Egyptian Geophysical Society
EGS Journal, Vol. 11, No. 1, 57-74 (2013)

CRUSTAL THICKNESS VARIATIONS IN THE SOUTHEASTERN
MEDITERRANEAN REGION, INCLUDING NORTHEASTERN
PART OF EGYPT, AS DEDUCED FROM 3D GRAVITY MODELING

S. Saleh

National Research Institute of Astronomy and Geophysics (NRIAG), 11421,
Helwan, Cairo, Egypt, E-mail: salahsmm@yahoo.com

Aledd) giad) i A Lay caagiall Gl el (34 cesia ABlaia B 4uaY) 50l ASlew s
alay) 505 LBUL Ul cpe Apiiiually « puaa o Byl

U8 shn (e Ligin 3508 il cansgiall () jadl Gaga kel 38580 Apsiad) Aiaiall (e LSS Zocm ) 5,880 ASla 3083 15 AaadIAD)
i a8y alaY) A jaa gl il Jlas aladialy Glldy (Ylad oyl e osindl eiall U (sl Jlal) yoae e il el Jalid
Cagyad oty iy #) 5yl Jleil) anll aey cundy Applal-dlamall 3paall il L ala) 45D L0 8y, e LKD) ays8s JSE i)
el Ldaall LA (o DUST gl Taiya o a3 LS L g gall Gae Jailydg ¢(Ausasyll jsiaall g Ud ASLen) sac il jsiin Gyl (S
Alaally digend) Sl Aduadill Hgall o ajall leaY

exall 8 (golall Uil B8l G RGBS CDEAT s e ey IS8 At Al it dilaie (B calBY) el 138 e le S
) adl ead aids A V) 5l ASLaw o ) el 13 s e £t ) Y e oo BB LA G aad ¢ ean e el
(sl e aldl) Gamsally Jall Wy & ls e Yoo 5T sl ol aa o Ll (Liall) dlad) 40800 AL clBLal Wl o i)
s Cgin Jon s lle Yoo ad L ally Ll Glaal) RBEN LAl eVl pe St dSuad) dnsel) Akl pa pelaliny) oy el
Bl Heda bt J85 5 gl gl sl i g

G celipn Jlas 8 3laliall pamy & JN) es  pme Jlad B a0 YY) s dlans b Al 4yl 5,880 ¢Vl g sy Loaf bl el
5 dalaidl) poalie JS8 Jliy 8yl clew dlaludl Gl (e el Jiul dealiy Yled ALE el ey o ARy Dpgu) canls) Ll
Ge i) sl il ey e sley a1 58l ASlasy il sull ABUS ( Ape Aoliie ADMe gns Auball (ho (i 8 . (Al Als yay
o3 clly ) ALYl (ol sps¥ls AR Olasll G By aalisi ) s Les il Jliad) Guifias i) ABS o )08 5,880 dilaia 353,
O (ol (8 bl (asally Jedl) (8 al Byje Canl e lpw da o Axdy (gras Al HuSy sy apadll sk (B 4 3yl AL
iasl€ 1 € e S ASLaws Led s Bpasensl) psiall iy aih sa5 e ale sa el Gagall st i Y1 8)88 g5 o an

LS ¢ Apsull siall ASLaw Al CEY) Hdia (e Alie Gl sanae o Crand ey cpail) (uluan) dshaie (e allys (il Allal) 4805
O sty gyl nd oS Yo YA (e ol sasall Gae of G Al oda DS Aaiiaall sapal) Aaga L obel) A Aadaill e daliviul &
i g€ YE LYY e cull Jain Gae B 0eSy sse O el pay L ad) Jladll gdal) ) Lusysli g i) agia il oS YASY
STy Jsa lgd e (oaall Liafd (23S g5 Aapa (8 clppaly Alaiall o8 and A V1 8,80 class 886, ) ey 53 ¢ all (insal)
celgm an o 4585588 b el Jladiy jeae Jlad caad

ABSTRACT: Crustal thickness of the Southeastern Mediterranean Basin region, which extends from the off-shore
northeastern part of Egypt (northern Sinai) to the southern part of Cyprus, was gravimetrically determined, using the
3D Bouguer data analysis. The gravity data have improved both the mass geometry and the density distribution in the
3-D calculated gravity profiles. The oceanic-continental boundary occurred beyond the North African continental
margin, the basement relief (sedimentary section thickness) and the Moho depth maps were defined. The regional and
residual Bouguer anomaly maps were also evaluated to show more detailed pictures for the deep and shallow
structures.

Generally, the regional field in the area under study is considered to be mainly influenced by the density contrast
variations between the crust and the upper mantle. In the northern part of Egypt, the regional anomaly shows an
increase from -30 to +40 mGal. This indicates that, the crustal thickness decreases towards the Mediterranean Sea. The
residual negative anomalies with minimum values of -30 and -25 mGal in the Nile Delta and the Levantine Basin
respectively, are due to their association with thick sedimentary covers, as well as the negative anomalies of -35 mGal
around Southern Cyprus are related to the structures of the sedimentary sequences and the related basement relief
geometry.

