Isa et  al. 1987; Ginzburg 
& Ben-Avraham 1987; Makris & Wang 1994; 
Ben-Avraham et  al. 2002). The thick crust under- 
neath Israel and the Eratosthenes Seamount 
is composed of a high-velocity layer at the 
bottom (6.7 km s-~), and a low-velocity layer on 
top (6.0 km s-~), interpreted as upper continental 
crust (Makris et  al. 1983; Ben-Avraham et  al. 

2002). The absence of the low-velocity layer 
and the presence of high-velocity (6.7 km s-a), 
thinned lithosphere in the centre of the Levantine 
basin was interpreted as an indication of oceanic 
crust (Ben-Avraham et  al. 2002). This type of 
crust is assumed to have been emplaced during 
Early Mesozoic sea-floor spreading as proposed 
by the 'oceanic' model. 

The nature of the upper crust below the 
near-top of the basement horizon cannot be 
directly determined from our seismic data; how- 
ever, indirect criteria and a comparison with 
other passive continental margin were used 
to address the important issue of the crustal 
composition beneath the Levantine margin and 
basin. 

At the Atlantic continental margin of the 
USA, the transition between the continental 
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Fig. 5. Interpreted, time-migrated seismic reflection line EM-22 showing the structure of the central and eastern 
parts of the Levantine basin. An elevated, highly deformed fold belt on the east side of the profile is the western 
edge of the regional, Syrian Arc fold system that developed in association with the closure of Neotethys. The 
Syrian Arc contractional deformation started during the deposition of supersequence C (Senonian-Early 
Oligocene) and ceased during the end of supersequence D (Late Miocene). The reverse, high-angle thrust faults 
within the fold belt are interpreted as reactivated normal faults of the Early Mesozoic rifting phase. The same 
type of faults remained inactive in the central part of the basin (west of CDP 10484). The onlapping reflections 
on the lower boundary of supersequence C (between CDP 9484 and 12484) and the increased thickness of the 
unit west of the elevated fold belt are associated with drowning of the Mid-Cretaceous shelf coupled with intense 
transport of clastic material into the basin. The location of the profile is shown in Figure I b. 

crust in the west and the oceanic crust in the east 
is gradual and takes place through several inter- 
mediate zones with distinct physical properties 
and seismic character, ranging from continental, 
to rifted, to marginal oceanic and to oceanic 
(Klitgord & Hutchinson 1988). In our dataset, 
the basement layer shows similar seismic charac- 
ter across the entire Levantine basin and margin, 
and no indication for crustal zonation was obse- 
rved (Figs 3 and 5). Additionally, in the centre of 
the basin the top of the basement layer does not 
show the hummocky or mounded character that 
often characterizes an oceanic basement in the 
Atlantic margin (Klitgord & Hutchinson 1988) 
or more locally, in the Ionian Sea at the centre 
of the Mediterranean Sea (Finetti 1985; Avedik 
et al. 1995). 

The deep-seated fault blocks, graben and 
horsts found throughout the Levantine basin 
are typical of a rifted or transitional-type crust 

such as found in the western part of the Atlantic 
passive margin (Klitgord & Hutchinson 1988). 
Old rift-related structures would not have been 
present within new oceanic crust that presumably 
developed after the main rifting phase. It is there- 
fore suggested, following Hirsch et al. (1995), 
that the basement of the Levantine basin is not 
oceanic in composition, but rather is a stretched, 
thinned and probably highly intruded continental 
crust. The velocity of 6.7 km s -~ found in seismic 
refraction studies is compatible with this type 
of crust (Hirsch et al. 1995). Other supporting 
evidence for a 'continental '  model is the absence 
of linear magnetic anomalies and the extremely 
thick sedimentary cover (14-16 km) in the centre 
of the basin (Hirsch et  al. 1995). It is assumed 
that the basement of the Levantine basin has not 
gone beyond the early magmatic phase of rifting 
and did not reach full-scale oceanic sea-floor 
spreading. 
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Fig. 6. Interpreted, time-migrated seismic reflection line EM-60 (eastern part) showing contractional 
deformation at the western edge of the Syrian Arc fold belt. Two folding episodes are observed: an early episode 
that affected only the strata of supersequence B resulted in high-amplitude, narrow folds and thrust faults 
(eastern part of the line below 3600 ms); a later episode that affected also the strata of supersequences C and D 
(eastern part of the line between 3600 and 2800 ms) produced lower-amplitude, wider folds and minor thrusting. 
Chaotic seismic packages filling the relief in the lower part of supersequence C (near CDP 1825) are interpreted 
as clastic-rich deposits that were transported into the basin during the early stage of drowning. Shallow, normal 
faults and folds within supersequences E and F are associated with Plio-Pleistocene halokinesis. The location of 
the line is shown in Figure lb. 

The Permian to Aalenian supersequence (A) 

Supersequence A is a 3-8 km thick unit (1-3s 
TWT) extending across the entire width of 
the Levantine basin (Figs 3 and 7a). In the seis- 
mic data it is characterized by high-amplitude, 
relatively continuous, parallel to divergent reflec- 
tions, locally changing to less reflective or 
reflection-free zones (Fig. 2). The disruption of 
seismic character commonly takes place in areas 
where the unit is highly deformed by normal and 
reverse faults (Figs 3 and 5). 

The lower boundary of supersequence A is the 
postulated near-top of the crystalline basement. 
The upper boundary is correlated with a distinct 
change in seismic character from high-amplitude, 
continuous reflection series below to disconti- 
nuous, low-amplitude, occasionally shingled, 

reflections above (Fig. 2 at 4500 ms between the 
Yam-2 and Yam West-1 wells). The change in 
seismic character is most evident in the eastern 
part of the basin; however, it is also observed 
in its central and western parts, where the top 
of supersequence A is a relatively continuous 
high-amplitude seismic event below less continu- 
ous and lower amplitude reflections (Figs 3 
and 5). 

Well data indicate that the change in seismic 
character at the top of supersequence A corre- 
sponds to a significant transition in lithology 
and depositional environment. The continuous, 
parallel reflections in the upper part of the unit 
(Fig. 2) are interpreted as shallow-water deposits, 
probably similar to Triassic and Lower Jurassic 
platform carbonate found in various onshore 
wells on the eastern margin of the basin. The 
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Table 1. Seismic interval velocities o f  the basin-fill units (calculated f rom check shot surveys) in the wells o f  the 
study area 

Interval velocities (m s -1) 

Well names and T.D.(m) Sequence F Sequence E Sequences Sequence B Sequence A 
abbreviations C+D 

Asher Yam-1 (AYI) 2020 1921 
Ashkelon-2 (As2) 4076 
Atlit-1 (Atl) 6531 
Bravo-l(B1) 4096 1750:~ 
Caesarea-3 (C3) 4600 
Delta-l(D1) 4423 
Foxtrot- 1 (F 1) 2153 
Gaash-2 (Ga2) 5508 
Gevim- 1 (Gel) 4620 
Heletz Deep-l(HD1) 6093 
Hof Ashdod-1 (HA1) 3152 2013 
Item-1 (I1) 3708 
Nisanit-1 (N1) 3750 
Yam West-1 (YW1) 5250 1660 
Yam Yafo-1 (YY1) 5787 1794 
Yam-2 (Y2) 5377 1863 
Average values used 1800 
for depth conversion 

27645 

4865"t 

5077"t 

5630"? 

3700* 4660*w 

5990t 
5800t 
5911t 

3348*w 
2539* 2956*w 4494t 
2865 3197w 

3311 2961 2765w 
4200 3000 3400 5500 

*Shelf facies. 
tIncomplete section. 
SEstimated from wireline logs and seismic data. 
w facies. 
T.D., total depth. 
The interval velocity values were used for depth conversion of interpreted, two-way travel time grids and the 
construction of isopach and depth maps. 

overlying discontinuous, low-amplitude reflec- 
tions of supersequence B correspond in the 
offshore, Yam-2, Yam West-1 and Yam Yafo-1 
wells to a series of shale, marl, redeposited 
limestone and some sandstone of Bajocian to 
Bathonian age. These sediments accumulated in 
a slope and deep-water environment, basinward 
of the Mid-Jurassic shallow water carbonate 
platform (Derin et al. 1990; Druckman et al. 
1994; Gardosh 2002). 

The seismic boundary at the top of super- 
sequence A is interpreted as a regional uncon- 
formity surface between the Triassic-Lower 
Jurassic shallow-marine section and the overly- 
ing Middle Jurassic deeper marine section. This 
unconformity is recognized in deep wells at the 
eastern margin of the basin, where the entire 
Jurassic section was penetrated. In the onshore 
Helez Deep-l, Gaash-2, Nissanit-1, Gevim-1, 
Caesarea-3 and Atlit-1 wells (Fig. lb), a litholo- 
gical and biostratigraphic break is identified at 
the top of limestone and dolomite series (Qeren 
Formation) of Aalenian age (Hirsch et al. 1998). 

The shallow marine carbonate is overlain by a 
thin shale and siltstone bed (Rosh Pina Forma- 
tion) interpreted as a regressive unit (Derin 1974; 
Hirsch et al. 1998). Hirsch et al. (1998) correlated 
this terrigenous unit with an Aalenian sea-level 
drop at the onset of the LZA-1 eustatic cycle 
(Haq et al. 1988). In some onshore seismic 
profiles the top of the Qeren carbonate appears as 
a continuous, high-amplitude reflection similar to 
the upper boundary of supersequence A in the 
offshore (Profile DS-3072 and Nisanit-1 well, 
Fig. lb). 

Supersequence A displays significant thick- 
ness variations. The presence of asymmetrical 
grabens indicates syntectonic deposition and 
continuous activity of deep-seated faults and 
basement blocks (Figs 3 and 4). The isopach 
map shows a large trough, some 90 km wide, 
trending NE-SW in the central part of the basin 
(Fig. 7a). The trough is up to 8 km thick in its 
centre and gradually thins to about 3 km towards 
the east and west. It is superimposed on a deeper 
graben mapped on the near-top of the basement 
horizon (see Figs 7a and 8a). 
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Figs. 7. Isopach maps of the six depositional supersequences composing the Levantine basin-fill. The maps were 
calculated from two-way travel time grids of the interpreted horizons by using constant, interval velocities 
(Table 1). (a) shows the marked thickness of supersequence A in the centre of the basin (4-8 km) that is 
associated with syntectonic deposition during the Early Mesozoic, Neotethyan rifting phase. (b) demonstrates 
the eastward shift of depocentre during the post-rift development of the Levantine continental margin. 
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Figs. 7. (c) shows the increased thickness of supersequence C in the centre of the basin, probably caused by high 
influx of clastic material and creation of accommodation within the basin during the Syrian Arc deformation 
phase. The Jonah Seamount (JS) is interpreted as a Mid-Cretaceous volcanic structure that remained as an 
elevated submarine high during Senonian to Early Oligocene times. (d) shows a more or less equal distribution 
of supersequence D across the basin with minor thinning towards the eastern margin that reflects the last stage 
of the Syrian Arc deformation. 
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Figs. 7. (e) shows the main accumulation of the Messinian evaporite in the centre of the basin and west of the 
elevated Syrian Arc fold belt. (f) demonstrates the thick accumulation of the Plio-Pleistocene prograding 
sequence along the eastern margin, probably as a result of high influx of both Nilotic and locally derived clastic 
material. 
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Fig. 8. Structural maps (below MSL) of (a) the near-top of the Precambrian basement horizon and (b) the 
top of the supersequence B horizon (Bajocian-Turonian). The near-top basement map shows the extensive 
SW-NE-oriented normal fault system formed during the Triassic-Jurassic Neotethyan rifting. The most intense 
rifting took place in the centre of the basin, where the depth to the top of the basement is in the range of 14-17 
km. This Central Graben is dissected by an elongated and narrow horst that is possibly associated with intra-rift 
magmatic activity. The map of the top of supersequence B shows the elevated and highly deformed Syrian Arc 
fold belt along the eastern margin of the basin. Many of the folds contain high-angle thrust faults. The western 
edge of the Syrian Arc fold belt follows a zone of crustal discontinuity (dotted line) interpreted from deep 
refraction and gravity data (after Ben-Avraham et  al. 2002). It is proposed that the westward termination of the 
Syrian Arc deformation is related to the deep crustal structure and reflects the transition from a continental 
crust in the east to a thinned, intruded crust in the west. 
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Table 2. The displacement of various stratigraphic markers across the Heletz fault trace, represented by 
elevations in the hanging wall (Heletz Deep-l) and footwall (Gevim-1) 

215 

Heletz Deep- 1, Gevim- 1, Measured Reconstructed 
Stratigraphic tops hanging wall footwall vertical normal 
in wells (m below MSL) (m below MSL) displacement (m) throw (m) 

Aptian 
Callovian 

Bathonian 
Bajocian 
Triassic 
Near-top of 
Infra-Cambrian or 
Precambrian basement 

1069 1555 +486 
1783 2022 +239 247 

(reconstructed) 
1928 2187 +259 227 
2724 2494 -230 716 
4708 3737 -971 1457 
5714 4460 - 1254 1740 

The Heletz fault was active in normal motion during the Neotethyan rifting and in a reverse motion during 
the Syrian Arc contractional phase. The maximal reverse motion, estimated from the displacement of the 
Aptian level, amounts to 486 m. The normal throw (right column) is reconstructed by adding the reverse 
motion to the measured vertical displacement of the pre-Aptian units. The total amount of normal throw on 
the near-top of the Infra-Cambrian or Precambrian basement is 1740 m. A normal throw of 283 m is 
calculated for the Triassic phase; 741 m is calculated for a Liassic-Bajocian phase, and 489 m for an Early to 
Mid-Bathonian phase. (For further details see Fig. 9 and the text.) 
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In f racambr ian/  
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Fig. 9. A schematic geological section across the trace of the Heletz fault, between the Gevim-1 and the Heletz 
Deep-1 wells. The fault was active in a normal, down-to-the-basin motion during the Neotethyan rifting phase 
and was reactivated in a reverse motion during the Late Cretaceous, Syrian Arc contractional deformation, 
Reconstruction of the normal throw on the Triassic and Jurassic stratigraphic levels provides an estimate of 
the time and amount of displacement during the Neotethyan rifting. (For further details see Table 2 and the 
text). 