The results also show the occurrence of thick continental crustal parts with a thickness of approximately 21 km in
Northern Egypt and at least in some areas of Northern Sinai, covered by thin sediments. A few kilometers farther to the
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north, especially below the coastal parts regions, the thickness of crust decreases abruptly (transition zone). An inverse
correlation between the sediment densities and the crustal thicknesses has been shown up from the study. Furthermore,
our model reveals the existence of continental crustal zone below the Eratosthenes Seamount block, indicating a
collision taken place between the African and Eurasian plates. Additionally, this block is in the process of actively
subsiding, breaking-up and being thrusted beneath both Cyprus Island to the north and the Levantine Basin to the
south. Whereas, the crustal type beneath the Levantine Basin is typically oceanic, this is covered by sedimentary
sequences of more than 14 km thick.

The gravity high of Cyprus, near the shear subduction zone, is possibly caused by varying combinations of ophiolites
and thinning of sediments, as derived from the 3-D gravity modeling. The modeled Moho map shows a depth of 28-30
km below Cyprus and of 26-28 km beneath South Florence Rise to the northwest. However, the Moho lies at a constant
shallow depth of 22 to 24 km below the Levantine Basin, which indicates thinning of the crust beneath this region.
Finally, the Moho map reveals also a maximum depth of about 33-35 km beneath both Northern Egypt and Northern

Sinai, with continental crust.

Keyword: 3-D gravity modeling, Bouguer Map, Southeastern Mediterranean, Northern Egypt.

1. INTRODUCTION

The Eastern Mediterranean is a tectonically
complex region located in the midst of the progressive
Afro-Eurasian collision. Its geological-geophysical
structure has been studied for years, but it is still not
completely known. The present tectonics are driven
through the collision between the African and Eurasian
plates, the Arabian-Eurasian convergence and the
displacement of the Anatolian Aegean microplate. The
boundary between the African and the Anatolian-
Aegean microplates is delineated by the Hellenic arc,
the Pliny Strabo trench, the Florence Rise and Cyprus in
the west, while in the east the boundary has been
identified in the Herodotus basin, or east of Cyprus
(Aksu et al., 2005 and references therein).

Since the initiation of the plate tectonic theory,
many geophysical and tectonic studies of the Eastern
Mediterranean have been conducted in recent years (e.g.
Woodside, 1977; Makris et al., 1983; Ben-Avraham,
1989; Ben-Avraham et al.,, 1987, 2002 & 2006,;
Kastens, 1991; Smith et al., 1994; Garfunkel, 1998; Di
Luccio and Pasyanos, 2007, Segev and Rybakov 2010
and Lev Eppelbaum and Youri Katz, 2011).

The determination of crustal thickness has been
the purpose of many published works, in which a
variety of geophysical techniques have been applied.
Recent receiver function, surface wave and tomographic
studies (for example: Ben Avraham et al., 2002; Marone
et al., 2003; van der Meijde et al., 2003; Hofstetter &
Bock, 2004; Koulakov et al., 2005; Makris & Yegorova,
2005) have derived the Moho depth, and mapped shear
wave velocities in different sites in the Eastern
Mediterranean region.

Here, we wish to provide a more local perspective
on parameters such as density values in order to
estimate both the crustal type and thickness variations.
Crustal types beneath the Eastern Mediterranean vary
from oceanic to continental and the thicknesses of
sediments plays an important role in determining the
nature of the crust. For example, the nature of the crust
in the Levantine basin, south of Cyprus and west of the
Israel and Lebanon margins, has been defined as
oceanic (Khair & Tsokas, 1999) or continental (Ben
Avraham et al., 2002). In the first case, the Levantine
basin was formed by rifting of the African continental

crust fragments, whereas in the latter case, a sediment
layer of 14-15 km overlies a thinned Precambrian
continental crust. In a recent study, Ritzmann et al.
(2007) found a strong negative correlation between the
sediment thickness and the thickness of crystalline crust
in the extensional tectonic regime of the Barents Sea.
Where the crust has been extended (thin crust), there
was a correspondingly thick sediment profile.

The study area has remarkably prominent sub-
morphogeologic  features; such as the Eastern
Mediterranean Ridge, Levantine Basin, Eratosthenes
Seamount, Nile cone, Northern Sinai Peninsula and
Southern Cyprus. The area under investigation covers the
northeastern margin of the African plate between Latitudes
30° & 35° N and Longitudes 30° & 35° E (Figure 1). The
region of study is considered to be a tectonically
complicated area, due to its location within the contact
zone among the African, Sinai and Eurasian plates.

In the present work, an attempt is made to perform
a 3-dimensional gravity modeling of the Southeastern
Mediterranean and the Northern Egyptian continental
margin for estimating the variations of crustal thickness
beneath these regions. Basically, the previous deep
seismic sounding results (Makris et al., 1983; Vidal et
al., 2000 & Ben-Avraham et al., 2002 & 2006) have
been used to constrain the initial density model of the 3-
D gravity model planes (see the locations of seismic
profiles in Fig. 2). The obtained results are supposed to
fill the gaps among the northeastern continental margin
of Egypt (including the Nile Delta and Northern Sinai
coastal zones), Levantine basin, Eratosthenes seamount
and the southern part of Cyprus. This study adds also
new information about the nature of the deep structures
of this region (oceanic or continental).