The stratigraphy and age of supersequence A 
within the trough and throughout the Levantine 
basin are not well established because of lack of 
well control. Well data from the coastal plain 
show that Permian sediments overlie the Precam- 
brian basement (Heletz Deep-l ,  Gevim-1). It is, 

therefore, assumed that supersequence A is domi- 
nated by Permian, Triassic and Lower Jurassic 
strata. The thickness of this rock section onshore 
is in the range of 1.5-5 km (Garfunke11998), con- 
siderably less then the 4-8 km of supersequence A 
in the offshore (Fig. 7a). 
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The excessive thickness of supersequence A 
within the Levantine basin may be partly related 
to the presence of Palaeozoic or even Infra- 
Cambrian units that were regionally deposited 
and later eroded from elevated areas in the 
nearby continental margin. It is more likely, 
however, that the main cause of the additional 
thickness is the syntectonic accumulation of 
continental, shallow-marine and volcanic rock 
sections within Triassic and Early Jurassic rift 
structures. 

The occurrence of thick volcanic units in 
supersequence A is supported by well data from 
the Haifa area some 40 km eastwards of the main 
depocentre (Fig. lb). In the Atlit-1 well Derin 
et al. (1982), Dvorkin & Kohn (1989) and 
Korngreen (2004) described a Carnian-Norian 
(Upper Triassic) shallow-water carbonate section 
of 1141m thickness, interbedded with 320m 
of volcanic rocks. The Triassic sequence is 
overlain by a 2500 m section of olivine basalts of 
alkaline affinities known as the Asher Volcanics 
(Gvirtzman & Steinitz 1983). Argon dating has 
revealed a mid-Early Jurassic age (193-198 Ma) 
for the upper part of the volcanic section (Steinitz 
et al. 1983; Kohn et al. 1993). The Asher Vol- 
canics do not show mid-ocean ridge basalt 
(MORB) characteristics and their geochemical 
signature resembles that of intraplate basalts 
(Dvorkin & Kohn 1989; Garfunkel 1989). The 
presence of interbedded shallow-water carbon- 
ate, palaeosols and lignites indicates shallow- 
marine to subaerial volcanism. Garfunkel (1989) 
proposed that the Asher Volcanics accumulated 
within a 2-3 km deep, fault-controlled depression 
in the Haifa area. Similar depressions may have 
filled with Triassic and Lower Jurassic basalts in 
the central part of the Levantine basin further 
west. The existence of thick volcanic units within 
supersequence A in the offshore is further sup- 
ported by a strong positive magnetic anomaly 
over the northeastern part of the basin (Rybakov 
et al. 1997). 

In summary, based on the lithological compo- 
sition found in onshore wells and the seismic 
character offshore, the strata of supersequence A 
are interpreted as continental to shallow-marine 
siliciclastic and carbonate deposits, in places 
containing thick volcanic sections. The unit 
was intensely faulted and its deposition took 
place contemporaneously with extensive rifting 
and extension throughout the Levant area. No 
clear evidence was found in the seismic and 
well data for a deep-marine basin during the 
Permian to Early Jurassic time span. A shelf 
break was formed in the Levantine basin only in 
Mid-Jurassic times, when an aggradational 
carbonate shelf was established on its eastern 
margin (Gardosh 2002). 

The  Bajoc ian  to Turon ian  

supersequence  ( B )  

Supersequence B is an extensive unit attaining its 
maximal thickness of 3-3.5 km (2-2.5 s TWT) at 
the eastern margin of the basin (Figs 5 and 7b). 
Its thickness is reduced to about 1.5 km (1 s 
TWT) in the central and western parts of the 
basin (Figs 3, 5 and 7b). In the seismic data 
the eastern margin area is characterized by a 
relatively discontinuous, low-amplitude reflec- 
tion series (Fig. 2, between Yam West-1 and 
Yam-2 wells), whereas more continuous, high- 
amplitude reflections characterize the unit in the 
deep part of the basin, further offshore (Fig. 5). 

The lower sequence boundary is correlated 
with the Middle Jurassic unconformity surface. 
The upper boundary corresponds to a distinct 
transition of seismic character between several 
high-amplitude reflections at the top of the unit 
and overlying lower-amplitude reflections, mar- 
ked by chaotic and reflection-free zones (Figs 2, 5 
and 6). The upper boundary is evident through- 
out the deep part of the basin, where the 
high-amplitude package at the top of super- 
sequence B is particularly continuous and is less 
disturbed by faulting (see left part of Fig. 5 at 
6200 ms). In the eastern part of the basin the 
sequence is highly folded and its top is character- 
ized by widespread onlapping reflections of 
supersequence C on the flanks of fold structures 
(Fig. 2, line EM-24, east of the Yam West-1 well; 
Fig. 5, the eastern part of line EM-22 between 
3000 and 5000 ms). 

In the wells of the study area and in outcrops 
throughout the inland part of Israel the uncon- 
formity at the top of supersequence B is indicated 
by a depositional hiatus; there is a pronounced 
lithological transition between shelf and slope 
carbonates of Albian to Turonian age (Judea and 
Talme Yafe Formations) and pelagic marl and 
chalk of Senonian to Palaeogene Age (Mount 
Scopus and Hashefela Groups) (Gvirtzman & 
Reiss 1965; Flexer 1968; Flexer et al. 1986). 

The Middle Jurassic to Middle Cretaceous 
strata comprising supersequence B were pen- 
etrated by many onshore and offshore wells in 
the western part of Israel. An important feature 
identified in these wells is a pronounced facies 
change from coarse-grained, shelf-type units east 
of the present-day coastline to finer-grained, 
slope and basin-type deposits further west (Derin 
1974; Bein & Gvirtzman 1977; Flexer et al. 1986). 
This facies variation indicates the development of 
a deep-marine basin bordered by a slope and a 
shallow-marine shelf on the southeastern Levant 
continental margin (Bein & Gvirtzman 1977). 
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A detailed sequence stratigraphic analysis of 
the Middle Jurassic to Middle Cretaceous strata 
in the southern coastal plain of Israel (Gardosh 
2002) shows that the continental margin is 
composed of six second-order and 22 third-order 
depositional sequences. These sequences include 
both lowstand and transgressive to highstand 
components. The lowstand-type deposits are 
fine-grained siliciclastic and carbonate debris 
that was transported into the basin by submarine 
gravity flows, whereas the transgressive to high- 
stand deposits are coarse-grained bioclastic and 
siliciclastic deposits that accumulated on the east- 
ern margin in shallow-marine rimmed platforms 
and ramps (Gardosh 2002). Rapid backstepping 
and aggradation associated with long-term 
sea-level rise characterize the carbonate plat- 
forms and ramps of the Bajocian-Oxfordian and 
Cenomanian-Turonian periods. Influx of both 
siliciclastic and detrital carbonate sediments into 
the basin was widespread during the Tithonian- 
Hauterivian and Albian periods. 

The steep carbonate shelf edge of supers- 
equence B found near the present shoreline is 
generally located east of the seismic coverage 
of the present study. The discontinuous, low- 
amplitude, occasionally shingled seismic facies of 
supersequence B in the offshore (Figs 2 and 5) 
was interpreted as lowstand-type, amalgamated, 
deep-water turbidite systems composed of 
siliciclastic and carbonate debris. These kinds of 
sediments are recognized within the Bajocian- 
Turonian strata in the Yam Yafo-1, Yam 2 and 
Yam West-1 wells (Derin et al. 1990; Druckman 
et al. 1994; Gardosh 2002). The turbidite flows 
bypassed the Mid-Jurassic and Mid-Cretaceous 
carbonate shelves through deeply incised channel 
and canyon systems. An example of such a chan- 
nel is the Gevaram canyon, located in the Heletz 
area of the southern coastal plain (Fig. 1). The 
canyon is filled with up to 1000 m of Lower 
Cretaceous (deep marine) shale (Cohen 1976). 

Supersequence B reaches a maximum thick- 
ness of 2500-3500 m (Fig. 7b). Its depocentre 
extends from the present coastline to about 
50km westwards, where large amounts of 
deep-water siliciclastic and carbonate strata 
accumulated on the upper and lower slopes of 
the Mid-Jurassic to Turonian margin. Towards 
the west and near the Eratosthenes Seamount 
the thickness of supersequence B is reduced to 
1000-2000 m (Fig. 7b). It is estimated that in 
these distal parts of the basin the rate of accumu- 
lation of deep-water sediments was considerably 
smaller. No indication for a shallow-marine 
carbonate margin is recognized in the Era- 
tosthenes area. Some small, thick accumulations 
of supersequence B found in the deep offshore are 

interpreted as localized depocentres filled by clas- 
tic material that was eroded and transported 
from nearby submarine structural highs (note the 
depression in the eastern part of the line EM-48 
between 5500 and 6500 ms in Fig. 4). 

The deep-seated normal faults at the centre 
of the basin affect only the lowermost part of 
supersequence B (Figs 3-5). At the eastern mar- 
gin, most of the older, normal faults were later 
reactivated as thrust faults. Reconstruction of 
the reverse motion shows a normal displacement 
in the range of several hundred metres of the 
Middle-Upper Jurassic to Middle Cretaceous 
strata. The minor effects of faulting indicate that 
most of the deposition of supersequence B took 
place in a post-rift stage when the basin was 
dominated by cooling and thermal subsidence. 
The termination of this depositional cycle coin- 
cides with the onset of large-scale contractional 
deformation. This tectonic event, known as the 
Syrian Arc folding phase, is recognized through- 
out the southern and eastern margins of the 
Levantine basin, and is associated with the 
closure of the Neotethys Ocean during the Late 
Cretaceous to Early Cenozoic, at the time of 
deposition of supersequence C. 

The Senonian to lower Oligocene 

supersequence ( C) 

Supersequence C attains its maximal thickness 
of about 2.5-3 km (2 s TWT) in the central 
part of the Levantine basin and displays marked 
thinning towards the eastern and western mar- 
gins (Figs 3 and 7c). It is generally characterized 
by low- to medium-amplitude, continuous and 
parallel reflections, chaotic reflections and 
reflection-free zones (Fig. 2). Well data indicate 
that this seismic character corresponds to chalk 
and marl of pelagic to hemipelagic, deep-water 
origin throughout the basin (Almogi-Labin et al. 
1993). 

Within the basin and on its eastern margin 
extensive onlapping is observed on the lower 
boundary of supersequence C (Figs 2 and 5). 
Similar onlapping of Senonian strata on Creta- 
ceous slope and shelf carbonate (Talme Yafe and 
Judea Groups) is found in the southern coastal 
plain (Gardosh 2002). An erosional uncon- 
formity associated with subaerial exposure is 
recognized at the Turonian-Coniacian boundary 
(base of supersequence C) in outcrops through- 
out the inland part of Israel (Bentor & Vroman 
1960; Flexer 1968). Both erosion and onlapping 
are interpreted as the result of a relative sea-level 
drop that was followed by eustatic rise and 
drowning of the Mid-Cretaceous carbonate plat- 
form (supersequence B). The drowning caused 
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the cessation of the Albian-Turonian carbonate 
factory on the shallow shelf and the replacement 
of platform carbonate with Senonian pelagic 
chalk (Sass & Bein 1982; Almogi-Labin et al. 
1993; Buchbinder et al. 2000). 

In the central part of the basin the lower sev- 
eral hundred milliseconds of the supersequence C 
are characterized by a reflection-free, transparent 
zone (Figs 4 and 5). In the eastern fold belt cha- 
otic reflection packages are found within deep 
synclines, overlying supersequence B (the eastern 
part of line EM-60 between 3500 and 4000 ms 
in Fig. 6). The transparent to chaotic seismic 
character at the base of the unit is interpreted as 
coarser-grained, clastic-rich sediments probably 
associated with a frequent supply of hemipelagic 
gravity flows during the early stage of drowning. 
The top of the chaotic package constitutes, in 
places, a high-amplitude truncation surface (the 
eastern part of line EM-60 at 3500 ms in Fig. 6), 
interpreted as a higher-order sequence boundary 
within the Senonian to Lower Oligocene super- 
sequence (Gardosh 2002). 

The upper boundary of supersequence C is 
correlated with the top of a relatively continuous 
higher-amplitude reflection series, in turn over- 
lain by low-amplitude and occasionally mounded 
reflections (Figs 3 and 5). The change in seismic 
character corresponds to an unconformity sur- 
face in the offshore Yam Yafo-1, and Yam West- 
1 wells (Fig. 2), as indicated by a pronounced 
lithological break and a biostratigraphic hiatus 
between Middle Eocene carbonates and an 
overlying section of Oligocene to Miocene silici- 
clastic deposits (the Saqiye Group; Druckman 
et al. 1994; Gill et al. 1995). 