2. Geologic and Tectonic Settings

The Eastern Mediterranean region has had a
complex tectonic history, since the Early Mesozoic
breakup of Gondwana. Between the major plates of
Africa and Eurasia, there is > 1,500-km-wide
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Figure (1): Present-day tectonic map of the Eastern Mediterranean region (after Harrison and Panayides
(2004) and Harrison et al., (2004). ES- Eratosthenes Seamount, FR- Florence Rise, which occurs along left-
lateral strike-slip structure (ten Veen et al., 2004); EF- Ecemis fault, EAFZ —Eastern Anatolian fault zone
(paleo-location to the south during Mesozoic & Paleogene shown by ghost lettering) DST- Dead Sea
transform, ND- Nile Delta, HA- Hellenic arc; bold dashed line is approximate boundary between oceanic (O)
and continental (C) crust (Dolson et al., 2004 a and Dolson et al., 2004 b); large arrows represent relative
plate motions (after Jackson and McKenzie, (1988) and McClusky et al., (2000)). The fault system between
Cyprus and ES is the Cypriot transform, which marks the northern African plate boundary (Dewey et al.,
(1973) and Sengor et al., (1985)
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Figure (2): Map of the Levantine Basin (after Netzeband et al., 2006). Thick solid lines mark the locations of
profiles P1 and P2, with solid black circles indicating the positions of the OBH. The shear zones Pelusium
Line, Damietta—Latakia Line, and Baltim-Hecateus Line are shown after Neev et al. (1976). Gray circles
mark hypocenters of earthquakes since 1973 according to the US Geological Survey. Previous refraction
seismic lines in the Levantine Basin are marked as light gray lines.
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intervening collage of differing tectonic terranes, that
are the product of shearing, rifting, subduction,
obduction and contraction over the past 200 Ma. The
dynamics of the plate interactions are recorded in the
assembly of this collage (Harrison, 2008).

There is a general agreement that, plate
convergence takes place in this area (McKenzie, 1970;
Smith, 1971; Ryan et al., 1971; Dewey et al., 1973; Nur
& Ben-Avraham, 1978; Dercourt et al, 1986; Kempler
& Ben- Avraham, 1987; Robertson, 1992; Kempler,
1994; Kempler and Garfunkel, 1995; Kempler, 1998
and others).

The formation of the Eastern Mediterranean
tectonics is largely dominated by the relative movement
of the Arabo-African plates and the Eurasian plate
(Dewey et al., 1973). These two large blocks have
converged, since the end of the Cretaceous to close the
northern arm of the Tethys Ocean and form the Alpine
chain between them (Biju-Duval et al., 1978).

The Eastern Mediterranean and the Levantine
Basin within it are relics of the Mesozoic Neo-Tethys
Ocean (Robertson and Dixon, 1984; Stampfli and Borel,
2002; and Garfunkel, 2004). The Levantine Basin (Fig.
2) is confined by the Israeli and the Egyptian coasts,
Cyprus and the Eratosthenes Seamount (Figs. 1 and 2).
It filled by up to 10 km of Mesozoic to Recent
sediments, next to the Alpine deformation front of the
Cyprian Arc, near the junction between Africa and
Arabia. Away from the deformation front, the basin has
undergone little deformation for the past 100 Ma, as
evidenced by the deep seismic reflection profiles (Vidal
etal., 2000).

Cyprus is located on the southern margin of the
Anatolian microplate (Fig. 1), adjacent to the African
plate boundary (Dewey et al., 1973). Because of the
northward-directed movement of Africa, the Levant
oceanic segment is subducted beneath the Tauric arc,
south of Cyprus. The Cyprian and Hellenic arcs are
dominated by compression, whereas to the east of
Cyprus a left-lateral motion with an eastward increasing
of the tensional component (near the DSF) is
predominant. Plate motion slip rates have been
accurately determined by recent GPS data (McClusky et
al., 2000 & 2003); a slip rate of ~6 mm/yr is associated
to the northeastward motion of the African plate,
whereas the northward motion of the Arabian plate has
rate of ~18 mm/yr. The differential motion of Africa
and Arabia relative to Eurasia is accommodated by the
sinistral transpressional Dead Sea Transform Fault
(DSF). The northward motion of the Arabian plate
relative to Eurasia causes crustal shortening and
thickening in Eastern Turkey.

3. Gravity data analysis
3.1 Bouguer Gravity Data:

The Bouguer gravity anomaly map of the Eastern
Mediterranean region, at a constant contour interval of 5

mGal (Fig. 3), has been regridded and prepared from the
published maps (Gass and Masson-Smith, 1963;
Woodside, 1976 & 1977; Egyptian General Petroleum
Corporation (EGPC), 1980; Ginzburg et al., 1993;
Makris and Wang, 1994; and Rybakov et al., 1997).

No detailed comment was made of the relative
accuracies of the data presented, but it is noted that the
agreement among data from various sources, in
overlapping areas, is acceptable within the estimated
error of £ 5 mGal. The compiled gravity data have been
interpreted in terms of crustal structure on the basis of
the available tectonic models in the region (e.g.
Folkman, 1977; Woodside, 1976 & 1977; Ginzburg and
Makris, 1979; and Segev et al., 2006).