On the isopach map supersequence C displays 
an almost symmetrical thinning pattern, from 
3000 m in the central part of the basin to < 500 m 
on both its eastern and western margins (Fig. 7c). 
An exception to this pattern is a prominent 
elevated structure located in the centre of the 
basin where the unit is only 1500 m thick 
(Fig. 7c). This feature was termed the Jonah 
Seamount and interpreted by Folkman & 
Ben-Gai (2004) as an intrusive structure of Oligo- 
Miocene age. An Oligo-Miocene age for the 
Jonah Seamount is not supported by the present 
data, as the structure is not observed on the iso- 
pach map of supersequence D (Fig. 7d). An alter- 
native interpretation suggests reduced deposition 
of Senonian to Early Oligocene strata over a pre- 
existing submarine high, shown as a prominent 
structure in the centre of the basin on top of 
supersequence B (Fig. 8b). The Jonah Seamount 
is interpreted as a volcanic structure of Mid- 
Cretaceous age. Relevant volcanic phases are 
known to have occurred in the area during 

the Albian and Cenomanian (Garfunkel 1989). 
The reduced section overlying this high (super- 
sequence C) may have been deposited as a 
carbonate build-up or an atoll. 

Calculated sedimentation rates in the central 
part of the basin are in the range of 33-50 m 
Ma -~ (uncorrected for compaction), but along 
the margin only about 8 m Ma -~. The low rate 
of deposition in the margin is similar to rates 
reported by Buchbinder et al. (1988) for undis- 
turbed Eocene chalk in outcrops further onshore. 
The great thickness and high rate of sedimenta- 
tion, as well as the widespread onlapping and the 
chaotic seismic character in the lower part of 
the unit are all indicative of significant gravity 
transport and influx of clastic sediments into 
the basin. These processes are associated with 
the creation of accommodation space probably 
through both tectonic subsidence and relative 
sea-level rise during the time of deposition of 
supersequence C. 

The  Ol igocene  to upper  M i o c e n e  

S u p e r s e q u e n c e  ( D )  

Supersequence D is 0.5-1 km thick unit (0.3-0.7 s 
TWT), extending across the entire width of the 
basin (Fig. 7d). In the seismic profiles it is charac- 
terized by low-amplitude, partly discontinuous 
reflections, some mounded reflections and 
reflection-free zones (Fig. 2). The lower sequence 
boundary is the base Oligo-Miocene uncon- 
formity (base Saqiye siliciclastic rocks). The 
upper boundary is correlated in the central 
part of the basin with a marked transition in 
seismic character between the reflection series 
of supersequence D and the chaotic and 
reflection-free seismic package of the overlying 
Messinian evaporites (supersequence E) (Figs 3, 
5 and 6). In the eastern part of the basin, where 
Messinian evaporites are either thin or missing, 
the upper sequence boundary corresponds to a 
conspicuous surface of erosional unconformity 
and a biostratigraphic hiatus, as recognized 
in both well and seismic data at the base of 
the Plio-Pleistocene section (Yafo Formation) 
(Gvirtzman & Buchbinder 1978; Druckman 
et al. 1995). 

In the offshore Yam West-1 and Yam Yafo-1 
wells (Fig. l b), supersequence D is composed 
of pelagic marl and shale of Oligocene to Late 
Miocene age (Lower Saqiye Group) (Druckman 
et al. 1994; Gill et al. 1995). Thick intervals of 
coarse-grained sandstone and conglomerate 
were found onshore within the sequence in wells 
along the eastern margin (e.g. Hof Ashdod-1, 
Fig. l b). These sediments are interpreted as 
canyon-fill deposits associated with several 
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cycles of subaerial and submarine erosion and 
incision on the Oligo-Miocene shelf (Gvirtzman 
& Buchbinder 1978; Druckman et al. 1995; 
Buchbinder & Zilberman 1997; Buchbinder & 
Siman Tov 2000). 

Mounded reflections identified within super- 
sequence D in the offshore (the eastern part 
of profile EM-60 at 2800 ms in Fig. 6), are inter- 
preted as siliciclastic, deep-water turbidite 
systems and basin-floor fans. These may be the 
distal equivalents of the proximal canyon-fill 
deposits found onshore. The presence of coarser- 
grained siliciclastic material within the fine- 
grained strata of supersequence D may explain 
the overall low-amplitude and discontinuous 
seismic character of the unit in the offshore 
record (Fig. 5). 

The Messinian supersequence (E )  

The Messinian sequence is a distinct seismic 
package identified throughout the eastern Medi- 
terranean region, composed of thick evaporitic 
series of Late Miocene age (Hsfi et al. 1973; Neev 
et al. 1976; Ryan 1978). In the Levantine basin 
this unit is about 1-2 km thick (0.5-1 s TWT), 
extending across most of the basin (Figs 3 and 
7e). The lower and upper boundaries are the 
well-known seismic markers defined in previous 
works as the N and M horizons. Supersequence 
E generally displays a chaotic seismic character 
that is typical of massive rock salt (Figs 3 and 5). 
Continuous reflection packages found within 
the unit are interpreted as anhydrite and shale 
intercalations such as in the Yam-2 and Yam 
West-1 wells (Fig. 2). 

The area of evaporite accumulation extended 
throughout the deep part of the basin to about 
20-40 km west of the present-day coastline 
(Fig. 7e). The evaporitic brine was probably 
limited to the east by a steep slope composed of 
the topographically higher strata of superse- 
quence D (Fig. 5). However, during highstand 
episodes the brine covered this slope and pen- 
etrated through deep canyons further inland. 
Remnants of the Messinian brine in the form of 
halite and anhydrite beds a few tens of metres 
thick were encountered in various wells in coastal 
areas of Israel (Druckman et al. 1995). 

Halokinesis occurs throughout the basin, 
affecting the salt layer and the overlying Plio- 
Pleistocene strata up to the sea-bed surface 
(Figs 3, 5 and 6). In the eastern margin, salt-flow 
has resulted in the development of normal, occa- 
sionally listric faults, whereas in the central and 
northwestern part of the basin and near the 
Eratosthenes Seamount the salt layer is affected 
by many thrust faults and folds (Figs 3 and 5). 

Gradmann et al. (2005) recently suggested that 
both extension and compression of the Messinian 
evaporites are associated with thin-skinned salt 
tectonics related to the subsidence of the basin 
during post-Messinian time. Basinward creep of 
the salt layer resulted in normal faulting on the 
eastern slope and reverse faulting and buckling 
in the distal part of the basin. A considerable 
increase of salt thickness towards the western 
part of the basin may be associated with salt flow 
in this direction (Figs 3 and 7e). 

The Plio-Pleis tocene supersequence (F)  

The Plio-Pleistocene supersequence attains its 
maximal thickness of about 1.6 km (1.6 s TWT) 
along the eastern margin and it is reduced to 
several hundred metres in the central part of the 
basin and towards the Eratosthenes Seamount 
(Figs 3 and 7f). 

The upper sequence boundary is the sea bed. 
The lower boundary is a composite unconformity 
surface. Within the basin this boundary corre- 
sponds to the top of the Messinian evaporites 
(M horizon). In the eastern margin, where the 
evaporites are missing, the M and N horizons 
merge and the composite surface coincides 
with the base Messinian unconformity (Fig. 5). 
In other parts of the Mediterranean region, this 
surface is marked by a short lived post-evaporitic 
fluvial and euryhaline episode that predated the 
establishment of Pliocene normal, deep-marine 
conditions, known as the Lago Mare event (Hsfi 
et al. 1978; Rouchy & Saint Martin 1992). 