A complete file of the datasets is available now on
a web site at: http://bgi.omp.obs-mip.fr/index.php/
eng/Activities/Projects/World-Gravity-Map-WGM. The
WGM project is a gravity mapping project undertaken
under the aegis of the Commission for the Geological
Map of the World (CGMW) to complement a set of
global geological and geophysical digital maps
published and updated by CGMW, such as the World
Digital Magnetic Anomaly Map (WDMAM), released
in 2007. This new global digital map aims to provide a
high-resolution picture of the gravity anomalies of the
world, based on the available information on the Earth's
gravity field.

The WGM project is conducted by the Bureau
Gravimetrique International (BGI), a center of the
International Gravity Field Services (IGFS) of the
International Association of Geodesy (IAG) with the
support of the United Nations Educational, Scientific
and Cultural Organization (UNESCO).

The gravity data compilation includes the
available measurements issued from land, marine and
airborne surveys and archived in the global database, as
well as the new available gravity datasets collected from
recent surveys or available in other global or regional
databases. Major contributions to WGM include the
official EGMO08 global model, recently released by the
National Geospatial-Intelligence Agency (NGA, USA),
as well as the new global ocean gravity field derived
from satellite altimetry (DNSC08 computed at the
Danish National Space Centre and Sandwell and Smith
models computed at Scripps Institution of
Oceanography).

3.2 Bouguer anomalies interpretation:

The Bouguer gravity anomaly map (Fig. 3) is
presented for the region of the Eastern Mediterranean
extending from the Northeastern Egyptian off-shore
area in the south to southern Cyprus in the north.
Bouguer anomalies in the Eastern Mediterranean (Fig.
3) are predominately positive, as might be expected for
an oceanic area, however, they are substantially less
positive than the Bouguer anomalies occurred in the
Western Mediterranean or in deep ocean areas in
general (Woodside and Bowin, 1970).
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Figure (3): Bouguer grid data derived from the official Earth Gravitational Model
(EGM2008) released by the National Geospatial Intelligence Agency (NGA). 3D
gravity modeling profiles are also shown. AA', BB, CC', and DD" are location of
modeling profiles shown in figure (9).
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Figure (4): Regional Bouguer anomaly map of Eastern Mediterranean Sea
using second order polynomial surface.
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The map (Fig. 3) shows that there exists a
considerable difference between the features of the
gravity field over the Central and Southern Levantine
Basin, Eratosthenes Seamount and South Florence Rise
zone structure in the eastern, central and northwestern
regions, respectively, and the Nile Delta and North Sinai
in the south. The Levantine basin is characterized by a
NNE-SSW trending high positive anomaly reaching
Bouguer values of +135 mGal recorded between the
eastern offshore of the Mediterranean and Eratosthenes
Seamount, indicating a higher mass that was probably
caused by uplifting of the Moho boundary by dynamic
tectonic forces. Further west, the positive value is
observed with +160 mGal below the South Florence
Rise, which probably refers to a progressive crustal
thinning towards the oceanic area

In the southern part, negative gravity values range
from -30 mGal to +50 mGal beneath the Nile Delta
(Nile Cone) and the South Levantine Basin is noticed,
which may attribute to the thick sedimentary cover
existing below these areas.. However, the negative
anomaly value below northern Sinai of the study area
explains clearly the increase of continental crustal
thickness.

3.3. Separation of Bouguer data:

For geological interpretation, both the local and
regional effects are separated. Therefore, the Bouguer
gravity field of the studied area was subjected to
isolation technique using the polynomial trend surface
method. In the following, a brief account of the
theoretical concepts of the polynomial trend surface
method is presented:

The polynomial trend surface method is widely
used by geologists, particularly in petroleum
exploration, as a mean of separating a mapped variable
into two components, the regional and residual trends.
The trend corresponds to the concept of regional
features, while residuals represent local features. This
method is based on the assumption that, the spatial
distribution of a particular phenomenon can be
represented by some form of continuous surface, usually
a defined geometric function. It is assumed that, an
observed spatial pattern can be regarded as the
summation of such a surface and a regional or residual
term. The surface is a function of the two orthogonal
coordinate axes; mathematically, this can be represented
by (see Davis, 1973):

Z=f(x,y)+e (1)

in which the variant Z at the point (x,y) is a
function of the coordinate axes, plus the error term e.
This expression is the generalized form of the general
linear model, which is the basis of the most common
trend methods. The function f (x,y) is expanded
(approximated) with various terms to generate
polynomial equations.

As a common example, consider fitting a trend
surface as a polynomial regression, using (X,y)
coordinates as the predictor variable. In the case of a
cubic, the fit takes the form:

Z (x,y) = my+ myX + mgY+ my XY + ms X2 +mgY2 +
m-;X3 + mgX2 Y + mgXY2 + myY3 ()

In this study, the regional trend was applied as
either a first, a second or third order polynomial surface,
in order to assess which order number was most
specified and significantly the order number of the
polynomial surface. A polynomial surface processing to
the third order provides the best approximation to the
observable gravity field. Thus, the trend of the regional
field is separated from the observed gravity field.