Throughout the basin, the sequence is char- 
acterized by continuous, thin high- and low- 
amplitude reflections. In the central part, these 
are highly deformed as a result of underlying 
salt flow. At the eastern Levantine margin, where 
the unit attains its maximal thickness, it is domi- 
nated by sigmoidal progradational reflection 
patterns (Figs 2 and 5). Well data show that 
the Plio-Pleistocene section, termed the Yafo 
Formation, is a mud-dominated unit composed 
mostly of claystone and siltstone (Gvirtzman & 
Buchbinder 1978) (see Yam West-l, Fig. 2). Iso- 
lated, coarser-grained sand bodies containing 
large amounts of biogenic gas were recently 
found within submarine channels and basin-floor 
fans in the lower part of the supersequence, south 
of the Yam West-1 well (Fig. lb). 

The depositional mechanisms of the 
fine-grained clastic material composing the Plio- 
Pleistocene supersequence F are not yet adequ- 
ately studied. Part of the material was probably 
transported through longshore currents from the 
Nile cone located about 200 km to the SW 
(Fig. 1) (Gvirtzman & Buchbinder 1978; Ben-Gai 
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1996). Several lines of evidence suggest an addi- 
tional local source to the east and SE. First, the 
conspicuous sigmoidal, progradational reflection 
pattern is oriented perpendicular to the present- 
day coastline, thus suggesting transport from 
exposed land to the east. Second, the unit attains 
its maximal thickness along the eastern coast, 
and only a minor increase in thickness towards 
the SW is observed (Fig. 7f). Third, a NW-SE- 
oriented canyon and channel systems of Late 
Cenozoic age was identified in well outcrop and 
seismic data from the southern coastal plain 
of Israel (Afiq, Ashdod and Gaza canyons) 
(Gvirtzman & Buchbinder 1978; Druckman et al. 
1995). These canyons were probably preferred 
conduits for submarine turbidite flows and 
basinward transport of clastic material supplied 
from a subaerial drainage system to the east 
and SE. 

It is suggested that during the time of deposi- 
tion of supersequence F (Plio-Pleistocene) 
topset-clinoform systems composed of large 
shelf-edge deltas prograded along the Mediterra- 
nean coastline. Huge amounts of fine-grained 
siliciclastic sediments accumulated at the mouth 
of submarine canyons and channels. The great 
thickness of the unit west of the present coastline 
(Fig. 7f) is associated with particularly high sedi- 
mentation rates of about 300 m Ma -l. The rate of 
supply exceeded the rate of accommodation 
space, thus resulting in progradation of the shelf 
break to c. 20 km basinwards (at the top of line 
EM-22 near the Yam Yafo-I well; see Fig. 5). 
The intensity of the depositional processes is 
associated with the combined effects of global 
and local factors. These include a rapid rise of 
Pliocene sea level, subsidence within the basin as 
a result of sediment loading of the Nile cone, and 
the uplift of the Judea and Samaria mountain 
range located 20-50 km east of the basin. 

Discussion 

Tectonic evolution 

The mapping of the near-top Precambrian base- 
ment (base of supersequence A) (Fig. 8a) and 
top-Turonian surfaces (top of supersequence B) 
(Fig. 8b) reveals two important deformation 
phases of the Levantine basin and margin. An 
early, extensional phase caused normal faulting 
of the basement and the overlying Palaeozoic to 
Early Mesozoic strata. A later, contractional 
phase resulted in reverse faulting and folding and 
the formation of the Syrian Arc mountain range. 
The first phase is related to Early Mesozoic rift- 
ing that led to the separation of the African- 
Arabian and Eurasian plates and the opening of 

Neotethys. The second phase is associated with 
Late Mesozoic convergence and subduction that 
accompanied the closing of the Neotethys ocean 
system. Extensive evidence for the two deforma- 
tion phases was previously found in outcrops and 
boreholes throughout the Levant region onshore 
(see Garfunkel 1998, 2004). Additional evidence 
for these events is presented here for the offshore 
Levantine basin. 

Neotethyan rifting phase 

Within the study area, the eastern Mediterranean 
basin consists of a series of deep-seated, tilted 
fault blocks downfaulted from its margins (Israeli 
coastline and the Eratosthenes Seamount) 
towards its centre. The geometry of this fault 
system is recognized in the western and central 
parts of the basin where deep structures are 
well imaged. In this area the faults can be traced 
over long distances and extend from a few 
kilometres to several tens of kilometres (Fig. 8a). 
The spacing between the faults is in the range of 
5-20 km and some of the blocks are asymmetrical 
half-grabens (Figs 2-4). 

The normal faults were active during the time 
span of supersequence A (Permian-Aalenian), 
dying out towards the top of the unit, or in some 
areas affecting the lower part of supersequence 
B (Bajocian-Turonian) (Figs 2-5). The vertical 
displacement on these faults is seen on the top of 
the basement horizon in the central and western 
parts of the basin, where it ranges from several 
hundred metres to 2-3 km (Fig. 8a). 

In the area east of the Eratosthenes Seamount 
normal faulting during the deposition of 
supersequence A accounts for almost the entire 
structural relief on top of the basement structural 
map (Figs 3 and 8a). On the eastern margin of the 
basin most of the deep-seated faults were inverted 
in the Senonian-Miocene and it is difficult to 
measure their original vertical displacement. 
However, thickness changes of supersequence A 
across some of the faults indicate downfaulting of 
at least a few hundred metres during the early, 
rifting phase. Unlike the western margin of the 
basin, normal faulting during supersequence A 
accounts only for half of the 8-10 km relief on top 
of the basement on the eastern margin (see line 
EM-22 in Fig. 5 and the isochore map in Fig. 7a). 

The amount and timing of vertical displace- 
ment in the eastern Levant margin are more accu- 
rately estimated from the subsurface of central 
and southern Israel. In this area, seismic and well 
data show evidence for considerable down-to- 
the-basin normal faulting in the Triassic and Jur- 
assic section (Druckman 1977, 1984; Gelberman 
& Kemmis 1987; Garfunkel 1989, 1998; Cohen 
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et al. 1990; Druckman et  al. 1995). An example 
of such a displacement is recorded on the Heletz 
Fault (Figs 8a and 9). This major, NE-SW- 
trending normal fault was mapped in the subsur- 
face of the southern coastal plain of Israel by 
Gelberman (1995). A comparison of the depth of 
different stratigraphic markers found in the 
Gevim-1 well on the footwall, and the Heletz 
Deep-1 well on the hanging wall allows quantifi- 
cation of the history of motion (Table 2, Fig. 9). 