3.4. Interpretation of the regional and residual
gravity anomalies:

In Figures (4 and 5), respectively, the regional and
residual Bouguer anomaly maps are displayed and
plotted to show the deep and shallow structures in more
detail. Generally, the regional field in the area under
study is characterized by an oval shape and reveals that
the orientation is mainly to ENE-WSW direction
(Figure 4). It is considered to be mainly influenced by
the density contrast between the crust and the upper
mantle, and the undulating Moho discontinuity.

The regional anomaly field values generally
decrease towards the E-W direction. This behavior
trends reflect the effect of the transition from oceanic
crust to continental crust of the Eastern Mediterranean
towards the Arabian plate. In the northern part of Egypt,
the regional anomaly shows an increase from -30 to +40
mGal. This indicates that, the crustal thickness
decreases towards the Mediterranean Sea.

Figure (5) shows the residual gravity anomaly
map with the alternatively high and low gravity
anomalies of different orientations, gradients and
shapes. This reflects the effect of the difference in
density between the crystalline or igneous crust and the
sediments, the variation of the basement geometry, and
the effect of the bathymetric and topographic features.
In the Levantine Basin, the negative residual gravity
anomalies with a minimum value of -25 mGal are
associated with the thick sedimentary sequences below
the basin, as well as the negative anomalies of -35 mGal
around Southern Cyprus. This is related to the structures
of the sedimentary sequences and the basement
geometry.

The residual gravity anomalies in the Eastern
Mediterranean Basin are dominated by an elongated
ENE-WSW trend with a maximum value of about +20
mGal, due to the density contrast between the oceanic
crust and upper mantle beneath this region. There is a
remarkable minimum in the residual gravity anomaly in
the Gulf of Suez. This is due to the effect of the
sedimentary cover, which has a thickness of 6 km (Said,
1962).

In the Nile Delta area, the negative residual
gravity anomaly is -30 mGal, due to thick sediment
sequences, especially beneath the northern part of the
Nile Delta. A number of local residual gravity anomaly
lows and highs are also apparent in the northwestern
part of Arabia.



Crustal Thickness Variations 63

4. Three-dimensional
Bouguer anomalies

4.1. Methodological aspects:

The essential needed principles for the high
resolution 3-D gravity modeling of the subsurface using
the IGMAS program package, has been published by
Gotze and Lahmeyer (1988), that developed by Schmidt
and Gotze (1998). The area to be modeled is subdivided
by a number of vertical planes. These planes vertices are
defined and linked to lines separating two density
complexes (pl & p2). A line in one of the vertical
planes separating density pl & p2 is connected by a
triangulation, with another line in the adjacent plane
separating the same two densities. This forms a 3-D
model of the subsurface structure.

modeling of the

Thus, the construction of the modeled bodies as
polyhedrons bounded by plane surfaces and each of
homogenous density leads to a good approximation of
the geological structures. With the help of the Green and
Gauss transformations, it is possible to calculate the
exact attraction of 3-D bodies by transforming the
volume integral into a surface and a line integral. When
comparing the 2-D and 3-D models, the following
factors, which are sometimes disregarded, should be
born in mind with regard to the fitting and resolution of
the models:

In the 2-D models, the longitudinal extent of a
modeled structure should be three or five times its width
(Jung, 1961). This implies that, all the cross sections of
the underground model bodies are equivalent. This
means that, the measured values reflect structures which
theoretically have infinite extent perpendicular to the
respective cross-section. In most cases, this is not true
and the geophysical (gravity) values are made up of the
superimposed gravity effects of numerous finite
geological units ("sum effect of gravity"). Thus, the
image of the subsurface structure produced by the 3-D
model is more realistic.

The 3-D forward gravity-modeling package
IGMAS (Interactive Gravity and Magnetic Analyzing
System), that developed by Schmidt and Go6tze (1998),
was used to establish the geometry and density
distribution of the studied region. The 3-D geophysical
modeling technique was applied for the Eastern
Mediterranean region, covering an area of 25 x 10* km?
(500 km x 500 km).

4.2. Preparing the 3-D density model using gravity
data:

The prior information required for the 3-
dimensional gravity modeling includes the density or
velocity distribution in the crust and upper mantle, the
strike length, and the lateral, as well as the vertical
extent of the causative bodies. The more the prior
information, the less ambiguous will be the final gravity
model. The initial model for the gross crustal structure
of the Eastern Mediterranean is built out of 9 bodies
(polygons) representing different lithologic and tectonic
units. The location and orientation of the vertical

modeling planes are shown in Figs. (3 and 8). The
direction of the vertical planes is perpendicular to the
general geologic strike of the region. The vertical planes
are parallel to each other, and the distances between the
planes are changeable along the area of study,
depending on the locations of the anomalies gradients,
on the Bouguer map, their corresponding causative
bodies, and on the geologic map. The data distribution
has also been taken into consideration during the
selection and orientation of the modeling planes along
the investigated area.