The Heletz fault was active in a down-to-the- 
basin, normal sense during the Neotethyan rift- 
ing phase and was reactivated in a reverse motion 
during the Late Cretaceous Syrian Arc contrac- 
tional phase. The amount of reverse motion on 
the hanging wall of the fault can be estimated 
from the 486m displacement of the top-Aptian 
level (Table 2, Fig. 9). The normal throw of the 
deeper stratigraphic levels is calculated by adding 
the reverse motion to the measured vertical dis- 
placement (Table 2). The total, reconstructed 
normal throw of the near-top of the Precambrian 
basement is 1740 m. The vertical motion during 
the Triassic phase amounts to 283 m; this prob- 
ably took place mainly during the Anisian and 
Carnian (Table 2) (Druckman 1984). A vertical 
motion of 741 m is calculated for a Liassic- 
Bajocian phase and 489 m for an Early to Mid- 
Bathonian phase (Table 2). Increased thickness 
of the Triassic to Bathonian strata on the hanging 
wall of the Heletz Fault indicates syntectonic 
deposition (Fig. 9). The top-Bathonian and the 
reconstructed top-Callovian levels are similarly 
displaced (227 m and 247 m, respectively) 
suggesting some additional, post-Mid-Jurassic 
tectonic activity (Table 2). 

The Heletz Fault provides direct evidence 
for the activity of the Neotethyan rift system 
in the Levantine basin during the Mid-Triassic 
(Anisian), Early and Mid-Jurassic (Liassic- 
Bathonian). Rifting may have taken place 
already in the Permian, as can be inferred from 
other Neotethyan structures (Palmyra trough; 
Garfunkel, 1998). However, possible earlier 
activity in the Levantine basin is speculative 
because of lack of relevant well data. 

The overall thickness of supersequence A 
within the basin (central graben) is 4-8 km 
(Fig. 7a). Coeval units found within fault- 
controlled depressions onshore, such as the inte- 
rior basin of central Israel and the Palmyra 
trough of Syria, are only 3-5 km thick (Garfunkel 
1998). It is, therefore, concluded that the centre 
of the Levantine basin was the most active part of 
the Early Mesozoic, Neotethyan rift system of 
the Levant area. 

The Levantine basin was bounded by the 
Arabian Massif to the SE and the Eratosthenes 

continental block to the west. It was thus prob- 
ably separated from the main body of the 
Neotethys Ocean that may have extended north 
of the Eratosthenes Platform and was later 
consumed underneath Cyprus and southern 
Turkey (Garfunkel 1998, 2004; Robertson 1998). 

An important question regarding the nature 
of the Neotethyan rifting processes is whether 
emplacement of new oceanic crust took place 
in the Levant area. Apart from faulting no pro- 
nounced disruption and conspicuous lateral 
variations in the seismic properties of either the 
upper part of the basement or supersequence A 
are observed in our dataset. The basement layer 
in the central part of the basin does not show any 
characteristics of oceanic crust such as described 
in other passive continental margins (Klitgord & 
Hutchinson 1988) or in the central part of the 
Mediterranean Sea (Finetti 1985; Avedik et  al. 
1995). The normal faults and basement structures 
associated with an early rifting stage are well 
preserved. Although a considerable amount of 
Triassic and Jurassic volcanic rocks may exist 
within the basin, their equivalent units in the 
onshore area (Asher volcanic series) do not show 
MORB characteristics associated with sea-floor 
spreading. Thus, the occurrence of spreading and 
introduction of new oceanic crust as implied by 
the 'oceanic' models are not supported by the 
present data. 

It is suggested that rifting during the Early 
Mesozoic was responsible for the significant thin- 
ning of the crust in the centre of the Levantine 
basin. However, rifting, thinning and oceanic 
physical properties, as interpreted from seismic 
velocities by Ben-Avraham et  al. (2002), do not 
necessarily imply sea-floor spreading. The basin 
may not have reached the spreading phase as is 
the case in the northern parts of the Red Sea. 
There, the rift is continental, with only the nucle- 
ation of an oceanic spreading centre and an early 
magmatic phase. An oceanic spreading centre 
has come into existence only in the southern 
and central parts of the Red Sea (Martinez & 
Cochran 1988; Bohannon & Eittreim 1991; 
Cochran 2001). 

It should be emphasized that the Red Sea 
model compares well with the Levantine basin 
in term of physical dimensions and properties, 
although the duration of the rifting and early 
magmatic phases are entirely different: 10-15 Ma 
in the Red Sea and c. 75-80 Ma in the eastern 
Mediterranean. 

The general strike of the normal faulting 
mapped in our study in the Levantine basin is 
NE-SW. Accordingly, we interpret rifting and 
extension in a NW-SE direction perpendicular 
to the strike of the faulting. This interpretation 
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cannot comply with rifting and spreading of the 
eastern Mediterranean in a north-south direc- 
tion, accompanied by a transform fault along the 
eastern Mediterranean shoreline as proposed by 
Dewey et al. (1973), Bein & Gvirtzman (1977), 
Robertson & Dixon (1984) and Stampfli et al. 
(2001). 

The model of opening in a NW-SE direction 
and an east-west, strike-slip motion along the 
northern coast of Sinai, as suggested by 
Garfunkel & Derin (1984) and Garfunkel (1998) 
is in good accordance with our data. This model 
further implies that the eastern Mediterranean 
rift became detached from a Neotethys spreading 
centre that existed further north, beyond the 
northern palaeo-margin of the Arabian Massif. 

The passive nature of the eastern Levant 
margin with its rimmed carbonate shelf was 
established as early as late Mid- and Late Jurassic 
(Bathonian-Oxfordian), and persisted until the 
end of the Turonian (Gardosh 2002). Our data 
show marked differences between the eastern and 
western margins of the eastern Mediterranean 
basin during this time span: the density and 
dimensions of faulting are different on the two 
sides (Fig. 8a and b), thick sedimentary depo- 
centres of supersequences A and B are located 
near the eastern margin but are missing from 
the western side (Fig. 7a and b), and no distinct 
passive margin geometry is identified near 
the Eratosthenes Seamount (Fig. 3). The only 
shallow-water sediments recorded from the 
Eratosthenes area are of Miocene age (Mart & 
Robertson 1998). 

Rybakov & Segev (2004) recently questioned 
the assumed shallow depth and continental na- 
ture of the basement underlying the Eratosthenes 
Seamount. Our dataset reaches only the eastern 
Eratosthenes and does not permit a comprehen- 
sive analysis of this area. A better understanding 
of the geology of the Eratosthenes Seamount 
is essential to fully reconstruct the evolution of 
the eastern Mediterranean basin during Early 
Mesozoic times. 

Syr ian  A r c  inversion a n d  contrac t ion  p h a s e  

An elevated zone of contractional deformation 
extending offshore, some 70 km west of the 
present coastline (Fig. 8b), is interpreted as the 
subsurface continuation of the 'Syrian Arc' 
(Krenkel 1924) or 'Levantine' (Horowitz 1979) 
fold belt. This regional tectonic feature forms a 
S-shaped mountain belt extending from the 
Palmyride Mountains in Syria and Lebanon 
and the Anti-Lebanon Mountains in Lebanon, 
through the Judea Mountains and Negev 
anticlines in Israel and into the northern Sinai 
anticlines in Egypt (Fig. 1) (Picard 1943, 1959; 

Ball & Ball 1953; Bentor & Vroman 1954, 1960; 
de Sitter 1962; Gvirtzman 1970; Bartov 1974; 
Neev et al. 1976; Garfunkel 1978; Horowitz 
1979; Eyal & Reches 1983; Lovelock 1984; 
Beydoun 1988; McBride et aL 1990). Its exten- 
sion further SW is masked by the thick Mio- 
Pliocene sediments of the Nile delta (Aal et al. 
2000). 