The geometry of the initial model has been
adopted from the results of the 2-dimensional gravity
modeling and the previous seismic refraction-reflection
sounding surveys conducted in the investigated area
(Makris et al., 1983; Vidal et al., 2000; Ben-Avraham et
al., 2002 & 2006; Ergiin, 2005; Netzeband et al., 2006;
and Longacre et al., 2007). Furthermore, an additional
surface geologic and lithofacies information obtained
from Said (1962) and EI-Shazly (1974) were used. Deep
boreholes data from Abdel Aal et al.( 2001) were also
considered for the Nile Delta region. Formation density
compensated logs (FDC) of the deep oil and gas wells
were also utilized for determining the bulk densities of
the geological units composing the rock units of the
sedimentary sections of the studied region.

4.3. Interpretation of three profiles across the study
area:

Table (1) shows the different rock units used in
the 3-dimensional gravity modeling and their respective
densities. The description, as a result of the exploration
wells in these areas (Mart and Robertson, 1998) and the
geological units considered in the gravity model are
identified with numbers. The density values used for the
3-dimensional gravity modeling of the studying area
were estimated from the seismic velocities using the
density-velocity relations (Figs 6 and 7), e.qg.
Christensen and Mooney, 1995 for the continental crust,
Ludwig et al, 1970; Hamilton, 1978; Carlson and
Herrick, 1990; Hughes et al., 1998 for the marine
sediments. The new models demonstrate a lateral
change from a normal continental crust across a zone of
thinning and disappearance of the upper crust, to a
relatively thin high velocity crust overlain by 14 km of
sediments, with the Moho discontinuity located at a
depth of 20-22 km (beneath the Levantine basin) of the
gravity profiles.

Three sections from the eastern, middle and
western sectors of the area of study is shown in Figures
(8a, 8b and 8c) (refer to Figure 3 for the locations of the
modeling planes). The gravity model incorporates the
recent sediments of the basin floor. The negative
residual anomaly is attributed to the sediments of the
South Levantine Basin. The negative residual anomaly
is well explained with a density value of 2000-2200
kg/m® for the shallowest (Pliocene-Quaternary)
sediment rock unit. This density is also appropriate for
the Upper Miocene evaporites dominated by halite.
These two layers have been combined in the modeling.
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Figure (8a): The vertical cross section of the 3D gravity model from the eastern sector
of the Eastern Mediterranean, along profile (P3). The lithological and/or structural
boundaries are represented by bold black lines.
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Figure (8b): The vertical cross section of the 3D gravity model from the middle sector
of the Eastern Mediterranean, along profile (P9). The lithological and/or structural
boundaries are represented by bold black lines.
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Table (1): The P-wave velocities of the different rock units used in the 3-dimensional gravity modeling and their
respective densities from the Eastern Mediterranean region (Makris et al., 1983; Vidal et al., 2000; Ben-
Avraham et al., 2002 and 2006; Ergiin, 2005; Netzeband et al., 2006; Longacre et al., 2007).

No. Geological Units Description V\;e(lli::Z). Dkegr;:r;]:gy
1 Sedimentary 1 Pliocene-Quaternary sediments. 19-21 2100
2 Sedimentary 2 Evaporitic sediments.. 4.3-4.4 2400
3 Sedimentary 3 Pre-Evaporitic sediments.. 3.60 2350
4 Sedimentary4 Clastic compact sediment 4.4 2550
5 Sedimentary5 Messinian compact sediment. 4.8 2580
6 Upper crustl Granitic rocks 6.0-6.3 2750
7 Upper crust2 Granitic rocks 6.4 2820
8 Oceanic crust Basaltic rocks 6.8 2920
9 Lower crust V. compacted granitic rocks 6.7 2905
10 Trodos Ophiolite Ophiolite rocks 6.90 2970
11 Normal Upper mantle Peridotite rocks, 8.00 3303

Deeper sediments include indurated Miocene and
older sediments, for which we have limited velocity
information; we have assumed densities of 2400, 2350,
2550 and 2580 kg/m® for these units. Despite the
uncertainties in these assumptions, the bulk densities
used agree with those observed locally in (relatively
shallow) the samples from ODP drill holes on the
Florence Rise (Erickson, 1978) and well correlated with
the refraction-reflection results (Ginzburg and Ben
Avraham, 1987; and Netzeband, 2006). The total
thickness of the sediments in the studyied area, as
obtained from the gravity modeling, is relatively 14 km
(Fig. 8). The rocks, sparsely deposited, increase the
thickness towards the central part of the Mediterranean
region, especially toward the southern part of the
Levantine Basin

For the basement rock units, we distinguish
between those places, where we assume oceanic crust is
present and those where a continental crust is more
likely. Makris et al. (1983), Marzouk, (1988) and
Netzeband et al. (2006) established the upper crustal
basement velocities of 6.0-6.4 km s™ in the thick crust
of North Sinai, Nile Delta, Eratosthenes Seamount and
South Cyprus, with deeper units of 6.7 km s™ (lower
crust) and 8.0 km s™ for the mantle. The crust and upper
mantle were modeled, using the corresponding densities
of 2750-2820, 2900 and 3330 kg/m® for these three
units. Since the velocity of 6.0 0 km s™ corresponds to a
typical continental upper crust of a broadly granitic
nature (Kearey and Vine, 1996).

The Cyprus high correlates approximately with the
location of the Troodos ophiolite (Gass and Masson-
Smith, 1963), and the extension of the high to the east
and west indicates likely continuation of the ophiolite at
a depth below the younger sediments of the Latakia and
southern Antalya Basins. Velocities of the crustal
basement units are available from the local work of
Makris et al. (1983), De Voogd et al. (1992), and from

the general models of continental and oceanic crusts
(see summary in Kearey and Vine, 1996). We also used
this density for the known ophiolites, such as Troodos,
and their likely offshore extensions.

The upper continental crustal unit generally
thickens southward to the African Plate. Its maximum
thickness has been observed beneath both Sinai and
northern Egypt in 6 km depth and becomes 25 km
depth. The gravity crustal structure models show that,
the continental-oceanic crustal boundary is rather
gradual in the south and occurs beyond the continental
margin, at the base of the continental slope. On the other
hand, to the north, the continental-oceanic crustal
structures are much sharper and occur near the shore.

The existing of an oceanic crust (with a density
value of 2920 kg/m®) in the Levantine Basin is rather
significant, because of the small size of the basin. This
crust is probably quite old, at least Triassic or Early
Jurassic, that is the age suggested for the rifting of the
South Levant margin. Along the Levant margin, the
transition zone between oceanic and continental crusts
forms a zone of weakness which, can be activated due
to the stress transmission from the collision zone in the
north (Ben-Avraham, 1978).

The model shows that, the top of this oceanic crust
in the central part of the profiles is relatively flat at a
mean depth of 13 km. The model exhibits also the
presence of a steep increase in the crustal thickness
toward the continent below the coastal plain.

The Moho depth map (Figure 8c) reveals a
relatively medium depth of 28 km beneath the South
Florence rise in the northwest, which lies at a constant
depth of 20 to 23 km below the Levantine Basin at the
central part of the study area, indicating thinning of the
earth’s crust in the northern part of the area. The model
reveals also a maximum Moho depth of about 33-35 km
beneath both Northern Egypt and Northern Sinai,
respectively.
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Figure (9 a): The vertical cross section of the 3D
gravity model (AA"). The location of modeling profile
is shown in figure (3). It was projected running from
west to east parallel to the coastal area. It is cutting
the northern Nile Delta and southern border of
Levantine basin.
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Figure (9 b): The vertical cross section of the 3D
gravity model (BB'"). The location of modeling profile
is shown in figure (3). It was possibly expected that
the sedimentary thickness increase towards the
Cypriot Arc thrust zone, whereas, decreasing the
crustal thickness indicating a collision taking place
between African and Eurasian plates; the results were
also consistent with the regional crustal values.
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Figure (9 c¢): The vertical cross section of the 3D
gravity model (CC").This model located in the north
west of the study area and trended NE-SW. The crust
is fully oceanic and its thickness increase, toward the
Florence Rise anomaly, as shown in Fig. 3.
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Figure (9 d): The vertical cross section of the 3D
gravity model (DD"). The location of Pelusium
tectonic shear zone separates the continental crustal
layer from the oceanic one along the Israeli coastal
region. Moreover, the model shows that, the
Eratosthenes Seamount (elastic high) was modeled as
a separate continental block bounded by two oceanic
boundaries from SE and NW. This block is in the
process of actively subsiding, breaking-up and being
thrust, beneath both Cyprus to the north and the
Levantine Basin to the south
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5. DISCUSSIONS

This study is an attempt to achieve a better
understanding of the tectonic setting in the complex
region of the Eastern Mediterranean. Crustal structure,
thickness of rock units, the transition between the
oceanic and continental crusts and the regional
integrated model of the gravity field in the area are
investigated. The study is based on detailed 3-D gravity
modeling (as shown in Fig. 9, AA', BB', CC' and DD'
cross sections), where the estimated densities are
projected using IGMAS software. Depths in Figure (9)
are comparable to the two maps (basement relief and
Moho depth maps) in Figures (10a and 10b).

Generally, the Nile Delta and North Sinai areas
are marked by east-west trending linear anomaly with
gravity low. They are characterized by very thick
continental crustal thickness with a thin sedimentary
cover (Figure 10a). Along the entire study region, the
Nile Delta and North Sinai areas represent the deepest
region of the Moho discontinuity (with Moho depth of
~30-35 km, as shown in Figure 10b). Whereas the
Northeastern Egyptian coastal area, as illustrated in the
3-D gravity profiles and Moho depth map (shown in
Figs 8, 9a and 10b), is characterized by very steep
transitional crustal layer (16-19 km thick) with a thick
sedimentary cover (nearly of ~8-11 km), which is
relatively thicker than the previous zone. The Moho
beneath this area is modeled of intermediate-depth ~26-
28 km. The upper continental crust got very thin
through this transition zone (~6 km thick).

In the Eastern Mediterranean and the Levantine
Basin, which is extending from 32° to 34° N, is mostly
characterized by oceanic crust (as shown in Fig. 8 and
10b). The sedimentary cover is very thick beneath the
Levantine basin (~14 km thick).

In general, the 3D density profiles interpretations
explain the crustal type variation (continental and/or
oceanic) along the region of the northeastern Egyptian
coastal zone, including North Sinai and the Nile Delta in
the southern part, extending northward to the Levantine
basin, the Eratosthenes seamount and south Cyprus.