In the study area, supersequence B rises some 
3500 m from the foot of the Syrian Arc mountain 
belt in the west to its top near the coastline (Figs 5 
and 8b). The dominant deformational style 
within the fold belt is high-amplitude and short- 
wave length anticlines and monoclines, underlain 
by high-angle thrust faults (Figs 5 and 6). Indi- 
vidual structures range from 10 to 30 km in 
length and from 5 to 10 km in width. Their height 
ranges from several hundred metres to more than 
1000 m, and their flanks dip at 10-30 ~ The thrust 
faults dip at 65-75 ~ and can be traced down into 
the basement and up to the Middle-Upper 
Cretaceous section. 

A second, less widespread style of deforma- 
tion observed within the contractional belt is of 
wider folds (up to 15 km) with lower amplitudes 
of up to several hundred metres. In the eastern 
margin, these broad and shallow folds are occa- 
sionally found superimposed on high-amplitude, 
narrow folds (Fig. 6). Some low-amplitude folds 
of the second style of deformation are found 
also in the deeper basin, west of the Syrian Arc 
fold belt. The kinematics of these structures is 
currently not fully understood. 

The entire supersequences A, B and C and the 
lower part of supersequence D are affected by the 
contractional deformation. Thickness variations 
and onlapping reflections within supersequences 
C and D indicate that they were deposited con- 
temporaneously with the folding. Assuming only 
minor mis-correlations and incorrect dating 
of our seismic units it is suggested that the con- 
traction phase started in the Late Cretaceous and 
persisted until the Early-Mid-Miocene (Fig. 5). 
The folding took place in recurrent episodes, thus 
resulting in more intensive deformation of the 
older sections. A similar timing for the onset of 
folding was suggested from studies of the Syrian 
Arc (e.g. Bentor & Vroman 1960; Bartov 1974; 
Beydoun 1988; McBride et al. 1990; Garfunkel 
1998). However, the time of cessation was previ- 
ously not well established, mainly because of the 
lack of relevant field relations. 

Compelling evidence for inversion of Early 
Mesozoic extensional structures during the Late 
Cretaceous folding phase comes from various 
parts of the Syrian Arc fold belt in onshore 
Israel and Syria (Freund et al. 1975; Druckman 
1981; Davis 1982; Gelbermann & Kemmis 
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1987; Bruner 1991; Best et  al. 1993; Chaimov 
et al. 1993; Druckman et al. 1995; Gardosh et al. 
2003). The interpretation of the present seismic 
data indicates that similar inversion took place 
on almost all faults underlying the fold structures 
of the Levantine basin and its margins (Figs 5 
and 6). 

Various workers suggested that the folding of 
the Syrian Arc is associated with closing of the 
Neotethys Ocean and collision of the African- 
Arabian and Eurasian plates. Our results further 
indicate an important association between the 
Syrian Arc deformation and the deep structure 
of the Levantine basin. The depth map of the top 
of supersequence B (Fig. 8b) and the isopach 
map of supersequence C (Fig. 7c) show that the 
uplifted and highly deformed Syrian Arc fold 
belt terminates sharply along a NE-SW-trending 
line located 50-70 km west of the present-day 
coastline. The western edge of the belt correlates 
well with a line of separation between the two 
main crustal units of the Levantine basin, as 
defined by deep-refraction, gravity and magnetic 
data (Fig. 8b; Ben-Avraham et al. 2002). 

Most of the Syrian Arc contractional defor- 
mation occurs within the continental-type crust 
on the eastern margin, whereas the area of 
thinned crust to the west is considerably less 
deformed. It is suggested that the distribution of 
the Syrian Arc deformation as well as the consid- 
erable uplift of the Syrian fold belt (Figs 5 and 8b) 
are controlled by variations in the physical prop- 
erties of the crust underlying the Levantine basin 
and its margin. A more comprehensive analysis 
of this relation is beyond the scope of the present 
study. 

Finally, the western edge of the Syrian Arc 
fold belt correlates also with the Pelusium Line, 
as defined by Neev's et  al. (1976). However, 
Neev's suggestion that this lineament is a 
megashear zone is not supported by our findings. 

Summary and conclusions 

(1) The Levantine basin is a 15 km deep basin 
that came into existence during Early Meso- 
zoic, Neotethyan rifting. Faulting took 
place during the Anisian (Mid-Triassic) and 
continued through the Liassic, Bajocian and 
Bathonian (Early-Mid-Jurassic). Normal 
faulting ceased during the Mid- to Late 
Jurassic. 

(2) The basin opened through break-up and 
extension in a NW-SE direction, accompa- 
nied by a strike-slip motion along its south- 
ern margin. Extension in this direction does 
not require the existence of compensation 

by a north-south-oriented transform fault 
along the Levant shoreline. 

(3) No indications of sea-floor spreading were 
found in the Levantine basin. Thick accumu- 
lations of Upper Triassic to Liassic volcanic 
rocks in the northeastern part of the basin 
show no MORB characteristics. 

(4) The Eratosthenes Seamount may have been 
the basin's western margin. The basin is an 
intracontinental rift, which reached only an 
early magmatic phase, associated with the 
nucleation of an oceanic spreading centre. 
High-velocity basement in the centre of the 
basin is interpreted as thinned and intruded 
continental crust 

(5) The contractional features of the Syrian Arc 
fold belt were formed by the inversion of 
movement on pre-existing normal faults at 
the eastern margin of the basin. The folding 
occurred in several pulses starting in the 
Senonian and ceasing in the Miocene. 

(6) The distribution of the Syrian Arc deforma- 
tion was controlled by basement properties. 
The deformation occurs predominantly 
within the area underlain by continental 
crust. 

(7) The western limit of the main fold belt, 
located 50-70 km west of the coastline, 
coincides with a zone of transition in base- 
ment properties, previously described as the 
Pelusium Line. 

(8) The Messinian evaporitic basin was limited 
in the east by the uplifted fold belt composed 
of older strata of Oligocene to Mid-Miocene 
age. During highstand episodes of the Mes- 
sinian sea, evaporites were deposited on the 
higher slope and within canyons incised into 
the shelf. 

(9) The Plio-Pleistocene basinward prograda- 
tion of the shelf break by some 20 km across 
the drowned Mesozoic shelf break was 
caused by the high sedimentation rates of 
both Nile and locally derived sediments. 
These rates exceeded the accommodation 
space created by the rise of the Pliocene sea 
level and by local subsidence. 
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