The obtained continental crust got thicker (with
Moho depth of 30-34 km) beneath Sinai, Nile Delta and
south Cyprus (Figs. 8 and 12b). The sedimentary cover
was modeled for both Levantine Basin and Eratosthenes
Seamount with almost ~14 km and ~6 km beneath the
two areas respectively (Fig. 12a).

Gravity data show a higher Bouguer anomaly in
Cyprus with respect to the Eratosthenes seamount
(Khair & Tsokas, 1999), These anomalies may caused
by combination of various tectonic sources that are
located at different depths.(e.g., may caused by varying
combinations of ophiolites and thinning sediments as
estimated from the 3-D gravity modeling).

The issue about the continental or oceanic nature
of the crust beneath the Eratosthenes seamount and the
Levantine basin is still a matter of discussion. From
results in Figure (8, 9 and 10) we conclude that the crust

beneath the Eratosthenes Seamount is almost
continental crust, as many authors suggest
(BenAvraham et al., 2002, Di Luccio et al., 2007 and
many reference therein) and whose thickness varies in
the range 22-26 km.

The existence of continental type crustal blocks in
the eastern Mediterranean basin is due, as suggested by
many authors, to the rifting from the African continental
crust (BenAvraham et al., 2002 and reference therein).

6. CONCLUSIONS

The compiled Bouguer anomaly map of Eastern
Mediterranean enabled us to establish a possible density
model along the South Eastern Mediterranean region
including the African boundary of Egyptian coast of
Nile Delta and Sinai, South Levantine Basin,
Eratosthenes Seamount, Florence Rise and southern
region of Cyprus. The gravity data have proved to be
useful for delineating shallow and deep structures and
helping the definition of models which agree with the
basic information supplied by the previous geophysical
investigations, as well as, from geological knowledge.
The Bouguer anomaly map of the study area is
characterized by the presence of different anomalies that
differ in their amplitudes, sizes and trends. These
anomalies are caused by combination of various
tectonic sources that are located at different depths. The
main important contributions of this work are defining
and estimate the nature and state of the crustal structure
of the study area.

In general, the features of the gravity field such as
the gradients and elongated anomalies can be divided
into three groups according to their trends: The first
group oriented in ENE-WSW and influenced by the
density contrast between the crust and upper mantle.
The second group, oriented in NE-SW direction parallel
to the coastal line, reflects mainly the thickness
variations of the Tertiary sediments. The third group,
oriented NW-SE may be related to the young tectonic
dislocations.

On the Egyptian coast, the changes in the crust,
sediment and upper mantle are very intense as obtained
from the 3-D gravity modeling. The crust is still
continental, only 21 km thick and at least in some areas,
covered by thin sediments. The density of the
continental crust is 2750 kg/m°. A few kilometers
farther to the north the thickness of crust decreases
abruptly (transition zone). This region is occupying a
very narrow zone parallel to the coastal region of the
Mediterranean. Further to the north, the nature of the
crust changes completely. We find an oceanic crust only
10 km thick (without the thick sediments) which seems
to cover large parts of the South Levantine Basin. Close
to the shear subduction zone, the gravity high of Cyprus
is caused by varying combinations of ophiolites and
thinning sediments as estimated from the 3-D gravity
modeling.
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The Eratosthenes Seamount (with continental
crustal type) is in the process of actively subsiding,
breaking-up and being thrust, beneath both Cyprus to
the north and the Levantine Basin to the south. This
incipient collisional process was confirmed by existing
the Plio-Quaternary uplift of the Troodos ophiolite.
Comparison with the geology of southern Cyprus and
offshore areas suggests a link between northward under-
thrusting of the Eratosthenes Seamount and late
Pliocene-mid Quaternary uplift of southern Cyprus,
focused on the centre of the Troodos ophiolite
(Robertson et al, 1995).

The estimated oceanic-continental crustal border
is coincident with the African plate boundary in the
Eastern  Mediterranean  region.  Moreover, the
Eratosthenes Seamount is characterized by a continental
crustal type and was outlined as a separated continental
block with Moho depth of 22-26 km.

It was observed an inverse correlation between
sediment and crustal thickness, observed in extensional
tectonic regimes (Ritzmann et al., 2007), where thinned
crust acquires correspondingly thicker sedimentary
column. This inverse correlation cannot be considered
valid for oceanic areas in this study (such as also those
in Western Mediterranean, see e.g. the central
Tyrrhenian Sea or lonian Sea, (e.g. Gaulier et al., 1997
and Doglioni, 1999). Moreover, accretion zones in
collisional tectonic environment wouldn’t allow a
straightforward extension of the statement. Good
example of such situation at the place where the
collision zone (thrusting) is modeled beneath south
Cyprus as revealed in Fig. 9b. Expected complicated
thick sedimentary sequences have been formed. The
parental continental crust is in the gradual deepening
and thinning in later stages near the thrusting contact.
Thus formations of transitional and oceanic type crust
beneath the thrusting zone were developed. At early
stage, these systems might have looked like active
continental-oceanic boundary, which then evolved in a
complex collision system.
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